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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 
PROGRESS REPORT FOR OCTOBER 1989 THROUGH MARCH 1990 

SUMMARY 

The Ceramic Techno1 ogy for Advanced Heat Engines Project was devel oped 
by the Department o f  Energy's Office o f  Transportation Systems (now the 
Office o f  Transportation Technologies, OTT) in Conservation and Renewable 
Energy. Thi s project, part of the OTT' s Advanced Materi a1 s Development 
Program, was developed to meet the ceramic technology requirements of the 
OTT's automotive technology programs. 

Significant accomplishments in fabricating ceramic components for the 
Department o f  Energy (DOE), National Aeronautics and Space Administration 
(NASA), and Department o f  Defense (DoD) advanced heat engine programs have 
provided evidence that the operation of ceramic parts in high-temperature 
engine environments i s  feasible. However, these programs have also 
demonstrated that additional research i s  needed in materials and processing 
development, design methodology, and data base and life prediction before 
industry will have a sufficient technology base from which to pr.oduce 
reliable cost-effective ceramic engine components commercially. 

developed with extensive input from private industry. 
project is to develop the industrial technology base required for reliable 
ceramics for application in advanced automotive heat engines. The project 
approach includes determining the mechanisms controlling reliability, 
improving processes for fabricating existing ceramics, developing new 
materials with increased reliability, and testing these materials i n  
simulated engine environments to confirm reliability. Although this is a 
generic materials project, the focus is on the structural ceramics for 
advanced gas turbine and diesel engines, ceramic bearings and attachments, 
and ceramic coatings for thermal barrier and wear applications in these 
engines. T h i s  advanced materials technology i s  being developed in parallel 
and close coordination with the ongoing DOE and industry proof-of-concept 
engine development programs. 
technology to U . S .  industry, the major portion o f  the work is being done i n  
the ceramic industry, with technological support from government 
laboratories, other industrial laboratories, and universities. 

This project is managed by ORNL for the Office of Transportation 
Technologies and is closely coordinated with complementary ceramics tasks 
funded by other DOE offices, NASA, DoO, and industry. 
technical plan has been established, w i t h  DOE focus on automotive 
applications and NASA focus on aerospace applications. 
breakdown structure (WBS) was developed to facilitate coordination. 
work described i n  this report i s  organized according to the following WBS 
project el ement s : 

An assessment o f  needs was completed, and a five-year project plan was 
The objective o f  the 

To facilitate the rapid transfer o f  this 

A joint DOE and NASA 

A common work 
The 

1 
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participants. 
breakdown structure outline. 

The contributions are arranged according to the work 
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8.0 PROJECT MANAGEMENT AND COORDINATION 

D. R .  Johnson 
Oak Ridge National Laboratory 

Ob.ject i v d s c o p e  

T h i s  t a s k  inc ludes  t h e  technica l  nianagernent of the p r o j e c t  i n  
accordance w i t h  the p r o j e c t  p lans  and management plan approved by t h e  
Department of Energy ( D O E )  Oak Ridge Operat ions Off ice  (ORQ) and the  O f f i c e  
o f  Transpor ta t ion  Technologies.  T h i s  t a s k  inc ludes  prepara t ion  o f  annual 
f i e l d  t a sk  proposa ls ,  i n i t i a t i o n  and ~ a n a g e ~ e n ~  o f  subcont rac ts  and 
interagency agreements, and managemenl o f  L t echnica l  tasks.  Monthly 
management r e p o r t s  and inionthly r e p o r t s  a r e  provided t~ DOE; h i g h l i g h t s  
and semi annual t e c h  i ca  repopts  are provided t o  DOE and program 
p a r t i c i p a n t s .  Ira addition, the  program i s  caord ina ted  w i t h  i n t e r f a c i n  

rograms sponsored by o the r  DOE ofFices  aud fed r a l  agencies ,  inclucfiri 
a t i o n a l  Aerona1i"tics arid Space Administration ( ASA) and the ~ ~ ~ a ~ ~ m ~ ~  

Defense (DoD), T h  s ~ o o r d i n i i t i ~ ~  i s  accomplished by p a r t i c i p a t i o n  i n  
bimonthly DOE and ASA j n i  n t  ~ ~ a n a ~ ~ m e ~ ~  meetings annua l  i nterayewscy heat  
engine ceramics co rd ina t ion  meetings, DOE c o n t r a c t o r  coordination 
meetings,  and DOE Energy a t e r i a l s  ~ o o ~ d ~ n a ~ ~ n ~  Committee (EMaCC) meetings,  
as  well as spec ia l  coord ina t ion  meetings. 
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1 . O  MATERIALS AND PROCESSING 

INTRODUCTION 

This portion of the project is identified as project element 1.0 
within the work breakdown structure (WBS). 
(1) Monolithics, (2) Ceramic composites, (3)  Thermal and Wear Coatings, and 
(4) Joining. Ceramic research conducted within the Monolithics subelement 
currently includes work activities on green state ceramic fabrication, 
characterization, and densification and on structural, mechanical, and 
physical properties o f  these ceramics. Research conducted within the 
Ceramic Composites subelement currently includes silicon nitride and oxide- 
based composites, which, i n  addit.ion t o  the work activities cited for 
m o l  ith-a’cs, include fiber synthesis and characterization. 
conducted i n  the Thermal and Wear Coatings ~ u b ~ ~ ~ ~ ~ ~ t  i s  currently limited 
t o  oxide-base coatings and involves coating synthesis, characterizakion, 
and determination o f  the mechanical and physical properties a f  t he  
coatings. Research conducted in the Joining subelement currently includes 
stuciies o f  processes to produce strong stable joints between zirconia 
ceramics and iron-base alloys, as well as Si$,- and SiC-to-metal joints, 
and S i C - t o - S i C  and Si,N,-to-Si3N, j o i n t s .  

project element is to systematically advance the understanding o f  the 
relationships between ceramic raw materials such as powders and reactant 
gases, the processing variables involved in producing the ceramic 
materials, and the resultant microstructures and physical and mechanical 
properties of the ceramic materials. Success in meeting this objective 
w i l l  provide U.S. companies with new or improved ways f o r  producing 
economical, highly reliable ceramic components for advanced heat engines. 

It contains four subelements: 

A major objective of the research in the Materials and Processing 

. . . . . . . . . __ . . . - . . . . . , . . . . 
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1.1 MONOLITHICS 

1.1.1 Silicon Carbide 

Purbomi77inq o f  S i &  Whiskers 
D .  E .  W i t h e r  (Southern I l l i n o i s  University) 

Obiective/ScoDe 

The purpose of this work is to continue the 
investigation of the turbomilling process as a means of 
improved processing for Sic whisker-ceramic matrix 
composites and dispersion of matrix powders prior to 
composite processing. 

Technical Proqress 

Phase I1 is divided into 4 major tasks: 

Task 1. Beneficiation of Sic whiskers. 
Task 2. Development of aspect ratio reduction 

Task 3 .  Improved dispersion of particulate matrices. 
Task 4 .  Final Report 

parameters. 

Task 1. Beneficiation of Sic whiskers 

During this reporting period, Task 1 was completed. 
Both coarse and fine whisker fractions were heat treated in 
Ar/4%H2 for 1 hour at 14OO0C and then stored under vacuum 
for use later in Task 3 .  Spectrographic analyses showed 
that this heat treatment reduces the boron, silica and 
calcia content in the as-received whiskers. Reduction in 
these constituents should lead to better high-temperature 
properties. 

Task 2. Development of aspect ratio reduction parameters 

Work continued, during this reporting period, to 
determine the effects of turbomilling on the SiCw aspect 
ratio during turbomilling and processing of the whiskers 
alone and whisker/ceramic matrix composites for both Alp, 
and Si ,N,  matrices. 
measurements from SEM photomicrographs of AMI SiCW 

Direct optical measurements and 
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processed by turbomilling have been compared to results 
obtained from an image analysis system. The results 
indicate a close agreement between lengths and aspect 
ratios measured d i r e c t b y  by image analysis and indirectly 
froin SEM photomicrographs. Direct optical measurements 
techniques appear more prone to operator error and eye 
fatigue. 

AMI SiCW analyzed pri.or ta additi-on to the matrix 
materials, volume fraction of whisker, particulate and 
matr ix  w a s  determined for both A120, and S.j.3N4 matrix hot- 
pressed composites. Both o p t i c a l  microscopy and scanning 
electron microscopy were utilized to make measurements of 
the S i C w  diameters and lengths for 4 length ranges, 1 . ~ 4  pmF 
4 pm<L<8 pm, 8 pm<L<IG p m ,  and L>16 prn. Volume fraction 
distributions of S i C w  for each whisker length range, both 
excluding and including the particulate fraction, were 
calculated based on the average diameters and lengths for 
each range. The particulate was assumed spherical. for all 
calculations. The results a re  given graphically in a 
series of bar charks (Fig. 1 through 6). 

fraction of SiCw w i - t h  and w i t h o u t  t h e  Alp, matrix, 
excluding the contribution due to the particulate fraction. 
FOE- the SiCw alone, the aspect ratio distribution appears 
to decrease almost 1inearl.y from D I G  pni to L<4 pm. When 
the SiCw were added to the A 1 2 0 j  matri.x in volume fractions 
of 20 and 3 0  vol.% (AR-20 and A K - 3 0 ,  where AR stands for 
American Matrix, Inc. SiCw i.n Reynolds KCHP-DBM matrix) , 
t h e  vol.ume of high aspect ratio whiskers appear to be 
reduced considerably. 

Fig. 2 is f o r  the same whiskers and composites 
analyzed in Fig. 1, only HOW the particulate fraction has 
been taken into account  in the calculation of the volume 
f r a c t i o n s .  For the Si.Cw alone, the fine fraction is 
increased considerably. T h e  effect of the addition of the 
whiskers to the matrix is seen to have an even greater 
effect, with a large increase in the volume of low aspect 
ratio whiskers QL<8 pm) and corresponding decrease in the 
volume of higher aspect ratio whiskers. 

A1,0, matrix composites both with and without the 
particulate fraction considered, When the particulate 

In addition to the data  obtained from the turbomilled 

Fig. 1 shows the effect of turbomilling on the volume 

F i g .  3 shows a comparison of the sicw data for the 



F i g u r e  1 .  
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F i g u r e  3 

Comparison o i  J I L W  IJ 
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F i g u r e  5 

Effect of Turbomilling on V o l .  Fraction 
of  SiCw With and Without Si3N4 Matrix 
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fraction is considered the volume of the Sic i n  the range 
of 4 pm<Lc8 pm is almost double that shown when the 
particulate fraction is excluded from the calculations. 

composites containing 15 and 3 5  vol.% SiCw (AU-15 and AU- 
35, where the AU stands f o r  American Matrix, Inc. SiCw in 
UBE E-10 Si,N,). Fig. 4 shows the results where the 
particulate was excluded from the calculations, while Fig. 
5 includes t he  particulate fraction. Fig. 6 shows a 
comparison of the SiCw data for the Si3N4  matrix composites 
both with and without the particulate fraction considered. 
When the particulate fraction is considered, the volume 
fraction of the SiCw is almost linear and equivalent for 
the 4 length ranges considered. The largest increase 
though is for the SiCw with L<4 pm. 

conclusions can be made: 

A similar behavior w a s  observed for the Si,N, matrix 

From observations made during this Task, the following 

Processing of the SiCw in the A1,0, and Si,N, matrices 
appears to reduce the volume fraction of whiskers with 
L>8 pm and increase the particulate fraction for L<8 pm. 

0 The total volume of Sic in the composite is comprised of 
both SiCw and a substantial portion of Sic particulate. 

Removal of the particulate prior to composite processing 
would lead to higher SiCw volume per unit weight f o r  any 
given composite formulation. 

Removal of the particulate should also lead to an 
enhancement in the strength and fracture toughness. 

Presently work is continuing to develop techniques for 
the measurement of SiCw aspect ratio in situ during 
processing of SiCw/Si3N, matrix composite slurry utilizing 
a Lasentech 150 Fiber Analyzer. This instrument is 
basically a scanning laser microscope that can be 
calibrated to measure whisker lengths in high solids loaded 
slurries. 
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Task 3 .  Improved dispersion of particulate matrices 

During this reporting period, Task 3 was altered to 
focus on the effect of temperature, dispersant and p H  on 
the flocculation/dispersion behavior of the A1203 and Si3N, 
matrix materials to determine optimum conditions for 
turbomilling and pressure filtration of the monolithic 
matrix, prior to the addition of SiCW. Prior work 
indicated that turbomilling f o r  1-2 hours using PSZ media 
is sufficient to physically disperse and deagglomerate any 
of t h e  matrix materials and wet screening through a 600 

mesh sieve following turbomilling will remove the large 
particulate and any hard agglomerates remaining. However, 
the stability of the dispersion and control of the 
flocculation behavior, following turbomilling and 
screening, appear to greatly affect the success of 
subsequent processing. 

and 2 sources of Y 2 0 3  powclers used for processing both A1203 
and Si ,N,  matrix composites are being analyzed for their 
flocculation/dispersion behavior as functions of p H ,  time 
and temperature. The results of this task should be of 
benefit to processing of monolithic ceramics, 
self-reinforcing ceramics, and whisker reinforced ceramics. 

Presently the 2 sources oE A1,0,, 3 sources of Si ,N, ,  

Status of Milestones 

Phase ‘11: 

Task 1. Beneficiation of Sic whiskers 

Task 2. Development of aspect ratio reduction 
parameters. 

Task 3 .  Improved dispersion of matrices 

Task 4 .  Final Report 

Oct. ‘89 
(Completed) 

July ’90 

Aug. ’90 

Sept.,90 
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Presentations and Publications 

D. E.  Wittmer, W. Trimble, and T. Paulson, 'mProcessing of 
Ceramic Matrix Composites by Turbomillingl1, Proceedings of 
the Vacuum Industries Symposium on H i g h  Temperature 
Materials, Boston, MA, Oct. 18-20, 1989. 

D. E .  Wittmer, "Processing of Sic, Reinforced Ceramic 
Matrix Composites", Invited Seminar, University o f  Illinois 
at Urbana-Champaign, Urbana, I L ,  Oct. 12, 1989. 

D. E. Wittmer and T. Paulson, "'Effect of Turbomilling on 
Beneficiation and Aspect R a t i o  of SiCw" 14th Annual 
Conference on Composites and Advanced Ceramics 
Materials, Cocoa Beach, FL, Jan. 14-19, 1990. 

T. Paulson and D. Wittmer, "Effect of Beneficiation on 
Aspect Ratio and Properties of SiCw/Si3N, Composites1', 92nd 
Annual Am. Ceram. SOC. Meeting Abstracts, Dallas, TX, April 
22-26, 1990, pp. 74. 
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1,1.2 Silicon Nitride 

Microwave S interina of S ilicon Ni 'fride 
T. N. Tiegs, W .  D. Kimrey, Jr., J. 0. Kiggans, Jr., and P. A. Menchhofer 
(Oak Ridge National Laboratory) 

The objective of this research element is to identify those aspects of microwave 
processing of silicon nitride that might (1) accelerate densification, (2) permit sintering to 
high density with much lower levels of sintering aids, (3) lower the sintering temperature, or 
(4) produce unique microstructures. The investigation of microstructure development is 
being done on dense silicon nitride materials annealed in the microwave furnace. The 
sintering of silicon nitride involves two approaches. The first approach comprises heating 
of silicon nitride and sialon powder compositions in the 2.45 or 28-GHz units. The second 
approach deals with using reaction-bonded silicon nitride as the starting material and is 
done entirely in the 2.45GHz microwave furnace. 

Sintering of silicon nitride 

As reported previously, Si3N4 is very difficult lo  heat uniformly by microwaves and 
produce crack-free specimens. Analysis of power curves for various Si3N4 compositions 
from successful and unsuccessful sintering runs showed that the heating is dependent on 
the heating rate and the amounts of additives. Unsuccessful sintering runs showed high 
initial power requirements and low efficiency. Examples of the temperature and power 
curves are shown in Figs. 1 through 4. In the analysis it was observed that a power relaxation 
occurs for the Si3N4-Y203-A1203 materials in the temperature range of 1200 to 1400°C. 
Reaction of the sintering aids to form a complex glass was observed in essentially all 
samples and is believed to be responsible for the coupling behavior (Fig. 5). 

Previous results showed Si3N4-69G Y2O3-2% AI203 (with and without TiN and SIC 
additions) could be sintered in the 28-GHz microwave furnace to densities of 90 to 93% TD at 
1750°C for 1 h. Compositions of Si3Nd-12% Y2O3-4% AI203 (with and without the TiN, Tic, and 
Sic additions) were fabricated and fired in the 2.45-GHz and 28-GHz furnaces at 1750°C. 
Those results are summarized in Table 1. As shown, higher densities were achieved with 
microwave heating as compared to conventional firing. However, for the compositions 
with high sintering aid contents the difference is not very significant. Of major concern is the 
fact that we are still unable to obtain fully dense materials even with excessive amounts of 
sintering aids. Some of the problem may be with the starting Si3N4 powder used (Ube €10) 
which is difficult to pressureless sinter under 1 atm of nitrogen and with short holding times at 
temperature. Extending the firing times to 2 h improved the conventionally fired densities, 
but gave mixed results with the microwave-heated samples tested so far. Extending the 
time at temperature may have resulted in volatilization and weight loss problems which are 
exaggerated in the microwave system. Immediate plans will examine use of other Si3N4 
starting powders (such as Ube E03 and Starck LC-12) and also develop alternate packing 
powder combinations to minimize weight losses during microwave sintering. 

While the sintered densities achieved were not as hiQh as desired, significant 
progress was made in the ability to produce crack-free specimens in the 2.45GHz furnace. 
The initial resutts in that cavity, reported previously, were dismal. However, improvements in 
sample configuration and packing powder compositions have been made to permit more 
uniform heating, 
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Fig. 1. Temperature profile in 2.43GHz microwave furnace for sintering of Si3Nd- 
6% Y2O3-Z% AI203 which showed specimen cracking. 
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1500 7 

Fig. 2. Power cuives in 2.45GHz microwave furnace for sintering of Si3N4-6% Y2O3- 
2% A1203 showing high initial power requirements and low efficiency. Samples generally 
developed cracks. 
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ORNL-DWGSO-13917 

Fig. 3. Temperature curves in 2.45-GHz microwave furnace for sintering of Si3N4- 
12% Y203-4% AI203 samples that were generally crack free. 
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Fig. 4. Power curves in 2.45GHz microwave furnace for sintering of Sj3N4- 12% Y2O3- 
4% AI2Q showing lower initial power requirements and higher efficiency. The samples were 
crack free. 
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ORNL-DWGW-113919 

Fig. 5. Power and temperature profile for Si3N4-12% Y203-4% AI203 illustrating 
relaxation in temperature range of 1200 to 14COOC. 
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Table 1. Sintered densities of silicon nitride materials 
by conventional and microwave heatinga 

Conventional heated Microwave heated 
Composition I___ 

l h  2 h  28'Qt-t! 2.45GHz 2.45GHz 
l h  l h  2h 

75.4 

79.9 

89.9 80-85 

93.3 80-85 Si3N4-2% SiC-2% Al2O3- 
6% Y2O3 

#85 78.7 

91.1 8085 Si3N4-2% TiN-2% Al2O3- 
6% Y203  

81.8 

%.4 

94.3 

92.9 87.3 91 .Q 96.0 Si3N4-4% Al2O3- 
12% Y2O3 

95.6 95.7 Si3N4-2% Sic-4% Al2O3- 
1 2% 'f 2 0 3  

Si3N4-2% Tic-4% Al2O3- 
12% Y2O3 

93.5 93.1 

97.3 Si3N4-2% TiN-4% A1203- 
12% Y203 

94.6 96.6 96.1 

aAll samples sintered at 1750°C for the times shown at 1 atm of nitrogen. Samples 
packed in excess Si3N4 powder with 2 % Y2O3. 
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Reaction-bonded silicon nitride (RBSN) 

Previous results showed enhanced reaction rates for the nitridation of silicon in the 
2.45-GHz microwave furnace as compared to conventional heating. While the nitridation 
was usually uniform, the center of the samples always contained some unreacted silicon 
that would experience melting in some cases. The sample sizes were typically '100 g of 
Si-6% Y 2 O 3 - a  Ai203 with cross sections of 23.8 mm (1.5 in.). Such samples are rather thick in 
comparison to others in much of the nitridation experiments in the literature. To establish the 
parameters required to nitride samples of this size, a series of tests were done varying the 
heating rate, insulation configurations, and nitrogen gas additions. 

The tests showed significant temperature gradients existed in the silicon parts that 
were most likely due to a nonuniform microwave field in that location of the cavity. 
Modification of the insulation configuration, using a slower heating rate (0.2- 1 oC/min), and 
making the nitrogen additions at elevated temperatures resulted in uniform nitridation of the 
$id% \/2O3-2% A I 2 0 3  samples and weight gains that corresponded to 295% reaction of the 
initial silicon. However, the full cycle times went from -22 to 36 h for the current sample size, 
It is anticipated that the cycle time can be significantly reduced by use of specimens with 
smaller cross sections, but for the near term the larger sample size will be used. 

Microstructure development 

As reported previously, an annealing study was performed to investigate 
microstructural development of silicon nitride in a microwave furnace. Samples of Si3N4- 
4% Y2O3 and SiaN4-6% Y2O3-2% AI203 were hot-pressed to full density and anneuled both by 
microwave and conventional heating at 1 XXI, 1400. and 1500°C for times of 10 and 20 h. 

microwave-sintered samples. The changes in grain structure are shown in Fig. 6. However, 
it was also noted that the microwave-annealed specimens had higher weight losses as 
shown in Fig. 7. Apparently, the microwaves couple to the grain-boundary phases and 
cause the greater weight losses by volatilization of the glass phase. There is also an effect 
on the fracture toughness, as shown in Figs. 8 and 9. As shown, the fracture toughness is 
apparently degraded by the microwave annealing, which is believed to be a result of 
changes in the intergranular bonding caused by the loss of grain boundary phases. Further 
tests will seek to minimize the weight loses and the grain-boundary phase degradation, 

New microwave furnace construction 

Initial results showed increased elastic modulus and enhanced grain growth for the 

A new microwave furnace was constructed and is currently being tested under 
manual control. Test loads have been heated and controller adjustments are being 
performed. The furnace will operate at 2.45 GWz with up to 12 kW of power and have more 
than double the volumetric capacity of the previous cavity. These additional features will 
significantly increase the capabilities over the current furnace. Of most importance will be 
the improved uniformity of the microwave field. 

. .  cations 

T. N. Tiegs, J.  0. Kiggans, Jr., and H. D. Kimrey, Jr., "Microwave Processing of Si3N4," 
to be published in proceedings of Materials Research Society Spring loo0 Meeting, San 
Francisco, CA. 

Status of milestones 

Milestone 1 12402 was completed. 
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ORNL-DWGSO-13920 

0 Silicon Nitride - 4 Yo Yttria 
Silicon Nitride - 6 o/o Yttrial2 O h  Alumina 

1200/10 1200/20 1400/10 1400/20 

Annealing Conditions of Temperature and Time (' 2h)  

Fig. 7. Weight losses for Si3N4-6% Y2O3-2% AI203 during microwave annealing. 
Conventional heating counterparts showed weight losses ~0.5 w-t % for all heating 
conditions. 
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Annealing Conditions 

Fig. 8. Fracture toughness of microwave versus conventional annealed Si3N4- 
4% Y2O3. Samples were hot pressed to full density prior to annealing. 
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Fig. 9. Fracture toughness of microwave versus conventional annealed Si3N4- 
6% Y2O3-2% Al2O3. Samples were hot pressed ta full density prior to annealing. 
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Silicon Nitride Milling Characterization 
S. G. Malghan, L. H. S .  Lum and D. Minor 
(National Institute of Standards and Technology) 

Obiective/Scoue 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics 
in advanced engines depends on the development of  reliable materials 
that will withstand high, rapidly varying thermal stress loads. 
Improvement in the starting ceramic powders is a critical factor in 
achieving reliable ceramic materials for engine applications. Milling 
of powders is an integral unit operation in the manufacture of silicon 
nitride components for advanced energy applications. The production 
and use of these powders require the use of efficient milling 
techniques and understanding of characteristics of the milled powders 
in a given environment. High energy attrition milling appears to 
offer significant advantages over conventional tumbling and attrition 
mills. 

The objectives of this project are to: (1) develop fundamental 
understanding of surface chemical changes taking place when silicon 
nitride powder is attrition milled in aqueous environment, and (2) 
demonstrate the use of high energy attrition milling f o r  silicon 
nitride powder processing, by developing measurement techniques and 
data on the effect of milling variables on the resulting powder. 
study will provide data and models for effective application of high 
energy attrition milling to industrial processing of silicon nitride 
powder. It also will provide recommended procedures for physical and 
surface chemical characterization of powders and slurries involved in 
the milling process. 

This 

Technical Progress 

During the past six months, significant progress has been made in 
terms of characterization of milling kinetics as a function of milling 
variables, influence of milling liquid and surface chemistry of milled 
powders. 

Milline Kinetics. The kinetics of milling a 50/50 mixture of 
Ube's' SNE-3 and SNE-5 powders under a variety of milling conditions 
was studied as a function of particle size distribution and specific 

Certain commerical equipment, instruments and materials may be 
identified in this report in order to adequately specify the 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of 
Standards and Technology, nor does it imply that the materials 
o r  equipment identifies are necessarily the best available for 
the purpose. 
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surface area.  Figure 1 shows tha t  increase of spec i f i c  surface area 
i s  a l i nea r  function of mil l ing time. However, the r a t e  of evolution 
of spec i f ic  surface area is a strong function of r o t o r  speed and feed 
flow r a t e .  The power input: t o  the m i l l  is a d i r e c t  function of cube 
of  ro tor  speed. As a r e s u l t  the r o t o r  speed is  expected t o  have the 
maximum e f f e c t  on the mill ing k ine t ics .  When the r o t o r  speed was 
increased from 2000 t o  2600 rpm a t  the feed f l o w  r a t e  of  4 ml/sec, a 
s ign i f i can t  increase i n  the surface area was achieved. Under the 
conditions of  4 ml/sec flowrate and 2600 rpm r o t o r  speed, the spec i f ic  
area of the feed can be doubled from 4 m 2 / g  t o  8 m2/g i n  60 minutes. 

The p a r t i c l e  size dis t r ibu t ions  (PSD) of  the milled powders follow 
the same trend as  tha t  of  the spec i f ic  surface area.  However, a t  
d i f f e ren t  mil l ing periods,  d i f f e ren t  mill ing mechanisms appear t o  
dominate. I n i t i a l l y ,  deagglomeration appears t o  be the primary 
mechanism of mil l ing.  This i s  demonstrated i n  F i g .  2 for  the 60 min. 
mil l ing da ta ,  i n  which the coarsest  s i z e  of the pa r t i c l e s  a re  broken. 
A s  the mil l ing continues, though deagglomeration i s  continuing, more 
f ines  a re  being produced. This i s  an indicat ion of  shear forces being 
doininant under these conditions,  i n  r e l a t ion  t o  compression forces .  
To promote breakage o f  l a rger  p a r t i c l e s ,  both susperrsi.on rheology and 
mil l ing speed w i l l  be modified i n  the next stage tests.  

Influence of  Mill ine Liauid. Isopropyl alcohol ( I P A )  was used i n  
place of water as  a mill ing f l u i d .  The so l ids  loading of the feed 
s lu r ry  could not be increased beyond 22% v/v when I P A  was used. A s  
the so l id s  loading i n  the s lu r ry  increased from 1 2 %  t o  22% by volume, 
the mil l ing r a t e  decreased s ign i f i can t ly .  This type of decrease i n  
the mil l ing r a t e  is re la ted  t o  the increased concentratfon of  
agglomerates i n  r e l a t ion  t o  the number of  media contacts .  For  
comparison, the spec i f ic  surface area of  the powder milled i n  aqueous 
environment under the same feed r a t e  and ro tor  speed i s  shown in 
Figure 3 .  Though the k ine t ics  of mil l ing i n  water a re  s l o w e r  than 
tha t  i n  the I P A ,  the e f fec t ive  mil l ing r a t e  i n  terms of  powder .surface 
area per un i t  volume (taking in to  account increased so l ids  loading) i s  
higher f o r  the aqueous suspension. 

Surface Chemistry of Milled Powders.. Surface chemistry of the 
milled powders was examined by the measurement of oxygen 
concentration, acoustophoretic mobility and electron spectroscopy for 
chemical analysis  (ESCA).  These data indicate  tha t  oxygen content of  
the milled powders i s  r e l a t ed  t o  the amount of a t t r i t i o n  of the 
powders i n  the mi l l .  Higher the feed r a t e ,  higher the oxygen content 
of  the milled powders t o  achieve the same spec i f ic  surface a rea .  The 
acoustophoretic mobility data indicated tha t  higher surface area o f  
the powder resu l ted  i n  a lower pH,,,. 
formation of  a thicker oxide surface on the powders milled fo r  longer 
periods of time" 

These r e s u l t s  indicate  the 
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Figure 3. Comparison of specific surface area of milled powders as a function of milling 
time. Milling was conducted at the  same f eed  flow rate and rotor speed using 
isopropyl alcohol and water as solvents. 
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Sta tus  of Milestones 

O n  t a r g e t .  

Pub 1 ica t ions 

1. S. G .  Malghan and L . - H .  Lum, "Factors  Affec t ing  I n t e r f a c e  
P rope r t i e s  o f  S i l i c o n  Ni t r ide  Powders i n  Aqueous Environment" 
Accepted f o r  publ . icat ion i n  Powder Processing 111, Ed.. G .  L .  
Messing, A C e r S ,  February 1990. 
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1.1.4 Processinq o f  Mono1 i t h i c s  

Iiiiproved Process ing 
V .  K. Pujar i ,  K. E .  Amin, P. H. Tewari, C .  A. Willkens, N .  I .  P a i l l e ,  
G .  A.  Ross i ,  R. D. Creehan, M. R. Foley, and L. C .  Sales (Norton Company) 

I Object  i ve/scope 

T h e  g o a l s  o f  t h e  program a r e  t o  develop and demonstrate  s i g n i f i c a n t  
improvements i n  p rocess ing  methods, p rocess  c o n t r o l s ,  and nondes t ruc t ive  
e v a l u a t i o n  (NDE) which can be commercially implemented t o  produce h i g h -  
re1 i abi 1 i t y  si  1 icon n i t r i d e  components f o r  advanced hea t  engine 
a p p l i c a t i o n s  a t  t empera tures  t o  1370°C. Achievement of t h i s  goal s h a l l  
be sought  by: 

- The use o f  s i l i c o n  n i t r i d e  - 4% y t t r i a  composition which 

- The gene ra t ion  o f  b a s e l i n e  d a t a  from an i n i t i a l  p rocess  route 

- F a b r i c a t i o n  o f  t e n s i l e  t e s t  ba r s  by c o l l o i d a l  techniques  - 

- I d e n t i f i c a t i o n  o f  ( c r i t i c a l )  f law popu la t ions  through NDE and 

- C o r r e l a t i o n  o f  measured t e n s i l e  s t r e n g t h  w i t h  f law populat ions 

- Minimization of t h e s e  f laws  t h r o u g h  i nnova t ive  improvements i n  

i s  conso l ida t ed  by g l a s s  encapsula ted  HIP ' ing .  

i nvol vi n g  i n j  e c t i  on mol d i  n g  . 
i n j e c t i o n  molding and c o l l o i d a l  c o n s o l i d a t i o n .  

f r a c t o g r a p h i c  a n a l y s i s .  

and process  parameters .  

p rocess  methods and c o n t r o l s .  

The q u a n t i t a t i v e  program goa l s  a r e :  1) mean RT t e n s i l e  strength o f  
900 MPa and Weibull m o d u l u s  o f  20, 2) mean 1370°C f a s t  f r a c t u r e  t e n s i l e  
s t r e n g t h  o f  500 MPa, and 3) niean 1230°C t e n s i l e  s t r e s s  rupture l i f e  of 
100 hours a t  350 MPa. 

Technical progress 

The t e c h n i c a l  progress  a g a i n s t  t h e  major t a s k s  i s  desc r ibed .  The 
major t a s k s  a r e :  1) Mater ia l  S e l e c t i o n  and C h a r a c t e r i z a t i o n ;  2 )  Material  
Processing and Process  Con t ro l  ; 3)  Development and A p p l  i c a t i o n  o f  N D E ;  
4 )  Proper ty  Test ing and Mic ros t ruc tu ra l  Eva1 u a t i o n ;  5)  Report ing;  6)  
Q u a l i t y  Assurance.  
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In t h i s  period development e f f o r t s  i n  the individual  u n i t  
opera t ions  ( s u b  t a sks )  leading t o  t h e  t o t a l  process a re  
descr ibed .  Where found s u i t a b l e ,  f r a c t i o n a l  f a c t o r i a l  design 
experiments based upon the Taguchi method were conducted t o  
opt imize a p a r t i c u l a r  u n i t  opera t ion .  No at tempt  was made a t  
th i s  s t a g e  t o  l i n k  var ious u n i t  opera t ions  f o r  the sake o f  t o t a l  
process optimi z a t  i on.  

TASK 1 

Material  Se lec t ion  and Charac te r iza t ion  

The procedure f o r  cha rac t e r i z ing  s t a r t i n g  powder and 
a d d i t i v e s  along w i t h  a l l  the processed mater ia l  a t  each u n i t  
opera t ion  (as  shown i n  Figure 1 of a previous bimonthly repor t ’  
has been e s t a b l i s h e d  and i s  being implemented. 

A broad spectrum o f  a n a l y t i c a l  t o o l s  has been used f a r  
c h a r a c t e r i z a t i o n  of the materi a1 s used i n  t h e  program. 

The powder a n a l y s i s  b a s i c a l l y  has two segments; 1) chemical 
a n a l y s i s :  chemistry o f  the powder, powder i m p u r i t i e s ,  ana lys i s  
o f  the a d d i t i v e s  used f o r  d i f f e r e n t  processes;  2 )  physical 
a n a l y s i s :  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  s u r f a c e ,  morpho1 ogy,  
phases, e t c .  

Apart from these  analyses  o f  t h e  powders, scanning 
t ransmission microscopy, SEM and TEM, has been r o u t i n e l y  used 
where needed. 

X-ray photoelectron spectroscopy and Auger a n a l y s i s  has 
a?so  been used on powders t o  s tudy the i r  su r face  chemistry.  

Col loidal  c h a r a c t e r i z a t i o n  has been done by Pen Kern 7000 
acous tophore t ic  technique which not  only determines the  charge 
on the p a r t i c l e s  b u t  a l s o  a s ses ses  the r o l e  o f  impur i t i e s  a n d  
the i r  e x t e n t  on t h e  powder s u r f a c e ,  

Rheol oai @a1 measurements on t h e  $1 u r ry  have been performed 
by Bohlg’n rheometer model VOR and cons tan t  stress rheometer C . S .  
These two units combined a r e  powerful enough t o  analyze: s l u r r i e s  
completely i n  viscometry, osci  1 1  a t o r y  and re1 a x a t i  on t e s t s ,  

1Y I n j e c t i o n  mold ing  compound i s  f u l l y  cha rac t e r i zed  rheologica 
u s i n g  capi 1 1  a ry  rheometer. 

Oxygen Analysis Oxygen content  i n  t h e  s i l i c o n  n i t r  
powder i s  analyzed by LECQ method. The oxygen i n  samp 
combines w i t h  carbon a t  high temperature t o  produce CO which 
analyzed by in f ra - red  de tec t ion .  

de 
es 
i s  
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The water content  i n  the as-received powders i s  determined 
by the Karl Fisher  method and i s  gene ra l ly  below 0.1%. 

The oxygen i n  the powder a f t e r  y t t r i a  p r e c i p i t a t i o n  on the  
su r face  i s  a combination of oxygen generated d u r i  ng  m i  1 1  i n g ,  the  
o r i g i n a l  oxygen i n  the powder, moisture content  of t h e  powder 
and the c o l l o i d a l l y  p r e c i p i t a t e d  Y,O,. Therefore,  two values o f  
the oxygen i s  determined: 1) from the powder a f t e r  cont ro l led  
d r y i n g ,  which contains  t h e  con t r ibu t ions  from a l l  t he  sources 
discussed above; and 2 )  a f t e r  ca l c in ing  the  powder a t  h i g h  
temperature i n  N,. 

Thermal Gravimetric a n a l y s i s  of  y t t r i u m  s a l t  showed t h a t  
the mater ia l  has 6H,O molecules as  s p e c i f i e d .  I t  decomposes t o  
Y,O, a t  -700°C w i t h  a 70% w e i g h t  loss. Also, the TGA f o r  Y ( O H ) ,  
showed t h a t  the f u l l  conversion t o  Y,O, occurs between 800°C and  
900'C w i t h  a 35% weight l o s s .  Therefore,  the ca l c ina t ion  of 
Y ( O H ) ,  t o  a 1000°C i s  needed t o  give a corresponding oxygen f o r  
Y,O,. However, t he  oxidat ion of Si,N, needs t o  be minimized. 
Various c a l c i n a t i o n  t reatments  i n  vacuum and/or ni t rogen t o  
800°C have c o n s i s t e n t l y  shown addi t iona l  oxygen pick u p .  

The f i n a l  value o f  t he  oxygen on the p res in t e red  bar as 
well a s  on the MOR bars  a f t e r  HIP'ing and machining have a l s o  
been determined u s i n g  LECO a n a l y s i s .  For t hese  determinations, 
t he  bar i s  crushed t o  small p ieces ,  while taking precaut ions 
t h a t  no contamination o r  oxidat ion occurs i n  t h e  bar while 
crushing.  These pieces  (50-60 mg) a r e  used f o r  t he  LECO 
anal y s i  s .  

A n a l v s i s  o f  Metal l ic  Species 

The m e t a l l i c  spec ies  were ex t r ac t ed  by ac id  d iges t ion  of  
the powder. The powder i s  digested f i r s t  i n  sodium hydroxide. 
The fused mater ia l  i s  then dissolved i n  hydrochloric ac id .  The 
y t t r i u m  a n a l y s i s  i s  performed on this s o l u t i o n  by atomic 
absorpt ion ( A A )  techniques.  

The dissolved s o l u t i o n  i s  a l s o  analyzed by induct ive ly  
coupled plasma (ICP) technique. The choice of t he  equipment 
depends on t h e  s e n s i t i v i t y  of t h e  determination of  t he  element. 

For y t t r i u m  both A A  and ICP i s  used; however, ICP gives  a 
b e t t e r  sens i  t i  v i  t y  for  t h e  y t t r i  um spec ie s .  

We have a l s o  determined y t t r i u m  by x-ray f luorescence 
( X F S ) .  We w i l l  continue t o  use ICP and AA f o r  y t t r i u m  i n  
s o l u t i o n s  b u t  fo r  s o l i d s  MOR bars  XFS i s  being evaluated a n d  
compared w i t h  t he  AA and ICP a f t e r  d iges t ion  o f  t h e  bars .  The 
da ta  base b e i n g  generated w i  1 1  e s t ab l  ish the reproduci b i  1 i t y  a n d  
ease  of many o f  these  techniques.  
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ission spectroscopy technique has been used t o  analyze 
metal l ic  impurities i n  the powder. For a l u m i n u m ,  zirconium a n d  
i r o n ,  t h i s  technique i s  exclusively used, a l t h o u g h  the  analysis 
i s  applicable t o  B ,  Ni, C u ,  V ,  Na, Cr, @ a ,  T i ,  Mg, and h i  a l s o .  

The anionic species i n  the powder i s  being analyzed by i o n  
chromatography. The rn t e r i a l  i s  digested and the s o l u t i o n  i s  
analyzed f o r  anionic species. 

Injection m o l d i n g  b i  nders have been characteri zed for 
thermal conductivity, spec i f ic  h e a t ,  g l a s s  t ransi t ion 
temperature a n d  pressure-vol ume-temperature (p-v- t )  correl a t i  on .  
These properties have a l s o  been used f o r  the FFM ( f i n i t e  element 
method) analysis o f  the injection m o l d i n g  process. DSC a n d  Gel 
Permeation Chromatography techniques were a l s o  u t i  1 ized t o  
characterize the v i r g i n  binder a n d  the m o l d i n g  coinpound f a r  Q . C  
purposes e 

Par t ic le  Size a n d  Surface Area o f  the Powder 

Both the surface area a n d  the pa r t i c l e  s i ze  dis t r ibut ion o f  
the powders have been routinely measured t o  assess the extent o f  
m i l l i n g  o f  Si,N, powders, while simultaneously measuring the 
oxygen content. 

The pa r t i c l e  s i ze  d i  s t r i  b u t i o n  has been determi ned 
routinely by two techniques: 1) sedigraph; 2) microtrac. These 
two instruments combined give a reasonable picture o f  the s ize  
d i s t r i b u t i o n  o f  the par t ic les .  We measure d lO ,  dS0, and d,,, f o r  a 
general comparison from batch t o  batch. 

The surface area i s  determined by BET g a s  adso rp t ion  u s i n g  
N, a s  the g a s .  These two combined measurements give a reasonable 
s t a t e  o f  the milled powder a l o n g  w i t h  the oxygen values. 

TASK 2 

Materi a1 Processing-and Process Control  

i )  Powder Processing 

Effor t  i n  t h i  s u n i  t sperati  on i ncl udes cornmi n u t i  on o f  
powder blends a n d  a d d i t i o n  o f  y t t r i a  (4w%) i n  aqueous 
suspensions u s i n g  a s o l u t i o n  precipitation technique. The 
procedure fo r  aqueous m i l l i n g  i s  being developed i n  a v i b r a t o r y  
m i l l .  A f t e r  solution precipitation o f  y t t r i a ,  the slurry i s  
rinsed a n d  concentrated t o  be used f o r  colloidal c o n s o l i d a t i o n  
o r  dried t o  powder f o r  t e s t  t i l e s  a n d  injection m o l d i n g .  The 
powder i s  CIP'ed i n t o  rectangular t i l e s  and  subsequently HIP'ed 
t o  achieve near theoretical  density. MOR ba r s ,  3mm x 4mm x 5Onim, 
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are machined out  of t i l e s  i n  o rder  t o  eva lua te  the room and h i g h  
temperature mechanical p rope r t i e s  of this powder. 

Procedures have been implemented i n  the c l a s s  10 ,000  
hardwall c lean room t o  minimize the risk of contamination. A 
closed process stream has  been implemented t h r o u g h o u t  powder 
processing t o  f u r t h e r  minimize the  risk of  contamination. 
Sarnpl i n g  a n d  process control  f e a t u r e s  are be ing  introduced, such 
a s  sampling p o r t s  on the mi l l  and automatic pH control  f o r  
so lu t ion  p r e c i p i t a t i o n .  

The ent i re  aqueous mi l l i ng  process has been sca led  up  t o  
provide l a r g e  batch s i z e s ,  meeting the goal t h a t  was required 
f o r  a s ing le  i t e r a t i o n  (30kg). Three l a r g e  powder batches have 
been s u p p l i e d  t o  enable  f u l l  s c a l e  c a s t i n g  and i n j e c t i o n  m o l d i n g  
studies u s i n g  water mil led powder. Media wear has been extremely 
low w i t h  t he  in-house f ab r i ca t ed  media. The i ron level  has been 
very low throughout powder processing, p a r t l y  due t o  t he  h i g h  
p u r i t y  media used. 

Powder was processed on schedule u s i n g  s i n g l e  batch s i z e s .  
This mater ia l  showed p romis ing  MOR f a s t  f r a c t u r e  da t a  a t  room 
temperature and 1370°C and a l s o  Weibull m o d u l u s  ( see  Task 4 ) .  
F rac ture  o r i g i n s  have been almost en t i re ly  su r face  f laws.  Final 
p rope r t i e s  of the scaleup ( 4 X )  batches (W008, WOOS) were a l s o  
promi si ng . Further improvements a r e  b e i n g  sought by addressi  ng 
t h e  y t t r i u m  d i s t r i b u t i o n ,  a s  discussed below, and by f u r t h e r  
optimi z i  ng materi  a1 s o f  cons t ruc t ion .  

The e f f e c t  of s o l i d s  conten t ,  m i l l i n g  time and batch s i z e  
on p a r t i c l e  s ize  d i s t r i b u t i o n  i s  being studied. C o n d i t i o n s  were 
e s t ab l i shed  t h a t  produced a p a r t i c l e  s i z e  d i s t r i b u t i o n  s i m i l a r  
t o  the base l ine  alcohol mil led powder i n  both s ing le  a n d  4X 
scal  eup batches.  Packing densi t y  was acceptab le  fo r  both c a s t i  ng 
and i n j e c t i o n  molding. Refinement of the f i n e s  ( less  t h a n  0 . 2  
micron) has been d i f f i c u l t  due  t o  the accuracy of t h e  Sedigraph 
5100 i n  this range. A Col t e r  N4 equipment i s  being evaluated.  
The p r e c i p i t a t e d  oxygen ( w i t h  4% Y,?,) i s  s t i l l  h igher  t h a n  
expected when compared t o  the as-milled oxygen value.  This 
discrepancy i s  thought t o  result from t h e  heat  t reatment  used 
p r i o r  t o  Leco oxygen measurement. 

The y t t r i u m  d i s t r i b u t i o n  f o r  s ingle  batch s i z e  was 
extremely uniform as observed u s i n g  S E M / E Q X A .  However, on sca le -  
up from 1 X  t o  5X,  l a r g e  regions r i c h  i n  y t t r i a  were observed. 
These regions were a t t r i b u t e d  t o  the m i x i n g  condi t ions  i n  the  
p r e c i p i t a t i o n  r e a c t o r  not s ca l ing  proper ly .  Actions have been 
taken t o  address thi.s problem and improvements a r e  now ev ident .  

A water co-milled (Si,N,/Y,OJ batch (Cool )  was produced t o  
s e p a r a t e  the e f f e c t s  o f  water m i l l i n g  and p r e c i p i t a t i o n  of  the  
s inter ing a id  on t o t a l  oxygen pickup. Co-milled powder showed no 
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a d d i t i o n a l  oxygen pickup a s  observed w i t h  the Y20, precipitated 
powder. Segregation d u r i n g  storage occurred, which made casting 
r e su l t s  ambiguous.  The f a s t  f rac ture  properties of powder made 

t h i  s process wew promi si ng.  

i i ) Coli si d a l  Consol i d a t i  on 

Two key steps i n  the col l o i d a l  consol i d a t i o n  process, i . e .  
S I  i p  formulation and t ens i l e  b a r  forming are  being developed 
si mu 1 taneous 1 y : 

a .  S l i p  Formulat ion 

The objective o f  these experiments i s  t o  develop an aqueous 
suspension o f  s i l icon  n i t r i d e  c o n t a i n i n g  50-70 w/o sol ids  f o r  
centrifugal/pressure casting o f  crack f ree  NSF (Net Shape 
Formed) specimens. This requi res development o f  sui t a b 1  e 
d i  spersant-bindey system(s) . S1 i p s  were devel oped using b o t h  
a1 coho1 mi 11 ed (basel i ne) a n d  water m i  1 1  ed powders. 

Using baseline alcohol milled (Si,N, f. 4% Y2Q,) powder, 
var ious  s l i p s  containing 66-70 w/o s o l i d s  were pressure cast  
( i n t o  76 mm d i a .  x 13 mm thick discs)  a t  0 . 1  MPa u s i n g  colloid 
presses. The time required f o r  v i s ib l e  cracks t o  develop d u r i n g  
d r y i n g  i n  a i r  under ambient conditions was monitored f o r  these 
discs .  

Based on these experiments, several binder systems were 
ident i f ied which produced crack-free green d i s c s .  

S l i p  development t o  cast  water milled Si,N, + 4% colloidally 
precipitated Y,O, was a1 so carried o u t .  A n  excel l en t  dispersant 
for  alcohol milled (Si,N, + 4% Y,Q,) powder was found t o  be 
ineffect ive f o r  the water mil  led powder. Therefore, an a1 ternate 
surfactant was ident i f ied for the water milled systems. However, 
cast  pieces i n v a r i a b l y  showed cracking a f t e r  d ry ing .  This i s  
suspected t o  be caused by segregation of the suspension d u e  t a  
the 1 ower sol i d s  1 oadi  ng I n the suspension and/or  segregation 
caused by excessive longer casting time. Since the cracking and 
f lu f f ines s  ( l o w  p a r k i n g  dense) o f  the green specimens (made from 
a t e r  milled Si?N, .t 4% col loidal ly  precipitated Y,O,) i s  

t en ta t ive ly  attmbuted t o  l o w  s o l i d  l o a d i n g  caused by the 
hydroxide surface o f  the par t ic les  i n  suspension, i t  i s  o f  
i n t e re s t  t o  develop a water-mi 1 1  ed suspension w i  t h  I ‘ n o n -  

hydroxi de” y t t r - i  a .  A serspensi on was devel oped by water m i  1 1  i ng 
o f  Si,N, and then m i x i n g  4% Y,O, suspension. 

This  “mixed” system was evaluated f o r  casting. Specimens 
( d i s c s  76 mm d i a . ,  13 mm thickness) pressure cast  a t  CIA MPa, 
remained i n  one piece a f t e r  d r y i n g .  However, some surface cracks 
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developed d u r i n g  d r y i n g .  These su r face  cracks may be a t t r i b u t e d  
t o  segregat ion caused by low (25 w/o) s o l i d s  suspension. Glossy 
upper su r face  of t hese  specimens cor robora te  the segregat ion 
hypothesis.  I t  i s  an t i c ipa t ed  t h a t  crack f r e e  specimens could be 
c a s t  u s i n g  higher s o l i d s  loading i n  the suspension. 

Crack f r e e  d i s c s  c a s t  from 1) aqueous suspensions of  
a1 coho1 m i  1 1  ed powders and 2 )  " m i  xed suspensions" obtained by 
b l e n d i n g  Y203 powder w i t h  water mil led Si3N, suspension were 
analyzed by mercury porosimetry. Analysis of the best d i s c s  o f  
the two s e r i e s  has shown t h a t  t h e  b u l k  dens i ty  i s  about 57-583 
of t h e o r e t i c a l  f o r  a l l  d i s c s ,  even though the s o l i d s  loading of 
t he  suspensions was very d i f f e r e n t ,  i . e .  about 25% f o r  "mixed" 
and 75% f o r  alcohol m i l l e d .  S l i g h t  d i f f e rences  i n  b u l k  dens i ty  
(between 2 and 7%) were measured between t o p  and bot tom of  the  
same d i s c  and a r e  believed t o  be caused by p a r t i c l e  segregat ion 
d u r i n g  cas t ing  a s  a r e s u l t  of the low s o l i d s  loading.  

In the case of water mil led Si,N, w i t h  4 w/o c o l l o i d a l l y  
p r e c i p i t a t e d  Y,O, [ Y  (OH),] as  mentioned previously t h e  cracking 
problem i n  the c a s t  d i s c s  was found t o  be mainly due t o  t he  l o w  
s o l i d s  content  suspension used i n  t he  cas t ing  experiments. 
Therefore,  a novel technique was devel oped t o  prepare 
suspensions containing g r e a t e r  than 70 w/o s o l i d s  and d i s c s  were 
pressure  c a s t  u s i n g  several  b i n d e r  systems. V i r t u a l l y  a l l  d i sc s  
were uncracked a f t e r  d r y i n g ,  and had a dens i ty  of 58% of 
t h e o r e t i c a l ,  w i t h  a s tandard devia t ion  of 1 . 2 %  (24  d i s c s ) .  

Several pressure c a s t  d i s c s  were a l s o  analyzed by mercury 
porosimetry f o r  Y,O, concentrat ion and by SEM f o r  poss ib le  
p a r t i c l e  segregat ion d u r i n g  ca s t ing .  The samples submitted f o r  
porosimetry were c a s t  from slurries containing no binder a n d  
binders  B3, B5 ( p r e v i o u s l y  used), B11 and B12 and were f i r e d  i n  
a i r  a t  600°C. The porosimetry results a r e  shown i n  Table 1. 

The da ta  of Table 1 shows t h a t  the highest packing dens i ty  
was obtained w i t h o u t  binder and t h a t  aging o f  the suspension 
r e s u l t e d  i n  lower dens i ty .  No s i g n i f i c a n t  d i f f e r e n c e s  were f o u n d  
among binders, except f o r  B11, which gave a r e l a t i v e l y  low b u l k  
d e n s i t y .  Y20, concentrat ion was analyzed by AA on se l ec t ed  d i sc s  
on top and bot tom p o r t i o n s .  Maximum d i f f e r e n c e s  found were 3%. 

The SEM photographs d i d  n o t  show any s i g n i f i c a n t  p a r t i c l e  
segrega t ion .  

b .  Tensile Bar Castinq 

Those suspensions which rendered crack f r e e  d i s c s  (as 
descr ibed i n  s ec t ion  ( a ) )  were used fo r  t e n s i l e  b a r  ca s t ing .  

Both pressure cas t ing  and cen t r i fuga l  c a s t i n g  techniques 
were employed t o  f a b r i c a t e  t ens i le  bars .  Furthermore, t h ree  
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di f fe ren t  t ens i l e  ba r  shapes, i . e .  NSF, bow-tie a n d  s t r a i g h t  
cylinder were cast  t o  examine the e f f ec t  of geometry on the 
cracking pattern.  For b o t h  casting techniques higher solids 
l o a d i n g  (>65 w%) was necessary t o  achieve crack f ree  b a r s .  W i t h  
1 ower so l  i d s  1 oadi ng suspensions severe cracki ng  was 
experienced. Preliminary resu l t s  from the two casting techniques 
are described bel ow. 

Pressure Casting 

A limited number of  NSF specimens were cast  crack free 
u s i n g  suspensions w i t h  and i t h o u t  b i  nder a d d i  t i  ons e A 1 imi ted 
number of water soluble binders or emulsions screened s o  f a r  d i d  
no t  show any improvement over unbinderi zed suspension. Green 
densi t ies  i n  the range 1.8 t o  1.95 gm/cc (58 t o  60% T.D.)  were 
measured i n  t h e  cast  ba r s .  

Usi ng a1 coho1 m i  1 1  ed powder suspensions tensi 1 e bars w i  t h  
the three d i f fe ren t  shapes were cast  a t  0 . 1  MPa pressure using 
plaster  of  Par i s  molds .  En most cases,  a l o n g i t u d i n a l  crack was 
observed immediately a f t e r  removal of the p a r t  f r o m  the m o l d .  In  
same cases, cracks developed only a f t e r  a few days o f  drying  i n  
a i r  under ambient conditions. Prior t o  d r y i n g ,  these bars were 
held i n  a sealed p l a s t i c  bag t o  complete the s t r a i n  recovery 
process. For these s l i p  formula t ions  no cracking was. observed 
d u e  t o  t he  s t r a i n  recovery process a5 mentioned i n  Reference 2 .  
I t  must be emphasized t h a t  these s l i p  formula t ions  i n  cas t  discs 
( u s i n g  colloid press) d i d  no t  show any cracking problem under 
i denti cal d ry i  ng condi  t ions ,  

Tensile bars ca s t  from mixed suspension ( o b t a i n e d  by 
$1 endi ng Y,O, powder w i t h  water m i  1 1  ed si 1 i con n-i t r i  de 
suspensions) d i d  n o t  show any l o n g i t u d i n a l  cracks as  observed i n  
the case of alcohol  milled powder. However, some sh r inkage  
re1 ated rad i  a1 cracki ng was nat i  ced a Further resul t s  u s i n g  t h i  s 
suspension w i l l  be reported i n  future reports.  

A new ba tch  w i t h  water mi 1 led powder a n d  precipitated Y (OH), 
was prepared, w i t h  a s o l i d s  l o a d i n g  greater t h a n  70 w/o. 

NSF t ens i l e  ba r s  were pressure c a s t  u s i n g  no binder and  
binders B5, together w i t h  two new binders, Bl.3 a n d  B14.  
Rheslogi ca l  properties o f  t h e  f o u r  suspensions were measured, 
and the resu l t s  are under evaluation. 

Table 2 shows the number o f  bars t h a t  survived a f t e r  
c a s t i  ng ,  dryi  ng a n d  f i  r i n g .  

As shown i n  Table 2 ,  best resu l t s  were obtained w i t h o u t  
binder. Binder 1313 was the best o f  the three used. 

Table 3 shows the resu l t s  of mercury porosimetry performed 
on pieces taken from gauge section a n d  shank of NSF b a r  prefired 
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a t  600"C/lhr i n  a i r .  Binder B5 has  g i v e n  t h e  highest  b u l k  
dens i ty  and sma l l e s t  pore s ize ,  b u t  unfor tuna te ly  no bars 
survived a f t e r  d r y i n g .  

Centri fuqal Casti nq ( C C )  

S imi la r  t o  pressure c a s t i n g ,  crack free bars  were made 
u s i n g  suspensions w i t h o u t  binder a d d i t i o n s .  However, 
c e n t r i f u g a l l y  c a s t  bars  showed poor strength near the ga te  
causing eventual breakage. T h i s  was observed bath i n  the porous 
and non-porous mold ca s t ings .  Due t o  this inconsis tency,  no 
further e f f o r t  was devoted t o  cen t r i fuga l  c a s t i n g  experiments. 

i i i )  1n.iection Moldinq (IM) 

The t h r e e  sub-steps i n  t h e  i n j e c t i o n  m o l d i n g  process (mold  
des ign ,  molding process opt imiza t ion ,  and dewaxing) have been 
addressed concurrent ly .  To da te  a l l  of t h e  experimental work has  
been c a r r i e d  o u t  u s i n g  t he  alcohol m i l l e d  powder w i t h  the  
exception of Batch D ,  the i n i t i a l  t e s t  batch u s i n g  water milled 
powder. The purpose of this i s  two-fold, t o  e s t a b l i s h  the 
base1 ine mechanical properties u s i n g  the I n i t i a l  Process Route 
(IPR) and t o  develop the information necessary f o r  mo 
molding, and dewaxing of t e n s i l e  bar shapes.  

a) Mold Desian 

In order  t o  o p t i m i z e  the mold design,  two techn 

d design, 

ques were 
used. The f i r s t  was experimental including experimental design 
and a n a l y s i s  o f  t he  molded p a r t s  u s i n g  both the d e s t r u c t i v e  and 
non-destructi  ve methods. A second t a sk  was conducted i n p a r a 1  1 e l  
t o  t h e  experimental work which involved f i n i t e  element modeling 
(FEM) of t h e  mold f i l l i n g  process.  T h i s  made i t  poss ib le  t o  
eva lua te  changes i n  t he  mold des ign  without having t o  make 
changes i n  the actual  hardware. A t o t a l  of t h r e e  d i f f e r e n t  ga te  
designs were evaluated experimentally which a r e  designated as 
"Gl", "GZ", and "G3" as shown i n  Figure 1. A s u b  v a r i a t i o n  o f  62 
was a l s o  evaluated which d i f f e r e d  only i n  d e p t h .  The 
experimental work p r o v i d e d  b o t h  information on i n i t i a l  
condi t ions  necessary f o r  the FEM work, and l a t e r ,  confirmation 
o f  t h e  results generated by the modelling. 

ExDerimen t a l  

. The experimental work was c a r r i e d  out  u s i n g  an aluminum 
tool w i t h  a s ingle  tens i le  b a r  cav i ty .  The o r ig ina l  design,  G1,  
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used a double runner design gated i n t o  the buttonhead area of  
the p a r t .  This  was an unbalanced runner design t o  avo id  weld 
l ines  i n  the gage area o f  the b a r .  This design resulted i n  
excessive v o i d  formation and was dropped s u b s e g u e ti t 
evaluations. The second design, 62, was a l e  end gate 
design. This  resulted i n  a seduction or elimination i n  voids 

i t h i n  the p a r t .  A t h i r d  modification o f  the mold was made t o  
allow the use o f  an edge or f a n  gate t o  feed the material i n t o  
the middle o f  the par t .  Tests o f  this  desi n a l s o  yielded good 
p a r t s  based an reduction o f  voids. Th i s  design was designated 
G3. 

F a c t o r i  a1 experimental designs were u t i  1 i zed i n order t o  
evaluate b o t h  mold design as well as  mold ing  parameters, Figure 
2 comparing the two gate designs, 62 a n d  G3, shows t h a t  there i s  
l i t t l e  difference between the two designs based on voids. Both 
gate designs are  capable of n i s l d i n g  t e n s i l e  bars  of  s i m i l a r  
q u a l i t y  and  indicate t h a t  some other fac tor ,  such as residual 
s t r e s s  o r  ease o f  m o l d i n g ,  s h o u l d  determine the choice o f  g a t e  
des i  gn . 
F i  n i  t e  Element Mgdel i n q  

The f i n i t e  element modeling required of two steps;  f i r s t . ,  
materi a1 s characteri z a t i  on a n d  then the mo el i ng. The materi a1 s 
characterization determined the density, peci f i  c h e a t ,  thermal 
conductivity, rheology and pressure-v 1 ume-temperature behavior 
o f  the ceramic m o l d i n g  co heolsgical properties are 
shown i n  Figure 3 .  Table 4 summarizes the remaining thermal and 
physical properties o f  the m a t e r i  a1 . The f a1  I owi ng comments f r om 
the analyti cal 1 aho ra to ry  were made concerning t h e  materi a1 : 1) 
The rheology was typical for  h i g h l y  f i l l e  polymers w i t h  a 
tendency t o  level o f f  a t  h i g h  shear ra tes .  2) The DSC curve 
showed m u 1  t i  p l  e ions, ref lect ing the d i f fe ren t  polymers 
present. 3)  The conductivity was h i g h  because o f  the 
h i g h  ceramic content a n d  4 )  The PVT measurements d i d  no t  record 
any n o t i  ceabl e t rans i t ions  because o f  the 1 ow polymer content. 

The above in format ion  was then used, a l o n g  w i t h  the i n i t i a l  
m o l d i n g  parameters determined experimentally, t o  conduct the 
computer s imula t ions  f o r  mold  f i l l i n g  a n d  packing. The two g a t e  
designs G2 and G3 were modeled i n  v a r y i n g  s izes .  Preliminary 
a n a l y s i s  indicated t h a t  the end gate s h o u l d  give bet ter  resu l t s  

on a more uniform d i s t r i b u t i o n  o f  shear ra tes  d u r i n g  
f i l l i n g  o f  the p a r t .  The edge gate showed a tendency f o r  the 
gate t o  freeze o f f  i n  certain areas resul t ing i n  a s p l i t  f l a w  o f  
materi a1 , resul t i  ng i n the possi b i  1 i t y  f o r  a i  r entrapment d u r i  rig 
the f i l l i n g .  Further a n a l y s i s  confirmed t h a t  the end gate, w i t h  
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the proper speed prof i le ,  would yield a nearly consistent melt 
f ront  velocity, i l l u s t r a t ed  i n  Figure 4 ,  and a more consistent 
b u l k  temperature t h r o u g h o u t  the p a r t .  These, a l o n g  w i t h  other 
factors ,  s h o u l d  lead t o  a p a r t  w i t h  minimal s t resses  i n  the 
as-mol ded p a r t .  

This information,  combined w i t h  the experimental design 
work done earl  i e r  as we1 1 as  practi cal considerations, resul ted 
in the f i n a l  design f o r  the mold ing  too l  now i n  use. 

b) Moldina Process O p t i m i z a t i o n  

A to ta l  of f ive  m o l d i n g  batches were prepared including 
one, weighing 24 Kg, which was used t o  mold the base l ine  NSF 
bars  by the i n i t i a l  process route. One of the other fou r  
batches, Batch D, used the water milled powder. A l l  of the 
batches except the l a s t ,  Batch E ,  were molded u s i n g  the smaller 
t ens i l e  bar  mold.  Batch E was molded u s i n g  the new two cavity 
t o o l .  Each cavity produces an NSF b a r  which i s  1.84 times the 
volume of the o r i g i n a l  small bar .  

Experimental design was used t o  evaluate the e f fec ts  of 
bo th  the t o o l  design, a s  mentioned e a r l i e r ,  and the m o l d i n g  
parameters on the q u a l i t y  o f  the p a r t s .  The measures of  p a r t  
q u a l i t y  include weight, dimensions,and runout ,  or o u t  o f  
roundness. In  a d d i t i o n ,  the p a r t s  were checked u s i n g  microfocus 
X-ray which i s  discussed i n  Task 3 section of t h i s  report. These 
measurements are being used t o  generate prel imi nary SPC 
information.  

Batch A was used t o  evaluate gate designs G1 a n d  G2 as 
well as  several m o l d i n g  parameters. As a r e su l t  of  t h i s  
experiment, ga t e  G1 was dropped and i t  was determined t h a t  
injection speed and barrel temperature were the most i m p o r t a n t  
s e t t i ngs .  Figure 5 shows the a f f ec t  o f  these se t t ings  on p a r t  
weight. 

Batch I3 was used t o  evaluate gate design G3. During  t h i s  
experiment, i t  was determined t h a t  the changeover position 
d u r i n g  molding had a s ignif icant  e f f e c t  on p a r t  weight. NDE 
r e su l t s  l a t e r  confirmed t h a t  there was a reduction i n  defects.  

Molding Batch C was used t o  compare gate designs 62 and  G3. 
The analysis showed t h a t  there was l i t t l e  difference between the 
two gate designs, a s  noted e a r l i e r ,  and t h a t  the barrel 
temperature and injection pressure prof i les  are s ignif icant .  
This  i s  shown by the contour p l o t  i n  Figure 6 which indicates an 
area o f  temperatures and pressures yielding the fewest defects.  

The water milled powder was used t o  prepare Batch D .  This 
was used w i t h  gate 62 t o  confirm the resu l t s  of the preceding 
experiments a n d  t o  investigate another mold design feature,  



sprue sine or mold opening. From this experiment it was learned 
that the molding parameters used were satisfactory and the sprue 
size could be reduced, thereby saving material. 

Batch E was the large batch used to mold the initial 
process route ( I P R )  NSF bars. The new two cavity tool was used 
a1 ong with sperati ng parameters devel oped during the preceding 
experiments and the FEM work. The m lding proceeded with no 
problems and all samples have been eighed and measured and 
should prove suffi cient to provi de far testi ng and del i verables. 
As reported earlier, the variation in weights and lengths is 
0.2% and 0.3% respectively f o r  the m re than 200 samples 
checked. 

c) Bewaxing 

Dewaxing procedures w e ~ e  developed using a c bination of  
time, temperature, pressures, and atmospheres whic rgsiilted in 
a yield of approximately 8 for the smaller NSF bar. Initial 
results fo r  the larger NSF r gave considerably lower yields, 
but the latest modifications in the de ax cycle and settl'ng 
procedures have resulted in yields appr chi ng those obtsi ned 
ith the smaller bars. Be ed full size bars have been 

submitted for further processing. 

iv) H I P  Densification 

During this period two principal tasks were carr ied o u t .  
Eva1 uation o f  water-mi 1 1  ed si 1 icon n i  tr i  de composi ti ons requi red 
several qual i f i  cation runs where test ti 1 es from water-mi 1 1  ed 
powders were CIP'ed and densified by a Norton proprietary 
HIP'ing process. Concurrently, an experimental evaluation o f  
fixturing approaches to eliminate part warpage during MIP'ing 
was conducted with both CIP'ed and injection molded tensile 
rods. Both densified tiles and tensile rods were submitted for  
testi ng. 

Water-Mi 1 1  ed Powder Qual i fi cation Runs 

In comparing the HIP'ing behavior o f  alcohol-milled silicon 
nitride-yttria compositions with water-milled compositions, the 
results to date indicate that water-milled materials, when 
mi 1 1  ed t o  the same powder speci f i cation as a1 coho1 -mi 1 1  ed 
materials, do not achieve the density o f  alcohol-milled 
materials when processed with the same HIP schedule. Typical 
densities for alcohol-milled material would be 3 . 2 3  g/cm3 while 
water-milled materials are 3.22 g/cm3 on average. The reason for 
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this dens i ty  d i f f e rence  has not been confirmed t o  da ta  although 
i t  can be a t t r i b u t e d  t o  d i f f e r e n t  levels o f  oxygen and/or y t t r i a  
content  i n  the aqueous mil led powder. Mechanical p rope r t i e s  of  
these two powders a r e  reported i n  Task 4 .  

As w i t h  water-milled m a t e r i a l s ,  injection-molded samples, 
w h i  ch had been f a b r i  cated from a1 coho1 -mi 11 ed powders, produce 
lower densities than observed w i t h  CIP'ed,  alcohol-milled 
m a t e r i a l s .  On average, injection-molded samples had d e n s i t i e s  o f  
3.21 g/cm3 compared w i t h  3 . 2 3  g/cm3 f o r  CIP'ed,  alcohol-milled 
samples. 

HIP F i x t u r i n a  Experiments 

In Table 5,  prel iminary r e s u l t s  o f  t e n s i l e  rod  warpage 
(measured a s  rod r u n o u t  due t o  bowing)  a r e  provided f o r  t h e  HIP 
f i  x t u r i  ng experiments. Resul ts  f o r  tensi l e  rods which were 
machined from CIP'ed blanks a s  well as rods which were in j ec t ion  ' 
molded t o  net shape a r e  presented.  Note t h a t  the runout on green 
tens i le  rods i s  reported along w i t h  HIP'ed sample da ta  s ince  
green rod runout v a r i e s  dramat ica l ly  w i t h  the CIP'ed a n d  
i n j e c t i o n  molded samples. While green machined CIP'ed rods  have 
reasonably good to l e rances  ( <  O.OlO"), green i n j e c t i o n  molded 
samples tend t o  have widely v a r i a b l e  to l e rances  (0.004" - 
0.070") d u e  t o  warpage which occurs d u r i n g  h a n d l i n g  a f t e r  
molding. Recently w i t h  better f i x t u r i n g  procedure t h e  upper 
l i m i t  of molded p a r t  t o l e rance  has been reduced t o  l e s s  t h a n  
0.030".  

As ind ica ted  by the r e s u l t s  provided i n  Table 5 ,  r i g i d  
f i x t u r i n g  designs a r e  f a i r l y  successful  a t  e l imina t ing  warpage 
o f  t e n s i l e  rods d u r i n g  HIP'ing. 

As shown i n  Table 5 ,  t h e  results f o r  f l e x i b l e  f i x t u r i n g  
designs a r e  obviously infer ior  f o r  both machined CIP'ed rods as  
well a s  i n j e c t i o n  molded rods where runout i s  increased 
dramat ica l ly  and exceeds the maximum r u n o u t  observed i n  green 
t e n s i l e  rods.  

v )  Machininq 

Based upon the machining s tudy  a t  var ious machine shops, 
Norton Northboro Advanced Ceramics Machine Shop  has been 
s e l e c t e d  t o  perform f i n a l  machining o f  t e n s i l e  bars .  This 
dec is ion  was based on such issues as  q u a l i t y  o f  t he  machined 
p a r t s ,  production c o n t r o l ,  c o s t  and de l ive ry  schedules .  

v i )  Process Control a n d  OPtimization 



49 

a .  SCHEDULING : Schedules f o r  the f i r s t  tito (2 )  
i t e r a t i o n s ,  I n i t i a l  Process Route, and the Water-milled/ 
Coll oi dal conso? i d a t i  on Route have been drawn-up, and a re  
c u r r e n t l y  under way. Disregarding a couple of opera t ions  t h a t  
requi red reschedcal i ng (due t o  power/equi prnent mai ntenanee) , 
these have been on time. One a rea  t h a t  could n e c e s s i t a t e  
add i t iona l  modi f ica t ions  t o  t h e  schedule has been y i e l d .  T h i s  
has as  y e t  n o t  been a problem, b u t  based on information obtained 
from the f i r s t  i t e r a t i o n ,  t h e  second i t e r a t i o n  incorpora tes  
provis ion f o r  lower y i e l d s .  

b .  Spc: SPC c h a r t s  have been set-up f o r  performance 
v a r i a b l e s  o f  u n i t  opera t ions  t h a t  a r e  thought t o  be c r i t i c a l  t o  
t h e  overa l l  p rocess ,  An impediment i n  t h i s  a rea  has been the  
i nabi 1 i t y  t o  s e t  s p e c i  f i  ca t ions  on c e r t a i  n u n i  t ope ra t ions ,  as 

e of these were s t i l l  under development, and i t  was not k n o w n  
a p r i o r i  what would be “good“ 1 imi t s .  A re1 ated problem has been 
the i d e n t i f i c a t i o n  o f  appropr ia te  tests,  and sample preparat ion 
schemes t o  obta in  performance d a t a .  Based on the best knowledge 
to-da ta ,  an SOP has been implemented which guides u n i t  
ope ra t ions ,  and the sampl i n g ,  and sanipl e p repa ra t i  on requi red 

a n i t o r i n g  the process.  The examples of the SPC cha r t s  
shown i n  Figure 7 a r e  a product of this e f f o r t .  

e .  : Experiments a r e  currently b e i n g  
c a r r i e d  o u t  i n  t he  a reas  o f  mold ing ,  c a s t i n g ,  and d e n s i f i c a t i o n  
(and a r e  coveired i n  d e t a i l  i n  those s e c t i o n s ) .  An i s sue  

n t l y  under s t u d y  i s  the incorpora t ion  o f  data  obtained from 
e s t s u c t i v e  Evaluation, i n t o  a form e f f e c t i v e  f o r  manipula- 

t i o n  by s t a t i s t i c a l  methods. A po ten t i a l  benefit  from th is  s tudy  
would be the a b i l i t y  t o  p r e d i c t  which pieces  could f a i l  due t o  
inherent  f laws,  and c o r r e c t i v e  measures t h a t  would be taken t o  
reduce and/or c o r r e c t  these before  incu r r ing  addi t iona l  
processing c o s t s .  T h i s  could a l s o  be h e l p f u l  i n  increas ing  the  
y i e l d  of t h e  process ,  by re-working flawed m a t e r i a l .  
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TASK 3 

Devel o m e n t  and Appl i c a t i  on of N D E  

In-house N D E :  

Technique develoPment: 

a .  F i l m  d i a i t i z a t i o n  c a p a b i l i t v  f o r  d e f e c t  q u a n t i f i c a t i o n :  
The hardware/software se tup  was e s t ab l  i shed inhouse w i t h  
guidance of Argonne National Laboratory (ANL). The most useful 
f e a t u r e s  o f  such software has been c o n t r a s t  enhancement u s i n g  
grey leve l  s t r e t c h / s l i d e  and threshold opera t ions  and the  use o f  
non-convol u t i o n  f i  1 t e r s  and edge enhancement f i  1 t e r s .  A 
composite of frame averaging and edge enhancement appears t o  
provide appropr ia te  images f o r  de fec t  s i z i n g  and counting. 

An example of such de fec t  q u a n t i f i c a t i o n  module (Image 
Measure/IP-IM5100) i s  shown i n  Figure 8 f o r  a Si,N, reference 
sample w i t h  seeded 200 /sn Fe inc lus ions  (made inhouse).  By 
ad jus t ing  the grey level  threshold o f  a d i g i t a l l y  enhanced image 
a t  s e l e c t e d  a reas  on the sample radiograph d e f e c t s  were counted 
and quan t i f i ed  ( l e n g t h ,  w i d t h ,  e t c . ) .  The units of t he  
s t a t i  s t i  c s  da ta  shown i n  t h e  diagram a r e  unnormal i zed. 

A 1  t e r n a t e  sof tware module and densi tometry/f l  uorometry 
(IM4100) a r e  a l s o  being evaluated t o  explore the  f e a s i b i l i t y  of  
quant i fy ing  mater ia l  dens i ty  g rad ien t s  from op t i ca l  dens i ty  
var i  a t i  ons i n  radiographs.  

A N L  has developed a dual f i e l d  image a n a l y s i s  computer 
program which we hope t o  acqui re  soon t o  compare and eva lua te  
N D E  images obtained u s i n g  d i f f e r e n t  techniques (radiography, 
NMRImagi ng  and u l  t r a son i  cs )  . 

b .  Reference Samdes: Si,N, rods w i t h  k n o w n  seeded 
inclusions and simulated v o i d s  u s i n g  PMMA beads o f  d i f f e r e n t  
sizes were f ab r i ca t ed  f o r  eva lua t ing  t h e  de t ec t ion  sens i t i v i ty  
of the var ious N D E  techniques employed i n  the program. Si,N, 
powder was mixed w i t h  var ious w e i g h t  percentages of such seeds 
(preca lcu la ted  t o  give a known t o t a l  d e f e c t  number per sample). 
The mix was then CIP'ed i n t o  rods,  some kept f o r  s t u d y  on green 
ceramics,  o t h e r s  were presi  ntered and then machined i n to  tensi 1 e 
samples. Some of those samples were then HIP'ed t o  f u l l  d e n s i t y .  
Between each processing s t e p ,  microfocus f i lm  radiographs were 
obtained on t h e  samples. An example of microfocus radiography 
de tec t ion  s e n s i t i v i t y  da ta  on the CIP 'ed  samples i s  shown i n  
Table 6 .  I t  may be not iced t h a t  the use of f i lm d i g i t i z a t i o n  
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technique helps improve r e l i a b i l i t y  of de t ec t ion  (compare 
columns f o r  manual versus d i g i t i z e d  d a t a ) .  

Other Si,N, samples were CIP’ed a t  d i f f e r e n t  pressures  
ranging from 5 t o  30 KSI f o r  d e n s i t y  g rad ien t  s tudy .  The rod 
d e n s i t i e s  var ied  from 1.660 t o  1.878 g / c e .  Manual microfocus 
radiography f i lm  dens i ty  measurements done u s i n g  a .densitometer 
do not  sho a c o r r e l a t i o n  w i t h  the rod dens i ty .  Further 
eval ua t i  on i s  underway. 

c.  Microfocus Radioqrapk:  This work i s  s t i l l  i n  the e a r l y  
s t a g e s .  Experiments w i t h  a v a r i e t y  o f  t a r g e t  m a t e r i a l s ,  f i l m  
s e n s i t i v i t y ,  exposure condi t ions ,  f i l t e r s ,  and mating sur faces  
a r e  be ing  conducted t o  o f f s e t  the th ickness  g r a d i e n t .  A 
Panasonic h i g h  r e so lu t ion  CCD camera (768  X 493 l ines ,  0 .5  loux 
screen i 1 1  umination) was acquired f o r  improved r ea l  time 
imaging. P h i s  camera does not suffer from t a r g e t  dep le t ion ,  a 
probl ern encountered w i  t h  P1 umi con type cameras. A converted Dage 
camera (x-ray sensit ive vedicon w i t h  a 1-inch CSI screen)  was 
i n s t a l  1 ed t o  achi eve h i g h  mayni f i  c a t j  ons.  

d .  Dve Penetrant :  A number o f  t e n s i l e  samples were 
indented a t  var ious loads ranging from 1 t o  30 Kgf  t o  generate  
cracks w i t h  known lengths  f o r  f luo rescen t  de t ec t ion  s e n s i t i v i t y  
and opt imizat ion s tudy.  

Processing I t e r a t i o n s :  

Microfocus f i  I m  radiogr-aphy eval uat ion was ~onductedl on the 
as-molded t e n s i l e  rods o f  f i r s t  i t e r a t i o n .  The average flaw 
i ndi  c a t i  ans per sample was around t w o  hich represents  a 
s i g n i  f i  cant  improvement over pas t  mol d i  ng experiments. The 
major i ty  o f  flaws are voids loca ted  e i ther  i n  t he  s h a n k  o r  t h e  
buttonhead section o f  the rod;  some inc lus ions  were detected.  
The average v o i d  sine i s  > 500 pm and t h e  inc lus ions  around 200 
t o  500 /!&I. 

Previously i t  w s reported i n  e a r l  i e r  mol dS rig experiments 
t h a t  those rads whic d i d  n o t  survive during binder removal/ 
hand1 i ng/presi nteri ng had a 1 arger v o i d  si ze d i  s t r i  but ion,  as  
molded, than those w h i c h  survived.  Based on t h i s ,  flaw 
parameter izat ion a n a l y s i s  reported previously w i l l  be modified 
t o  inc lude  a w e i g h t i n g  f a c t o r  t h a t  accounts f o r  s u r v i v a b i l i t y  a t  
subsequent processing steps. A software program was wri t t en  f o r  
the parameter izat ion computations. T h i s  work w i l l  be in t eg ra t ed  

i t h  the strength separa t ion / f law maps work t o  be conducted soon 
w i t h  Prof .  KJakLns o f  the Universi ty  of Massachusetts. 
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Subcontractors/Consultants: 

a .  Precis ion Acoustic Devices (PAD)-: P A D  s t a r t e d  on 
u l t r a s o n i c  development work on November 27 ,  1989. They have been 
concent ra t ing  on system manufacturing (Task 2A under Technique 
Development of Subcontract ACS936555) w h i  ch i ncl udes b u i  1 d i  ng 
the r o t a t i n g  scanning s t a g e ,  t e s t  f i x t u r e s  and t ransducer  
mounting f i x t u r e s  t o  handle round t e n s i l e  samples on t h e  CCS 
3000 scanning system. A can t i levered  scan arm was designed and  
i n s t a l l e d  a s  well a s  a t i l t i n g  mechanism f o r  su r face  wave 
imaging. 

Acoustic transmission measurements were made on a Norton- 
s u p p l i e d  t e n s i l e  bar i n  the molded s t a t e .  Because t h i s  material  
had not been tested a c o u s t i c a l l y ,  t h e r e  was uncer ta in ty  as t o  
the value of i t s  p rope r t i e s ,  p a r t i c u l a r l y  a t t enua t ion .  PAD found 
t h a t  a t  5 MHz,  a t t enua t ion  was s u f f i c i e n t l y  low t h a t  a t h r o u g h  
t ransmission s igna l  was e a s i l y  obtained t h r o u g h  the length o f  
the sample. This may allow conducting v e l o c i t y  measurements 
across  the samples a t  f requencies  a s  h i g h  a s  20 t o  50 MHz, 
y i e l d i n g  measurement accuracy considerably b e t t e r  than 1%. The 
v e l o c i t y  and impedance obtained f o r  this sample were 2 . 3  mm/sec 
and 5 . 3  M R ,  r e spec t ive ly .  

Design s p e c i f i c a t i o n s  f o r  20, 30 ,  50, a n d  100 MWz contact  
a n d  immersion t ransducers  were completed, and o rde r s  have been 
placed f o r  p a r t s .  S i l i con  n i t r ide  wedges were made by Norton Co. 
and de l ivered  t o  P A D  for  shear  wave t ransducers  (ma t ing  
su r faces )  and t ransducer  f a b r i c a t i o n  has begun.  The r o t a t i  ng 
s t a g e  and time o f  f l i g h t  e l e c t r o n i c s  a r e  under cons t ruc t ion .  
Other equipment was purchased i ncl u d i  ng a Panametri cs p u l  s e r -  
r e c e i v e r  and scanner parts.  Pulser/T-R switch modules w i t h  50 
and 100 MHZ capac i ty  were cons t ruc ted .  

b .  Arsonne National Lab.: The subcont rac t  w i t h  A N L  has 
been awarded ( con t r ac t  No. 85093) and work was scheduled t o  
commence e a r l y  A p r i l ,  1990. 

TASK 4 

ProPerty Testing a n d  Microstructural  Eva1 uation 

i )  Tensile Tes t in s  of  Green SPecimens 

F ix tures  f o r  t ens i le  tes t ing green (as-molded) and 
p res in t e red  NSF bars  have been designed and b u i l t .  Eighteen as- 
i n j e c t i o n  molded NSF specimens have been tested w i t h  an average 
strength of 3 . 3  2 1 .5  MPa. Sixteen specimens f a i l e d  i n  t he  gauge 
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section a n d  two fa i led  i n  t h e  shank region between gauge and  
buttonhead. 

i i )  Tensile Testing o f  Dense Specimens 

Procedures f o r  t ens i l e  tes t ing  a t  room temperature (R.T . )  
and elevated temperature have been establ i shed e Tests were 
performed on NT154 si 1 icon n i t r ide  cy1 i n d r i  cal buttonhead 
specimen a t  three gauge diameters. The R . T .  strength d a t a  i s  

arized i n  Table 7 a n d  the 1370°C d a t a  i s  i n  Table 8. Optical 
tography o f  the R . T .  specimens show 35 o f  37 specimens 

fa i led  at. the surface while the I370"C spe mens a l l  fa i led  from 
b u l k  f laws .  Also approximately 20% o f  the .T .  specimens f a i  1 ed 
a t  t h e  gaugeltransi t i  on region. F i  n i  t e  el ernent model 1 i ng 
ind-icates a s t r e s s  r i s e  a t  t h i s  location. 

i i i )  Comparison o f  Alcohol and A a u e ~ u s  Milled Powders 

Mechanical properties s f  the two powders were compared 
using fou r  p o i n t  bend i l s  S t d .  1942 (MR) 1 .  Thorough 
chemical a n a l y ~ e s  were perfor (see Task I a n d  2) an aqueous 
milled powder a t  each s t a g  the processing. Physical and  
chemi @;a1 progerti es o f  the a l  coho1 mi 1 1  ed powder and resul t i  ng 
mechanical properties used i n  t k '  compari son were those 
developed i n  ATTAP program ( fo r  N T I 5  
by Nsrton/TRW. 

As shown i n  Table 9, RT an 1370°C f a s t  f racture  (FF) 
strengths measured from several batches o f  aqueous m i  1 1  ed powder 
are consistently above 900 MPa and comparable t o  those o f  
a1 coho1 m i  11 ed powder. The s t r e s s  rupture 1 ives a t  123OoC/350 
MPa ( t e s t  condition defined i n  t h i s  program) a lso consistently 
meets a n d  exceeds 3100 hour as  required i n  t h i s  program. However, 
the s t r e s s  rupture l i f e  d a t a  f o r  alcohol milled powder have been 
generated (by Norton/TWW f a r  NT154 material)  a t  137OoC/30Q MPa 
a s  required i n  the ATTAQ pro  ram. Consequently, most of  the 
s t r e s s  rupture t e s t i n g  f o r  quesus milled powder was also 
erformed under ATTAP eandi t i o n s  Whereas basel i ne a1 coho1 
i l l e d  powder consistently achieves 200 hours s t r e s s  rupture 

1 i f e  ( d a t a  provided by ~ o ~ ~ ~ ~ / T ~ ~ ~ ~ ,  the aqueous m i  1 1  ed powder 
shows greater  s c a t t e r  i n  t h e  d a t a .  On seven aqueous milled 
powder batches, approximately 40% o f  t h e  bars were f o u n d  t o  
survive 200 hours stress rupture  l i f e .  This anomaly could be 
a t t r ibu ted  t o ,  a s  mentioned i n  Task 1 a n d  Sect ion ( i )  Task 2 ,  
r e l a t ive ly  h i g h  v a r i a t i o n  i n  y t t r i a  d i s t r i b u t i o n  (standard 
deviation of 0.3 vs. 0.03 f o r  alcohol milled powder) and 20% 
higher oxygen content i n  the aqueous milled powder as compared 
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t o  alcohol mil led v a r i a t i o n s .  These v a r i a t i o n s  seem t o  be 
processing r e l a t e d  and hence suggest further process improvement 
needs which i s  c o n s i s t e n t  w i t h  t he  scope of this program. 

I t  i s  t h e r e f o r e  being recommended t h a t  aqueous m i l l i n g  o f  
powder be continued d u r i n g  t he  remainder o f  t h e  f i r s t  s t age  o f  
the program w i t h  emphasis on process improvements and/or 
modif icat ions t o  exis t ing approach while generat ing a t e n s i l e  
strength database f o r  t h e  two forming techniques,  eg.  i n j e c t i o n  
molding and co l lo ida l  consol ida t ion .  

References 

1. Bimonthly Technical Progress,  August-September 1989, 
Subcontract No.-86X-5B182C. 

2 .  F. F. Lange and K .  T. Miller, "Pressure F i l t r a t i o n :  
Consolidation Kinet ics  and Mechanics," Am.  Cer. Sac. B u l l  ., 
66[10], 1498-1504 (1987). 

S t a t u s  of Milestones 

A l l  milestones a r e  on schedule.  

Publ ica t ions  

Vimal K .  Pujar i  presented a paper e n t i t l e d ,  "Powder 
C h a r a c t e r i s t i c s  and I t s  E f fec t s  on the Binder Removal 
Process ,"  a t  a pos t e r  session of t h e  T h i r d  In te rna t iona l  
conference on Ceramic Processing Science,  February 4-7, 
1990, San Diego, Ca l i fo rn ia .  



55 

T a b l e  1 Mercury porosimetry results o f  pressure c a s t  d i s c s  
w i t h  and wi thout  binders 

3 . 2 6  1 56 0.058 I 17.29 I 1,79 

NOTE: NB = No Binder; T = top;  C = Center; B = Bottom; 
* = Aged S l u r r y  (8 days) 
f = Unaged S l u r r y  
TIV = Total I n t r u s i o n  Volume (cm*/g) 
MPD = Median Pore Diameter (mm) 
TPA = Total Pore Area (rn2/g) 
%PD = Percent o f  Theore t ica l  Density 

BD = B u l k  Density (g/cm’) 
SD = S k e l e t a l  Density (gm/cm3) 
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Table 2 Number of t e n s i l e  bars t h a t  su rv ived  a f t e r  
c a s t i n g ,  d ry ing  and f i r i n g  

Note: * broken i n  handl ing.  All samples d r i e d  i n  c o n t r o l l e d  humidity 
oven. F i r i n g  done i n  a i r  a t  600"C/lhr .  I t  i s  suspec ted  
t h a t  100"C/hr hea t ing  ra te  dur ing  a i r  f i r i n g  may have been 
t o o  f a s t  and caused cracking  i n  b a r s  made using b inde r s .  



57 

Table 3 Mercury porosimetry r e su l t s  for  t e n s i l e  bars  
w i t h  and w i t h o u t  binders 

Note: NB = No Binder 
G = Gauge Section 
S = Shank 

TIV = Total  Intrusion Volume (cm’/g) 
MPD = Median Pore Diameter (nm) 
TPA = Tota l  Pore Area (m‘/g) 

BD = B u l k  Density (g/cm’) 
SD = Skeletal  Density (g/cm’) 

%TD = Percent o f  Theoretical Density 
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Table 4 Materi a1 property summary 

Density - Instrument: Capi 1 1  ary Rheometer (me1 t) 

State Temperature "C Density q/ cc 

solid 23 2.287 

Specific Heat - Instrument: DSC 

State Temperature "C SDecific Heat J/a"c 

solid 
me1 t 

80 
100 

Thermal Conductivity - Instrument: K-System 

1.14 
1.191 

Tg 92°C 

State TemDerature "c  Press Bar Thermal Cond. w / m " k  

me1 t 90 0 0.35 
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Table 5 Runout measurements f o r  i n i t i a l  
H I P  f i x t u r i n g  exper iments ( inches)  

Min.  f 0.002 f 0.002 * 0.029 

Typi cal * 0.005 I 0.004 2 0.027 



Table 6 -  Microfocus Film Radiography Detection 
Data for Fe Inclusions 

( Greeu Samples ) 

Sire of. 'Jc Thickaerr # ef Average# of Point E8tfm8te 

( urn 1 Defectti Manual Digitized Manual Digitized 
Iuclrriorr Send tiri ty Seeded Detected Defactr of POD 

200 1.2 620 490 381  0.7 Y 0.6 1 
cn 
0 

100 0.6 509 357 1 2 1  0.7 8 0.24 

59 8.3 480 8 72 0.0 8.1 8 

20 9.1 5 --- 0 0 0.0 0.8 8 
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TABLE 7 TENSILE STRENGTH DATA FOR NT154 
AT ROOM TEMPERATURE 

6.35 
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Gauge Diameter 
(mm) 

Ave. Strength 
( M P d  

# o f  Specimens 

Table 8 Tensile Strength Data f o r  NT154 a t  1370°C 

4.5 5.5 

430.6 427.8 

2 2 

6.35 

449.0 

3 
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TABLE 9 COMPARISON$ OF MECHANICAL PROPERTIES RESULTING 
FROM AQUEOUS AND ALCOHOL N I L L E Q  POWDERS 

WOO8 I 1000 I 14.4 I 555 I -- 

NP154 896 19 579 11 

Fracture 
Toughness 

6.06 
5.97 
6.10 
5.98 
6.40 
6.42 

4.7-5.5 

V i  ckers 
Hardness 

1 G . O  

16.1 
16.2 
16 .1  

15 .9  - 
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G 3  

Figure 1 Gate design f o r  tensile bar mold 
(Gl) Double Gated 
(G2) Single Gated 
(G3) Fan Gate 
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Box and Whisker P l o t s  
f o r  Gate Design Data 

58 . . . . . . . .  - .  
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Figure 2 Voids in malded part f o r  the fan gate and 
end gated molds 
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C-PACK VISCOSITY DATA FIT (6-CONSTANT MODEL) 

Malerial : CONFID (NORTON/CERAMIC MIX A) 

(n, Tau, D1, D2, A l ,  A2) 

=(0.4278.4.431 E+06,1.047Et05,6.000OEtOi ,1.006E+01,5.i60Et01)(CGS) 

(RMS-F, RMS-M)-( 8.2%, 0.0%) 
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10 
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10 

10 
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. -- . - . -. - .- 
A-A- A 

I I ,  

2 

"C 
.... o... 70. 
-+- 85. 
-L. 100. 

10 
3 

10 
4 

10 

Figure 3 Rheological properties of injection molding compound 
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1 /3/90 
MFV (MELT-FRONT-VELOCITY) VERSUS TIME 

AVERAGE trd RUNNERS = 7.3772~+01, DEVIATION = z . 5 4 3 6 ~ t o i  (INISEC) 

1.60 
Et02 

1.40 
Et02 

1.20 
E t 0 2  

1 .oo 
j--\ 

(J €+02 
Q) 
II) 

80.0 .- 
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2 
2 60.0 

40.0 

20.0 

0.00 

AVERAGE IN CAVITY = 1.5394EtOl. DEVIATION = 1.7122EiOl (INISEC) 

m I I I I I I I I I r I 1 t I I I I I I I I I I I I I 1 I I I I t - r q ~ l ~ - r n - r T T - - p T n T  

.\ 

0.00 1 .oo 2.00 3.00 4.00 5.00 6.00 7.00 8.00 
E-0 1 E-01 E 4  1 E-0 1 E-0 1 E-0 1 E-01 E.-0 1 

TIME ( s e c )  

Fiaure 4 Melt front velocity in the end qated mold 
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47.8355 

47 * 

I 
3 

Figure 5 Weight of injection molded NSF bars as a 
function of Barrel Temperature and Injection 
Speed 
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Imtxoved Process ing 
R. L. Beatty. R. A. Strehlow. and 0.0. Omatete (Oak Ridge National Laboratory) 

The purpose of this task is to determine and develop the reliability of selected 
advanced ceramic processing methods. This task is to be conducted on a scale that will 
permit the potential for manufacturing use of candidate processes to be evaluated. 

Technical p r o w  

I. Silicon nitride gelcasting and sintering 

Attempts continued to fabricate silicon nitride by the gelcasting method. Several 
commercial powders were tested: Denka 9-S and 9-FW; Starck S, S-1 , LC10, and LC12-SX; 
and UBE - E03 and E10 silicon nitride powders. Approximately 12 successful castings were 
made at loadings of 45 to 50 ~01%. 

Casting runs were also made using fine-grained Vesuvius AA sialon powder. This 
material was dried, debindered, and sintered to a density of 3.13 g/cm3 (the range of 
values for four specimens was 0.005 g/cm3>. This is 97.5% of the theoretical density for this 
composition and more than 99% of the hot-pressed density according to manufacturer's 
data. 

Sintering schedules for the various formulations being studied are to be examined 
using pressed pellets made of the same powder and composition as the test castings. 
(The compositions for pelletizing are ball-milled in i-propanol with poly-vinyl alcohol, die 
pressed in 1.27-cm (0.5-in.), 1 .OOO-g pellets, and debindered to provide the test specimens.) 

Installation was completed of a specially designed controlled atmosphere furnace 
obtained for silicon nitride sintering. The furnace was successfully tested to 2300'C and to 
19OO'C at the full design nitrogen pressure of 0.2 MPa (2 atm). Two graphite crucibles were 
siliconized in preparation for sintering studies. A second furnace designed for 10 MPa 
(1 00 atm) operation was acquired and is being installed. 

II. Drying studies 

A controlled humidity, ambient temperature drying cabinet was built that permits 
control from approximately 40 to 95% relative humidity. Although the drying procedure has 
not been optimized for any of our test formulations, data are being developed using a 
separate gravimetric system that permits drying under controlled humidity-temperature 
conditions. The design conditions of the experimental system include a temperature 
range of 20 to 4 0 O  C and relative humidity from 70 to 95%. We believe this covers the range 
of greatest interest for drying of gelcast parts. 

The drying schedule that is being used now for our plate specimens is 3 days at 
room temperature and 92% relative humidity, followed by accelerated drying to finish. 
Initial data suggest that 1 or 2 days would be sufficient for the early stage drying. 

111. Machining and testing of tensile test specimens 

The experimental method for this program is to measure the uniaxial tensile strength 
of product ceramics as the dependent variable with selected processing variables serving 
as the independent ones. A slicing machine for specimen preparation was obtained. The 
first six of a series of alumina plates were cut into tensile test specimens. 
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Two sets of specimens were tested. The specimen design is that of a 5.5-mm- 
square cross section bar with chamfered edges and a gage length of approximately 
40 mm. The first processing variable examined was the extent of de-airing. 

Air is introduced during mixing of the suspension. If air is not removed adequately, 
small bubbles may be entrained that are expected to lead to strength impairment. Two 
levels of de-airing were examined for these specimens. 

The tensile strengths of the specimens are shown in Figs. 1 and 2. It is evident that the 
de-aired specimen has a higher strength. Using an estimate for KI, of 4 MPa-m1/2 the 
critical flaw sizes were estimated. For these two sets the average estimated flaw size 
decreased from 0.2 to 0.08 mm. These values correspond to the observed void size in the 
inadequately de-aired specimens and to the measured agglomerate size in the well- 
deaired series. For continuing studies, milled slips are being investigated. 

IV. Environmental, safety, and health studies 

A series of experiments was conducted to verify the neutralization procedure used 
for wastes containing monomeric acrylamide. The procedure is based on the addition of 
sodium bisulfite to the carbon-carbon double bond of acrylamide in the presence of 
peroxide: 

0 II B 
CH,=CH-C-NH, + NaHSO, - CH,-CY-C-NH 

The resulting sulfonic acid is not considered hazardous. Three series of samples were 
examined with the two reagents separately and mixed. Reagents were added over a 2-h 
period. The resulting solutions were analyzed rapidly by Analytical Division personnel at the 
close of the period. The data are shown in Fig. 3. 

samples from 7000 to less than 10 ppm in 0.5 h. This level is deemed satisfacton/ for 
neutralization of waste and spills. 

I 
so3Na 

The rate of the reaction was found to be high, reducing the concentration of test 

V. Cooperative research agreement 

A cooperative research agreement has been concluded with Garrett Ceramic 
Components Division of Allied-Signal Aerospace Company. The purpose of the research is 
to determine the applicability of the gelcasting technique to Garrett's silicon nitride 
components. 

Satus of milestones 

On schedule. 

Publications and Presentatla 

None. 
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Improved Processing 
A .  E. Pasto and S. Natansohn (GTE Laboratories Incorporated) 

The overall project objective is to develop and demonstrate a process for reproducibly 
fabricating (by injection molding and HIPing) a series of tensile specimens of PYG silicon 
nitride with the following properties: 

Average tensile strength of 
Average tensile strength of 500 W a  at 1370°C 
Weibull modulus of 20 in both instances. 

This will be accomplished by determining the source(s) of failure-causing defects, 
and modifying and controlling the manufacturing process to minimize their ~ccurience. 
All potential sources of defects will be evaluated, from raw materials through individual 
powder processing and densification steps and finally through machining arid surface 
finishing of the test specimen. 

Task 1 - Material Selection and CharactePizat& 
CHARACTERIZATION OF SILICON NITRIDE: 

The silicon nitride powder chosen for establishing the baseline properties of the 
process is from UBE Industries, Ltd., (Tokyo, Japan), designated by GI32 as "USE-B". 
The baseline lot of powder (2  
four 50 kg h m s ,  The powder to be used in the lot-to-lot reproducibility study was also 
received. It consists of five separate 20 kg samples taken from each of five separate 2 
kg lots (numbers 1 through 5). 

The btseline materials were riffled to obtain representative samples for analysis and 
characterized. Seven samples were submitted for each characterization technique except 
for the deternination of Si and N which was based on three samples only. 

The vendor also provided five bags containing powder samples taken at random from 
this lot in a routine procedure used in the p l m  to collect material for mdytical. and archival 

kg) was received. This lot ( designated lot #o> consists of 
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needs. Samples were taken from each of these containers and characterized by selected 
analytical techniques to obtain a comparison between the results of the evaluation of riffled 
and unriffled samples. The data obtained in this evaluation are presented in Table 1; the 
following is a brief discussion of the results. 

The x-ray diffraction patterns of all powders are quite similar; the only positively 
identified crystalline phase is alpha-silicon nitride which is present in the amount of at least 
95%. There is an indication of the presence of beta-silicon nitride in amounts not 
exceeding 5%. 

Silicon was determined by a classical analytical technique in which the initial 
dissolution of the sample was achieved by alkali salt fusion. The results are typical for 
silicon nitride powders and confirm the applicability of this technique to the quantitative 
determination of silicon in silicon nitride. 

Nitrogen was initially determined by the inert gas fusion technique but the results 
were poor. The measurement was therefore repeated by the classical Kjeldahl method 
which provided data not only far more consistent with the silicon nitride composition but 
also more precise. The former technique does not seem appropriate for high nitrogen 
concentration. 

quite useful in measuring small amounts of these elements. The data show no difference 
in the average oxygen content of the riffled vs. the unriffled samples. The carbon content 
is typical of the silicon nitride powders prepared by the vendor's method. 

Mass Spectrometry (GD-MS). Only those impurities exceeding a concentration of 1 ppm 
by weight are listed. The impurity levels are within the specifications for this material 
except for chlorine which is present at about twice the concentration generally found in this 
powder. A comparison of the data for riffled and unriffled samples shows that, at least 
within the accuracy and precision of this analytical technique, there is no difference in the 
contaminant levels. 

The surface composition of the powder was determined by X-ray photoelectron 
spectrometry (XPS). In addition to the expected major constituents of the powder 
(silicon, nitrogen, and oxygen), carbon and fluorine are also present on the surface. 
Chlorine, iron, calcium and aluminum, although present in greater amounts than fluorine 
in the bulk sample, were not detected on the surface in measurable quantities. 

(Fig. 1) indicating more than one chemical bonding structure for these atoms. A curve 
fitting technique has been applied to resolve these spectra in an attempt to identify the 
chemical nature of the binding energies; this effort is continuing. 

Both oxygen and carbon were determined by the inert gas fusion method which is 

The concentration of impurities in the powder was determined by Glow Discharge- 

The photoelectron spectra of 0 1 s and C 1 s binding energies have complex structures 
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The concentmion sf the elements was calculated from the measured i n t e p t d  
intensities of all detected Bines. The atomic e ~ ~ c ~ ~ ~ ~ ~ o ~  of Si and 0 impplies that k, 
oxygenated species on the surface are: primarily silicon oxyniidde, in which the atomic 
ratio of Si:O is 2: 1, rather than silicon dioxidc (12 ratio) but the latter co 
probably present as well, The phOtodecb.onm energy spectrum of carbean is even mort: 
complex, possibly sternnling from the presence of fluorine, This element has k e n  
detected unambigously in powders supplied by this vendor and, while its bulk 

concentration in this lot is very low (< 4 ppm), it is clearly present OLI e su&ace. This 
aspect is under itivestigafion. 

solution far a fixed time per id  and analyzing the Si content. of the aqueous filtrate" It was 
found in earlier extensive investigations that the anioiint of the disso1ved Si readies a 
maximum value, characteristic of a powder, which does not incrcase upon  ont ti^^^^^ acid 
treatment, even at higher acid conccnwations andor higher tempcmt~nres. This indicates 
the presence of a discrete, HF-soluble, oxygenated layer on the surface of the siliccm 
nitride powder parrcicles. Once this layer is removed, there is no dissolution of the 
underlying silicon nitrids substraic by IIF sdutions, 

uririffled samples but the measusemenit prtxisim of the fomcr determination is much 
better. The improved sampling inherent in the riffling ~ T O C ~ S S  manifests itself only in 
analytical techniques capable of g o d  precision, of which this is one. The m o u n t  of 
rEissolved Si can Ix used to calculate the surface oxygen content. ?']his calculation is based 
on the generally plausible assumption that the oxygenated surface layer consists of equal. 
molecular amounts of silicon oxynitride and silicon dioxide, ie. that the atomic ratio of Si 
to Q in this layer is one. Using this assumption, the m o u n t  of surface oxygen in this 
powder is 0.26 w/o, that is 22% of the total oxygen in the powder is located on its 
surface. 

unriffled powders, riot only in the improved precision of the former but also in the average 
value of the parmeter. There is a -95% ~ r o ~ a ~ ~ ~ i t y ,  based on the limited database, that 
this difference is statistically valid and if so, it would imply that samples obtained by 
riffling result in a different value of a material parameter or, alternately, that some particle 
reduction mcmd in the riffling prcmss. The independently determined particle size 
distribution (PSD) also provides a different value for the median particle diameter of the 
two sample sets, consistent with their respective surface areas. The powders are not 
strongly agglomerated as evidenced by the value of the equivalent spherical diameter 
calculated from the specific surface area which is corqxdlrable to that obtained from the. 
PSD determination. This is also demonstrated by the SEN photograpla of the powder 
(Fig. 2.). 

The soluble Si was obtained by treating the silicon nitride powder with an IIF 

The average amount of dissolved Si is the same for bo 

There is also m observed difference in the specific surface area of the riffled versus 
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Characterization of the five silicon nimde powder lots acquired to establish lot-tdot 
reproducibility has been completed. Three of these lots were selected, based on the 
uniformity of their properties, for use in the program and their remainder, is., 180 kg of 
each for a total of 540 kg of powder, is being purchased. The data obtained in this 
evaluation as well as in that of the baseline powder lot (lot #O) are summarized in the tables 
below. 

The characteristics of the six silicon nitide powder lots are presented in Table 2. The 
x-ray diffraction patterns of all powders are quite similar; the only positively identified 
crystalline phase is alpha-silicon nitride which is present in the amount of at least 95%. 
There is an indication of the presence of beta-silicon nitride in amounts not exceeding 5%. 

indistinguishable. The same comment applies to the particle size distribution as expressed 
in the median particle diameter. A possible exception is the somewhat higher value for the 
lot f#) powder but this is probably indicative of agglomeration rather than primary particle 
size. 

The oxygen concentration of the baseline material is lower than that of lots 1 and 2 but 
higher than that of the other three powders; the latter three powder lots have identical 
values of many of the parameters measured. The determination of the soluble silicon also 
identifies a difference between two sets of powders; the powders #O, 1 and 2 having a 
common value with lots ## 3,4, and 5 having a lower amount of silicon dissolved under 
identical conditions. Silicon solubility is an independent parameter and the measurement 
results corroborate the finding that there are subtle differences in the properties of these 
two sets of materials. 

A spectrophotometric technique for the determination of ammonia, known as the 
indophenol blue method, has been adapted for use in the analysis of the silicon nitride 
surfaces. The data show that the amount of dissolved nitrogen is comparable in all 
samples; however, because of the different Si solubility, the molar ratio of Si:N shows a 
differentiation between sample groups. These molar ratios are high; a value of 3.0 implies 
that the dissolved layer consists of 4 moles of silica and 1 mole of silicon oxynitride or 9 
moles of silica and 1 mole of silicon nitride or any combination thereof. This also 
indicates that the oxygen concentration on the surface is greater than the amount which 
was calculated assuming, as cited in the literature, that the surface layer consists of 
equimolar fractions of silica and silicon oxynimde. In spite of the clearly established 
differences in the surface composition of the powders, the isoelectric point of all samples 
is the same, 

concentration exceeds 1 ppm (by weight) are reported. Within the limits of the analytical 

The specific surface areas of the powders are comparable and statistically 

Measurable differences are observed in the total oxygen content of the six powders. 

The impurity content of the six powder lots is listed in Table 3. Only elements whose 
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technique used, there are no differences in the impurity levels among the powders, and 
they are acceptable levels for these powders. 

was measured in an attempt to identify correlations between powder 
properties. Results of four-point bend testing are summarized in Table 4, which also 

evaluation of an early lot (#EL) of this matcrkdl. Samples 
der .lot (W) were broken both at 1370T aid 

data show some variation in flexural strength of the ceramics made from 
material lots but it is likely that this is caused by uncontrolled processing factors rather 
than differences in pawder properties. One manifestation of this effect is the room 
temperature. data for the two billets macle from lot #1; they sho a rather large &ffe:rcnu: in 

average flexural strength but the standard deviation of the lower strength sample is much 
larger so that the two values are statistieally equivalent, 

As a result of these studies, pow er lots #3,4 and 5 were selected for use in this 
program. This decision was based on the fact that all the measwd properties of these 
powder lots were virtually ideri tical and thaa: thc flexural strength of ceramics made fro 
them was comparable to that of ceramics made from the orher lots. Uniformity of powder 
properties is thought to be. essential because it d l  provide a base against which the effects 
of future process and/or powder modifications can be clearly assessed. Selectiori of these 
powders for use in the program constitutes accomplishment of Milestone #I 14381. 

The flexurd strength of PY6 ceramics made by hot-pressing of these six material lots 

es data obtained in 
m the baselirie p 

CHIARACTEKL?ATIBN OF YTTRIA: 

powder was received. The entire powder lot was riffled and samples were subrnitted for 
evaluation of the material's properties. l%e results are summarized in Table 5 and briefly 
discussed below. 

The X-ray diffraction pattern of the powder showed cubic yttrium oxide with a 
of impurity, either an yttrium hydroxide or carbonate. The deteminaticPn of the surface 
atomic conapsition by X-ray photmlectron spe~troscopy showed the 0 Is peak as an 
unresolved doublet, probably because of its prescnce in both oxide and hydroxide or 
hydrate bonding configuration. Application of C U N ~  fitting procedures to the binding 
energy spccirurn permitted its resolution into an "oxide" (Binding energy: 535"4 0.2 eV) 
and "hydroxide" (Binding energy: 537.9 0.2 eV> bands as shown in Fig. 3. The surface 
~ ~ ~ ~ ~ p o s i t i ~ n  was then determined from the integrated intensities of the detected peaks. 

hydroxide species on the powder surface. Yttria is the dominant f o m ,  however, as 
indicated by the Y concentration which at 36.7 a/u i s  close to the theoretical value of 40 a/o 

for stoichiometk yttrium oxide. The concentration of carbon is too low to be detectable 
as a crystallographic impurity. The presence of hydroxide on the surface is not unusual in 

The yttsia to be used in the project is Molycorp's Grade 1 . A total of 55 kg of this 

The data show that there are a ut equd atomic amounts of oxygen as the oxide or 
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ymia materials and can be reduced or eliminated by treatment at elevated temperatures. 
This is indicated by the loss on ignition of about 0.7% and also observed by the decreased 
intensity of the "hydroxide" band in the X P S  spectra. 

The specific surface area of the powder is typical for these materials. The median 
particle size diameter is large for a powder of this surface area indicating considerable 
agglomeration. The equivalent spherical diameter calculated from the specific surface area 
value is 0.17 micrometers, about a factor of 20 smaller than determined directly. 

The concentrations of impurities, as determined by GD-MS, are comparable to those 
measured in silicon nitride and present no concern for the intended application. It is 
interesting to note that the concentration of Cl and F (which is not detected) in this material 
is far lower than that in the silicon nitride powder indicating that it is not a measurement 
artifact. 

Task 2 - Material Processing and Process Control 

techniques for controlling the injection molding/HIPing processes for the chosen silicon 
nitride composition and shapes through statistical process control (SPC) so as to minimize 
the occurrence of defects. The second thrust is to improve each individual process step 
and incorporate these improvements into the overall process. The task is divided into 
several subtasks detailed below. 

This task has two major thrusts: the first is to develop and apply appropriate 

BASELINE PROCESS: 
A simplified dogbone tensile specimen having near-net-shape gage section has been 

designed for use in the initial ten months of the program, prior to establishment of a near- 
net-shape buttonhead sample. A drawing of the specimen after H P  densification is 
shown in Figure 4, with the outline of the final buttonhead specimen to be cut from it 
shown inside. Using this configuration, a preliminary injection molding tool was 
designed and procured. In keeping with a desire to allow careful process control, the tool 
allows control of cavity temperature, incorporating several optional coolinglheating 
arrangements within it. Measurements of cavity pressure and temperature can be made at 
both ends of the specimen during molding. The design depicted results in a H I P 4  
specimen requiring removal of approximately lmm thickness by grinding to form the final 
tensile rod. 

A similar tool for the ASCERA tensile test sample configuration was purchased and 
made operational. 

Preparation of the first PY6 material for the baseline properties demonstration was 
initiated. The silicon nitride and yttria powders were batched in SWECO mills to make up 
approximately 20 kg total batches. These were then milled and discharged. Three 
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batches, utilizing material randomly sampled @e.- not riffled), were prepared, with a b u t  
63 kg total PY6 resulting. These batches were compounded with the binders in sub- 
batches of approximately 10 kg each. Other, separate PY6 batches were milled, utilizing 
materials which were riffled from the main lot of material, to allow determination of the 
effect of riffling on material perfomaxice. 

style tensile rods. Bosh molds were found to exhibit r 

mix, and were consequently retuhned to the mold-maker for rework, This situation was 
repeated twice, until the mold yielded parts with minimal flash. Table 6 lists the number 
of ~ ~ ~ ~ ~ Q ~ ~ ~ ~ s  fabricated from each of the three baseline lots. These ~ o ~ r ~ F ~ ~ e n t s  are 
undergoing NDE evaluation prior to burnout and 

f ind grinding of buttonhead tensile specimens for the program. 

These compounded PY6 batches were injection molded into ASCEM- mld 

Chad-Mae Technical Cerarnics, Worcester, MA has k e n  selected to provide the 

STATISTlCXL EXPERIIWENTATION: 
The sukontract with American Supplicr Institute, who will be providing support in 

the aeiss of statistical experinlentation (especially with Taguchi techniques) arid statistical 
prwess control, has en signed. A meeting has k e n  set at G'PTE Laboratories for 10 - 11 
April to initiate activities on this effort. 

DATABASE DEVEI.,QPI'vEm 
A prototype darabase for tracking materials and operations in this progxm~ has k e n  

designed using Double Helix relational dababase software for the Macintosh from Oesta 
Ccrp., Nortlsbrmk, Ill. Im the present version, data are stored in 26 files, and linkage 
between the files is effected using codcs unique to each file. The codes identify each 
material, forrmulatiorm, batch, method, spccirnen, test, arid analysis. To minimize operator 
enor, much of the coding is done atitsmatically or with the use of de€aulted values. 
Al&ough tlre software is fully relational, the ceramic process is hierachical in  nature. 
Therefore, an hierarchical overlayer has k e n  impressed on the database structupe eo 
greatly increase the ease and speed of data retrieval at a sniall sacxifice in the ease with 
which the database srructtre can $e 

prototype structure using dummy data. In the second design stage, entry an 
are currently k i n g  custom designed for each operation in the process. This 
process of mutual accomniodation and fine tuning of the database to personal prefer- b ~ C f 3 S  

md to actual operations, and SQIX minor structural modifications have already been made. 
Real data, relating to powder inventory and chemical and physical powder analysis, have 
been ericered into the database to aid in this effort. 

The fh-st stage of the design process was completed with a successful test of the 

The final stage of database esign will consist of putting the program on a four station 
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Appleshare network and enlarging that to approximately eight stations for convenient 
operation. A more detailed description of the database structure and operation will be 
presented at the completion of the second design stage. 

LIQUID PROCESSING: 
An investigation of liquid processing procedures was begun according to the flow 

diagram illustrated in Figure 5. 
The Si3N4 and Y203 raw materials of the PY6 composition were first assessed for 

the presence of coarse material not detectable in conventional particle size analysis by 
Sedigraph X-ray sedimentation or Microtrac light scattering techniques. These powders 
were independently suspended in 2-propanol by milling, then screened through stainless 
steel screens down to approximately 20 pm aperture. A vacuum was applied to the 
screens and the slurry agitated manually to prevent blinding of the mesh and assist the 
process. Only a very small amount (less than 0.1 gm) of coarse fraction was retained on 
the screens from processing of 10 kgms of Si3N4 and 0.6 kgms of Y203; this will be 
studied by SEM. 

A preliminary investigation of several processing variables was then conducted to 
compare the following: 

Type of milling 
Screening 
Milling medium 
Surface Area of Y203 

Powders milled in solvents were either dried in trays using a forced air explosion 
proof dryer or in a rotary evaporator. Dried cakes were then granulated by screening 
through an 80 mesh nylon screen. 

isopressing/HIPing, hot-pressing, and injection molding. 
Studies of powder processing effects on properties are in progress via 

MOLDING TMPROVEMENTS: 

compounder/molder under subcontract. Expected improvements to the process are in the 
areas of contamination reduction, entrapped air reduction and superior integrity of large 
cross section molded parts. This task is being completed in two stages; firstly a feasibility 
evaluation using an existing (Mk. 1) compounder/molder to highlight design factors, and 
secondly the construction and demonstration of a full-scale compounder/molder (Mk. 2) 
custokized for silicon nitride ceramics. 

A portion of this task has the objective to develop and construct a combined 
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A redesign of the standard(h.lk. 1) injection unit band and was completd pfior to the 
~ g i ~ ~ n g  of this program. ‘Re redesign, which included the construction of associated 
hardware, improves temperature control and reliability of opkration of the Mk. 1 Molder. 
The reactivation of this molder involved reassembly, debugging md test molding using 
pol ye thylene. 

A tool was selected for use in completing preliminary molding tests. The tool 
produces a center, sprue g a t d  disk approximately 4 inches in diameter and 5/16 inches 
thick, The thic 
pants. It is fitted with a transducer for the ~ e ~ ~ u r e ~ e ~ ~  of cavity pressure. 

center-gated disk mold. The niumber of parts produced was limited to approximately 
twenty due to operating difficulties described below. The results are considered positive 
in that the Mk. 1 machine ftinctioncd to provide good quality niolded parts, The PY6 
material flowed easily, without ble ing, through the complex path between ~~~~~~~~~~~~~ 

and molder. Several. cool downs and restarts were accomplished without difficulty. The 
parts showed a clear and significant rdiiction of “fold lines”. These trials were successful 
in that moldings were produced and difficulfes specific to the PY6 material have been 

. Several problems were encountered involving the flow of the abrasive: 
materials creating excessive wear. Solutions to these problems appeared to irnclude 
redesign of critical wear areas, i ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ ~  of more wear-resistant materials, and better 
control of tempratwes to prevent the mix from losing viscosity. 

A tentative design for the Mk. 2 cornpoutding and injec~ion [init was devised. Initial 
discussions concentr;eted on how best to ensure rheologically consistent csnipounding. It 
i s  presently assumed that contiiiiious o ration of the twin screw extruder is recpired for 
this condition. A design co rising two injection units was accordingly considered. This 
would allow continuous op ion of the twirl screw extruder through the filling of the one 
of the injection units during the injection of the other injection unit. These and other 
design issues were discussed at a meeting between GTE Laboratories and its subcontractor 

ess of the disk can be hcreasd as desired to evaluate large cross section 

The prototype (Mk. 1) compounder/molder was operated using PY6 material with the 

ecemkr 2’9, 1989. 
A second COIIC t ud  desigri was then been forniulated for the Mk, 2 

~ ~ ~ ~ ~ d e ~ ~ ~ o ~ d ~ ~ ,  md a plan aiid schedule for its procilrcment arid constructicm 
fonnulatd., The plan allows for h e  program to proceed as scheduled with delivery of the 

completed hfk. 2 molder to G E L  in April 199 1. A detailed review of the desigii has k e n  
scheduld fcas A p d  3, 1990 at GlTL The Mk. 2 c o ~ ~ ~ n ~ ~ r ~ ~ ~ ~ ~ d ~ ~  will be assembled 
from the following: 

*A 24)(3 ton HPM injection molder base with toggle clasnp. A 220 ton hydraulic clamp unit 
was also considered. The toggle clamp unit is expected to be less costly by approximately 
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10%. 

*A twin screw extruder. This compounder will have standard temperature control system. 
The drive unit will be selected to provide sufficient powder for GTE's compounder needs 
and sufficient output for up to a 300 cc shot within required cycle times. 
Manufacturers have been identified for these components. 

FINISHING STUDIES: 

machined PY6. The object of this experiment is to determine what occurs in the annealing 
process (healing of machine damage, crack blunting, etc) and what effect this process has 
upon the mechanical properties of machined samples. The temperature range to be 
examined is loo0 to 1400°C, since previous testing has shown this treatment to yield 
improved mechanical strength. 

An annealing study has been initiated to evaluate optimum annealing conditions for 

Task 3 - Develoument and Application of NDE Methods 
ULTRASONIC TESTING SYSTEM: 

An ultrasonic inspection system was specified for nondestructive evaluation of 
ceramics. Several meetings with a preferred vendor (Panametrics Inc., Waltham, Ma) 
resulted in preparation of a final quotation for the system. The system will provide GTEL 
with four major capabilities: 

1) High resolution pulse-echo imaging of subsurface structures 
2) Time-of-flight scanning for mapping density gradients 
3) Surface wave (Rayleigh wave) inspection of flat specimens 
4) Surface wave (Rayleigh wave) inspection of cylindrical 

specimens. 

Experience has shown that pulse-echo imaging and density mapping are extremely 
valuable for characterizing the homogeneity of ceramic specimens. Surface wave 
inspection complements radiographic methods, providmg enhanced detectability of surface 
and near-surface flaws. The most novel attribute of the system is the capability of 
performing surface inspection of cylindrical specimens. To meet this requirement, an 
additional rotational stage will be incorporated in the specimen manipulator, and software 
for motion control and image reconstruction will be developed. Surface wave inspection 
will allow for direct NDE of tensile specimens, 

subcontractor on ultrasonics for this program. An engineering review of our new system 
was conducted at Panametrics on 3/20/90 in conjunction with Iowa State and GTE 

Dr. Ron Roberts of the Ames NDE Center at Iowa State University is the selected 
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Laboratories ultrasonic NDE personnel. Development of the custom designed ultrasonic 
system has progressed well ahead of schedule with several required capabilities fully 
demonstrated during the review. The delivery time for the ultrasonic system is 9 months. 
In the inkrim, the quotation allows for both toll testing at Panametrics and rental of a 
standard Hy-scan system. 

Image quality indicators (IQIs) were fabricated for use in development and acceptance 
testing of the ultrasonic inspection system. Silicon nitride test bars (3 .5~4 .5~50  mm) with 
known internal voids, characterized by microfocus radiography, are being utilized to 
benchmark the pulse-echo imaging capability. 

for relative density gradients will be used to test time-of-flight scanning. Density 
variations across the slabs span the range of 0.1 to 1.0 percent. 

Silicon nitride specimens with laser-machined simulated voids are being used for 
assessing surface wave imaging. Flat test bars (1.27~2.54~25.4 mm) have been prepared 
with a single 10,20,50, and 100 mm void having an aspect ratio of one machined into 
their surfaces. Two cylindrical ASEA style tensile rods (6 mm diameter, 120 mm long) 
have been laser-machined with multiple voids approximately 10,20,50, and 100 mm in 
width and depth. 

The images shown in Figure 6 were obtained by surface wave (Rayleigh wave) 
inspection of 4 silicon nitride modulus of rupture test bars with laser-machined simulated 
voids. The technique utilized a focused 50 MHz transducer designed to produce a radial 
surface wave, Centrally positioned surface voids of 100,50, and 20 micrometers were 
readily detected. One bar (shown on bottom) had a 10 micrometer surface void, indicated 
by a marker pen, which would probably not have been detected. hngitudinal grinding 
marks were also apparent. 

A major technical hurdle anticipated in the ultrasonic system development did not 
materialize when surface wave imaging was successfully applied to inspect cylindrical 
tensile rods (6-mm in diameter). A novel rotational stage was incorporated in the 
prototype specimen manipulator. Software for manipulator control, data acquisition, and 
image reconstruction was developed concurrently. The technical requirements included: 

Alumina slabs approximately 75x75~10 mm which have been ultrasonically mapped 

1) maintaining the footprint of the focused 50 MHz transducer to ensure it is small 

2) assuring orthogonality of the transducer with respect to the specimen 
3) concentrically rotating the specimen and precisely preserving the transducer to 

specimen spacing during the longitudinal scan 
4) reliably gating on the surface wave signal. 

in comparison with the radius of curvature of the tensile rod 
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Surface wave imaging was performed on an ASCERA style tensile rod, 6mm in 
diameter and 120-mm long, containing laser-machined simulated voids. The tensile rod 
was rotated 360 degrees in 2-degree increments and scanned longitudinally. An optical 
image of the tensile rod at low and high magnification and a representative surface wave 
image are shown in Figure 7. Initial experiments detected voids 50 micrometers in size 
and larger. 

High resolution C-scan images of silicon nitride test bars revealed all the naturally- 
occumng internal voids previously detected and characterized with microfocus 
radiography (voids nominally 50 micrometers or greater in size). The C-scans were 
produced via pulse-echo imaging using a 50 MHz transducer. 

The ultrasonic system is being integrated by Panametric's Automation Division, 
Ithaca, NY. The full-scale precision manipulator and enhanced software should be 
available for testing at Panametrics in June 1990. 

SURFACE PROFILOME'C'RY: 

surface profile has been purchased from Rodenstock Precision Optics. Profiles of 
microscopic surface terrain over spans of up to 6Omm are achievable at a scan rate of 30 
mm/min. The laser beam allows surface height resolution on the order of one micron. In 
initial tests with the system, both longitudinal and radial profile scanning were 
successfully performed on cylindrical tensile test specimens. Radial scanning is possible 
because the footprint of the focused solid state laser (0.8 pm) is small compared to the 
radius of curvature of the specimen. 

Results were acquired from the gage section of an ASCERA-style zirconia tensile 
specimen. The specimen was a right circular cylinder with a 6-mm diameter that was 
cylindrically ground and lapped. Digital filtering was utilized to remove the curvature 

from the radial direction surface trace. It was observed that the surface roughness (Ra) 
was greater in the longitudinal scan, where radial grinding marks from cylindrical 
machining were profiled. 

The surface profilometer software calculates numerous parameters from the surface 
roughness profile. As the Advanced Processing Program continues, the research effort 
will be focused on determining which of these roughness parameters or additional spectral 
analysis (max peak/unit distance, fractal dimension, etc.) are predictive of mechanical 
behavior, and relating them to fabrication variables. 

steep-sided 'valleys' as deep as 20 pm in the surface profiles. These valleys would be 
critical flaws at the stress levels required (900 MPa at room temperature). A representative 
profile is shown in Figure 8. 

A non-contact laser surface profilometer which allows for precise characterization of 

Scans of precision ground and lapped silicon nitride tensile specimens have revealed 

Traditionally, lapping of tensile specimens is employed to reduce surface roughness; 
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however, surface profiles have shown that, while lapping is operative in minimizing 
peaks, it is not necessarily affecting valleys. Aggressive lapping with coarse diamond 
pastes (e.g. 30 micron) may exacerbate the problem by causing pullouts. Optical 
micrographs of tensile specimens machined in this way have revealed pitting of the 
surface. Presently, this NDE information is being used to modify the machining 
procedures. Investigation of the cause-and-effect of surface roughness will continue as 
the baseline process tensile specimens become available. 

IN-PROCESS NDE: 
Microfocus film radiography was employed to nondestructively evaluate as-received 

and milled powders for the baseline process. Samples of the as-received powder showed 
no indications of high density inclusions. This result was consistent with Task 1 powder 
characterization which quantified iron contamination as less than 50 ppm. 

and radiographed in uniform plastic vials. Batch-to-batch differences in the radiographic 
density of the samples were apparent. Variation in the yttria content of the PY6 was 
suspected; however, wet chemical analysis showed the powder stoichiometry was correct. 
Modeling of the X-ray attenuation, based on mass attenuation coefficients of the 
constituent elements, indicated that the change in radiographic density measured (0.54 
change in the worst case) could be explained by a 0.35% variation in yttria percentage or a 
3.5% variation in bulk (packing) density. 

X-ray attenuation is an order of magnitude more sensitive to variation in yttria content 
than to changes in bulk density. Bulk density is not controlled precisely in the milled 
state. Therefore, monitoring yttria content and distribution with radiography will be 
investigated in the as-molded and densified states, where bulk density is controlled more 
exactly. Radiography of vials packed to different tap-densities in a controlled experiment 
confirmed the attenuation modeling results and indicated that the difference in radiographic 
density observed was due to variation in packing density of the powder. 

Microfocus radiography of milled powders readily detected agglomerates, which 
were determined to be relatively rigid. The radiograph shown in Figure 9 exhibits the 
agglomerates in one batch. The agglomerates are imaged as low radiographic density 
areas (high X-ray attenuation). Wet chemical analysis showed that agglomerates frsm the 
milled powders were stoichiometric PY6, and not yttria rich. The method of densification 
aid addition to the mill was changed for the next batch and the agglomerates were absent. 
The efficacy of microfocus radiography as a monitoring tool for powder quality, requiring 
little or no sample preparation, will be investigated as the program continues. 

Three samples of milled PY6 powder were taken from each of the baseline batches 
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OPTUlTZATION OF DEFECT DETECTABILITY: 

of the various NDE methods in use. In the past, the use of flat IQIs containing laser- 
machined simulated voids was beneficial in evaluating and optimizing microfocus 
radiography for NDE of ceramics. Cylindrical IQIs are now being prepared to determine 
the detectability of flaws in ceramic tensile test specimens. 

nitride specimens with an Excimer laser. Two longitudinally ground and lapped tensile 
specimens have been provided to them with plans for machining 100 each of 10,20,50, 
and 100 rnm voids. One of these IQIs was provided to Panametrics, Inc. for use in 
development of their surface wave technique for ultrasonic inspection of cylindrical 
specimens . 

A theoretical analysis of x-ray image contrast was developed to help explain 
empirically-observed behavior in microfocus x-ray projection radiography of silicon 
nitride components. This involved the relationships among film contrast, x-ray attenuation 
coefficient, object thickness, projective magnification, accelerating potential, film exposure 
characteristics, and x-ray scattering. The analysis showed that an accelerating potential 
can always be found that maximizes image contrast, and that the optimum accelerating 
potential depends in part on the degree of image magnification employed. Simply stated, 
for tnagnification greater than 3 or 4, the optimum condition for film is px=k, where k is 
the fiim gradient, p is the linear attenuation coefficient, and x i s  the nominal thickness of 
the part under inspection. Because x and k are known for a given test, p can be 
detemined explicitly. Then, the accelerating potential is chosen from tables relating 
attenuation coefficient of materials to accelerating potential. This predicted maximum 
contrast property has not been found in standard NDE or radiography texts, but it has been 
observed qualitatively in real-time and film radiographic studies. 

In order to quantitatively validate the theory, a test was performed with a silicon 
nitride step wedge. A set of exposure conditions (accelerating potential, beam current, 
exposure time) was arbitrarily chosen to produce a given film density on the projection 
image (1OX magnification) of the thin portion of the step wedge. Contrast was determined 
by measuring the difference between the film densities in the thin and thick regions. The 
accelerating potential was then changed in increments of 5 kilovolts, requiring concomitant 
changes in beam current and/or exposure time to produce the same film density in the thin 
section. The density difference was again measured. Additional data were obtained to 

generate a plot of film density difference as a function of accelerating potential. The 
results are displayed in the Figure 10, which clearly shows a contrast maximum occurring 
at 30 kilovolts for this example. The asymmetric nature of the curve shows that image 
contrast decreases much more rapidly for accelerating potential below the optimum than 
for kilovoltage above the optimum. With this information, accelerating potential can be 

Image quality indicators (IQIs) are being fabricated to assess defect detectability limits 

Resonetics Inc. of Nashua, NH has successfully machined simulated voids in silicon 
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chosen a priori to realize maximum contrast in the detection of defects in  silicon nitride 
tensile test specimens. It has also been shown that the maximum contrast condition 
corresponds directly with previous probability of detection studies, which have taken 
weeks to perform (the test described here required two days and twenty-two separate film 
exposures). 

Task 4 - E”ro~~r~ty ‘I ’esting and Microstructura 1 Evaluation 

valuable data and practical experience for the mechanical testing requirements of this 
program. In evaluating the ASCERA system, mechanical failuxc of 10 ground and lapped 
zirconia rods was achieved, with fractures originating primarily at internal defects. It was 
shown that for machined specimens, rod-piston eccentricity contributed negligibly to 
directly measured fracture strength, indicating that bending moments were minimal. 
However, the adhesive bond for three rods failed before sufficient stress was realized to 

fracture the rods. The stress at which the bonds released was less than the stress at which 
other rods fractured, revealing a repeatability problem, It was determined that the 
allowable stress of the adhesive must be improved to make it sufficient to break the 
strongest tensile 

To resolve this problem, experiments are were begun to determine the cause of the 
bond failure. The rod-to-piston clearance has been changed to meet the exact thickness 
specified by the adhesive manufacturer. An etching technique was developed for 
increasing the surface area of the ends of the tensile specimen. Redesign of the pistons 
and modification of the specimen chamkr has been employed to allow larger gripping area 
for a longer specimen. The allowable stress increases with increasing surface area of the 
adhesive bond and surface area increases linearly with an increase in length of the tensile 
specimen, The three tensile rods which slipped from their associated pistons before 
fracture were successfully tested to failure when the adhesive joint conditions were 
modified. Of the modifications cited, increasing the rod-piston clearance was determined 
to be the critical factor limiting adhesive bond strength. 

xcomodate the larger gripping area of a longer specimen. Prototype pistons (long) and 
spacers required to modify the specimen chamber have been fabricated. Analysis shows 
that the system should exceed the 900 ME% requirement based on the strength of the 
adhesive bond specified by the manufacturer and increased allowable stress afforded by 
the modified test configuration. 

for the purpose of preliminary buttonhead specimen tensile testing trials. Sixteen 
specimens were tested at the HTML and an additional €ow samples were tested at 

Tensile testing af ceramic rods with the ASCEM tensile test system has generated 

s of silicon nitride. 

Redesign of the pistons and ASEA specimen chamber has been completed to 

On Sept. 20, a visit was made to the IFJTML, and on Oct 16 a visit was made to UDRI 
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UnRI.(The specimens used are described below). Fifteen of the twenty samples failed 
either at the buttonhead or the transition area of the sample. The data from these tests were 
considered preliminary but it was felt that an effort was required to identify and understand 
the critical factors that relate to buttonhead failures. Consequently, follow-up testing was 
pursued in -house. 

During November ‘89, an Insnon Supergrig system for tensile testing was received 
and installed on an lnstron Model 1332 servohydraulic test machine. This setup has been 
made operational for manual tensile testing. An Instron upgrade allowing computer 
controlled testing and data acquisition has k e n  purchased. Computers have been acquired 
for the purpose of Instron control and strain gauge readout and are now being outfitted for 
these purposes. 

Five tensile tests were run on samples of injection molded PY6 made prior to 
progran commencement from UBE Si3N4. The objectives of these tests were to: 1) 

verify operation of the tensile tester, 2) understand the problem of buttonhead failures 
recently experienced by GTE samples at ORNL and UDRI, and 3) provide the GTEL 
machine shop with immediate feedback on their tensile sample and copper collet machining 
techniques(see below). All 5 samples failed either in the gage section or at the beginning 
of the gage to shank transition. All tests were m ~ i  in a worst case scenario, with neither 
the specimens nor the collets being annealed. One sample failed from an inclusion that 
was obvious to the unaided eye. Sample strengths are reported in Table 7. These test 
results indicate that the samples and collets machined by the G E L  shop are acceptable 
with respect to avoidance of bubtonhead failures. 

The G I 3  Labs shop is using its longituclinal grinding attachment on a Weldon CNC 
grinder to provide samples to ORNL- print specifications. These are being ground from 
injection-molded and HIPed rods of various vintages, which were prepared with several 
types of silicon nitride powder outside of the Advanced Processing Frogram. Several of 
these samples, along with samples gro~ind by four private shops, were taken to the HTML 
and UDRI as noted above for tensile testing. The G E L  shop reviewed the grinding 
process and found a need to improve the radius at the button head. The problem was 
determined to be a curvature inconsistency from one side of the grinding wheel to the 
other. Consequently, a new, plated, 400 grit diamond wheel was purchased to correct this 
problem. The data in Table 7 were derived from specimens ground to the exact 
dimensions specified with this new wheel. 

shape and dimensional accuracy. Based on these examinations, the GTEL shop made 
several experimental sets of collets with a tighter inside and outside diameter specification. 
Buttonhead failures were noted when the three copper collets were not evenly inserted into 
the grip/specinien interface. When these factors were brought under control, gage section 

The copper collets provided with the Instron tensile test system were examined for 
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failures ~ ~ e ~ ~ ~ a n ~ ~ ~ ,  with failure originating from internal defects, usually metallic 
inch sions. 

Selection of the silicon nitride and yttria powders fop use in the pro m constitutes the 
accomplishment of Milestone #114303. The test specimen geometry and test procedixe 
are considered satisfactory for the accomplishment of the program. This ccmpletes 
milestone #1143 19. Overall. executiaan of the remainder of the program is on schedule. 

None. 

None. 
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Table 1. Summary of Silicon Nitride Powder Characterization Data 
Average of Seven Average of Five 

a-Si3N4 a-SigN4 
Phase Content (XRB) 

si (w/o) 58.67k0.16 

N(w/o) (Leco) 42.5i0.8 

(Kjehdahl) 38.4k0.2 
O(w/o) 1.1520.04 1.14kQ.03 

c (w/o) 0.1 6k0.01 

Impurities (ppm) by GD-MS 

(<5% O-SiaN4) 
I 

L 

-_- 

3.8kO. 6 1.9k0.4 
6 

6.8f1.7 3.9k1.8 
Na 

3.1k3.4 1 .OrfrQ.2 
Mg 

194.Qk26.0 217.0-t23.0 
@I 
ca 22.0k3.8 27.Q111.0 

8.3+2.6 3.4kO.l 
Cr 

52.0kf4.0 58 .Q+-63 .O Fe 
3.1 f0.4 6.2k1.8 Ni 

24.0i-6.3 16.0k2.4 cu 

Si(%) 34.5C3.1 
31.9fl.6 

20.3k1.3 

1 2.3-1-2.6 
1.1kO.1 

A! 11.0.1-4.6 21.0k30.0 

Surface Composition - XPS 
-- 

- 
-- NWQ) 

O(d0) 
C ( W  
FWa) 

- 
-.. 

HF-soluble Si (mglg) 4.61k0.13 4.40+0 3 4  

HF-soluble (mmoVm2) 0.026 0.025 
0.26 0.24 

Surface oxygen (Mo) 
Surface oxygen as fraction 
of totai oxygen (“h) 

Specific surface area (rn2/g) 7.79k0.14 7.54k0.25 

PSD, d, 0.5 (p) 0.49f0.01 0.58t-0.01 

22.0 21 .o 

0.24 0.25 
dcak (v) 



Table 2. Characteristics of Silicon Nitride Powders 

J c a k L  8 1 2 8 4 fi 
XRD: 
Surface area 

Alpha phase is the only crystalline phase positively detected, beta phase possible. 

8.0820.25 8.0510.19 7.83f0.32 7.49f0.23 7.771t0.24 7.54f0.25 

PSD 
d50 (Iln): 0.58f0.01 

O(w/o): 1.1 4f0.03 

(mg/m2): 1.51 

Sol. Si 
mm: 4.40f0.34 

(mrnol/m2 1: o .02 1 

Sol. N H 3  

(mglg): 0.65f0.10 

(mrnol/m2): 0.0051 

Molar ratio 

Si:N : 4.1 

Surface 0 

(w/o) : 0.24 

(% of total): 21 

Isoelectric Point: 
6.5 

0,501t0.03 

1.29f0.02 

1.59 

0.51f0.03 

1.24f0.03 

1.54 

0.52f0.01 

1.07f0.01 

1.37 

0.52fO .02 

1.04f0.02 

1.39 

0.54f0.02 

1.0610.01 

1.36 

4.67f0.18 

0.021 

4.35k0.79 

0.01 9 

3.54f0.14 

0.01 6 

3.6240.14 

0.01 7 

3.59f0,09 

0.01 6 

0.61 10.05 

0.0044 

0.78rtO. 13 

0.0057 

0.73f0.05 

0.0055 

0.73f0.01 

0.0057 

0.74f0.08 

0.0056 

4.6 3.4 2.9 3.0 3.0 

0.36 

28 

0.24 

1 9  

0.1 9 

1 8  

0.20 

1 9  

0.20 

1 9  

6.5 6.4 6.6 6.5 6.6 

Table 3. Impurities in Silicon Nitride Powders(pprn*) 

JAltNtL Q 1, 2 3 4, 5 
F 1.9k0.4 2.2k1 .O 2.7k1.2 2.8f0.6 2.3k0.3 2.92fr0.3 
Na 3.9f1.8 23+15 5.4k1.9 120 -4 3.7k1.1 5.1 k4.5 
hns l.OkO.2 1.1-0.6 1.43-0.5 2.4k2.3 2.3k2.4 1.8f0.8 

CI 220k23  140k29 90-1-75 2203-37 220k24 200+15 

(3 2 7 f l l  23+11 2525.1 37k29 24k4.5 25k6.7 
Cr 3.4k0.1 4.5k0.2 4.120.2 4.OkQ.4 3.9kO.l 4.2k0.5 
Fe 58+63 37k1.3 3721 0 33k1.2 35k4.7 33k0.7 
N i  6.2k1.8 4.2k0.3 3.733.6 3.2k0.6 3.320.2 3.5.tO.3 
cu 16k1.8 1 5 f 7  .O 13+10 2 5 f 2 3  12k3.5 17fS.1 

* Measured by glow discharge mass spectrometry, except ** by neutron activation analysis. 

AI 21k30 7.524.8 8.0k3.4 a.7k3.9 8.943.5 33k60 

CI (NAA)'* 9349 
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Table 4. Comparison of Flexural Strength of PY-6 Ceramics 
Made from Different Silicon Nitride Powder Lots 

0 1 1020+100 5 5 0 4 3 0  51 Ok20 
560k50  460+25  2 1050+ 60 

1 1 930k140 6 7 0 f 2 5  515+35  

1080+55 71 Of25 5603~40 2 

2 920-t l15  7 0 0 f 3 5  550f16 

3 905+95 635+70  560k6 

4 845+160 680k25 500+_10 

5 935+75 585k63 540+25 

Table 5. Summary of Ytma Powder Characterization Data 

XRD 
XPS 

rTEM RESUIL'II 
Cubic Y203 ( trace of impurity) 

Yttrium 36.7k0.2 d o  

Oxygen (as oxide) 30.1k0.9 a/o 
Oxygen (as hydroxide) 31.5k0.8 a/o 
Carbon 1.8kO.3 alo 

0.67 w/o LO I 
SSA 
D(V, 0.5) 
Impurities (ppm) 

Na 14.0k5.0 
AI 5.0k3.0 
Si 55 .0+_15.0 
CI 22.0+_9.0 
ca 6.0k2.0 
Ti 1 5.0+18 .O 

10.9k0.2 m21g 
3.5k0.3 pm 

cf 17.0.tlO.O 

Fe 54.0f35.0 
Ni 9 .O+_5.0 
CU 31.0k22.0 
La 59.Of9 0.0 
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Table 6. Baseline PY6 Tensile Rods Fabricated 

#ASCERA Rodg # Dogbone Rods PY6 Batch # 
900223 30 19 

900330 10 24 
900327 69 19 

Table 7, Tensile Test Results 

Sample Gauge Section Tensile Strength 

Ip ace Grin@ -Jill% 
# 3 2  3 2 0  797 
# 3  1 320(P)  69  1 
# 4  1 400(P)  71 1 

# I  71 220  703 
# 1 8 1  220(P)  547  

a Wheel grit size used during final grinding step. (P) means polished. 
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Figure 1. X-ray photoelectron spectrum of species on baseline silicon nitride. 
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Figure 2. SEM micrograph of baseline silicon nitride powder. 

Figure 3. X-ray photoelectron spectrum of oxygen 1s on baseline y tma powder. 
(Oxide binding energy: 535.4 eV, 

hydroxide binding energy: 537.9 eV) 
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Figure 4. Sketches of buttonhead tensile specimen fabrication shapes. 
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Figure 5. Flow diagram for liquid milling process. 
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Figure 6. Ultrasonic Inspection of a Cylindrical Tensile Specimen. Optical image of the 
tensile rod at low (top) and high (middle) magnification. Surface wave image (bottom) 
revealed voids. Note, that the optical and ultrasonic images are reversed. 
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Figure 7. Surface Wave Image. The images shown were obtained by surface wave 
inspection of 4 silicon nitride modulus of rupture test bars. Centrally positioned surface 
voids of 100,50, and 20 micrometers were readily detected. 
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Figure 8. Laser surface pmfilometry scan. The gage section profile of a precision ground 
and lapped tensile specimen shows that relatively large valleys persist. 
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Figure 9. Microfocus Radiography of Milled Powders. Radiography showed 
agglomerates in batch 800-006. The method of densification aid addition to the mill 
was changed for batch 800-007 and the agglomerates were absent. 
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Figure 10. Plot of Film Density Versus Accelerating Potential. 
Results clearly show a contrast maximum occurring at 30 kilovolts for this example; 
The asymmemc nature of the curve shows that image contrast decreases much more 
rapidly for accelerating potential below the optimum than for kilovoltage above the 
optimum. 

1 0  2 0  3 0  4 0  5 0  6 0  

Accelerating Potential (Kilovolts) 
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Processina Sc ience for Si3N4 Ceramics 
(University of California, Santa Barbara) 

F.F. Lange, D.S. Pearson 

0 bi ect i ve/sco pe . 

We are trying to increase the understanding of the role of 
interparticle forces in the processing of ceramics. The effects of 
electrolyte addition and pH changes on the rheological properties 
of dispersions, the kinetics of pressure filtration, and the 
mechanical properties and microstructure of the resulting bodies 
will be compared to each other and to existing models of 
interparticle forces (i.e. DLVO theory). 

Technical proa ress. 

The effects of the addition of salt to a slurry made by Norton 
Co. has been examined rheologically and by pressure filtration. The 

- mechanical properties of several green pellets were also measured. 
KCI was added (0.125M, 0.25M, 0.625M on a liquid basis) to the 
Norton slurry diluted to 20~01% solids. 
allowed to sediment, while another portion was examined by 
pressure filtration on a MTS mechanical testing apparatus (MTS). 
Attempts were made to examine slurries using the Rheometrics 
RMS-800 (RMS) using cone and plate geometry (0.04% angle, 50mm 
diameter), but the torques generated were below the transducer's 
range (4 g-cm). 

A portion of each was 

Pressure filtration follows Darcy's law: 

where J is the fluid flux (dX/dt ) ,  P is the filtration pressure, X is 
the displacement, and p is the fluid viscosity. 

k = fs / (fc - fS) * kp 

where fs is the volume fraction particles in the slurry, fc is the 
volume fraction particles in the consolidated body, and kp is the 
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permeability of the consolidated layer (dependent on the size and 
number of percolation channels in the layer). 

We used two modes of filtration in separate experiments: 
constant pressure and constant displacement. 
are shown in figure 1. The data is plotted as /n(P/J) vs. h ( X )  to 
permit comparison of the two data sets. The two curves for the 
0.125M sample are very similar to each other indicating that the 
pressure is not important for these samples. 
concentrations showed that pressing rate increased with 
increasing salt content. 

The mechanical properties of samples produced by pressure 
filtration were examined using the MTS in axial compression and 
the RMS in torsion. In the MTS, the samples were found to flow 
slightly to relieve the applied pressure] and the elastic modulus 
was found to increase with increasing strain. 
platens slipped on the pellet surface preventing good 
measurements, although a lower bound on the torsion modulus can 
be estimated from the small displacement data. 
to increase the friction between the platen and the samples. 

The results of these 

The various salt 

In the RMS, the 

Work is underway 

Status o f milesto nes. 

1 1440 1 Survey rheological characteristics of slurries 1 Oct 90 
produced under a variety of pH / electrolyte 
conditions. Develop methodologies for 
characterization of sl u r ry r h eo I og ica I 
properties and green body mechanical 
properties. 
Status report on testing procedures and 
preliminary results. 
Determine effect of pH / electrolyte 
conditions on green body properties including 
processing rates, mechanical properties, and 
density. 

114404 Status report on green body properties and 1 Nov 91 
processing relationships. 

114405 Explore other means to modify interparticle 1 Apr 92 
interactions (polymers such as PVA). 

11 4406 Status report on polymer effects 1 May 92 

11 4402 

11 4403 

1 Nov 90 

1 oct 91 
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11 4407 1 Oct 92 
1 14408 Final report on colloidal processing 1 Nov 92 

Examine flaw populations in sintered bodies. 

Publications . 

None. 

References. 

( 1 ) F.F. Lange and K.T. Miller, "Pressure Filtration: Consolidation Kinetics 
and Mechanics," American Ceramic Society Bulletin 66, p1498 
( 1  987). 
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Figure 1. 
lower slope is indicative of a more permeable particle compact. 
Note that the top two curves represent the same slurry filtered at 
constant pressure and constant rate, while the lower two curves 
are constant rate filtration of the higher salt samples. 

Pressure filtration data plotted as P/J (= Xp/k) so a 
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1.2 CERAMIC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

Sic-Whisker-Toughened Silicon Nitride 

H. Yeh, E. Solidum (Garrett Ceramic Components), 
K. Karasek, G .  Stranford and D. Yuhas (Allied-Signal Research and 

S. Bradley (UOP Research Center), and 
J .  Schienle (Garrett Auxiliary Power Div.) 

22 Technology), 

OBJECTIVE/SCOPE 

The objective of this program (Phase 11) is to maximize the 
toughness in a high strength, high temperature Sic whisker/Si N 
matrix material system that can be formed to shape by slip casting and 
densified by a method amenable to complex shape mass production. The 
ASEA glass encapsulation hot isostatic pressing (HIP) technique shall 
be used for densification throughout the program. 

3 4  

The program is divided into seven technical tasks with multiple 
iterations of process development and evaluation. Parametric studies 
shall be conducted to optimize processing steps developed in the Phase 
I effort, guided by established analytical and NDE techniques. The 
seven technical tasks are: Task 1 -Selection of  Sic whiskers, Task 2 - 
Baseline Casting Process, Task 3-Parametric Densification Study, Task 
4 - Effect of Specimen Size and Shape, Task 5 - On-Going Evaluation of  
Alternate Whisker, Task 6 -Nanometer Deposition of Sintering Aids, and 
Task 7 - In Process Characterization and Process Control During Drying 
of Cast Ceramic Parts. 

The technical effort was initiated in June 1988. Task 1 was 
completed in January 1989. Based on the results, HF-etched American 
Matrix Inc. Sic whisker was selected for use for Tasks 2 - 4 .  Task 2 
was initiated in February 1989 and was completed in June 1989.  Task 3 
effort was initiated in July 1989, and is still in progress. Task 4 
is scheduled to start in July 1990. 

Tasks 5, 6 and 7 tasks were added onto this contract to 
supplement the mainline activities. These efforts were initiated in 
August 1989,  and are still in progress. 

TECHNICAL HIGHLIGHTS 

TASK 1. Selection of Whisker 

All technical efforts had been completed and the results were 
summarized in Semi-Annual report October 1988 - March 1989. 
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TASK 2 - Baseline Casting Process 
All technical efforts had been completed and the results were 

reported in the April-September 1989 Semi-Annual report. 
four iterations were conducted to optimize the green forming process 
for composites containing 10, 20, 30 and 40 wt% Sic whiskers, 
respectively. In these four iterations, the Si3N4 powder, prior to 
blending with Sic whiskers, contained the standard GN-10 sintering 
aids concentration. The optimized process, 4th iteration, was then 
used to fabricate another set of four composites (10, 20, 30 and 40 
wt% Sic whiskers), in which the sintering aids concentrations in the 
Si3N4 powder were increased with Sic whisker loading to maintain a 
constant ratio between sintering aids and the sum of Si3N4 and Sic 
whisker. This set of composites are referred as 5th iteration 
samples. The purpose of the 5th iteration samples was to determine 
the effect of sinter aids concentration on the structure/properties of 
densified composites, when compared with the 4th iteration samples. 
The 4th and 5th iteration green composites, a total of eight 
varieties, plus a monolithic GN-10 were to be densified under Task 3 . A  
- statistical matrix to determine the effect of HIP parameters. 

In summary, 

TASK 3 - Parametric Densification Study 
Three subtasks (A, B, and C) shall be conducted to evaluate the 

effects of key densification parameters on microstructures/properties 
of Si3N4/SiC(w) composites. 
whiskers and two levels of sintering aids fabricated under Task 2 
iterations 4 and 5 shall be densified by a HIP matrix (five runs), 
resulting in forty (40) different composites. A baseline monolithic 
GN-10 green sample shall also be included in each HIP run as a 
reference. Based on these results, three composites shall be 
refabricated for a more detailed characterization under Subtask B. 
Out of these three, the composite showing the best properties shall be 
refabricated in a larger quantity for a comprehensive characterization 
under subtask C. Only Subtask A was conducted during this reporting 
period. 

The samples containing 10 to 40 wt% 

A) Statistical Matrix 

A HIP matrix consisting of Garrett Ceramic Component's baseline 
HIP cycle (T2 'C/t2 hr) and three less severe conditions (T2 OC/tl hr, 
T1 OC/t2 hr and T1 'C/tl hr) were conducted during the last semi- 
annual reporting period, where TI is less than T2, tl less than t2. 
In each HIP run, a baseline monolithic GN-10, four 4th iterations and 
four 5th iteration green samples were included according to plan. Due 
to large HIP furnace capacity, the 3rd iteration samples were also 
included to provide potential supplemental data. Based on the 
results, the fifth HIP run was designed and is in the process of being 
HIP'ed. 
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The less severe conditions selected in the first four HIP runs 
were intended to explore lower HIP process boundaries to produce 
weaker interfacial bonds. The HIP'ed samples showed a range o f  
densities (reported in the last Semi-Annual report), consistent with 
the expected effects of HIP parameters, whisker content and sintering 
aid level. Additional analyses were conducted during this reporting 
period, and the results are presented below: 

o Optical Metallography 

Table I summarizes the results. Whisker agglomerates ranging 
from 50 to 300 microns in diameter were observed in all composites. 
The whisker loading and matrix composition did not appear to influence 
the size of the agglomerates. This suggests that the whiskers used 
contained hard agglomerates which were not broken up during green 
processing. Figure 1 shows an example of whisker agglomerates and the 
associated porosity in a 20 percent Sic whisker composites (4th 
iteration, T2 'C/t2 hr). 
also evident. 

Fine matrix porosity (5 to 10 microns) is 

The degree of porosity was consistent with the measured 
densities, which were influenced by whisker loading, and HIP 
temperatures and times (i.e., more porosity was observed for higher 
whisker loadings, lower HIP temperatures and shorter HIP cycle 
durations). Whisker agglomerates in composites HIP'ed at highest- 
temperature/longest-duration HIP parameters in this study (T?OC/t* hr) 
are filled with the Si3N4 matrix, while those in composites HIP'ed 
under the lowest-temperature/shortest-duration conditions (Tl°C/tl hr) 
are very porous. 

The non-agglomerated whiskers in areas away from the agglomerates 
tended to be randomly oriented for iteration 4 composites (Figures 2 
and 3). However, preferred orientation normal to the casting 
direction was observed in most composites fabricated under iteration 5 
as illustrated in Figures 4 and 5. 

All composites exhibited a 1 to 2 millimeter surface layer which 
was a lighter shade of green compared to the bulk of the composite 
(typically dark green). Under reflected light microscopy, no 
microstructural features associated with the shade differences were 
observed. However, the composite surface was heavily microcracked to 
a depth of 0.25 to 0.5 millimeter (Figure 6 ) ,  which is less than the 
overall thickness of the reaction layer. The surface damage may be a 
result of the ASEA glass encapsulant removal process. 

As a result of  the whisker agglomerates observed in the 4th and 
5th iteration samples, polished sections of selected iteration 3 
samples, which were HPP'ed along with 4th and 5th iteration composites 
in the four HIP runs, were prepared for optical microscopy to examine 
the degree of whisker dispersion in the composites. Neither whisker 
agglomerates nor preferred orientations were observed in the 
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TABLE I HETALLOCRAPHY RESULTS FOR TASK 3 A  COMPOSITES 

B i l l e t  % Sic 
No. 

1 9 0 - 3  10 
185-3  20 
228-3  30 
193-4 40 
190-4  10 
185-4  20 
228-4 30 
193-3  40 
222-4 10  
226-4 20 
188-4 30 

226-3 20 

223-4 40 

1 9 6 - 3  1 0  

2 1 1 - 3  20 
201-2 30 
202-2 40 
196-4  10 

2 1 1 - 4  20 
201-3  30 

202-4 40 
214-4 10 
199-4  20 
205-4 30 
214-3 10 

199-3  20 
205-3 30 
208-3 40 

HIP Cyc le  
( "C/hr 1 

T l / t l  
T l / t l  
T l / t l  
T l / t l  
T l / t 2  
T l / t 2  
T l / t 2  
T l / t 2  
T 2 / t l  
T 2 / t l  
T 2 / t l  

T2/t2 

T2/ t2  

T l / t l  

T l / t l  
T l / t l  
T l / t l  
T l / t 2  

T l / t 2  
T l / t 2  

T l / t 2  
T 2 / t l  
T 2 / t l  
T 2 / t l  
T2/t2 

T2/t2 
T2/ t2  
T2/t2 

I t e r a t i o n  Density 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 

4 

5 

5 
5 
5 
5 

5 
5 

5 
5 
5 
5 
5 

5 
5 
5 

( gmj 

3 .29  
3 . 1 7  
3/17 
3 . 0 1  
3 .29  
3 . 2 7  
3 . 2 1  
3.05 
3 . 3  
3.38 
3 .26  

3 . 2 4  

3 . 3  

3 . 3  
3 . 2 1  
3 .26  
3 . 3  

3 . 3  
3 .29  

3 .29  
3 . 3  
3 .29  
3 . 3  
3 .31  

3 .3  
3 . 3  
3 .29  

P r e f e r r e d  Comments 
O r i e n t a t i o n  

No 
No 
S l i g h t  
? 
No 
No 
Yes 
? 
No 
N o  
No 

No 

No 

Y e s  

Yes 
Yes 
S l i g h t  
Yes 

No 
Y e s  

Yes 
S l i g h t  
Yes 
Yes 
No 

Y e s  
Y e s  
Yes 

h i g h  p o r o s i t y  
h i g h  p o r o s i t y  
v e r y  h i g h  p o r o s i t y  

areas o f  high porosity 
v e r y  h i g h  p o r o s i t y  

less q u a n t i t y  of l a r g e  p o r e s  due 
t o  b e t t e r  SIC d i s t r i b u t i o n  

some w h i s k e r s  a g g l o m e r a t e s  
f i l l e d  w i t h  m a t r i x  

h i g h e s t  d e n s i t y  m i c r o s t r u c t u r z  
o f  40% S i c  c o m p o s i t e s  

less q u a n t i t y  of  small pores  
t h a n  most 

high p o r o s i t y  
h i g h  p o r o s i t y  
Less q u a n t i t y  of small pores  

t h a n  most 

less q u a n t i t y  of  s m a l l  p o r e s  

h i g h  p o r o s i t y  
t h a n  most 30% Sic composice3 

some whi ske r s  a g g l o m e r a t e s  
f i l l e d  w i t h  m a t r i x  

more f i n e  p o r e s  t h a n  t y p i c a l  
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(Parallel to casting direction ( Pe rpe ndicular to casting direction) 

Figure 3 - Random whisker orientation in iteration 4 30 w t  b Sicw 
composite HIP'ed at TI 'C/t1 hr 

(Parallel to casting directio (perpendicular to casting direction) 

Figure 4 - Preferred whisker orientation in iteration 5 
10 w t  8 Sic, composite HIP'e at T1 'C/tl hr 
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(parallel to castin direction) (perpendicular to casting direction) 

Figure 5 - Preferred whisker orientation in iteration 5 
30 % SIC, composite HIP'ed at T2 'C/t* hr 

Figure 6 - Typical cracks in the as HIP'ed surface 
layer of composite billets 



117 

composites. 

Iteration 3 samples were mixed by wet ball.milling, while 4th and 
5th iteration samples were mixed by liquid state tumbling. 
Examinations of selected composite powder and green casting samples 
under Task 2 led to the conclusions that the liquid state tumbling 
technique resulted in non-agglomerated structure and was judged to 
produce less damage to the whiskers. For this reason iteration four 
procedures was chosen as optimum over iteration 3 to produce 5th 
iteration samples. In addition, after HIP'ing, high degree of 
cracking were observed on iteration 3 samples, but not on iterations 4 
and 5 samples. Consequently, the HIP'ed iteration 3 samples were not 
evaluated initially. 
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o Elastic Moduli 

The Young's modulus, shear modulus, and Poisson's ratio were 
measured for the samples of the first four HIP runs by an ultrasonic 
technique. Data and results are given in Table 11. Measurements 
were made in two or three orthogonal directions, although this was 
not possible for some samples due to irregularities in sample 
dimensions. The moduli of several of the Iteration No. 4 samples 
HIP'ed at Tl°C appear to be low. 
density. No obvious trend was observed. 

This often correlates with low 

o STEM and X-Ray Diffraction Analysis 

Initial STEM examinations were made on the monolithic 
samples and Iteration No. 5 composites containing 30% Sic whiskers. 
The density of the monolithic sample HIP'ed at TIoC/tl hr is 
somewhat low at 3.21 g/cm3 (97% full density), and the initial STEM 
results reflect this. A large number of small regions are present 
which lack grain boundary phase, The grain boundary phases are also 
chemically inhomogeneous. The monolithic sample HIP'ed at TloC/t2 
hr also exhibited high porosity but the grain boundary phases became 
more homogeneous when the sintering time was increased. Both 
samples exhibited preferred whisker orientation. 

X-ray diffraction indicated that the monolithic samples 
HIP'ed at Tl°C (for either tl or t2 hr) had significant amounts o f  
a-Si3N4. This indicates that the S i 3 N 4  has not completely 
sintered. The monolithic sample HIP'ed at T2OC for t2 hours showed 
a small amount ofa-Si3N4. 
but it is still there to some extent. Similar results were seen in 
the 30% composites, although the amount of O'-Si3N4 in the T*'C/t2 hr 
composite was greater than that seen in the monolithic sample. 

Thus, the problem is reduced at Tz°C, 

o Fracture Toughness 

Fracture toughness and hardness values of monolithic GN-10 
and the Iteration No. 5 composites were measured by an indentation 
technique *, *. 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - _ _ - -  

$ A.G. Evans, "Fracture Toughness: The Role of Indentation 
Techniques"; pp. 112-35 in Fracture Mechanics Applied to 
Brittle Materials. (Edited by S.W. Freiman. Am. SOC. Test. 
Mater. Spec. Tech. Publ. 678, 1978. 

* J.P. Singh, K.C. Goretta, D.S. Kupperman, and J . L .  
Routbort, "Fracture Toughness and Strength of Sic-Whisker- 
Reinforced Si3N4 Composites," Adv. Ceram. Mater., 3 [ 4 ]  357- 
60 (1988). 
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UltrasoniE Bodulus Data* 

SAMPLE ID 
( H I P  OC/Hr)  

Monolithic CN-lQ 

V 
€3 3 

YounRs 
'13 

D Shear i 

Wt.t SIC, DensiSy Modulus Haduius Poissons 
(g/- 1 CP. GPa Ratio 

0 

0 

3.310 132.46 338.65 0.28 
128.93 324.24 0.26 

3.310 122.68 312.97 0.28 
127.87 322.65 0.26 
129.95 326.71 0.26 

3.300 116.93 301.76 0.29 
121.79 309.57 0.27 

3.300 115.71 297.46 0.29 
123.46 313.05 0.27 
111.80 291.01 0.30 

3.300 137.79 341.49 0.24 
122.26 310.30 0.27 
134.11 322.45 0.20 

3.300 132.53 330.54 0.2s 
114.86 29S, 94 0.29 
125.79 318.54 0.27 

- 1 t e  ra t i o n  #4 Compos i t e s  

190-3-3 10 3.290 129.76 324.07 0.25 
(T1C/tlHr) 127.36 324.24 0.27 

185-3-1 20 3.170 118.51 295.03 0 . 2 4  
(TlC/tlH) 12G.01 306.12 0.23 

228- 3 - 2  30 3.170 124.11 308.81 0.24 
(TlC/tlHr) 125.60 317.74 0.26 

135.03 326.90 0.21 

193-3-2 40 3.010 113.75 270.78 0.19 
(TlC/tlHr) 126.25 294.57 0.17 

* Measurements were made on each sample in t w o  or three orthogonal 
directions resulting in t w o  or three modulus data per sample. 
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SAMPLE ID 
(HIP 'C/Hr> 

U t . %  sic, 

LO 

20 

30 

40 

10 

20 

30 

40 

D 

DensiSy (g/cm 1 

3.290 

3.270 

3.210 

3.050 

3.300 

3.280 

3.260 

3.240 

G13 
Shear 

Hodu 1 us 
GPa 

122.86 
132.05 

120.85 

133.63 
139.54 
130.52 

111.46 
112.78 

129.85 
129-40 
128.97 

132.76 
133.66 
132.72 

136.54 
140.00 

146.26 
158.97 

E3 3 
Youngs 
Modulus 

GPa 

312.76 
337.59 

309.92 

329.19 
343.49 
324.47 

266.46 
273.35 

328.09 

324.58 

331.15 
334.60 
327.71 

339.29 
346.26 

357.73 
368.60 

328.69 

V 

Poissons 
Ratio 

0.27 
0.28 

0.28 

0.23 
0.23 
0.24 

0.20 
0.21 

0.26 
0.27 
0.26 

0.25 
0.25 
0.23 

0.24 
0.24 

0.22 
0.16 

3.300 131.25 327.19 0.25 

3.300 130.60 326.12 0.25 
137.88 337.64 0.22 

3,210 118.83 291.31 0.23 
135.08 322.17 0.19 

3.260 134.91 325.27 0.21 
134.35 329.09 0.22 
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We.8 SIC, 

10 

20 

30 

40 

10 

20 

30 

10 

20 

30 

40 

D 
'13 

Shear 
Densigy Modulus 
(g/cm 1 CPa 

3.300 

3.300 

3.290 

3.290 

3,300 

3.290 

3.300 

3.310 

3.300 

3.300 

3.290 

139.98 
136.46 
131.28 

126.41 
129.77 

137.29 
136.21 

198.60 
147.21 

128.96 
131.40 
131.76 

132.23 
131.38 

129.46 
141.90 

123.89 
129.72 
128.06 

128.71 
130.37 
133.06 

132.65 

140.23 

V 
E3 3 

Youngs 
Modulus Poissons 

CPa 

353.24 
339.09 
330.55 

318.85 
323.69 

339.90 
336.94 

425.77 
359.46 

324.30 
329.51 
331.02 

330.38 
328.10 

326.05 
342.06 

314.61 
326.83 
323.31 

321.74 
327.71 
329.41 

327.73 

345.24 

Ratio 

0.26 
0.24 
0.26 

0.26 
0.25 

0.24 
0.24 

0.07 
0.22 

0.26 
0.25 
0.26 

0.25 
0.25 

0.26 
0.21 

0.27 
0.26 
0.26 

0.25 
0.26 
0.24 

0.24 

0.23 
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The results are given in Table 111. It appears that 
the monolithic samples HIP'ed at Tl°C have lower fracture 
toughnesses than those HIP'ed at T2'C. 
are seen over the monolithic samples HIP'ed at T20C. 
composites, higher density samples appear to exhibit slightly higher 
toughness. 

No toughness improvements 
Among the 

Table 111. Fracture Toughness and Hardness for Monolithic 
GN-10 and Iteration 5 ComDosite SamDles 

Fracture Toughness by Indentation Technique 
( MPa - m1j2 ) 

SiC(w) 
Vol % 

0% 

10% 

- _I 

20% 

30% 

40 % 

0% 

10% 

20% 

30% 

40% 

Ti°C/tl h 

4.2+/-0.3 

5.4+/- 0.4 

6.3+/ - 1.0 

17.2+/-0.2 

16.9+/-0.6 

14.6+/-0.3 

TloC/t2 h 

6.1+/-0.4 

6.9+/p2.0 

6.5+/-0.2 

6.1+/-0.2 

5.2+/-0.6 

Hardness 
(GPa) 

15.4+/-0.3 

17.0+/-4.9 

16.5+/-0.4 

16.2+/-0.4 

T2OC/tl h 

6.9+/ -0.5 

6.1+/-0.3 

6.2+/-0.4 

15.4+/-0.2 

17.2+/-0.5 

16.6+/-0.4 

17.0+/-0.1 17.8+/-0.7 -16.0+/-0.5 

T2OC/t2 h 

7.0+/- 0.4  

6.9+/-0.5 

6.3+/-0.2 

6.5+/- 0.4 

14.4+/-0.3 

15.6+/-0.3 

15.9+/-b0.3 

As explained under Optical Metallography section earlier, 
selected 3rd iteration composite samples were prepared to observe 



123 

whisker dispersion, Fracture toughness was measured on these 
samples. 
composition and HIP-temperature combination. The results are 
reported in Table IV along with the corresponding data from the 
Iteration 5 samples. Overall, the 3rd iteration composites showed a 
slightly higher toughness than the 5th iteration. 

Two different orientations were measured for each 

Table IV. Fracture Touchness as a Function of HIP 
Parameters and Sic Whisker Content for Iterations 3 and 5 .  

Sample ## * HIP 
Parameters 
T°C/tH 

#177-3  V T2/tl 
#177-3  H T2/tl 
#177-4 V T2/t2 
#177-4 H T2/t2 
#184-3 V T2/tl 
#184-3 H T2/tl 
#184-4 H T2/t2 
#184-4 V T2/t2 

Sic% 

20% 
20% 
20% 
20% 
30% 
30% 
30% 
30% 

Iteration 3 Iteration 5 
K1 C +/ - K1C 
MPa m1l2 MPa ml/ +4 - 

6 . 3  
5 . 9  
8 
6 . 3  
7 
6.7 
6 . 6  
6.5 

0 . 5  6 . 1  0 . 3  
0 . 3  
0 . 9  6 . 9  0.5  
0.2 
0 . 5  6 . 2  0.4 
0 . 3  
0 .6  6 .3  0 .2  
0 . 7  

* Fiber Orientation: V=vertical; H-horizontal 

o Fifth HIP Run 

The above results suggest an overall trend that higher HIP 
temperature, longer holding time result in higher density, fuller 
reaction (less alpha-Si3N4 phase) and slightly higher toughness. 
Based on this observation, a slightly higher temperature (T3 "C) is 
selected for the 5th HIP run. In order to avoid too strong a bond 
formed between the whiskers and the matrix, the holding time t2 is 
used. The composite samples included in this run was mixed by the 
wet milling procedure and the slips were prepared using an improved 
procedure based on the NASA/GAPD/ATTAP program at Garrett Ceramics. 

5 I On-Going Evaluation of Alternate Whiskers 

The objective of this Task is to stay abreast of the whiskers 
with improved properties which may become available during the 
course of this program, 

Keramont Grade 9 A ,  Tokai TWS-100, Tokai TWS-400, and Kobe Steel 
Grade AT Sic whiskers were analyzed by XPS. The Keramont whiskers 
exhibited a significant amount of surface Si02. They also had Fe, 
Na, Mg, P, and Ca impurities as well as polymeric carbon. The two 
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Tokai whisker sets and the Kobe Steel whisker set all had low 
surface oxygen levels (12 to 15 at.$). The surface impurity levels 
of the Tokai whiskers were quite low, while the Kobe Steel whiskers 
exhibited small amounts of Ca, F,  and Na. 

Three more sets of whiskers were examined by STEM. The Kobe 
Steel A’T whiskers had diameters in the range of 0.5 to 2.5 microns. 
Lengths ranged from 10 to 125 microns with most shorter than 40 
microns. Some Cr inclusions were observed. Debris level was low, 
but higher than that seen in ACMC whiskers. 
considered to be very promising although it is unclear whether Kobe 
Steel will continue to market them. The Tokai TWS-100 MOD whiskers 
were fairly similar to Tokai whiskers we have examined before. They 
are generally quite distorted and twisted. In contrast, the Tokai 
TWS-400 whiskers are a major improvement. The diameters are larger 
than other Tokai whiskers - 0.5 to 1.5 micron. Lengths range from 
10 to 50 microns. Most important, the whiskers do not exhibit many 
of the distortions that are so typical of Tokai whiskers. The 
amount of debris is fairly low -more than in the ACMC whiskers, but 
less than in the Kobe A’T whiskers. Some Co-Fe inclusions were 
seen. 

These whiskers were 

Bulk impurity contents of Keramont 9A, Tokai Carbon TWS-100 and 
TWS-400, and Kobe Steel AT whiskers were measured by neutron 
activation at Texas A&M University, The results are given in Table 
V. 

The Keramont sample exhibits the highest oxygen content, which 
is consistent with the high surface oxygen level presented in the 
last report. The Fe level is quite high, which could catalyze 
degradation reactions. In short, the Keramont sample requires 
significant cleaning. The other samples have relatively low 
impurity levels, although the Co and Fe are noticeable in the Tokai 
TWS-400 and Kobe Steel AT whiskers, respectively. 

The Advanced Ceramic Technologies AT1 whiskers are quite 
straight. Their average lengths and diameters are among the 
smallest we‘ve seen. A small amount of debris was present. X-ray 
photoelectron spectroscopy (XPS) revealed a surface which is very 
clean (i.e., very low impurity level) and has a very low oxygen 
content. 

Task 6 Nanometer Deposition of Sintering Aids 

The objective of this Task is to develop nanometer deposition of  
the sintering aids through solution chemistry to promote grain 
boundary homogeneity resulting in improved high temperature 
properties and enhanced sinterability of GN-10, the matrix material 
of this program. The technology developed can be applied to a 
future GN-10 Si3N4 based composite effort. 
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Table V. Bulk Chemistry of Alternate 
SIC Whiskers by neutron Activation. 

Keramont 9A Tokai Carbon Tokai Carbon Kobe Steel. AT 
Tws - 100 TWS 400 

3.0 0.6  
2.2 3 . 9  
0.54 40.05 

150 40 
0.4 0.4 
7.3 2 1  

20  10 
480 25 
<10 450 

0.5 
1.1 

<O. 05 
40 

2700 
62  

<lo 
24 

4 5 0  

0.5 
1.6 
0.13 

2 .6  
40 

720 
60 
52 

4 5 0  

Amroaches 

Silicon nitride powders coated with GN-10 sintering aids were 
prepared using the following methods: precipitation (two 
approaches), spray drying, polymerization (two approaches), and 
evaporation of a solution containing carboxylates. 
calcined in air to form the desired phases. Sintering aid levels 
were confirmed by inductively coupled plasma-atomic emission 
spectroscopy. Samples were dissolved in a mixture of HF and HC1 
using a Parr bomb for analysis. 
were achieved within the accuracy of the technique (+/-0.258). 

Samples were 

Target GN-10 sintering aid levels 

Powder Characterization 

Electronic amplitude measurements were performed to evaluate the 
surface chemistry of the coated powders. 
observed when electrostatic charge was used to disperse the 
experimental powders. 
low levels of polyelectrolyte. The results suggested that the 
experimental powders can be processed using typical slip casting 
procedures. 

Low zeta potentials were 

Stable dispersions were achieved by adding 

To evaluate the uniformity of the sintering aids deposited on 
the Si3N4 particles in the experimental samples, XPS elemental 
analysis was performed on these powder samples as well as a control 
(GN-10 Si3N4 powder prepared by a baseline milling procedure). The 
results are listed in Table VI. XPS is a surface technique which 
only detects elements within approximately an 80 angstrom thick 
layer. 
increase in amount of sintering aids deposited on the Si3N4 
particles. 

The decrease in the Si and N signals would suggest an 
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Table VI 

X-RAY PHOTOELECTRON 
SPECTROMETRY ELEMENTAL ANALYSIS RESULTS (AT % )  

Sintering Aid 
Si N2 Components 02 

2 - 1 - 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Control* 28.4% 28.3% 4.2% 4.1% 28.2% 
Evaporation 19.0% 11.1% 12.8% 3.5% 41.6% 
Polym 1 24.9% 19.4% 6 . %  2.4% 36.4% 
Precip 1 28.3% 15.3% 4.6% 2.0% 41.6% 
Precip 2 34.4% 19.8% 0.9% 0.4% 40.4% 
Spray Drying 23.1% 15.4% 8 . 8 %  4.9% 42.0% 
Polym 2 28.8% 27.4% 4.4% 3.1% 30.0% 
(Balance of Signal is carbon and, in some cases, minor 
amounts of sodium) 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - -  

* GN-10 Si3N4 powder prepared by ball milling 

The lowest silicon and nitrogen signals were observed f o r  the 
following three samples: evaporation, spray drying, and 
polymerization 1. Powders prepared by these three procedures also 
have the highest signals for sintering aid component 1, which is the 
major component. This correlation suggests that evaporation, 
polymerization 1, and spray drying yield the m o s t  uniform dispersion 
of sintering aids. Backscattered electron images of samples with 
higher silicon signals by XPS have numerous bright spots which 
correspond to the heavier sintering aid elements. Samples with 
higher sintering aid component 1 signals by XPS exhibit little 
sintering aid segregation in the backscattered electron images. 

Densification 

Experimental and control samples were gas pressure sintered at 
1800°, 1900°, and 1975OC. The control sample is a GN-10 powder 
prepared by ball milling. Green and sintered densities are 
summarized Table VII. 
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Table V I I .  Gas Pressure Sintering Results 

18OO0C/l h 1900°C/.33 h 1 9 7 5 O C  
2500 psi 1500 psi 2 h 450 psi; 

2 h 900 - 

Green Sintered Green Sintered Green Sintered 
Density Density Density Density Density Density 
cz/cc &.-c g,LG.G gLE. -.-&2x &!!x 

Contro1.k 1.94 2.24 1.96 2.32 1 . 9 3  2.67 
P s l p  1 1.80 2.14 1.76 2.16 1 . 7 5  2 .44  
Precip 1 1.67 2.02 1.68 2 . 1 1  1.70 2.37 
Precip 2 1.76 2.05 1 . 7 3  2.12 1.74 2.38 
Polym 2 1.76 2 . 0 9  1 . 7 7  2.16 1.74 2 .(e5 
Evaporation 1.77 2.11 1.76 2.17 1.76 2 . 4 3  
Spray Dried 1.69 2 . 0 1  1.67 2.07 1.. 67 2.31.  

*GN-10 Si3N4 prepared by all milling 

The 1800' and 1900OC samples were packed in silicon nitride 
powder during sintyering while titic 1 9 7 5 ' ~  samples were plac.ed on a 
thin layer of BN. 
poor1.y densified. At all temperatures, the control samples reached 
higher final densities than the experimental samples. However, the 
higher density for the control sample seems to be a function of 
green density since A 1 inear regression  exist:^ between thc sintered 
density as the green density for all the samples densified at a 
particular temperature. 

Even after sintering at 1 9 7 5 O C  the samples were 

Cold isostatic pressing increases the green densities of  the 
experimental samples while havi-xig little effect on the control 
samples. After isostatic pressing, the green densities of  the 
experimental samples were between 1 - 8 0  and 1.91 g/cc while the 
control was 1.98 g / c c .  Agglomerate formation during sintering aid 
deposition probably accounts for the lower green densities in the 
uniaxially pressed experimental samples. Effects of  green density 
on sintered density will be confirmed by gas pressure sintering the 
isostatically pressed samples. 

Experimental and control samples were glass encapsulated and hot 
isostatically pressed at T2OC and 20,000 p s i .  
prepared by uniaxial. pressing at 20,000 psi. Green and sintered 
densities are summarized Table VTII, 

Compacts were 



Table VIII. Green and HIP'ed Densities 
for GN-10 ComDacts with the Sintering Aids 

Deposited by Various Methods. 

Green HIP ' ed* 
Density Density 
R/cc p/cc 

Control 1.93 3.25 
Polym. 1 1.74 3.21 
Precip. 1 1.71 3.18 
Precip. 2 1.71 3.21 
Polym. 2 1.82 3.13 
Evaporation 1.74 3.23 

* HIP'ed at T2OC/t2 hr 

Similar final densities were achieved for all samples suggesting 
that method of sintering aid deposition does not affect 
densification for these HIP parameters. However, grain boundary 
chemistry may be different. Microstructure and grain boundary 
uniformity of these samples will be examined using STEM. 

Phase analysis by x-ray diffraction was performed on control and 
experimental samples that were glass encapsulation HIP'ed at T2'C. 
All samples were greater than 95% density. Beta and alpha silicon 
nitride were the major phases. 

Five hundred gram batches will be prepared with three different 
sintering aid levels using spray drying and polymerization 1. 

TASK 7 - In Process Characterization Control During Drving of 
Cast 
Ceramic Parts 

The objective of this task is to determine the efficacy of 
ultrasonic methods for the real-time, on-line process control of the 
drying of green ceramics fabricated by aqueous slip casting, the 
shape forming method used throughout this program. The technique 
developed can be applied to slip cast whisker reinforced Si3N4 
composites in a future effort for eliminating potential drying 
cracks. 
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Introduction 

Ini.tia1 work was focussed in four areas 1) Baseline properties 
of  green ceramics 2) IJltrasonic coupling method investigations 3 )  
Facilities development 4 )  Automated measurement methods. 

Ultimate success of this task is dependent on developing 
reliable methods f o r  coupling sound into and out of the friable 
green ceramics. Methods must be found which will not damage 
components, are sufficiently stable to permit continuous monitoring, 
and have low insertion l o s s .  All work to date has been done using 
pulse-echo ultrasound in the frequency range 1. to 10. Megahertz. 
Green GN-PO slip cast samples, approximately 15 min thick, were used 
in the initial studies. 

Exp e r h e n  t a L 

IJltrasonic instrumentation for the drying studies was the lVIatec 
MBS 8000. This system w a s  chosen because it has a large dynamic 
range, 100 dh, high precision for both velocity and attenuation 
measurements and the potential of being fully automated. Currently 
both velocity and attenuation measurements can automatically be 
made. Several experiments are being conducted to evaluate the 
stability and precision of the automated system. 

Reliability and precision of the measurements were assessed. For 
a test set-up sample, we use an aluminum block was used which 
circurnvents time dependent property changes associated with the 
drying of  the green ceramics. Using this test sample the following 
parameters were varied to determine their effect on transit time 
measurements: 

a) Gatewidth 
b) Gate position 
c) Receiver Gain 
d) Number of Samples Averaged 
e )  Relative Run Time 
f) Pulsewidth 
g )  Filter Setting 

Optimal setting as found f o r  each of  these parameters. Measurement 
precision of a few parts in ten thousand was achieved. Experiments 
were conducted usjng both the reflection mode as well as the thru- 
transmission mode. 

In order to conduct drying studies a humidity chamber has been 
designed, instrumented, and assembled. Access ports are available 
for continuous monitoring of temperature, humidity, and ultrasonics. 

Modifications are needed to allow monitoring multiple sensors 
and conducting experiments over several hours. Alternate ultrasonic 
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processing schemes using a high speed digitizer are being tried. 
Several signal processing schemes were also explored which may 
enable us to measure moisture gradients. 

Several coupling methods were explored. A high-viscosity, 
organic couplant was found to work best. This couplant, with the 
consistency of molasses, permits measurement of both longitudinal 
and shear waves. It exhibited the lowest insertion l o s s  of all the 
methods tried. Other methods explored include pressure contact, 
plastic interlayers, and high viscosity water-based couplants. The 
organic couplant was stable for several hours with minimal contact 
pressure and leaves minimal residue. 

Results 

Using the organic couplant, baseline properties of the green 
ceramic plates were determined. Results were obtained on two green 
ceramic plates (#352-1 and 2). The moisture content of these 
materials was unknown, however the dry, powder-like character of  the 
surface and their propensity for moisture absorption suggest low 
water content. The compressional wave velocity ranged from 1.50 to 
1.56 km/sec. The attenuation at 10 megahertz was surprisingly l o w  - 
-three reverberations were observed in the dry samples. This 
suggests that penetration of several inches of material is possible. 

The shear wave properties at a lower frequency were also quite 
good. Several reverberant echoes were observed at 2.25 megahertz. 
The shear wave velocity for a dry casting with bulk density of 1.97 
g/cc ranged from . 9 9  to 1.02 krn/sec. 

In an attempt to estimate the change in properties with moisture 
content, ultrasonic velocities were measured in a small segment of 
sample #352-2 before and after saturation with water. A t  10 
megahertz attenuation in the green sample increased more than 40 db. 
This was sufficient to preclude a wet compressional wave velocity 
measurement. The shear wave properties also showed large changes. 
The shear wave velocity went from 1.018 km/sec for the dry sample to 
0.913 km/sec for the saturated sample. This change is viewed a s  
large in light of the expectations of measuring velocity to a 
precision of a few tenths of a per cent. Shear wave attenuation w a s  
30 db higher in the saturated sample. 

These experiments must be repeated in such a way as to separate 
potential coupling problems from the effects of moisture. However 
the large magnitude of the changes is viewed as encouraging. 

When ultrasonic velocity was monitored for drying times of 
several hours it was found that the signals became unstable after a 
few hours. The SWC couplant (water-based organic) was found to be 
unsatisfactory. Stability of a non-water based couplant will be 



evaluated. Long term stability in couplant stability is essential 
because the drying cycle may be a few days. 

Preliminary experiments have shown that polyvinylidene fluoride 
(PVDF) transducers are sufficiently sensitive to act as ultrasound 
receivers in the megahertz range. Because of their small size and 
their ability to conform to curved surfaces, they have the potential 
for monitoring complex shapes. 

A series of polyvinylidene fluoride (PVDF) piezoelectric 
transducers were fabricated. Thick and thin PVDF materials have 
been investigated for transducer production. Thinner films were 
superior because they conform better to the surface of the samples. 
After initial evaluation, the PVDF transducers will be used to 
conduct drying studies. 

Experiments to date have been carried out by taking the dried 
green plates, saturating them with water, and monitoring property 
variations as a function of time. The next step is to start 
monitoring freshly cast test plates. 

STATUS MILESTONES 

All milestones are on schedule. 

PROBLEMS ENCOUNTERED 

None 

PUBLICATIONS 

K. R. Karasek, S. A .  Bradley, J. T. Donner, H. C. Yeh, J. L. 
Schienle, and H .  T. Fang, "Characterization of Silicon Carbide 
Whiskers," J. Am. Ceram. SOC., 72 (10) 1907-13 (1989). 
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e C a m  - S.T. Buljan (GTE) 

Obiect ive /scoDe 

The objective of the proposed effort is to study the effect of sintering aids on 
microstructure and properties of SigNq-SiC(w) composites and utilize the results 
obtained to design and synthesize an advanced composite of improved properties. It is 
also an objective of this effort to refine forming and consolidation processes and 
develop technology for prototype part fabrication. 

Microstructural Des ig n 

Efforts to microstructurally tailor silicon nitride ceramics to improve high 
temperature mechanical properties focused on heat treating as a means of modifying 
the intergranular glass phase through devitrification. Monolithic and composite (30 
v/o Sic whiskers) materials were prepared with either Y203-AI203 or MgO-AI203 
sintering aids. Baseline materials were hot pressed (1 8OOOC34.4 MPa/400 min.), 
while heat treated bodies were prepared by incorporating a post-densification 
annealing step (1 2OO0C/240 min.) in the schedule. Since MgO-fluxed materials 
were observed to exhibit relatively poor engineering properties (lower strength at 
room and elevated temperature and extensive nonlinear behavior in mechanical 
testing at 12OO0C), the focus has been on Y2Og-containing silicon nitride ceramics 
based on AY6 (6.0 w/o Y2O3 + 1.5 AI203 + Bal. Si3N4). The heat-treating step was 
confirmed by TEM techniques to produce extensive devitrification of the 
intergranular glass phase in Y203-containing bodies. While this change in 
intergranular phase produced a reduction in room temperature fracture toughness 
and strength, a 25% increase in modulus of rupture and a 20% increase in yield 
strength at 14OO0C were realized. Thus the desired improvement in fast fracture 
mechanical properties in the operating range of engine applications was realized. 

The low strain rate properties of the devitrified Y203-containing silicon 
nitride have also been evaluated via four-point creep at 1200°C and found to be 
identical to those of the standard hot-pressed materials. For example, at 1200°C and 
at imposed stress of 207 MPa, the steady state strain rate of hot-pressed AY6 was 
3.6 x 10-gsec-l, while that of devitrified AY6 was 3.3 x 10-9sec-1. This result is 
attributed to in-situ devitrification of the hot-pressed material during stage 1 creep 
before steady state (linear) creep is observed. 

The effect of post annealing is to set the microstructure of the Y2O3- 
containing silicon nitride materials to that which would be obtained after >IO0 hours' 
exposure at elevated temperature. 
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Determination of the morphology, crystallography, and crystal chemistry of 
the intergranular second phase in heat-treated ceramic materials (AY6, AYW30 v/o 
Sic, and AY6/30 v/o Si3N4, were continued. These studies were carried out both at 
GTEL and the HTML of ORNL 

Bright-field images taken of monolithic and composite (30 v/o Sic whisker) 
ceramics consistently showed amorphous intergranular material at silicon nitride 
grain triple points (Figures 1 and 2) in the as-hot-pressed materials. No evidence 
for devitrification of the intergranular glass was observed in the investigated 
materials in the hot-pressed condition. 

In contrast, significant crystallization of the intergranular glass was 
observed in all of the heat-treated samples. In most cases, the crystallized region did 
not extend through the complete volume of the triple points; the devitrified phase 
appeared to have formed in the interior of the glass and to have grown toward Si3N4 
grain boundaries (Figure 3), where the amorphous phase can still be observed at the 
grain boundaries. 

A preliminary study of the interface structure between adjoining Si3N4 
grains, as well as between Si3N4 and the intergranular second phase, was carried out. 
A lattice image of two adjoining Si3N4 grains with a thin (-0.5-2 nrn) amorphous 
interlayer is shown in Figure 4. The interface between a Si3N4 grain and the 
crystallized intergranular phase can also be seen in Figure 3. in this case lattice 
fringe patterns extending from each of the phases directly up to the interface 
boundary indicate complete devitrification. Electron diffraction patlerns were taken 
from a number of locations. In general, the patterns taken from the heat-treated 
monolith and composite materials were very similar, which suggests the presence of 
a single type of crystalline material. 

Convergent beam electron diffraction patterns taken from several of these 
phases exhibit diffuse HOV: rings which are known to arise due to the presence of 
strain. The observation of this strain is consistent with the twin lamelae observed in 
the bright-field images of the devitrified pockets. These were readily imaged under 
high-resolution conditions (Figure 5). In comparison, such diffuse H O K  rings were 
not observed in defect-free regions of silicon nitride grains; in contrast, very sharp 
Kikuchi line patterns were obtained. 

Compositional analysis of the intergranular pockets was performed by 
acquiring EDX spectral data from thirty (30) regions from each of the heat-treated 
specimens (fisted above). The data were analyzed by calculating the ratio of the YL 
and SiK integrated peak intensities. The amorphous intergranular phase of hot 
pressed AY6 yielded a consistent YL/SiK value of -0.84 and an AlK/SiK of -0.18; 
these areas were found to contain Y, Si, 0, and relatively high AI concentrations. In 
contrast, samples of heat-treated AY6 showed crystallized phases containing Y, Si, 0, 
and relatively low levels of AI. The YL/SiK ratios were not consistent, implying that 
some stoichiometric fluctuation in these second phases may be present. Similar 
results were obtained from the data taken at the triple points in the AY6 + 30 v/o 
Si3N4 sample. The only crystalline phase resulting from devitrification in the Sic- 
containing specimen was an AI-free yttrium silicate. 
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The diffraction patterns taken from the heat-treated AY6 monolith and the 
admixed materials were very similar. It is expected that by using computer- 
simulated electron patterns of both the SisN4 matrix and (four) known Y-Si-0 
phases, it will be possible to determine the precise crystal structure of this phase 
and the character of observed lamelar (twin) substructures. A number of interfaces 
between Sic whiskers and the intergranular phase were imaged. 
significant amount of amorphous phase was observed along these interfaces. 

In general, no 

Flgure 1: General morphology of hot pressed slilcon nitride (Y2O3 and 
Ai2O3) sintering aids (glass phase: "G") 
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(C), and an amorphous glass phase ( G )  

. _ _  
~ 

amorphous glass (G), arrow points to SI3N 
intergranular phase Interface). 



136 

between two Sl3N4 grains with a thln amorphous glass interlayer. 
(arrow denotes interface) 
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Figure 5: HRTEM of heat-treated AY6 crystallized intergranular phase 
showing the presence of twin iameiae 
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As has been noted during the course of this study, the addition of SiC(w) leads 
to a change in both composition and volume of intergranular glass phase produced 
during consolidation. For instance, an AY6 composition prepared from UBE El 0 
Si3N4 (having an oxygen content of 1.37 w/o) contains 8.6 v/o oxides having 
approximate composition of 24.2 w/o Si3N4 + 60.6 w/o Y2O3 + 15.2 w/o AI203 
based on only the oxides, while an AY6 30 v/o SiC(w) (1.2 w/o oxygen) composite 
prepared with the same Si3N4 has 7.0 v/o oxides with a composition 30.7 w/o Si02 
+ 55.4 w/o Y2O3 + 13.9 w/o Al2O3. These results are calculated from the added 
Y2O3 and AI203 and the relative amounts of Si02 in both the Si3N4 and Sic, assuming 
the oxygen content is primarily Si02 and not adsorbed oxygen. As illustrated in the 
Si02, Y2O3, AI203 phase diagram (Figure 6), changes in composition of the glass such 
as these would affect the softening temperature and other properties of the glass 
phase as well as the formation of phases produced by the devitrification. The figure 
shows the relative position for most of the SiaN4-based compositions containing Y2O3 
examined during these studies. 

To further examine the effect of relative amount of glass phase and 
composition on composite properties, an AY6 30 v/o SiC(w) material having the 
same v/o and composition of oxide additives as AY6 was prepared. The material was 
hot pressed at the same temperature and time as the standard composite and the 
properties were measured and compared to both AY6 and AY6 30 v/o SiC(w) 
composite. Additional composites were also prepared by the same hot pressing 
schedule and heat treated to crystallize the grain boundary phase to determine if the 
increase in v/o and composition of the glass phase affects the mechanical properties 
of the resulting composite material. The densification of the composite material with 
the adjusted glass is enhanced compared to that of the standard material as illustrated 
in Figure 7. This increase in densification rate is due to the increase in glass content. 
Measurement of the mechanical properties (Table 1) shows an improvement in both 
fracture toughness and strength when compared to the standard composite and an AY6 
having the same v/o and composition of glass. The additional heat treatment for this 
composition shows essentially the same room and elevated temperature properties as 
the non-heat treated material. 

Process for Near Net Shape Part Fabrication 

Investigations of near-net-shape fabrication of injection-molded AY6+30 v/o 
SiC(w) composite material have concentrated on mold modifications. The CATE blade 
mold mold modifications were designed to control the alignment of the whiskers along 
the blade surfaces in an effort to decrease the warpage produced during densification. 
To better understand the material parameters which may affect the whisker 
alignment during molding, materials were prepared at constant solids loading having 
both a high viscosity (-100 kilopoise) and low viscosity (-2 kilopoise). These 
changes were accomplished with only a slight modification to the binder used. 

Blades were molded in both the old and new mold configurations to determine 
the flow effects on the fill of the mold. AY6 powder having a very low viscosity 
(-1/2 kilopoise) was used for these trials. Short shots showed that the mold 
modification produced the desired plug flow along the blade section with only a 
slightly faster flow being observed in the thicker cross section of the blade. Molding 
of the low viscosity AY6 +30 Sic whisker material produced a similar flow pattern 
during molding. Increasing the viscosity to 100 kilopoise caused a change in the flow 
pattern with the thin section of the airfoil filling last. 



Figure 6: Phase diagram for SiO2, Y2O3, Ai203 composition with approximate iiquidus temperature for S13N,- 

based materials used in course of study 

Ref. Fig. 2586-System AI2O3, Y2O3, Si02 - Phase Diagrams for Ceramists 1969 Supplement 

LA. Bondar and F. Ya. Goya Khor, Izv, Akad, Nauk SSR, Ser. Khim, 7, 1325 (1963). 
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Table 1 : Properties of Various Si3Nd-Based Compositions Prepared 
from UBE E10 Si3N4 Hot Pressed at 18OO0C for Various 
Times 

MOR (MPa) 
Test Temperature("C) 

Mater ia l  HP Time KIC (MPa-m ' I 2 )  2 5  1 4 0 0  

Std. AY6 
(Sint. Aidz2.4 wlo Si02 100 
+6.0 W/O Y203+1.5 Wlo AI203) 400 

Std. AY6 + 30 vlo SiC(w) 
(Sint. Aidr2.3 wlo Si02+4.3 wlo 
Y203+1. 1 w/o A1203) 

400 

AY6 + 30 v/o SiC(w) 400 
Adjusted Glass 
(Sint. Aid=2.4 w/o SiO2+6.O w/o 400 
Y203+l .5 wlo A1203) (+12OO0C for 

240 min. heat 
treatment) 

7.0f0.1 101 6 f 3 6  331 f 9  
7.4f0.1 98 1 f 4 4  361 f3 

8.0f0.1 994f73 3 5 0 f 3  

8.4f0.2 1083f113 369f12 

8.6f0.2 1 087f9 1 350f25 

A number of blades were molded in both the old and new mold configurations 
from the whisker materials having both high and low viscosity. Blades were carried 
through the binder burnout stage and densified by hot isostatic pressing. 

Comparison of blades prepared from the AY6 composition using either gate 
configuration showed little difference in distortion. Compared to the AY6 blades, 
some distortion appears to be present in all the composite blades. Figure 8 shows the 
distortion of the composite blade as prepared at the beginning of the second phase of 
this program using the original process flow sheet. This blade was prepared with an 
injection molding mix having low solids loading gated from the base of the blade and 
shows severe distortion in both the platform section and along the blade end. Using 
process changes, which were determined earlier in the second phase of the program 
through work with simple bar configuration, such as binder modification for 
increased solids loading, gating modifications and changes in the HIP cycle, reduced 
distortion can be achieved. Figure 9 compares the distortion for composite blades 
prepared from a low viscosity, high solids loading mix with an AY6 blade. As can be 
seen, there is a decrease in the overall warpage for either gating configuration of the 
blade for this material compared to the composite blade of Figure 8. The major 
improvements were observed for composite blades prepared from the high viscosity, 
high solids loading mix (Figure 10). Based on these preliminary observations, the 
least warpage is observed for the blades prepared from the high viscosity mix, high 
solids loading molded from the tip. 
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I 

Time (min) 

FIgure 7: Denslficatlon curves for AY6 + 30 vlo SIC(w) composltes 
prepared from UBE E10. Composite with adjusted glass has 
higher volumes of glass of same composition as AY6. (Negative 
time represents time before 180OOC is reached.) 

I I 

1 I 

Figure 8: Vlew from above the blades showlng maxlmum distortlon of the 
composite blade prepared from low soilds loading mlx compared 
to  AY6 composition for same gating configuration 
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Figure 9: View from above the blades showing distortion of composite blades as a result of increased solids 
loadings, gate configuration and low viscosity mix 
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The visual observations noted above for relative degrees of airfoil distortion 
were confirmed quantitatively using a coordinate measuring machine to trace the 
airfoil convex side contour at two heights from the platform. 

As was stated previously, the composite blades shown above incorporate 
modifications from the original process flow sheet. These modifications are detailed 
in Figure 11 and are based on the findings leading to improved shape fabrication and 
mechanical property values for the composite (AY6 + 30 v/o SiC[w]) materials 
determined during the course of this program. 

MODIFICATIONS 

Raw Materials 

Whisker 
Matrix, Sig Nq replacement 

Premix composite powder at 
ACMC at 50 vlo S ic  whiskers 

Mix  down to desired level 

Screening Modify binder for increased -1 solidsloading 

Use higher viscosity mix 
during compounding 

[ 
I 

Mold design change to 
I alter whisker flow pattern 

Die Fill 

Hot Pressing 

1 1 

I Sandblasting I 

Increased temperature and 
time for cycle 

I Final Grinding 1 

Figure 11: Process flow sheet with modifications leading to reduced 
distortion of injection-molded and HlPed AY6 + 30 v/o SIC 
whisker composite material 
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Modulus of Rupture Test Methodology 

Resolution of modulus of rupture test methodology has been completed. Initial 
testing was conducted with hot-pressed AY6-Si3N4 with a fixture whose spans and 
load point size correspond to MIL-Std-1942 (MR) configuration B {quarter point 
loading with outer span=40 mm and load point dia.14.5 mrn) and compared to MOR 
values obtained using the standard GTEL fixture (outer span=22.9 mm, inner 
span=10.2 mm, load p i n t  dia.=6.1 mm). Room temperature MOR was measured at a 
crosshead speed of 4.95 mrn/min corresponding to calculated strain rates of 5.7~10- 
3 min-1 and 7 . 4 ~ 1 0 - ~  min-1 for the MIL-Std and GTEL fixtures, respectively. 

The results (Table 2) indicate that the average strength is reduced by 13% 
when the larger MIL-Std-E3 size bend bar compares to the GTEL standard.. 

Table 2: Comparison of MIL-Std-B and GTEL Four-Point Modulus of 
Rupture (Hot-Pressed AY6) 

2-Parameter 
Sample MOR' Weibull Effective 

Fixture Size (mm) ( M W  Modu Ius Volume (mm3) 
MIL-Std-B 3 . 4 ~ 4 . 0 ~ 4 5 . 0  a70 89 11.7 10.2 
GTEL-Std 1 .3~2 .5~25 .0  1001 +72 16.5 1 . I  

"Average of 20 samples 

Since the configuration B bend bar size is large compared to hot-pressed 
plates normally densified to screen materials, MIL-Std-1942 (MR) configuration A 
(quarter point loading with outer span=20 mm and load point diameter=2.25 mm) 
was also evaluated. The crosshead speed in this instance was 0.25 mm/rnin., which is 
the closest approximation to the specified 0.20 rnm/min. of which the testing 
machine is capable. Configuration A was compared to the GTEL standard using 
isopressed and HlPed AY6. The results (Table 3) show that the two test 
configurations yield statistically equivalent results. 

Table 3: Comparison of GTEL Standard and MIL-Std-1942 (MR) 
Configuration A Modulus of Rupture 

Sample Size MOR' 2-Parameter 
Fixture ( m m )  ( M W  Weibull Modulus 
MI L- Std- A 1.5x2.0x25.0 1029 rtI 130 7.9 
GTEL-Std. 1.3x2.5x25.0 1049 rt 163 6.7 

*Average of 20 samples 
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Su rnrnary 

The objectives of the program "Dispersion-Toughened Silicon Nitride" carried 
out within the scope of the Ceramic Technology for Advanced Heat Engines (CTAHE) 
program are to develop an advanced toughened silicon nitride com site and a process 
for near net shape part fabrication. The work on this program initiated in 1985. 

The initial phase of the program as considered particulate and whisker- 
reinforced composites and examined the e ct of Tic and Sic dispersoids on fracture 
toughness of Si3N4. The best results e obtained with whisker reinforcements. 
silicon carbide whisker-reinforced Si3N4 was selected for further development. 
Conducted research has identified fundamental microstructure-property 
relationships as well as essing parameters required to produs nse composites 
of simultaneously impr fracture toughness and strength.1 :edictive model 
that relates microstructure-fracture toughness dependence adevelo and scrutinized 
in the course of these studies has shown that the fracture toughness of polycrystalline 
ceramics could be affected by changes of grain size and shape as well as strength of 
intergranular bond. Accordingly, i t  was shown that a deflectionldebonding 
mechanism could utilize Si3N4 whiskers to toughen Si3N4 body.2 Si3N4-SiC 
composites offer a number of distinct advantages over "monolith." One advantage, in 
addition to their improved thermal shock and wear resistance, due particularly to 
improved conductivity and hardness, is their tailorability with respect to high 
temperature properties. While the toughness of silicon nitride monolith can be 
raised by grain or, for that matter, whisker growth in situ, the required low surface 
tension and viscosity of liquid needed to promote such growth will tend to result in 8 
material of reduced high temperature strength. It was therefore considered that in 
the heat engine applications, Si3N4-SiC whisker composites have, due to their higher 
hardness thermal conductivity, thermal shock and wear resistance, a definite 
advantage and warrant further development. In the current program (Phase I ! ) ,  
1987-19989, the properties were further improved to achieve nearly two times 
higher fracture toughness and concurrently improved elevated temperature 
(1 4SOOC) strength of the composite. These improvements were obtained through 
optimization of processing and modifications of composite phase assembly, primarily 
intergranular phase (Figure 62). 

Development of the process for near net part fabrication which ~ o n ~ ~ ~ ~ r a ~ ~  
on injection molding has demonstrated the feasibility of this forming method an 
produced hot isostatically pressed materials with properties e ualing those of hot 
pressed laboratory specimens. At this point in time, the process has been brought to 
a level where development slaould more appropriately shift toward upscaled 
production of parts in a program such as ATTAP that also provides application testing. 
This technology was transferred and incorporated into the ATTAP program at GTE 
Laboratories, where it has been applied in injection modeling of ATTAP rotors 
(Figure 13). 
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Batus of milest- 

was prepared and submitted to ORNL for review. 
The execution of the program has been completed: A draft of the final report 

M i l e s  tone 

122301 

122302 

122303 

122304 

122305 

Schedule 

Complete analysis of candidate 
silicon nitride powders and 
silicon carbide whiskers for 
fabrication of whisker-toughened 
silicon nitride composites; choose 
the reference materials for the GTE 
composite development program. 

Complete use tests, select best 
materials, and submit a draft of 
an open literature publication. 

Evaluate effects of sintering aids 
and process variables on composite 
properties. Select optimum systems 
and submit a draft of an open 
literature publication. 

Complete process optimization and 
generate process flow sheet. 

Submit final draft report to ORNL. 

May 31, 1988 

Dec. 31, 1988 

Oct. 31, 7989 

Dec, 31, 1989 

Jan. 31, 1996) 
Mar. 31, 1990 

Completed 

Completed 

Completed 

Completed 

Delayed 
Compieted 

"Tensile Creep of Sic Whisker-Reinforced Silicon Nitride" by B.J. Hockey, 
S.M. Wiederhorn, and W. Liu (NIST) and J.G. Baldoni and S.T. Buljan (GTEL), Pruc. 
27th Auto. Tech. Dev. CCM, P-230, 251-257 (1990). 

"Creep and Crack Growth Resistance of Silicon Nitride Composites," Ceramic 
and Components for Engines, Ed. V.J. Tennery, The American Ceramic Society, Inc., 
Columbus, OH, 786-795 (1 989). 

"Tensile Creep of Whisker-Reinforced Silicon Nitride," B.J. Hockey, S.M. 
Wiederhorn, W. Liu (NIST), J.G. Baldoni and S.T. Buljan (GTEL), 4. Mat, Sci. (to be 
published). 
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Fracture toughness of Si3N4 Composites," Whisker and Fiber-Toughened Ceramics, Eds. 
R.A. Bradley, E.E. Clark, D.C. Larsen, and J.O. Steigler, ASM International, 113-123, (1988). 
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The goal of this project is to obtain dense silicon nitride composites containing silicon 
carbide whiskers by transient liquid phase sintering. The systems SiAlON, SiAlON- 
Garnet (Y3A15012) and SiA1ON-Cordierite (Mg2Al&i@18) were selected for this 
study. An additional system, SiAlON-N-phase (MgAlZSi;106N4), was later added to 
the study. Mixtures of the starting materials form a sufficient amount of liquid to aid 
densification at the sintering temperatures. After sintering, the axnorphous intergranular 
phase can be crystallized by heat treatment. 

Technical I-li ghli ghts. 

The models proposed for describing the toughening of a ceramic matrix by whisker 
reinforcement emphasize the importance of four principal mechanisms in increasing the 
fracture energy of the composite materiak1-4 

1. Crack deflection along and around the whiskers which increases the fracture 
surface area. 

2. Debondhg of the whisker from the m a ~ x  which absorbs energy in fracturing the 
interface. 

3. Bridging of the crack by whiskers which stores elastic strain energy in the 
unfracturd whisker. 

4. Pull-out of the whiskers in the crack wake which absorbs energy in overcoming 
the interfacial friction. 

All of these mechanisms can be directly coupled to a dependence on the properties of 
the whisker/matrix interface, particularly in terns of the bond strength and the 
interfacial stress state. The ability to predict and control the interfacial properties would 
enhance the ability to engineer the microstructure of these composites. 

One possible method of varying the stress state at the whiskerhatix interface is by 
incorporating an interfacial phase with a thermal expansion coefficient which either 
matches (low stress) or is significantly different from (high stress) that of the matrix 
and reinforcing phases,3-5 A high tensile stress at the interface would reduce the bond 
strength between the whiskers and the matrix, and should result in enhanced debonding 
and pull-out, thus increasing fracture toughness. 

The sintering aids used to help densify S i c  whisker reinforced Si3N4 are believed to 
forni a continuous intergranular layer. Two sintering aids were selected for evaluation, 
YAG (Y3A15O12) and N-phase6 (Mg&Si.+&N~). The thermal expansion coefficient 
of Si3N4 is 3.0 x lO-”/“C, while that of SIC is 4.5 x 10-6/”C. N-phase has a thermal 
expansion coefficient of about 2.6 x 10-6/”C, slightly less than that of Si3N4, while 
YAG has a much larger thermal expansion coefficient, 8.0 x lO-s/”C. The difference in 
thermal expansion coefficient between the two sintering aids should allow evaluation of 
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the possibility of modifying the stress state at the whisker/matrix interface. Coinposites 
with an N-phase intergranular phase should have a low-stress or stress-free interface 
after cooling from the crystallization temperature, while the YAG-containing 
composites should develop significant tensile stresses at the interface upon cooling. 
This variation in stress state should result in differences in the measured fracture 
toughness, between composites made with the two different sintering aids and between 
the as-fired (glassy interface) and the heat treated (crystalline interface) composites. 

2.0 EXPERIMENTAL 

Sic whisker reinforced Si3N4 composite compositions and test samples were prepared 
to compare the effects on mechanical properties of varying the properties of the 
intergranular phase. The compositions of the samples which were evaluated are given 
in Table 1. Two liquid phase sintering aids were used, N-phase (MgA12Si&,N4) and 
YAG (Y3A15012). Both have been found to be effective sintering aids for pressureless 
sintering of Sic  whisker reinforced Si3N4 and both phases have been crystallized by 
heat treatment after ~intering.~ The amount of sintering aid addition in sample Y 1 was 
12 vol.%, in samples Y2 and Y3 6 vol.%. The corresponding N-phase samples 
contained the same equivalent percent of the anionic species. It had been found in 
previous studies of pressureless sintering that comparable densities were achieved for 
different sintering aid additives by using the same atomic percent oxygen in the 
comp~sition.~ Two different matrix compositions were also evaluated, P-Si3N4 and 
PlySiAlON (SisAlON7). AH of the compositions contained approximately 20 vol.% 
Sic  whiskers. 

2.1 PROCESSING 

The details of the processing procedure were descibed in a previous report.8 The 
matrix and sintering aid powders were attrition milled for three hours using isopropyl 
alcohol and alumina media. The whiskers, which had been dispersed using an 
ultrasonic shear homogenizer, were then added to the attriton mill and blended with the 
powders for one hour. The resulting slurry was oven dried. A mortar and pestle was 
used to break up the dried cake. The powders were then hot pressed at 1700°C under a 
static nitrogen pressure of about 0.07 MPa (10 psi). Consolidation by hot pressing 
rather than pressureless sintering was used to minimize variations in the microstructures 
(such as density and grain size) which could also have an effect on the mechanical 
properties. A portion of the samples were subsequently heat treated at 1350°C for 20- 
22 hours in a mildly flowing nitrogen ahnosphere to crystallize the grain boundary 
phase. 

2.2 PROPERTY b&ASUREMElNT 

The density of the hot pressed samples was measured using Archimedes method. The 
elastic modulus was measured using an acoustic pulse-echo apparatus. 

Four-point bend test specimens measuring 42 x 3 x 2.25 mm were machined from the 
hot pressed samples to evaluate the room temperature fracture strength and fracture 
toughness. The edges of the bars were chamfered and the tensile surface was final- 
ground using 6 prn diamond media before being polished to Linde B. Fracture strength 
and fracture toughness were measured in four-point bending. The four-point bend test 
fixture was fully articulated, and had an outer span of 30 mm and an inner span of 15 
mm. A universal testing machine was used to fracture the test bars at a strain rate of 1 x 
lO-d/sec. The strain rate, k,  was calculated using the following relationship: 
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where d is the thickness of the test bar, s is the crosshead speed, and L is the outer span 
of the test fixture. The fracture strength, ci, was calculated from the following equation: 

where PI is the load at fracture, L2 is the inner span of the test fixture, and b is the 
width of the test bar. 

The controlled surface flaw method was used for the fracture toughness determination. 
A Vicker's diamond point indent which was oriented orthogonally to the test bar was 
made at the midpoint of the inner span on the tensile surface. An indentation load of 
either 15 or 25 kg was used. The critical stress intensity factor, KI,, was then 
calculated after fracture using Chantickul's quation:9 

where E is Young's modulus, H is the hardness, and P2 is the indentation load. The 
critical strain energy release rate, G ~ ,  was also calculated and is given by: 

3.0 R m u m  AND DISCIJSSION 

The x-ray diffraction patterns of the samples are shown in Fig. 1. Analysis of the 
patterns showed that N-phase and YAG had been crystallized after annealing in the p13- 
SiAlON compositions (Yl, Y2, N3 and N2). The P-Si3N4 - YAG composition (Y3) 
showed some retained cr-Si3N4 and a small amount of Y2Si2O7, but no YAG. The p- 
Si3N4 - N-phase sample (N3) showed considerable a-Si3N4 and no evidence of 
crystallization of the sintering aid. 

The property measurement results are siimmarized in Table 2. Samples which received 
a crystallization heat treatment are indicated by an "A" in the sample code designation. 
The measured densities of the hot pressed samples were between 98 and 100% of the 
calculated theoretical density. Young's modulus was between 284 and 330 GPa, 
increasing with lower sintering aid content and after heat treatment. Thc hardness 
varied from 16.06 to 18.43 GPa and showed a similar dependence on sintering aid 
content and heat treatment. 

The results of the fracture strength and fracture toughness measurements are shown 
graphically in Figures 2 and 3. The fracture strength values (Fig. 2) were quite 
uniform for all of the as-fired composites at about 800 MPa and always decreased after 
heat treatment. The decrease varied from 11 to 35% and shows a clear dependence on 
the amount of sintering aid in the composition, the greater the sintering aid content the 
greater the loss. The j313-SiAlON - N-phase compositions show the greatest percent 
change in strength after heat treatment with losses of 30 - 35%. The fracture 
toughness values which ranged from 3.11 to 5.44 MPadm (Fig. 3) show a similar 
dependence on the heat treatment and the amount of sintering aid. The toughness 
decreases after heat treatment and with increasing sintekng aid content. 'The toughness 
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also appears to depend on the matrix phase composition, the P-Si3N4 compositions 
have a higher toughness than the Pl3-SiQlON compositions. 

Examination of the fracture surfaces indicates that samples with the higher fracture 
toughness values show a predominantly intergranular fracture mode with clear evidence 
of crack deflection and subsurface fracture of bridging whiskers. The low toughness 
samples showed a transgranular fracture mode with little crack deflection. Examples of 
the fracture surfaces are shown in Fig. 4. 

The differences in toughness between the as-fired YAG and N-phase samples are 
consistent with the predicted differences in the thermal expansion mismatch strains at 
the whiskerimatrix interfaces in the composites. The subsequent loss of toughness 
after heat treatment may be due to the formation of strong interfacial bonds after the 
long-term thermal exposure. Additional analysis is currently underway to identify the 
specific mechanisms which control the composite properties. 

4.0 CONCLUSIONS 

The mechanical properties of 20 vol.% Sic  whisker reinforced Si3N4 composites 
which contain sintering aid additives which have widely different thermal expansion 
coefficients show a clear variation which depends on the sintering aid and the heat 
treatment after hot pressing. The results for the as-hot-pressed samples are consistent 
with the predicted thermal expansion mismatch strains at the whisker/matrix interface. 
A loss in both fracture strength and fracture toughness is observed after heat treatment, 
and may be due to the formation of strong interfacial bonds which inhibit crack 
deflection and whisker pullout. 

Status of Milestones 

On schedule. 

Communica tionsNisitdTrave1 

None. 

Problems Encountered 

None. 

pU blications 

None. 
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Table 1. Composition of 20 vel.% SIC whisker reinforced SUN4 c0mposites.t 

AUi - H. C. Stprdr, G ~ c  A Lat 5-8584B 
A B 0 3  - Maldoff Industries, Inc., RC-HP DBM Lot BM-2 194 
MgO - Mdlenkrodt, MgC03(5942) La UTI, Cdcind at 1000 c 
Y203 - MO~~CXI Thidrol, hc., 87829 Lot 117G 
SIC Whisken - Tateho Chemical Industries, SCW#l -S Lot 245 

*Composition Y 1 mtains 12 vd.% YAG sintering aid. Y2 and Y3 contain 6 voL%. The comsponding N ccinP0sit;ans wem 
formulated to am& h e  same quivdent pemnt of Ihe m i h c  specie% 
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Figure 1. X-ray diffraction patterns of 20 vol.% Si@ whisker reinforced Si3N4 composites 
containing different sintering aids in the as-fued condition (Yx or Nx) and after heat treatment 
(xxA): The principal peaks axe due to P-Si3N4. The p-Sic peak is Seen at 60' 28. Peaks due to 
the secondary phases are ickndfied in h e  patterns. a) Y 1 and Y lA, b) N1 and N1 A. 
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Figure l(cont.). X-ray diffraction patterns of 20 vol.% S i c  whisker reinforced Si3N4 composites 
containing different sintering aids in the as-fired condition (Yx or Nx) and after heat treatment 
(xxA). The principal peaks are due to P-Si3N4. The B-SiC peak is Seen at 60' 28. Peaks due to 
the secondary phases are identified in the pattern. c) Y2 and YZA, d) N2 and N2A. 
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Figure l(cont). X-ray diffraction pamms of 2.0 vol.% Sic whisker reinforced Si3N4 composites 
containing different sintering aids in the as-fired condition (Yx or Nx) and after heat treatment 
(xxA). The principal peaks are due t~ P-Si3N4. The -Sic peak is Seen at 60' 20. Peaks due to 
the secondary phases ~ I C  identified in the patkms. e) Y3 and Y3A, f )  N3 and N3A. 
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Figure 4. Fracture surface of a) sample Y 1 showing primarily intergranular fracture and b) sample 
NlA showing primarily transgranular fracture. Sample Y 1 had a higher fracture toughness than 
sample N 1 A. 
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1.2.3 Oxide Matrix 

Disoersion-Touahe ned Oxide Corn posites 
T. N. Tiegs, W. H. Elliott, and P. A. Menchhofer (Oak Ridge National Laboratory) 

Qbiective/scope 

This work involves development and characterization of SIC whisker-reinforced 
ceramic composites for improved mechanical performance. To date, most of the work 
has dealt with alumina as the matrix because it was deemed a promising material for initial 
study. However, an effort in SIC whisker reinforced-silicon nitride and sialon is in progress. In 
addition, studies of whisker-growth processes were initiated to improve the mechanical 
properties of Sic whiskers by reducing their flaw sizes. In-situ acicular grain growth is also 
being investigated to improve fracture toughness of silicon nitride materials. 

Technical Droaress 

Hot-pressed silicon nitride and sialon-Sic whisker composites 

Results reported previously for the silicon nitride and sialon composites showed that 
impurities (mainly Si021 associated with the SIC whiskers have a detrimental effect on the 
high-temperature strength. The magnitude of the degradation is a function of the type of 
whisker (which dictates the impurity content), the total whisker content, the sintering aid 
type, and the sintering aid content. The S i 0 2  is believed to react with the sintering aids and 
change the composition of the intergranular glass phase. 

investigate techniques to control the intergranular glass phase, and tests are currently in 
progress. The different compositions fabricated are shown in Table 1. The parameters 
being investigated include methods to benificiate the SIC whiskers (to reduce the impurity 
levels), modification of intergranular glass-phase composition, and crystallization of the 
grain-boundary phases. High-temperature strength will be performed at 1200 to 140O0C. 

It has been well known that silicon nitride materials can be encouraged to grow 
elongated grain microstructures. Significant toughening can be obtained in this manner 
and processing of the materials is simplified in comparison to whisker-toughened 
composites. An initial series of silicon nitride materials, as shown in Table 2, is currently being 
fabricated to assess the role of grain microstructure on fracture toughness. The 
compositions will give a range of microstructures and grain sizes. 

Based on those results, an additional series of samples has been fabricated to 

Status of milestones 

Milestone 123109, "Identify flaws in Sic whiskers and assess their effect on strength, 
submit progress report," is completed. Results are reported in the paper entitled 
"Identification and Development of Optimum Silicon Carbide Whiskers For Silicon Nitride 
Matrix Composites," by Terry N. Tiegs, Larry F. Allard, Paul F. Becher, and Matt K. Ferber. 

Publications 

"Identification and Development of Optimum Silicon Carbide Whiskers For Silicon 
Nitride Matrix Composites," b y  Terry N. Tiegs, Larry F. Allard, Paul F. Becher and Matt K. 
Ferber; submitted for publication in proceedings of Automotive Technology Contractors' 
Coordination Meeting, October 23-26, 1989, Dearborn, MI. 
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Table 1. Test matrix for silicon nitride and 
sialon composites at elevated temperature 

Sintering aid %whisker 
Matrix content 

corn posi tion (vel%> Content TypeU 

6% Y2O3-2% AI203 
2% YAG 
6% Y2O3-2% AI203 
2% YAG 
GN-10 Type 
6% Y2O3 
GN-10 Type 
0.5% YAG 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 
6% Y2O3-2% AI203 

None 
None 
20 
20 
20 
a0 
20 
20 
20 
10 
30 
20 
20 
a0 
20 

- - -  
--- 
AMP 
AMP 
AMP 
AMP 
AMP 
AMP 
AMlc 
AMlc 
AMlc 
Tokai Carbonc 
Tokai Carbonc,d 
ACMCC 
ACTC 

aAMl is American Matrix, Inc.; ACMC is Advanced Composites 
Materials Corp.; ACT is Advanced Ceramic Technology. 

bAcid-leached to remove excess silica. 

cTo be used for intergranular glass crystallization tests. 

Coated with approximately 25-A carbon. 

Table 2. Test matrix of silicon nitride materials to assess 
role of grain microstructure on fracture toughness 

Composrtion Comments 
~ ~ ~~ 

Si3N4-6% Y2O3-2% AI203 
Si3N4-6% Y2O3-2% AI203 
Si3N4-GN- 10 additives 
Si3N4-8% La203 
Si3N4-3% Y203-4% La2O3-2% AI203 
Si3N4-3% AIN-2% Y2O3 
Si3N4-6% AIN-4% Y2O3 
Si3N4-10% AIN-6% Y2O3 

20% B-Si3N4 
40% B-Si3N4 
Alternate glass phase 
Alternate glass phase 
Alternate glass phase 
a' - 8' Composite 
a' - B' Composite 
a' - 8' Composite 
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Processing and Characterization 
Ceramics with Strength Retention 

R . A .  Cutler and C. B. BrinkDeter 

of Transformation Toughened 
to Elevated Temperatures 

( Ceramatec , Inc + 1 , 
A.V. Virkar and D.K. Shetty- (University of Utah) 

Objective/Scope 
Previous work[l] has shown that it is. possible to 

increase the strength of A1203-Zr02 ceramics by incorporating 
transformation-induced residual stresses in sintered specimens 
consisting of three layers. The outer layers contained A1203 
and unstabilized Zr02, while the central layer contained A1203 
and partially stabilized ZrO2. When cooled from the sintering 
temperature, some of the zirconia in the outer layers 
transformed to the monoclinic form while zirconia in the 
central layer was retained in the tetragonal polymorph. The 
transformation of zirconia in the outer layers led to the 
establishment of surface compressive stresses and balancing 
tensile stresses in the bulk. In theory, the residual stress 
will not decrease with temperature until the monoclinic to 
tetragonal transformation temperature is reached since 
monoclinic and tetragonal Zr024p01ymorphs have nearly the same 
coefficients of thermal expansion. 

During the first two years of OKNL funding it was 
demonstrated that 1) three layer composites could be made with 
retention of compressive surface stresses to temperatures of 
75OoC[2,3]; 2) residual stresses could be detected by strength 
testing[2,3], strain gauge measurements[4], characterization 
of monoclinic content by x-ray diffraction[2], or 
indentationlstrength measurements[5]; 3) the three layer 
composites have excellent damage resistance[5]; and 4) 
significant (300-400 MPa) residual compressive stress which is 
not transformation-induced can be introduced by grinding 
monolithic A1203-15 vol. % ZrOz(3.0 mol. % Y203). 

The objectives of the present two year subcontract are 1) 
to increase the use temperature of three-layer composites by 
substituting HfO2 for Zr02, 2) develop aqueous and nonaqueous 
s l i p  casting techniques f o r  three layer composites in order to 
obtain better layer uniformity and to maximize residual 
compressive stress by optimizing the outer layer thickness, 3 )  
superimpose temperature stresses on transformation-induced 
stresses in three layer composites, and 4) demonstrate 
improved thermal shock resistance and damage resistance in 
optimized composites. 

Technical Proqress 

Thermal Shock Testing 

Monolithic and I1three-layervt A1203-15 vole % Zr02 rods 
approximately 6.5 mm in diameter by 150 mm long were s l i p  cast 
using a 35 vol. % solids loading in water. Solid cylinders 
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were cast instead of plates (which were subsequently cut into 
bars) in order to form a layer of high compressive stress over 
as much of the surface as possible. The llthree-layerll rods 
consisted of an outer case of A1203-15 vol. % ZrOZ and an 
inner core of A1203-15 vol. % Zr02 (3 mol. % Y2O3). The outer 
layer thickness was controlled by the length of time the 
unstabilized zirconia slip was left in the mold. The green 
rods were air dried and then sintered at 1585°C for 3 0  
minutes. They were subsequently HIPed at 1550°C for 30 
minutes using 200 MPa applied Ar overpressure. The densified 
rods were cut into lengths of z45 mm and then surface ground 
circumferentially using a 1000 grit ( ~ 1 0  pm) diamond wheel to 
obtain cylinders approximately 4.5 mm in diameter. The ground 
cylinders were testing in three-point bending using a span of 
32 mm at a crosshead speed of 0.5 mm/minute. Samples were 
heated to various temperatures and held for 15 to 30 minutes 
before quenching in ice water ( 0 ° C ) .  

The strength data are displayed in Table 1 and Figure 1 
for monolithic outer, inner and llthree-layerll rods. The "as- 
sintered" strengths were similar to those reported previously 
for bars in four-point bending. This is most likely due to 
the circumferential grinding in the case of rods and 
longitudinal grinding in the case of bars. The inner layer 
rods had a AT of slightly less than 3 O O 0 C ,  the outer layer 
rods had a AT of ~ 3 2 5  and the 8'three-layer" rods had a AT of 
~425. The exposed ends of the "three-layerl' rods were the 
regions most susceptible to thermal shock and totally 
encapsulated rods would likely have resulted in a higher T 
for this material. Individual llthree-layer'l rods had 
strengths greater than 1200 MPa at temperatures up to 4 2 5 ° C .  
Since thermal shock under severe cooling conditions generally 
initiates from the outer surface of monolithic components, the 
increase in thermal shock resistance of the three-layer rods 
over the outer layer rods is of interest. This increase of 
100°C can be compared with what would be expected for the 
strength improvement due to the surface compressive layer. 

The compressive stress, oC, in the outer case and the 
balancing tensile stress, at, in the inner core can be easily 
calculated assuming a square-wave stress distribution. These 
stresses are given by 

and 

where A is the cross-sectional area of the rods, E is Young's 
modulus, A E ~  is the unconstrained strain in the outer layer 
from the transformation of Zr02, v is Poisson's ratio and the 
subscripts 1 and 2 refer to the case and the core, 
respectively. The outer case thickness was approximately 
0.375 mm or 1/12 the diameter of the rods. Taking values of 
4 . 8 6 ~ 1 0 - ~  m2, l.lO~lO-~ m2 and 1.59~10-~ m2 for AI, A2, and A, 
respectively, E of 340 GPa, A E ~  of 1.47~10-~[3] and Poisson's 
ratio of 0.25 results in a compressive residual stress of -463 
MPa 'in the case and a residual tensile stress of 204 MPa in 
the core. The calculated compressive stress is in fair 

Oc = -(A2/A)EAEo/(1-V) (1) 

a t  = (A1/A) ==w (1-1 ( 2 )  
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Table 1 

Thermal Shock Data 

A T  ("C)- a 
0 

199 
297 
343 
400 
424 
454 

Room Temperature Bend Strength (MPa) 
d OuterQ InnerC T h re e - La ye r--- 

830i-27 1185&109 1206536 
839- 1167 1166 
781 3 0 5  1303 
178 104 
14 5 73 953 

694 
354 

--- 
--- --- 
--- --- 

__.._.__I 6 --- --- 502 
a. 

b. Monolithic A1203-15 vol. % ZrOZ. 
C. Monolithic A1203-15 vol. % Zr02(3 mol. % Y203). 
d .  Outer layer 1/12 the diameter of the rod. 

Temperature change between samp1, temperature and 0 C 
quench temperature. 

agreement with the increase in room temperature strength 
between the outer (830+27 - MPa) and the "three-layer" (1206- l -36 _. 
MPa) rods of 376 MPa. 

Based on the e a r l y  work of Hasselman[6,7] it i s  possible 
to explain the improved thermal shock resistance of the A1203- 

n 

2 
E - 1000 
5 

2 z 
P 5 0 0  
8 

M 
E 

E 

0 

0 
- m- - \  I 

-0 - -- 

I:= I 
Three-Layer 

I . . . I  I .  . .  

I 

% 
' I  
' I  \ 

A- 

Figure  1. Thermal shock behavior of monolithic and 8'three- 
layernv A1203-15 vol. % Zr02 quenched in ice water.  
Layered rods with surface compressive stress of 
~ 4 0 0  MPa have critical AT 100°C higher than 
monolithic rods. 
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15 vol. % Zr02 ceramics having substantial compressive surface 
stresses as compared to the monolithic ceramics of similar 
composition, modulus and thermal expansion. The expected 
increase in AT, the critical temperature difference to which 
the rods are subjected in order to initiate crack growth and 
decrease strength, for a material with compressive residual 
stress is given by 

where A T O  is the temperature differential in the absence of 
residual stress given by [ af (1-v) / (YE]  f (k/ah) where of is the 
unquenched strength, (I! is linear coefficient of thermal 
expansion, k is the thermal conductivity, h is the surface 
heat-transfer coefficient and a is the characteristic heat 
transfer length. The work of Becher et a1.[8] investigating 
the effect of sample size on the thermal shock resistance of 
ceramics shows the need to take the Biot modulus (ah/k) into 
account in calculating A T .  The Biot modulus was taken as 9 
assuming h=10 W/cm2"C and k=0.25 W/cm"C. This suggests that 
for the severe thermal shock conditions of ice water, as 
compared to boiling water, the effect of Biot modulus on A T  
for 4.5 mm diameter rods will be sma11[9] so that f(k/ha) will 
be near unity. Based on Equation ( 3 ) ,  the predicted increase 
in AT for the "three-layer1I rods is 123°C using the calculated 
compressive stress, or 100°C using the room temperature 
strength differential between outer and 'Ithree-layer1l rods. 
It is seen from the experimental data (ATZ10O"C) that there is 
excellent agreement between the predicted and observed 
increase in thermal shock resistance for the tlthree-layertl 
material. The reason for the low values for A T  (300-425°C) 
measured in the present study in contrast to the high values 
(AT > 8 0 0 ° C )  reported by Becher[lO] for monolithic A1203-Zr02 
composites is believed to be due to the more vigorous quench 
of the ice water as compared to boiling water and to the 
difference in sample thickness between the two studies. 

The improved thermal shock resistance of the three-layer 
composites agrees with predictions based on compressive 
surface stress of ~ 4 0 0  MPa. These results show that residual 
compressive stress of substantial depth in layered composites 
not only increases strength, apparent toughness and damage 
resistance, but also makes the materials more resistant to 
thermal shock. 

A T  = A T o  + [~,(l-v)/aE]f (k/ha) ( 3 )  

Indentation/Strength Testing 

Indentation/strength testing of slip cast monolithic and 
three-layer A1203-15 vol. % Zr02 was performed in order to 
determine their response in comparison to the dry pressed bars 
tested previously[5]. The main differences between the dry 
pressed and the slip cast bars were the improved strength of 
all three slip cast materials and the increased uniformity of 
the outer layer thickness in the three-layer slip cast 
bars[ll] . In addition, the thickness of the outer layers of 
s l i p  cast three-layer bars was w 2 5 0  pm in comparison ta dry 
pressed bars with outer layer thickness of ~ 3 7 5  pm. 



167 
A standard (136.) Vickers indenter was adapted to a 

universal testing machine and the bars were indented at a 
constant crosshead speed (0.05 mm/min) to the selected maximum 
load, held 10 seconds, and unloaded. A drop of dry mineral 
oil was placed at the site of the indentation before loading 
to minimize postindenation subcritical crack growth from 
moisture. Strengths of the indented specimens were assessed 
in four-point bending ( 4 0  mm support span and 20 mm loading 
span). Fractography was used to verify that the fracture had 
initiated from the indent. Five to seven bars of each 
composition (monolithic outer, monolithic inner, and three- 
layer) were indented at loads of 16, 37, 64, 126, 297 and 
1000 N. 

The indentation response of the slip cast materials are 
shown in Figures 2 and 3 .  Based on superposition of stress it 
can be easily shown[5] that the fracture strength, of, 
expected for three-layer composites which have been indented 
at load P is given by 

where C is a constant equal to 2.02[5], K I ~  is fracture 
toughness, is the unconstrained strain in the outer layers 
from the transformation of Zr02, E is Young's modulus, d2 is 
the inner layer thickness, H is hardness, v .is Poisson's ratio 
and d is the thickness of the bar. According to Equation ( 4 ) ,  
a plot of af vs should yield a straight line. with a 
slope related ta Krc and an intercept giving the compressive 
residual stress, oC. Taking values of E = 3 4 0  GPa, H=17 GPa, 
linear regression of the data for monolithic specimens gave 
slopes corresponding to Kqc values of 5.35 and 5.03 MPa.m1/2 
for outer and inner materials, respectively. Both materials 
had intercepts near zero, showing that they were free of 
residual stress (see Figure 2). A linear regression of the 
data for the three-layer composites gave a slope corresponding 
to a fracture toughness o f  5.75 MPa.m1/2, similar to the 
monolithic materials, as predicted previously[5]. It is 
interesting to note, however, that there w a s  very little 
decrease in strength at high indentation loads (greater than 
125 N) suggesting that the three-layer material has even 
better damage resistance than predicted by Equation (4). The 
intercept from the linear regression gave a value of 588 MPa 
for the compressive stress. This value of oc is higher than 
the difference in strength of 4 9 7  MPa when comparing the 
unindented bars (see Figure 3 ) .  These data confirm the 
superior damage resistance of materials made using the three- 
layer concept and show that improved resistance to contact 
damage can be expected for ceramic components made using this 
technique. 

Indentation/strength measurements demonstrated the 
excellent damage tolerance of three-layer A1203-15 vol. % Zr02 
composites. In order to show the practical extension of this 
technology, totally encapsulated ~5 mm diameter rods were 
fabricated by slip casting such that pits on the order of 50-  
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Figure 2 .  Fracture stress (of) versus inverse t;i,Le root load 
plots f o r  the slip cast three-layer and 

monolithic ceramics. 
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Figure 3. Indentation load dependence of fracture stress f o r  
the slip cast three-layer and the monolithic 
ceramics. 
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2 5 0  pm were prevalent on the surface but were rarely present 
in the bulk. The outer layer of the rods was z425 pm thick 
and surface compressive stress was on the order of 400 MPa. 
The strength (5 rods broken in 4-point bending using an' inner 
span of 20 mm and an outer span of 4 0  mm) of the "as-IIIPedV1 
material was 908+116 MPa, as compared to strength of 1,211 
- +123 MPa for three-layer rods which were ground to a 30pm 
surface finish. In contrast, monolithic outer layer rods had 
strength of 476284 MPa in the "as-HIPedrl state and 830+27 MPa 
in the ground state. The change in strength between the 
ilthree-layertl and tlmonolithic outer layer" materials was 
improved at larger flaw sizes. This means that as long as the 
outer layer thickness of the "three-layer" composite is 
sufficiently larger than the surface flaws, that strength 
improvement consistent with the indentation/strength data can 
be expected in components. In order to further explore the 
use of three-layer composites, monolithic and three-layer 
composite cam followers are being fabricated for automotive 
tests. 

X-ray Measurement of Compressive Stress 

Previously, it was shown that substantial compressive 
stress could be introduced into A1203-15 vol. % Zr02 ceramics 
during grinding[l2]. Research by Johnson-Walls, et a1.[13] 
suggested that the depth of compressive layer associated with 
the machined surface in Si3N4 was -"lo pm. Dry pressed samples 
of A1203-15vol. % Zr02, A1203, and Zr02 (see Table 2 )  were 
sent to Dr. David Marshall at Rockwell International for 
surface stress analysis using x-rays[13]. Dr. Michael R. 
James performed the CuKa x-ray analysis using (416) and (629) 
planes for A1203 and Zr02, respectively. When using CrKa 
radiation, (1.1.10) and ( 3 3 1 )  planes were used for A1203 and 
Zr02, respectively. In Al2Q3, the respective penetration 
depths for Cu and Cr radiation are 32 and 10 pm (i.e., 67% of 
the diffracted radiation comes from a depth less than these 
values (87 and 27 ym for 95% return)). Thus, the difference 
in residual stress between the two radiations represents the 
gradient of residual stress with depth. The penetration 
depths are slightly less for Zr02 (or Zr02 containing 
materials) since Zr is approximately three times more 
absorbent than Al. 

The measured compressive residual stresses are shown in 
Table 3 .  Surprisingly, the inner monolithic material which 
showed a large strength increase with grinding, despite no 
observable transformation, also showed low residual stress and 
low dependence of residual stress on depth of penetration. 
Further work is needed to explain the significant 
strengthening which occurs upon grinding the inner layer 
material. The outer layer and three-layer (the outer layer of 
the three-layer sample was the surface exposed to radiation) 
materials showed significantly higher residual stresses at 
shallower penetration and were strongly i n f l u e n c e d  by 
grinding. The 98 MPa compressive stress for A1203 using CrKa 
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Table 2 

for XRD Stress Analysis 
Strength and % Monoclinic Zr02 of Samples 

Composition % m-Zr02 Strength (MPa) 
s- 1 q2 f- 3 unqround- 4 qroundz- 

A1203-15V/oZr02(3 mol.%Y203) <1 <1 <1 485234 926278 
A1203-15V/oZr02 83.1 85.6 88.5 389+23 650259 

679x56 879251 
Zr02(3 mol. % Y203) <1 1.9 24.8 677563 998273 

-- 308+30 434+64 A1203 
1. Sintered surface. 
2. Ground surface. 
3. Fractured surface. 
4. Chamfered by hand before HIPing with no other grinding. 
5. Machine ground (220 grit wheel at a down feed of 2.5 
,um/pass before spark out) after HIPing. 
6 .  Not determined. 

Three-layer A1203-15V/oZr02 --6 -- -- 
-- -- 

radiation compares with 125-145 MPa as reported by Lange, et 
al. [14]. Zr02 (3 mol. % Y2O3) showed a strong dependence of 
residual stress on depth, with residual stress which 
correlated well with the observed strength increase. There 
was no overall correlation of compressive stress with strength 
increase for the materials tested. The residual stress 
difference between three-layer and outer layer A1203-Zr02 as 
determined by x-ray diffraction and strength measurements were 
both on the order of 300 MPa, verifying the substantial 
residual stress created by the stress-induced transformation 
in the three-layer composites. 

Substitution of Hf02 fo r  Zr02 

The monoclinic --> tetragonal transformation temperature 
is significantly increased for Hf02 as compared to Zr02. A 
solid solution of Hf02'50 mol. % Zr02 was made by milling and 
subsequently calcining unstabilized powders at 1700°C. The 
calcined powder was x-rayed (to make s u r e  that a solid 
solution had formed) and reground before mixing with A1203 to 
make a A1203-15 vol. % HfO2*ZrO2. This powder was used as the 

Table 3 
Residual Stress Determined at Rockwell International 

by X-ray Analysis 

Composition Residual Stress (MPa) 
CuKa Radiation CrKa Radiation 
unqround qround unqround qround 

A1203-15V/oZr02 (3 mol.%Y203) -131 -203 -173 -261 
A1203-15V/oZr02 -131 -256 -267 -822 
Three-layer -486 -711 -570 -1106 
Zr02(3 mol. % Y2O3) -44 -15 -81 -271 
A1203 -136 -135 -101 -199 
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outer layers to make a three-layer composite with the inner 
layer composition being A1203-15 vol. % ZrQ2 ( 3  m o l .  % Y2Q3). 
The room temperature strength of the composite was 947+164 MPa 
(5 bars). The strength a t  1000°C was 523+23 MPa, This 
strength is not improved over the 577548 MPa scrength measured 
at 1000°C for three-layer Al2O3-15 vol. % ZrO2 composites. 
While the concept of improving the high temperature strength 
of three-layer A1203-Zr02 composites by substituting H f 0 2  for 
Zr02 is sound, improved Hf02 or Hf02*ZrQ2 powders will be 
required before this concept is realized in praqtice. 

C - 
-2 

-3 

Reproducibility and Reliability 

a - - 
0 

- - ,. I . . . I .  . .  I . . . I . l  

The reproducibility of making high strength three-layer 
composites strengthened by both transformation-induced and 
temperature-induced stresses[l5] was demonstrated. Room 
temperature strength tests on three-layer composites with 
outer layers of A1203-15 vol. % ZrOZ and an hner layer of 
Zr02(3 mol. % Y2O3)-40 vol. % A1203 resulted i n  strength of 
1,2574-74 MPa (16 bars) in comparison to the value of 1,2442103 
(7 bars) reported previously[7]. The Weibull modulus of the 
most recent three-layer composites was 20.1 (see Figure 4), 
indicating the high reliability predicted f o r  composites with 
compressive surface stresses[2,3]. 

e Weibull Modulus = 20.1 e 

Figure 4. Weibull plot of Pn In ( l / ( l - F ) )  , where r' is the 
probability of failure, as a function of In 
fracture stress for three-layer composites with 
temperature and transformation-induced stresses. 
The outer layers of the three-layer composites 
c o n s i s t  of A1203-15 vol. % Z r 0 2  and the i n n e r  
layer is Zr02(3 mol. % Y2O3)-40 vol. % Al2O3. 
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Status of Milestones 

All milestones are on schedule. 

Publications 

A manuscript entitled I1Transformation-Toughened Ceramics 
with Strength Retention to High Temperatures" by R. A .  Cutler, 
C. B. Brinkpeter, S .  I;. Bruner, D. W. Prouse, A. V. Virkar and 
D. K. Shetty was submitted to S A E  for their Proceedings of the 
1989 Twenty-Seventh Automotive Technology Development 
Contractors' Coordination Meeting held October 23-26, 1983 in 
Dearborn, MI. 
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1 . 2 . 4  Silicate M a t r i x  

Low Expansion Ceramics for Diesel Engine Applications (VPI) 
D.A.Hirschfeld and J.J.Brown (Center for Advanced Ceramic Materials 
Virginia Polytechnic Institute and State University) 

Optimize the chemistry, properties, and processing of selected low thermal 
expansion compositions based on the zircon (NZP) and the B-eucryptite-Alp04 
systems. The major long-term goal is to develop an economical, isotropic, ultra- 
low thermal expansion ceramic material capable of having stable properties 
above 12OOOC. 

l e c  hnical H ia h lig h& 

Zircon (NZP) System 

To produce NZP materials having higher density, techniques to synthesize 
more reactive powders were investigated. Sol-gel processes were developed to 
make (Ca,Mg)Zr4( PO&, (Ca,Ba)Zr4( PO416 (CBZP), and (Rb,CS)Zr4(P04)6 
(RCZP). Utilizing the sol-gel method, powders having a particle size as small as 
20 nm were produced yielding compacts with densities 94% theoretical after 
cold pressing and sintering. Two different sol-gel processes were used to make 
(Ca,Mg)Zr4(P04)6 with the starting materials Ca(N03)2, Mg(N03)2, ZrO(NO&, 
and NH4H2P04. 

In Process 1, zirconium solution is first added to a selected stoichiometric 
mix of calcium and magnesium nitrate, then phosphate solution is added drop 
by drop. The solutions are stirred constantly throughout the entire process. 
NH40H is then added to adjust the pH to 8-9, forming a homogeneous gel. The 
gel is stir dried at 40-60°C, oven dried at 11 OOC, and heat treated to form an 
ultra-fine (Ca,Mg)Zr4(PO& powder. In Process 2, the three nitrates are mixed. 
Then while constantly stirring the mixture, the hydroxide and phosphate are 
added alternately drop by drop, maintaining a pH of 7. This solution is heated at 
60-80°C, forming a dry-gel, then heat treated at 600-7OO0C, forming a fine 
(Ca,Mg)Zr4(P04)6 powder. The technique used to make CBZP and RCZP is 
similar to Process 1. 
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The thermal stability, thermal expansion, and thermal conductivity of 
CaZr4( PO& and its limited solid solution with MgPr4( PO& were investigated. 
Samples for testing were prepared by either solid-state reaction or a sol-gel 
method (Process 1). 

The thermal stability of (Ca,Mg)Zr4( PO& was examined by heating samples 
for long periods of time in air at high temperatures. Powder samples prepared 
by solid-state reaction were heated in Pt crucibles for 45 h at 1450%. X-ray 
diffraction (XRD) analysis of the heated samples revealed that the MgZr4(P04)6 
decomposed almost entirely into Zr2P209 when heated at temperatures above 
1100°C. These results were consistent with the significant weight lass observed 
and confirmed in recently published literature.1 Samples with compositions that 
contained Mg in amounts greater than 50 mole% exhibited similar 
decompositions. However, as the Ca concentration increased, the formation of 
Zr2P209 decreased. For samples with greater than 50 mole% Ca, XRD patterns 
showed little or no Zr2P209 formation, indicating stable compositions up to 
1450°C. A weight loss analysis of samples with greater Ca concentrations will 
be investigated in the future. 

To better understand the axial expansion characteristics of compositions in 
the CaZr4( P04)6-MgZr4( PO& system, high temperature XRD was used to 
determine lattice parameter fluctuations upon heating. Powder samples were 
made by solid-state reaction methods. The compositions CaZr4( PO&, 
(Cao.8 ,Mg0.2)Zr4(PO4)6, and (Ca0.7~Mg0.3)Zr4( PO& were selected for analysis. 
Samples were mixed with a pure Pt powder (for use as an internal standard) 
and scanned with a Scintag 0-0 fully-automated diffractometer equipped with a 
hot stage. Each sample was scanned over the 28 range of 10" to 80°, allowing 
the collection of approximately 60 peaks per run. Six runskcans were 
conducted for each sample at room temperature, 250°C, 50OoC, 75OoC, and 
1000°C. Diffraction data for each run were stored on the Scintag's micro-vax 
system for data analysis. Diffraction patterns for all samples appeared to be 
structurally similar to that of the CaZr4(PO4)6 end member. Thus, all of the 
patterns were refined based on this end member crystal structure which is 
characterized by the space group R3C. Corrections for background, internal 
standard, and asymmetric peak shapes were performed. Samples were 
indexed relative to a hexagonal basis to yield a and c parameters. 

The results of the high temperature diffraction analyses are shown in Figure 
1. The a and c expansion behavior is anisotropic upon heating. The c 
parameter expands while the a parameter contracts. This behavior is 
consistent with many other NZP-type materials as well as with a structural 
model depicting NZP thermal expansion devised by Lenain.2 It is important to 
note that as the concentration of Mg increases the anisotropy decreases. The c 
parameter expands less and the a parameter contracts somewhat less, which 
should improve the thermal shock resistance of the materials. For compositions 
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with Mg concentrations greater than 30 mole%, it is expected that the anisotropy 
will decrease further. Such samples will be examined in the near future. It 
should be noted that the room temperature lattice parameters determined for 
CaZr4(PO4)6 were in excellent agreement with those of its NBS card. 

Figure 1. Axial expansion of (Cal-,,Mgx)Zr4(P04)6 

Axial expansion was plotted as a function of temperature for both the a and 
c parameters. From this data, average axial thermal expansion values were 
determined for each composition, ar?d used to compute the bulk coefficient of 
thermal expansion (CTE) values shown in Table 1. 

Table 1. Calculated bulk CTE values for (Ca1-,,Mgx)Zr4(P04)6 samples 

Composition CTE 
(X io-7/oc) 
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The thermal conductivity of samples with composition (Ca1-x,Mgx)Zr4(.P04)6 
where x= 0.2 and 0.5 was investigated using a laser flash thermal diffusivity 
apparatus and a differential scanning calorimeter (DSC) at the HTML facility, 
Oak Ridge National Laboratory. Thermal conductivity was determined by the 
product of the thermal diffusivity, specific heat, and bulk density of each sample. 
Samples were made by sol-gel Process 1. 

Multiple DSC runs were made to determine the heat capacity of 
compositions where x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5. Samples were evaluated 
relative to an empty Pt pan and the system was calibrated with a sapphire 
standard. Because the variation in specific heat values between each NZP 
composition was not significant, the combined mean values of specific heat 
from all compositions are shown in Figure 2. It is believed that the specific heat 
values presented are representative of the range of compositions being studied. 
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Figure 2. Specific heat of (Gal-, ,Mgx)Zr4(P04)6 as a function of temperature 

Thermal diffusivity was determined for samples where x = 0.2 and 0.5. 
Acceptable values of thermal diffusivity at temperatures below 600°C were 
difficult to obtain, likely owing to the very low thermal diffusivity of the samples 
and the resultant nonlinear heat flow. Measured bulk densities of the samples 
were approximately 80% theoretical. 
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The thermal conductivities of the two samples, plotted in Figure 3, are very 
low at temperatures around 1000°C. As the Mg concentration increases, the 
thermal conductivity becomes lower. Low thermal conductivity coupled with low 
thermal expansion suggest that these compositions are resistant to thermal 
shock. The thermal conductivity of these compositions is noticeably lower than 
those of ZrO2, a common thermal barrier material. More samples are currently 
being evaluated and the effects of composition and density on thermal 
conductivity will be further established. 
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Figure 3. Thermal conductivities of (Ca1Mg)Zr4(P04)6 compositions 

For RCZP, it was shown previously that the thermal expansion (measured 
using a Netzsch dual-rod differential dilatometer) was non-linear with 
increasing temperature. The effect of the sintering process on this non-linearity 
was studied by controlling the heating and cooling rates of the compositions 
(Rbl-,,Csx)Zr2(P04)3 (x = 0.0-1 .O by 0.1 increments). It was found that the non- 
linear expansion is not affected by rapid heating or cooling. No direct 
correlation between the grain size and the non-linear expansion was observed 
for samples.,prepared by the sol-gel processes. 

During the past six months, the high temperature phase stability of RCZP 
was examined. The effect of long term, high temperature heat treatments on 
compositions (Rbl., ,Csx)Zr2(P04)3 (x = 0.0 to 1 .O by 0.1 increments) was studied 
after heating samples at 1000°C for 2 h ,  at 1200°C for 3 d, and finally at 1250°C 
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for 4 d. After the heat treatments, the samples were examined using XRD. The 
compositions where x = 0.4, 0.9, and 1 .O showed considerable instability, which 
was manifested by the presence of either Zr2P209 or an unidentified phase. The 
remaining compositions showed no decomposition, but contained secondary 
phases Zr02 and ZrP207. Other samples heat treated at 1000°C for 3 h and then 
at 1200°C for 72 h showed no signs of decomposition, in icating that heating at 
1250°C caused decomposition in samples where x = 0.4', 0.9, 1.0. The 
mechanism for the decomposition is still under study. 

The phase stability of the RCZP system was also studied using a weight loss 
scheme in which samples were weighed after each repeated heating period. 
Cornpositians (Rbl,,Csx)Zr2(PO& (x = 0.0, 0.5, 1.0) were tested. The heat 
treatment schedule consisted of a 3-h period at 1000°C fallowed by ten 4-h 
periods at 1250°C. Sample weight and XRD data were obtained after each 
heating period to determine the weight loss and phase change as functions of 
heating time. The Rb composition (x =z 0.0) exhibited better stability than 6s- 
containing samples with a weight retention of 94.74%. The Cs-containing 
compositions exhibited weight retention of approximately 91 %. Further 
investigations of weight loss at various temperatures are in progress. 

Ceramic Composites 

To reduce the porosity of ceramic composites based on the NZP system, a 
matrix of single phase (Cao.6,Mgo.4)Zr4(P04)6 (CMZP) was prepared using sal- 
gel Process 1. The amorphous CMZP formed had a mean particle size of 20 
nm. After calcining the amorphous powder, a single phase crystalline CMZP 
was obtained which is stable to 1500°C. To quantify-the porosity present, it was 
necessary to determine the theoretical density. The calculated theoretical 
densities of CMZP and CBZP were 3,177 gkm3 and 3.264 g/crn3, respectively, 
based on the theoretical density of CaZr4(PQ4)6 (3.20 g/crn3) calculated by 
Limaye et al.3 

The effects of sintering temperature and time on the thermal expansion 
behavior and microstructure of CMZP were investigated. As illustrated in Figure 
4, with an increase in sintering temperature, the thermal expansion of CMZP 
changed from positive to negative. As the sintering temperature increases, the 
grain size of CMZP increases and the relationship between grain size and bulk 
CTE of CMZP is illustrated in Figure 5. By increasing the sintering temperature 
from 11 50°C to 1300°C (sintering time = 24 h), the grain size increased from 2 
pm to 30 prn and the CTE changed from a positive value (33.4xlO-7/"C) to a 
negative value (-21 .lxlO-7/OC). Similarly, as shown in Figure 6, an increase in 
grain size was observed with the longer sintering time (sintering temperature = 
1235°C) while the CTE decreased indicating that near zero CTE may be 
achieved with a sintering time of 75 h. 
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Figure 4. Expansion of CMZP as a function of sintering temperature and time 
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Figure 6. Effect of sintering time on grain size of CMZP 

The observed relationship between sintering conditions and CTE can be 
explained through changes in the microstructure. When sintered at relatively 
low temperatures, the grain size of CMZP is smaller than a critical sire4 (Gcr) 
and microcracking does not occur during cooling. The bulk CTE of CMZP 
reflects mainly the contributions of the c axis expansion and results in a positive 
bulk thermal expansion. As sintering temperature increases, the grain size 
becomes larger. Once the grain size is equal to or larger than Gc., microcracks 
form in the bulk during cooling. Because the compressive strength of a ceramic 
is much greater than the tensile strength, the microcracks are prone to form on 
the grain boundaries perpendicular to c-axis. Upon reheating, the CMZP 
contracts along a-axis, and the expansion along c-axis is absorbed by the 
microcracks, resulting in an overall negative thermal expansion. As soon as the 
microcracks are closed by the expansion along c-axis, the negative thermal 
expansion will change into positive expansion. 

In Figure 7, SEM micrographs of CMZP show the change in grain size with 
sintering time and temperature. Microcracking due to excessive grain growth at 
high sintering temperatures is also observed. Examination of the grain 
boundaries by transmission electron microscopy (TEM) revealed only small 
amounts of amorphous phase present in specimens having a small grain size 
(c Gcr). 



182 

Figure 7. Micrographs of CMZP sintered at: 
a) 1235°C for 24 h 
b) 1300°C for 24 h 
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The effects of aging heat treatments on the bulk CTE of CMZP were 
examined, and the data in Table 2 indicate that: (1) aging generally lowers the 
bulk CTE; (2) a double aging treatment (900°C and 1200°C for 100 h) affects 
the CTE more than a single treatment (900OC for 100 h); and (3) the sample 
sintered at 1235OC for 72 h is unaffected by aging. It is also noted that the hot 
pressed (HP) sample exhibited a significant increase in expansion hysteresis 
after the double aging treatment. Examinations of the specimens using SEM 
and TEM reveal a slight increase in grain size and either the formation or the 
growth of microcracks at grain boundaries after aging treatments. It is noted that 
the effects of heat aging on microstructure and bulk thermal expansion behavior 
in the 1235"C, 72 h sample were significantly less than in other samples, 
suggesting a saturation in the number and size of microcracks 'with the 
particular heat treatment. 

Table 2. Effect of aging on bulk CTE of CMZP 

Sample 
Preparation 
Conditions 
(temp, time) 

1150°C, 24 h 
12OO0C, 24 h 
1220"C, 24 h 
1235"C, 24 h 
1235"C, 72 h 
125OoC, 24 h 
13OO0C, 24 h 
12OO0C, HP 

Average CTE (30-1 OOO°C) 
(XI 0-7/oc) 

No Aging 
30.2 
27.0 
26.2 
21.8 

1 .o 
-1 6.7 
-21.6 
32.7 

900°C 
1 OOh 
28.4 
25.1 
20.0 
19.0 
-1 .o 

-1 3.7 
-23.5 
29.0 

+1200"C 
1 OOh 
7.8 

11.9 
0.4 
7.4 

-0.6 
-1 8.7 
-32.4 
21.4 

The processing techniques developed for monolithic CMZP were applied to 
composites of CMZP and chopped NICALON-Sic fibers. The bulk CTE of a hot- 
pressed CMZP composite containing 5 vol % fibers was 33.7 x lO-7/"C, near 
that of hot-pressed monolithic CMZP (see Table 2). However, following a heat 
aging treatment at 1235°C for 72 h, the CTE of the hot-pressed CMZP 
composite was -0.9 x lO--//"C. An investigation of the effect of heat aging on the 
CTE of fiber-reinforced composites is underway. 
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As an additional study, (Cao.8 ,Ba0.2)Zr4(P04)6 ceramics were evaluated for 
their potential as low thermal expansion matrix materials. When made using a 
sol-gel technique (Process l), a bulk density of 76% theoretical was achieved 
after sintering at 1350°C for 24 h. As shown in Table 3, the effects of sintering 
temperature and time on the bulk thermal expansions of CBZP and CMZP 
ceramics were similar. The effect of aging at 1350°C on the bulk thermal 
expansion of this sample (in Table 3) appears to be negligible. The CTE values 
for the sample sintered at 1350" for 72 h in different temperature ranges are 
presented in Table 4, and show considerable variation with temperature. 

Table 3. Effect of sintering on CTE of CBZP 

Average CTE 
Sintering Treatment (30-1 000°C) 
(tern pe rature, ti me) (XI 0-7oc) 

125OoC, 24 h 
135OoC, 48 h 
135OoC, 72 h 

2.25 
5.4 
3.2 

Table 4. CTE values in different temperature ranges for CBZP 
sintered at 1350°C for 72 h 

Temperature Range CTE 
("C> (XI 0 - 7 ~ c )  

30 - 200 -1 3.3 
200 - 400 -1.5 
400 - 600 6.0 
600 - 800 9.2 
800 - 1000 13.3 
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Densification 

To reduce porosity of CMZP and CMZP composites, these materials were 
hot pressed using an Alfred Ceramics Hot Press (Model No. RH-1512) with an 
alumina die set having a diameter of 50.8 mm. The powders synthesized by sol- 
gel Process 1 were used as starting materials. For making composites, the 
fibers were added at the final stage of sol-gel reaction to ensure homogeneity of 
the mixture. Specimens for thermal expansion, density, hardness, toughness, 
and strength measurements were cut from the hot-pressed discs. Evaluations of 
these specimens are in progress. 

A monolithic CMZP disc with a density of 97% theoretical was prepared by 
hot-pressing the sol-gel powders at 1200 OC, 10 MPa for 3 h, followed by aging 
at 1200°C for 24 h. 

A composite disc of CMZP powder with 5 vol% chopped NICALON-Sic 
fibers was prepared by hot-pressing at 1200°C with about 14 MPa pressure for 
8 h. The disc had a diameter of approximately 50 mm and an average 
thickness of 3 mm. The density at the center of the disc was approximately 97% 
theoretical, while near the edge, the density was 90% theoretical. Pressureless 
sintering an identical composition at 1200-1250 "C for 24 h resulted in densities 
of 66-70% theoretical. 

Lightweight Ceramics 

Because CaZr4P6024 (CaZP) has very low thermal conductivity as well as a 
low CTE, it is an ideal candidate for insulation and filtration. To produce a 
lightweight ceramic, polymer foam and polymer powder techniques have been 
developed to form ceramics with a wide range of pore sizes. 

Lightweight ceramics formed using the polymer foam method are made by 
either saturating or coating a polymer foam (e.g., SiF, a flexible porous cellular 
plastic) with a ceramic slurry. The slurry is made of deionized water, 10-20 vol% 
NZP (CaZP powder with particle sizes of 30 pm or 50 nm), 5-25 wt% binder 
(based on the weight of ceramic powder), and 0.1-5 wt% ZnO. The slurry is 
thixotropic, that is, it has a lower viscosity when flowing than when stationary. A 
polymer foam with an appropriate pore size is completely immersed in the 
slurry. To produce a saturated foam, it is placed directly into a furnace and 
heated at a rate of 180-25Q"Clh to 1200-1300°C and held far 24 h to form a 
ceramic with both open and closed-cell pores. To produce a coated foam, the 
slurry saturated foam is squeezed to remove excess slurry before heat 
treatment. The lightweight ceramic thus produced has open cells. 

The fracture surface morphology of ceramics formed by the polymer foam 
technique is dependent on the method used to synthesize the ceramic powders. 
Figure 8 shows the fracture surface of a slurry saturated foam made from 
powders synthesized by solid-state reaction having a particle size of 30-50 pm. 
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This ceramic foam has cell walls with a rough surface and an average wall 
thickness of 85 pm. The pores (about 250 pm in diameter) are arranged in a 
regular array, interconnecting to form a three-dimensional network, similar to 
the structure of the original polymer foam. A slurry saturated foam made with 
powders synthesized using sol-gel Process 2 with a particle size of 45 nm is 
shown in Figure 9. In this case, the pores have a diameter of 150 pm arranged 
randomly at an average spacing of 30 pm. The fracture surface of this ceramic 
foam appears to be smooth, with very few holes in the broken struts (ceramic 
portions connecting pores). Holes are present in the struts of the foamed 
ceramic made from the powders derived by solid-state reaction. The holes 
occur during pyrolysis of polymer foam during firing and may weaken the 
ceramic.5,6,7 Although the slurry used to produce both foams contained 15 vol% 
CaZP powder, closer particle packing is obtained with the sol-gel derived 
powder than with the coarser powder. Also, the fine sol-gel-derived powder has 
a greater reactivity and mobility at elevated temperatures, resulting in a denser 
fired foam product having smaller pore size. 

Figure 8. Fracture surface of lightweight CaZP ceramic made by the saturated 
polymer foam method using coarse powders 
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Figure 9. Fracture surface of lightweight CaZP ceramic made by the saturated 
polymer foam method using fine powders 

The expansion behavior of lightweight CaZP ceramics formed using the 
slurry saturated method with sol-gel powders was determined as a function of 
relative density. It was observed that the CTE of lightweight CaZP is similar to 
that of dense CaZP, indicating that the structural form and porosity do not 
significantly affect the expansion behavior. As shown in Table 5, no significant 
difference was found in CTE of a lightweight CaZP ceramic after 15 quenches 
from 1250°C to water at 25°C. (The lightweight ceramic was a slurry saturated 
foam using sol-gel-derived powders with 0.1 wt% ZnO.) These results indicate 
that the lightweight NZP ceramics should exhibit good thermal shock resistance 
similar to that of dense NZP ceramics. 
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Table 5. Effect of thermal shock on the CTE of a slurry 
saturated lightweight CaZP 

Number of Quenches Average CTE (xl O-WOC) 
from 1250°C to 25°C 30-1 000°C 30-700°C 700-1 000°C 

1 
2 
3 
4 
5 
6 
7 
9 
10 
13 
15 

-2.07 
-2.1 6 
-2.33 
-2.24 
-2.09 
-2.1 2 

-2.10 

-2.24 
-2.31 

-1 .a7 

-1.78 

-1.94 
-1.96 
-2.32 
-2.31 
-2.15 
-1.94 
-1.93 
-2.31 
-2.44 
-2.36 
-2.90 

-2.36 
-2.27 
-2.36 
-2.06 
-1.93 
-1.92 
-1.74 

-2.1 2 
-2.31 
-1 -52 

-1.98 

The polymer powder method of making lightweight ceramics utilizes an 
easily dispersed, high-melting point polymer powder to make a primarily closed 
cell material. Poly(viny1 chloride) (PVC) and poly (tetrafluoroethylene) are the 
polymer powders used in this study. A mixture of ceramic powder (CaZP 
synthesized by solid-state reaction), 5-25 wt% polymer powder, 0.1 -5 wt% ZnO, 
and a few drops of cellulose ether solution was pressed in a stainless-steel die, 
then fired at 1200-1300°C for 24 h. The pore size of a lightweight ceramic 
produced by this method is dependent on the particle size of the polymer 
powder used during synthesis. The fracture surface of a sample synthesized 
using 10 wt% PVC powder having a particle size of 30 pm is shown in Figure 
10. The specimen has a combination of both closed and open-cell pores 
approximately 30 pm in diameter. 
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Figure 10. Fracture surface of lightweight CaZP ceramic made by the polymer 
powder method 

8-Eucryptite-AIP04 System 

Before experimental studies to optimize the recrystallization heat treatment of 
modified B-euctyptite could begin, it was necessary to reproducibly form pure 
solid-solution B-eucryptite. The first step taken was to determine the weight loss 
factor necessary for each raw material to obtain the correct composition of final 
product. For modified B-eucryptite (Li0.41 Mg0.035AIP0.52Si0.4804), firing the exact 
batch amounts of raw materials at 11 50°C for 100 h resulted in the formation of 
the modified B-eucryptite phase and 10% free alumina as a secondary phase. 
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The free alumina phase also appeared when the modified O-eucryptite powders 
were amorphous. 

To obtain a pure modified R-eucryptite glass product, the amounts of 
AI(OH)3-nH20 and silicic acid determined from the calculated batch amounts 
were reduced during the solid-state reaction stage by 14 wt% and 5.6 wt%, 
respectively. Glass formation resulted following a heat treatment of this powder 
together with 4-8 wt% of Zr02 as a nucleation agent for 4 h at 1610OC with a 
heating rate of 30"C/min. Clear glass rods were drawn in air from molten glass 
and crystalline phases were not detected by XRD. 

The nucleation behavior of the modified 0-eucryptite was determined by 
heating the glass rods (4 wt Yo Zr02) at 650°C1 7OO0C, 720°C, and 750°C for 2 
h. These temperatures were chosen based on differential thermal analysis 
(DTA) of the glass using a Perkin Elmer model DTA 1700. Discs approximately 
0.3 mm thick were sliced from each heat treated rod using a diamond saw, then 
mechanically thinned, dimpled, and ion-milled to examine the nucleation using 
TE M. 

TEM photographs of the glass samples at the selected temperatures show 
uniformly distributed nuclei with size of 10-20 nm. The sample soaked at 750°C 
exhibited considerable growth of the nuclei. It was determined that maximum 
nucleation occurs between 720°C and 730°C. 

DTA was also used to determine the recrystallization heat treatment. The 
DTA curve of the recrystallized glass shows a strong exothermic peak at 780°C, 
corresponding to the recrystallization process in the glass. In accordance with 
the DTA data, the glass samples were heated from room temperature to one of 
the following temperatures] 8OO0C, 900°C, and 1000°C with a heating rate of 
10°C/min, then held at temperature for 5 to 48 h. XRD phase identification data 
after each heat treatment are listed in Table 6. The modified 0-eucryptite glass 
appears to pass through a series of crystalline states before reaching 
equilibrium. At 8OO0C, modified R-eucryptite and AIP04 appear as the major 
phases and as the heating time increases] AIP04 peaks get smaller but can not 
be ignored. When the glass is heated at 900°C-lOOO"C, the modified 0- 
eucryptite phase appears as the equilibrium phase with trace amounts of AIP04. 
Therefore, in accordance with the nucleation and recrystallization studies, the 
glass samples were soaked at 720°C for 2 h and at 950°C for 1 h with steady 
heating and cooling rates of 6"C/h. 
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Table 6. Recrystallized phases present in modified O-eucryptite 
following heat treatment 

Heat Treatment 
Temp Ti me 

800°C 10 h 
800°C 24 h 
800°C 50 h 
900°C 5 h  
900°C 10 h 

1 000°C 5 h  
1 000°C 10 h 

Major Phase Minor Phase 

AIP04, unknown 8-eucry ptibe 
O-eucryptite, AIP04, unknown 
6-eucryptite, AIP04, unknown 
B-eucryptite AIP04 
B-eucryptite Alp04 
E-eucryptite Alp04 
B-eucrypt i te AIP04 

Characterization of the recrystallized samples was conducted using SEM.A 
dense recrystallized glass with a grain size of less than 5 pm was produced; 
however, microcracks are present due to the thermal expansion mismatch 
between the parent glass and the recrystallized phase. Because microcracks 
inhibit mechanical property development, modifications to the processing 
technique are required. Several techniques are now under investigation, 
including one using O-eucryptite powder made by a sol-gel process. 

Sol-gel processing produces finer, more reactive powders which facilitate 
densification. Precursors for preparation of the modified B-eucryptite powders 
include AI( N0&9 H 2 0  , Si (OC2H 5)4,  (C2H 50)P(0),  (CH3C 0 2 )  Li -2  H20, and 
MgC03. The precursors are dissolved in water or ethanol. Because the 
hydrolysis rate of silicon alkoxide is much slower than that of phosphorus 
alkoxide, Si(OC2H& was prehydrolized with water, then other precursors and 
water were added while stirring to form a homogeneous gel. The pH values of 
the solution were controlled by titrating NH40H. The dried gels were fired at 
900°C and 1000°C for 24 h each. Results of XRD analyses of the phases 
present in the samples after firing (Table 7) indicate that modified E-eucryptite 
powders may be obtained when the pH of the solution is higher than 5.5. 
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Table 7. Phases present after heat treatment of modified O-eucryptite 
farmed by sol-gel synthesis 

"re mp. ("6) PH Major Phase Minor Phase 

900 3 Si02, O-eucryptite Al2Q3, unknown 
4 13-eucryptite SiQ2, AI$331 unknown 
5.5 SiB2, A1203, unknown 

1000 3 O-eucryptite 9 0 2 ,  unknown 
4 8-eucryptite Si02, unknown 
5.5 8-eucryptite unknown 

O-e LIC ry p t i t e 

During this period, investigations were conducted an the corrosion of 
recrystallized modified B-eucryptite by HCI. The glass-ceramic was farmed by 
recrystallizing glass rods at 1000°C for 1 h. The glass rods contained 4 wtY0 
Zr2Q as a nucleating agent. Microcracks were present in the samples used for 
the corrosion studies which enhanced the corrosion rate by providing more 
exposed area. 

Corrosion tests were conducted by placing rads of recrystallized modified B- 
eucryptite in an aqueous 36% HCl solution (N = 12.1) at room temperature. The 
CTE was determined be.i~re and after exposure to the HCI solution for various 
times. It should be noted that each specimen experienced a thermal cycle from 
room temperature to 1000°C during each thermal expansion analysis. Before 
corrosion, bulk CTE of samples ranged from -7xlO-~/"C to -1Oxl8-7l"C (36- 
1088°C). After 20 min it? HCI, the bulk CTE decreased to -33x10-7/"C and then 
stabilized around -23xlO-^I/"C for approximately 90 minutes (Figure 11). SEM 
analysis of the samples revealed a thin surface layer (0.1 mni) of corraded 8- 
e er c ry pt it e. 
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Figure 11. Expansion of modified 14-eucryptite before and after exposure to HCI 
solution (N = 12.1) at 20°C 

Because the chemistry plays an important role in the corrosion process, it 
was necessary to determine the homogeneity of the rods prior to corrosion. 
Elemental mapping using energy dispersive X-ray analysis (EDX) was 
performed on non-corroded samples of recrystallized O-eucryptite. No change 
in composition was detected from the edge of the sample to the center, nor in 
composition of the grain boundaries. 

Other corrosion tests were conducted at 100°C in the HCI solution (N = 
12.1). Post exposure evaluations of test specimens showed a change in CTE of 
-7.40 x lO-T/"C to -36.0 x lO-7/"C (Figure 12) after 1 h exposure. Severe 
corrosion of the sample surface to a depth of 0.3mm was observed. 
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Figure 12. Effect of HCI exposure at 100°C on the expansion of R-eucryptite 

Experiments were conducted to determine the effects of thermal cycling 
during corrosion Zests in which specirnens were cycled seven titnes from 30- 
1000°C while monitoring expansion behavior. Test results showed little 
difference in the GT'E between the first and the second thermal cycles (-7 
xl0-7/"C to 4 x 1  Q-T/"C), probably due to recrystallization which occurred during 
the first thermal cycle. The CTE stabilized at -9x10-7/"C for the next 6 thermal 
cycles indicating that thermal cycling should not contribute to the corrosion 
process. 

Corroded modified O-eucryptite samples examined using EDX at 80 pm 
intervals from the corroded surface to the non-corroded center exhibited 
aluminum and phosphorus losses of approximately 75°/0 from the specimen 
surfaces. No change was observed in the amounts of silicon and zircsnium 
throughout the specimen (Zr82 was used as a nucleating agent) suggesting 
that AI6304 is the first component to be leached by the HCI solution. 

Comparisons macle in the EBX analyses of samples corroded at 20°C and 
at 100°C; far various durations (10 inin - 1 h )  indicated that corrosion at 100'C 
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was much more severe. Aluminum, phosphorus, and magnesium were 
removed, while silicon and zirconium remained in the specimens after 
exposure at either temperature. After 30 min exposure at 100°C, the 
composition of the corroded area stabilized although the thickness of the 
corroded layer continued to increase. 

SEM analysis indicated that corrosion begins at the grain boundaries (grain 
size between 10 and 15 pm), and progresses through the grain. Corrosion 
transformed the dense and non-porous glass-ceramic into a very porous 
material with a collapsed structure. The advancement of the corrosion is shown 
in Figure 13, where the 0-eucryptite specimen is completely corroded at the 
exposed surface and proceeds gradually along the grain boundaries and 
microcracks toward the interior of the specimen. 

Figure 13. Corrosion of modified O-eucryptite specimen after 20-min exposure 
to HCI solution at 100°C (exposed surface on right) 
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of Milestones 

All milestones are on schedule except 2.4.1a which was delayed due to the 
difficulty in the GTE subcontract. Table 8 contains the key to major milestones 
and Figure 14 the milstones status chart. 

Publications 

Three patent disclosures have been submitted to Virginia Tech Intellectual 
Properties for evaluation: 
1. Low Expansion and Low Thermal Conductivity Ceramic Materials 

2. Synthesis and Sintering of Fine and Ultra-Fine Grain NZP Ceramics 
3. Manufacture of Lightweight NZP Ceramics 

((Cat Mg)NZP) 

The following presentations were made at the Steering Committee Meeting 
for the Center for Advanced Ceramic Materials, Virginia Tech, Blacksburg, VA, 
April 6, 1990: 
1. "Processing and Properties of (Ca,Mg)NZP Ceramics" by T. Sun 
2. "NZP Lightweight Ceramics" by D. Liu 
3. "High Temperature NZP Ceramic Composites" by D. Hirschfeld 

Posters on the following topics were prepared for display at the Steering 
Committee Meeting: NZP Ceramic Composites, 0-Cristobalite, Recrystallization 
and Corrosion of R-eucryptite, Lightweight NZP Ceramics, and Thermal 
Properties of (Ca,Mg)NZP. 

The following papers were presented at the American Ceramic Society 92nd 
Annual Meeting, Dallas, TX , April 21-26, 1990: 
1. "Characterization of the Thermal Expansion of CaZr4(PO& and its Limited 
Solid Solution with MgZr4(P04)6 'I by S. Van Aken, R. Swanson, J. Kim, and J. 
Brown. 
2. "Thermal Expansion of Modified 0-Eucryptite Compositions" by Y. Yang and 
J. Brown. 
3. "Structural Evolution and Stabilization Mechanism of R-Cristobalite from Gel 
Precursors" by T. Sun and J. Brown. 

1. A. S. Kazakos-Kijowski, et al., "Synthesis, Crystal Data, and Thermal 
Stability of Magnesium Zirconium Phosphate," Mat. Res. Bul., 23 1177-84 
(1 988). 
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2. G. E. Lenain, et al., "Structural Model for Thermal Expansion in 
MZr2P3012 (M=Li, Na, K, Rb, Cs)," J. Mat. Sci., 22,(1). 17-22 (1987). 

3. S. Y. Lirnaye, D. K. Agrawal and H. A. McKinstry, "Synthesis and Thermal 
Expansion of MZrqP6024 (M = Mg, Ca, Sr, Ba)," J. Am. Ceram. Soc., 70 (10) 
C232-236 (1 987). 

4. J. J. Cleveland and R. C. Bradt, "Grain Size/Microcracking Relations for 
Pseudobrookite Oxides," J. Am. Ceram. SOC., 61 (1 1-1 2) 478-81 { 1978). 

5. M.F. Askby, "The Mechanical Properties of Cellular Solids," Metall. Trans. 
A, 14A 1755-69 (1983). 

6. H. Hagirnara and D.J. Green, "Elastic Behavior of Open-Cell Alumina," J. 
Am. Cerarn. SOC., 70 (1 I )  81 1-815 (1987). 

7. F.F. Lange and K.T. Miller, "Open-Cell, Low-Density Ceramics Fabricated 
from Reticulated Polymer Substrates," Adv.Cerarn. Mat. 2 (4) 827-31 (1 987). 
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Table 8. Key to major milestones (WSS Elements) 
(subtasks refer to calendar year 1990 milestones) 

Property Optimization by Hot Isostatic Pressing (July 31, 1992) 

Repeat VPI Studies Using HIP Densification (May 31 , 1990) 

Develop Powder Manufacturing and Shaping of Preliminary 
NZP Composition (Oct. 31, 1990) 

Optimization of Compositions (March 31, 1991) 

Complete Thermochemical Characterization of (Ca,Mg)NZP 
Compositions (July 31, 1990) 

Riber Reinforced Composites (July 31, 1992) 

Develop Composite Processing Techniques (Dec. 31, 1990) 

Develop Techniques to Characterize Fiber/Matrix Interface 
(Dec. 31, 1990) 

Lightweight Insulation (Sept. 31, 1991) 

Develop Techniques for Making Insulation (July 31, 1990) 

Recrystallized 0-Eucryptite Glasses (March 31, 1991) 

Optimize Recrystallization Technique (July 31, 1990) 

Develop Corrosion Test(s) for Recrystallized Glasses (July 31, 
1990) 



1.3 THERMAL AND WEAR COATINGS 

1.3.1 ZrO, Base Coat ing3  

pdvanced C o a t  ins Techno 1.O.y 

Labora tory)  
Sheldon,  J .  C .  McLaughlin, and D. P .  S t i n t o n  (Oak Ridge Nat ional  

0 b.j e c t  i v E!! s co PE 

Sodium c o r r o s i o n  o f  s i l i c o n  c a r b i d e  and s i l i c o n  n i t r i d e  components i n  - 
g a s  t u r b i n e  engines  i s  a p o t e n t i a l l y  s e r i o u s  problem.  he o u t e r  s u r f a c e s  
o f  S i c  and Si,N, p a r t s  o x i d i z e  a t  high tempera tures  t o  form an SiO, l a y e r  
which i n h i b i t s  fur ther  o x i d a t i o n .  However, sodium which i s  present i n  
h igh- tempera ture  combustion atmospheres r e a c t s  w i t h  the  Si0  l a y e r ,  such 
t h a t  i t  i s  no l o n g e r  p r o t e c t i v e .  Previous s t u d i e s  performe$ by J .  I .  
Federer  o f  ORNL i n d i c a t e  t h a t  Al,O i s  much more r e s i s t a n t  t o  sodium 
c o r r o s i o n  than  th i s  n a t i v e  SiO,. h i s  s u g g e s t s  the  use of  an alumina 
(ia-A1203, etc..) c o a l i n g  t o  provide  both o x i d a t i o n  and sodium r e s i s t a n c e ;  
however, sodium i s  l i k e l y  t o  undergo some r e a c t i o n  w i t h  a pure alumina 
c o a t i n g ,  S I J C ~  t h a t  the  a o r  o t h e r  alumina phases  a r e  conver ted  t o  a sodium 
a luminate  phase such a s  R-alumina (Na,O-ll A1,0,). 
t r a n s f o r m a t i o n  may cause  an .a pure alumina c o a t i n g  t o  f a i l .  The o b j e c t i v e  
of  t h i s  t a s k  i s  t o  develop a c o a t i n g  t h a t  w i l l  p r o t e c t  the  under ly ing  S i c  
o r  Si,N, froin sodium c o r r o s i o n  and provide  siiiiirltaneous o x i d a t i o n  
p r o t e c t i o n .  1 0  e v a l u a t e  the  behavior  o f  both a -  and O-aluminas i n  sodium- 
c o n t a i n i n g  atmospherer ,  the  c o r r o s i o n  r e s i s t a n c e  o f  h o t - p r e s s e d  samples o f  
both m a t e r i a l s  w i l l  f i r s t  be e v a l u a t e d .  A chemical vapor d e p o s i t i o n  (CVD) 
p r o c e s s  w i l l  be developed f o r  t h e  a p p l i c a t i o n  of  the  a p p r o p r i a t e  alumina 
c o a t i n g s .  The e f f e c t  o f  the  combustion environment upon c o a t i n g  
c h a r a c t e r i s t i c s  such as m i c r o s t r u c t u r e ,  s t r e n g t h ,  adherence,  and o t h e r  
p r o p e r t i e s  wi l l  then be e v a l u a t e d .  

This t y p e  s f  

- 

Technical  P r o q r e s s  

Hot-pressed p / p "  alumina samples were produced from high p u r i t y  
a-A!,O:, powder t h a t  was b a l l  m i l l e d  with 17 .2  w t  % Na,CO, powder. 
mix ture  was then c a l c i n e d  i n  argon a t  1250°C f o r  1 h ,  and hot  pressed  under 
vacuum a t  1600°C for 20 m i n .  
c o n s i s t e d  o f  B-A1,8, and B"-A1,0,, 
t h e  same powder, under the  same c o n d i t i o n s ,  wi thout  t h e  a d d i t i o n  o f  sodium 
c a r b o n a t e ,  and wi thout  t h e  c a l c i n i n g  s t e p .  

samples were e:posed i o  a combustion atmosphere cornposed o f  7600 cm/min 
a i r  and 685 cm/min methane. Two d i f f e r e n t  exposures  were conducted with 
d i f f e r e n t  sodium c o n t e n t s :  one w i t h  about 0.002 g/rnin Na,C03 (110 ppm Na), 
and one w s t h  about 0.0806 g/min Na,CO, (30 pprn Na). 
samples were exposed f o r  200 h .  Each p a i r  o f  samples (one a and one R,B")  
was he ld  a t  a d i f f e r e n t  tempera ture  by p o s i t i o n i n g  them a t  d i f f e r e n t  p a r t s  
of  the f u r n a c e .  The measured tempera tures  were 965, 1130, or 1205°C. The 
s u r f a c e  composi t ion o f  these samples was determined by X-ray d i f f r a c t i o n ;  
these results a r e  summarized i n  Tables  1 and 2 .  

This  

X-ray d i f f r a c t i o n  showed t h a t  these samples 
Samples o f  a-Al,O, were produced from 

Corrosion t e s t s  on these samples were conducted by Federer .  T$e 

In each r u n ,  the  
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Tab le  1. Near -sur face  phase composi t ion a f t e r  exposure f o r  200 h 

30 ppm Na 110 ppm Na 

Temperature ('C) Pr imary Secondary Pr imary Secondary 

Hot -pressed a-a1 umi na 

1205 B-aluminas a-alumina a -a1 umi na 
1130 a-a lumina R-aluminas B-aluminas 
965 a-a lumina NaA10, a - a1 umi na 

Na,CO, 

Hot-pressed B/B"-aluminas 

1205 R-aluminas none B-a1 uminas 
1130 B-a1 uminas none B-aluminas 
965 B-  a1 umi nas NaAl 0, B-aluminas 

Na,CO, 

B-a1 umi nas 
a-a1 umina 
NaAl 0, 
Na2C4 

none 
none 
NaAl 0, 
Na,CO, 

Table 2. R e l a t i v e  X-ray d i f f r a c t i o n  i n t e n s i t i e s  f o r  B "  and p phasesa 

Reference samples 

Hot -pressed p-a1 umi nas : 0.53 

Powder f rom hot-pressed p-aluminas: 0.41 

Samples exposed t o  t h e  s imu la ted  combustion atmospheres 

Hot-pressed a-a lumina Hot-pressed B/B"-aluminas 

Temperature ( "C)  30 ppm Ma 110 ppm Na 30 ppm Na 110 pprn Na 

1205 
1130 

- - 0.46 0.45 
- 0.48 0.47 0.44  

aThe q u a n t i t y  i n  t h i s  t a b l e  i s  t h e  r a t i o  o f  t h e  i n t e g r a t e d  
i n t e n s i t i e s  o f  t h e  B peak and t h e  B" peak, based on measurements which 
were made a t  low angle, w i th  a scan r a t e  o f  O.l"/min. 
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A t  1130°C and 1205"C, the  surface of the  a-alumina samples was 
converted t o  p/P"  a1 uniinas a t  both sodium concentrat ions.  Coniparing these 
four samples, the  r e l a t i v e  i n t e n s i t y  of the  p/p"  pa t t e rns  was the  weakest 
f o r  the  sample w i t h  the  most severe exposure (110 ppm Na a t  1205°C). This 
apparent cont rad ic t ion  was supported by transmission e l ec t ron  microscopy 
observat ions,  where p -  and p"-alumina were not seen on ion-thinned 
t ransverse  sec t ions  of t h i s  satnple, compared t o  the d i s t i n c t  p/P"-aluriiina 
l aye r s  t h a t  were observed f o r  b o t h  of the  samples t h a t  were exposed t o  
30 ppm Na, and f o r  the  sample exposed t o  110 ppm Na a t  1130°C. 
explanation f o r  t h i s  behavior i s  t h a t  a t h i cke r  b/P"-alumina l aye r  farmed 
on the  sample a t  1205°C with 110 ppm Na, and t h a t  t h i s  l aye r  spa l led  of f  o f  
t he  sample because of the  d i f fe rence  i n  thermal expansion c o e f f i c i e n t s  or 
because of the  volume expansion associated w i t h  the  reac t ion .  

A t  965"C, 0 -  and /l"-aluminas were n o t  observed on the  hot-pressed 
a-alumina samples, 
1 ow-temperature sanpl e s  were 1 ocated downstream from the  saaples  exposed a t  
1130 and 1205°C. With t h i s  reac tor  configurat ion,  the  sodium carbonat2 and 
sodium aluminate phases t h a t  were observed suggest t h a t  sodium carbonate 
condensed o n t o  these  samples as the  gases cooled. The sodium aluminate 
phase t h a t  formed a t  965°C has a rnimch higher sodium content  than the  
p "  phases t h a t  were observed a t  the  higher temperatures.  
explanation f o r  the  presence o f  t h i s  sodium aluminate phase i s  t h a t  i t  
formed by a d i r e c t  react ion between the  a-alumina subs t r a t e  and the  sodium 
carbonate which condensed o n t o  i t .  This represents  a second possible  
corrosion mechanism, in  addi t ion to the  d i r e c t  gas - so l id  reac t ion  which 
apparently formed the  p and B "  phases a t  higher temperatures,  The absence 
of p -  and  p"-aluminas at, 965°C indica tes  t h a t  t h i s  gas - so l id  reac t ion  does 
n o t  cause appreciable  formation of these phases a t  t h i s  lower temperature. 

The r e s u l t s  shown in Table 2 ind ica te  t h a t  the r e l a t i v e  amounts of the 
p and P I '  phases a re  r e l a t i v e l y  constant d u r i n g  the  exposures a t  b o t h  sadiuni 
concentrat ions,  and a t  1130 and 1205°C. This i nd ica t e s  t h a t  the  p / p "  
composition i s  r e l a t i v e l y  s t a b l e  under the  condi t ions t e s t e d .  However, the 
apparent spa l l i ng  observed on the  high-sodium, high-temperature a-alumina 
sample ind ica tes  t h a t  a P/P"-alumina coating may s t i l l  Fa i l .  
concern i s  t h a t  the  rapid d i f fus ion  o f  sodium th rough  a P/p"-alumina 
coat ing wil l  lead t o  a subsurface corrosion problem. 

These i n i t i a l  r e s u l t s  with hot-pressed samples ind ica t e  t h a t  phase 
transformations in high-temperature corrosive atmospheres a r e  po ten t i a l ly  
complex. A b e t t e r  understanding a f  the  phase chemistry under these  
condi t ions may be important in determining the  performance of alumina-based 
coating systems, and of monolithic alumina or alumina matrix composites. 

coat ing by C V D .  The most cotiimon way t o  produce alumina by CVD i s  t o  use 
AlCl ; however, p -  and p"-aluminas can n o t  be produced in  t h i s  way because 
the  i lC1 wi l l  r eac t  with a sodium source t o  produce NaCl . Therefore, 
trimethyl-aluminum (TMA) i s  being used as  an aluminum source.  Our e f f o r t s  
t o  da t e  have focused on deposi t ing alumina from TMA and oxygen. 
previous per iod,  c r y s t a l l i n e  alumina was deposited a t  728°C. However, 
powder formation ( i . e . ,  homogeneous nucleat ion)  and the  coat ing uniformity 
were d i f f i c u l t  t o  control in t h i s  system. 

During t h i s  per iod,  a redesigned cold-wall C V D  system was constructed 
and t e s t e d .  The i n i t i a l  r e s u l t s  i nd ica t e  t h a t  the expected r e s u l t s  of 
f a s t e r  deposi t ion arid reduced powder formation have been achieved; however, 
only amorphous materi a1 has been produced a t  temperatures u p  t o  775°C. 

The l i k e l y  

I n  the  furnace used f o r  the sodium exposures, these  

and 
A l i k e l y  

A ser ious  

The o ther  primary e f f o r t  of t h i s  task  i s  t o  form a n  alumina-based 

During the  
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Several more experiments at this temperature will be carried out; if 
crystalline material is not produced, then two alternatives will be 
expl ored : 

1. An RF generator which i s  currently available will be installed to 
obtain a cold-wall system with a higher substrate temperature. 

2. The amorphous coatings will be annealed at higher temperatures to 
induce crystallization. 

Currently, some small alterations on the cold-wall reactor are being made 
to evaporate NaOH i n  the CVD system. 
deposition of sodium aluminate coatings will be investigated. 

With this modification, the 

Status o f  milestones 

The March 1990 milestone to evaluate the corrosion resistance of bulk 
a-  and B-alumina samples was completed. 
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- H. E. Rebenne and J. H. Selverian (GTE Laboratories Incorporated) 

ai ec t iv e / s c U  

The objective of this program is to develop oxidation-resistant, high toughness, 
adherent coatings for silicon based ceramics. These coatings will be deposited an 
reaction bonded Si,N, (RBSN), sintered SIC (SSC), and WIP'ecl Si,N, (HSN) and used in 
an advanced gas turbine engine. A chemical vapor de sition (CVD) process will be used 
to deposit the coatings. These coatings will be designed to provide the best mix of 
mechanical, thermal, and chemical properties. 

Oxidation Testing of the Coating 

During Phase I, the oxidation resistance of the coating in static air was studied. 
The coating was found to be oxidation resistant for up to 500 hours at 1000"C, but not 
at 1200°C or 1375°C. The cause of failure is being studied in Phase I I .  The procedure 
for oxidation testing was given in the June, 1989 Bimonthiy Progress Report. 

Thus far, 500 hour tests on uncoated, AIN-coated, Al,03+;ZrQ2/AIN-coated, and 
AI,Q,/AIN-coaled substrates have been completed at 11  OOOC, 1 ZOO"@, and 1275°C. 
The latter coating was evaluated to eliminate the effect of ZrQ2, which is believed to be 
detrimental to the coating's oxidation resistance. This is due 20 the high diffusivity of 
oxygen in Zr02 and to the fact that Zr02 undergoes a phase transformation with a 10% 
volume change at =120O"@. It should be noted that the original coating design inclcrded 
ZrO, only to provide toughness and a low coefficierit of friction. In addition to RBSN, 
SSC, and HSN, single crystal sapphire was also used as a substrate material in the tests 
to provide a baseline for interpreting the results. Since it is chemically inert to the 
coating, the effects of chemical reactions between the coating and substrate are not 
present in this system. Post-oxidation testing consisting of x-ray diffraction to 
identify phase changes and scanning electron microscopy to identify porosity, cracking, 
and regions of thin coating, has also been dcpne. The time-dependence of the coating 
phase changes was monitored by x-ray diffraction using the single crystal sapphire 
samples. The RBSN, SSC, and HSN samples were analyzed for phase changes only at the 
end of the 500 hour test. The x-ray diffraction results are listed in Tables 1 and 2. 

All coating configurations showed poor oxidation resistance on each substrate and 
at each temperature. In particular, no coating configuration gave complete protection of 
the substrate for the full 500 hours. When AIN was the only coating layer, it 
completely oxidized to a-Al,O, during the first two hours  of testing. This was indicated 
by weight gain and confirmed by the x-ray diffraction analysis of mated single crystal 
sapphire samples (see Table 1). This is expected based on the oxidation behavior of AIN 
reported in the literature1s213. The conversion of AIN to, Al,O, is accompanied by a 
1.9% volume expansion, which in this system may be catastrophic to the coating since 
it could result in crack formation. When the coating consisted of the AI2(3,+ZrQ, 
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Table 1: Phases identified by x-ray diffraction after oxidation in static air. Samples 
were AI N-co at ed, A I, 0 +Z r 0 ,/AIN -coa ted , and AI,O ,/AI N -co a ted sing le cry st a I 
sapphire. Phases associated with substrate reflections are not listed. 

Oxidation Time, Oxidation Temperature, 
hours "c 

1 1 0 0  1200  1275 

AIN-coated 
2 
8 
30 

1 2 5  
500 

Al,O3+ZrO~AIN-coated 
2 
8 
30 
125 
5 0 0  

AI,OdAIN-coated 
2 

30 
1 2 5  
500 

a 

a-AI2O3 
a - A 1 2 0 3 ( ? ) *  
a-AI2O3 
a-A1203 
a-A1203 

a-AI2O3 
a-A1203 
a-A120g 
a-Al203 _ _ _ _ _  

~ t - A l 2 0 3  
a-AI203, Zr02 
a-A1203 , ZrO, 
a-A1203, Zr0, 
a-A1203, Zr02 

a-Ai2O3, AIN 
a-AI2O3, AIN 
a-Al,O3, AIN 
a-Al2Og 
a-A1203 

a-AI2O3 
a-AI2O3 
a- AI,O 
a-Al2O3 
a-A1203 

a-A1203, ZrO, 
a-A1203, ZrO, 
a-A1203, ZrO, 
a-A1203 , Zr02 

----- 

a-A1203, AIN 
a-A1203, AIN 
a-A1203, AIN 
a-A1203 

----_ 

* The question mark denotes uncertainty. 

composite layer and AIN, all of the AIN was still converted to a-A1203, indicating that 
oxygen diffused through the A1,03+Zr02 layer. The reasons for this could include the 
rapid diffusion of oxygen through ZrO,, cracking in the AI,O3+ZrO2 layer d ~ i e  to the 
transformation of ZrO, from the monoclinic to the tetragonal phase, and/or regions of 
very thin coating. It was not possible to distinguish between these failure modes by 
examining the samples after oxidation testing, since the coating was severely damaged 
and pieces of it had flaked off. When the coating consisted of a pure A1203 layer and AIN, 
the coating remained oxidation-resistant during the first 30 hours of testing, as 
indicated by the presence of AIN at 30 hours in the x-ray diffraction analysis of single 
crystal sapphire samples (see Table 1). This indicates that pure A1203 provides 
adequate protection for a period of time, which is apparently due to the very slow rate 
of oxygen diffusion through A1203 at these temperatures. For example, diffusion 



calculations were performed which indicated that the oxygen concentration due to 
diffusion at a depth of 0.5 pm below the surface, a temperature of 120Q°C, and a time 
of 500 hours should be <10-4 atomic percent. Additional calculations were done for 
times up to 8000 hours, depths up to 1.5 pm, and temperatures up to 15QOoC, and the 
results were reported in the October, 1989 Bimonthly Progress Report. It is thought 
that the reason for the failure between 30 and 125 hours of testing was diffusion of 
oxygen through very thin regions of the AI,O, coating. Achieving coaling thickness 
uniformity has been difficult due to the design of the reactor used in this program. 

Table 2: Phases identified by x-ray diffraction after 500 hours of oxidation in static 
air. Samples were AlN-coated, AI,Q,-~-Zr0~/Alkl-coated, and Al,Q,/AIN-coated RBSN, 

SSC, and HSN. Phases associated with substrate reflections are not listed. 

Sample Oxidation Temperature, 
"c 

1 1 0 0  1 2 0 0  1275  

a-A1203, Zr02, AIN 

a-AI,O,, Z r 0 2  

ZrQ2(?)  
% r 0 2 ,  AIN(?), 
AIQN(?) 

C X - A I ~ O ~ ~  AIN, 

a-A1203, AIN, 
AION(?) 
a-AIZO3, AlN 
a-Al2Q3, 
AIN(?) ,  
AION(?)  

.... . ~ - I_____ 

* The question mark denotes unceitainty. 

Results obtained on the RBSN, SSC, and HSN samples were similar to those 
obtained on the single crystal sapphire samples. In particular, the AIN layer was fully 
oxidized to a-A1203 when it was the only coating layer. The presence of AlN in the AIN- 
coated H S N  sample tested for 588 hours at 1275°C is possibly due to AIN formation in 
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the substrate. This could occur due to chemical reaction between the Si,N, and the AI,Q, 
that is added as a sintering aid. Thermodynamic modeling of HSN done during Phase I of 
the program showed that the A1203 could react with Si,N, to form AIN in the substrate, 
and that this reaction is enhanced in the presence of the gaseous mixture used to deposit 
the AIN coating. When a sample contained ZrO, in the outer coating layer, the AIN phase 
was not detected after 500 hours of oxidation testing, suggesting that the AIN layer had 
completely oxidized. Notice that for the A1203+Zr02/AIN-coated SSC sample tested at 
127S0C, the presence of ZrO, was questionable and AIN was found to be present (see 
Table 2). The presence of AIN in the AI2O3+ZrO2/AIN-coated HSN samples would appear 
to contradict the results obtained for the other substrates unless the AIN is present in 
the substrate, as explained above. As with the results obtained on the single crystal 
sapphire samples, the pure A1203 coating over AIN appears to protect the sample from 
oxidation, even for 508 hours. The longer protection time obtained with the RBSN, 
SSC, and HSN substrates as compared to the sapphire substrates is probably due to 
thicker coatings on the silicon nitride and silicon carbide materials. Since all 
substrates were coated for the same length of time, this indicates that the AIN deposition 
rate is different on the different materials. 

As discussed above, one possible cause of coating failure during oxidation is 
regions of very thin coating. A second possible cause of coating failure is porosity. Due 
to inability to control the coating morphology during the CVD process, as-grown 
coatings display a variety of crystallite sizes and shapes. These range from 
cauliflower-shaped clusters of grains to faceted grains. Examples of the two extremes 
in morphology are shown in Fig. 1. Examination of the cauliflower-shaped clusters 
shows the presence of large gaps between clusters. Due to the thinness of the oxide 
layer of the coating (typically less than 2 pm), these gaps could penetrate tcs the AIN 
layer. An attempt was made to determine if the AIN layer was exposed. This was done by 
taking nitrogen maps on the surfaces of two coated samples using an electron 
microprobe analyzer. Neither sample gave a nitrogen signal, suggesting that the 
AI,O,+ZrO, coating was continuous. However, the sensitivity of the microprobe to 
nitrogen was 4 3  weight per cent and the ~ ~ t e ~ ~ ~ o n  li it for gaps in the AI, 
coating was -1 pm; Le., only gaps larger than 1 

ssible cause of coating failure 
to the test temperature. This could occur as a result of phase ~ r a ~ s f ~ r ~ a ~ i ~ n  of ZrQ2 
from the monoclinic to the tetragonal phase, or as a result of thermal mismatch. The 
coating is deposited at 975"C, and examination of as-deposited coatings has shown that 
they are crack-free. (The deposition temperature is limited to 1000°C by the 
materials of construction of the reactor.) In order to test this possibility, a series of 
samples was annealed in vacuum (1 0-7 torr) for 10 minutes after coating and examined 
in the SEM for cracks. Each sample was examined over the entire surface, in 
faces and the edges. Table 3 lists the coating configurations that were test 
anneal temperatures used. A set of samples was also oxidized in air at 1275°C for 10 
minutes and then examined for cracks. These tests showed that the samples exposed to 
1275"C, whether in vacuum or air, had cracks. In contrast, the as-coated samples and 
those exposed to 1000°C did not have cracks. Furthermore, the cracks observed on the 
samples treated at 1275% were indicative of tensile cracks, which is expected since 
the thermal expansion coefficient of the coating is higher than that of the subsjrate. A 
typical crack is shown in Fig. 2. In order to further investigate the effect of residual 
stress on coating durability, attempts to measure the residual stress using the radius of 
curvature method will be made. No results from this effort are available yet. 

could be detected. 
racking sf the coating 
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The oxidation test plan included determination of kinetic parameters from the 
weight gain data. However, despite the large number of samples tested (3 samples of 
each coating configuration on each substrate at each temperature for a total of 36 on 
each substrate), kinetic parameters could not be reliably calculated due to scatter in 
the weight gain data. 

Figure 1. SEM photomicrographs showing the two main types of surface morphologies 
of the coating: a) coating on HSN with faceted morphology; b) coating on HSN with 

cauliflower morphology. 

Dave Stinton and Brian Sheldon of Oak Ridge National Laboratory visited GTE 
Laboratories on March 7, 1990 to review the status of the program. The oxidation test 
results were shown to them, and we discussed future action. It was agreed that 
depositing the coating at a higher temperature should be tried. This should give a faster 
deposition rate and hence a thicker coating. In addition, it might reduce the residual 
stress in the coating at high temperatures. We are currently modifying the CVD process 
to deposit the coating at 1275°C in a new CVD reactor that was recently built at GTE 
Laboratories. We also discussed getting a three month, no-cost extension to give 
additional time to solve the oxidation problem. A formal request for the extension was 
made the following week. This extension is reflected in the milestone list at the end of 
the report. 
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Table 3. Summary of tests done to determine if cracking occurs in the coating due to 
thermal expansion mismatch. The sample designations are as follows: "C/A/HSN" and 

"C/A/SSC" denote the A1,03+Zr02/AIN coating on HSN and SSC, respectively; 
"A/A/HSN" and "A/A/SSC" denote the A1203/AIN coating on HSN and SSC, respectively. 

Sample As-coated Annealed at Annealed at Oxidized at 
1 ooooc 1275°C 1275°C 

CINHSN no cracks 

A/A/HSN no cracks, 
porous-looking 

C/NSSC separation between 
crystal I i t  es 

on face and edge 

A/A/ssc no cracks, 
porous-looking 

onedge 

cracks - - - - -  
onedge 

no cracks 

- _ _ - -  separation between - - - - -  
crystallites, 

spalling 

- - - - -  one small large amount 
crack on of cracking on 

face face and edge 

- - - - -  small cracks, - - - - -  
separation between 

crystallites 

Figure 2. SEM photomicrograph of an A1203+Zr0,/AIN coating on HSN after a 10 
minute vacuum anneal at 1275°C. 
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Coating Morphology 

A study was done to determine if the coating morphology andlor deposition rate 
could be modified to give a more fine-grained, uniform crystallite size or to give a 
thicker coating so that the possibility of porosity or very thin coating would be reduced. 
This study involved adding various gases to the inlet gas mixture that would act as 
catalysts for coating nucleation or growth. For example, AI2O3 is typically deposited at 
GTE Laboratories from a mixture of AICI,, CO,, H,, and Ar. Deposition runs were done 
using this mixture plus either H,S, CH,, or H,S+CH,. When H2S was added, the coating 
was =50% thicker for a given run time, but the surface grains were larger and more 
discontinuous. This suggests that the nucleation rate was unaltered, but that the growth 
rate of stable nuclei was increased. Figure 3 shows an Al,O,-coated SSC sample 
prepared with H2S. Addition of CH, gave no change in coating thickness, but a surface 
morphology that appeared to be even more porous than that obtained with H,S (see Fig. 
4). Addition of H2S plus CH, gave similar results to addition of H,S alone. These effects 
are not understood. Since they did not result in improved coating morphology, the study 
was discontinued. 

Figure 3. SEM photomicrograph of an AI,O, coating on SSC deposited with H2S added to 
the inlet gas mixture. Notice the large gaps between crystallites. 

Con facf Stress/Fric fion Coefficient Tests 

Pins and disks for the milestone "Feasibility study of measuring friction 
coefficient and contact stress damage using conventional pin-on-disk or bail-on-disk 
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wear tests" were fabricated and polished to a 1 pm surface finish. This study will 
measure the friction coefficient and wear resistance behavior of both coated and 
uncoated material. Uncoated substrates are being included to provide a baseline for 
interpreting results obtained on coated materials. The tests are being done using the 
pin-on-disk apparatus illustrated in Fig. 5. Notice that the tip of the pin is spherical, 
which gives similar results to those obtained in a ball-on-disk test. . Due to the 
sensitivity of measured values of friction and wear properties to the test conditions, and 
to the general problem of obtaining reproducible results in tribological studies, the test 
procedure chosen for this study is based upon the conditions used for the VAMAS round- 
robin on wear test methods4. This procedure is currently being used by a large number 
of laboratories, including GTE Laboratories and Oak Ridge National Laboratory. 
Initially, measurements on both uncoated and coated material will be done at room 
temperature. The measurements will then be repeated at a high temperature. The 
highest temperature that can be reached with the present apparatus is 800°C. 

Figure 4. SEM photomicrograph of an A1203 coating on SSC deposited with CH, added to 
the inlet gas mixture. Notice the larger gaps between crystallites compared to Fig. 3. 

Thus far, self-mated pin-on-disk sliding wear tests have been carried out with 
RBSN, HSN, and SSC materials. The tests were performed at a velocity of 0.1 m/s with 
a 1 kg static load in air at room temperature and a total sliding distance of 1000 
meters. Table 4 summarizes the friction results obtained. The breakaway friction 
coefficients were measured prior to wear testing on surfaces polished to a 1 pm finish. 
The values reported for the kinetic friction coefficients are the steady state values 
obtained after 500 meters of sliding. The microstructure, fracture surface, and 
reactions at the wear interface are currently being studied to provide more insight into 
the wear behavior of these ceramics. 
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Table 4. Breakaway and kinetic friction coefficients for uncoated RBSN, HSN, and SSC. 

Pin Disk 

RBSN RBSN 0.1 0.5 - 0.8 
HSN HSN 0.3 0.8 
s9c s9s 0.1 0.3 

Figure 5. Schematic of pin-on-disk wear test system. F is the normal force on the pin, 
d is the pin diameter, D is the disk diameter, R is the wear track radius, and W is the 

rotation velocity of the disk. 

us of Mileston= 

Microstructural evaluation of the 
A120,+Zr02 composite layer. 

1 2 / 8 9  

Studies of first generation coating 
configuration to determine cause of failure 
during oxidation tests at 1200°C and 1375°C. 

03/90 

Modification of coating configuration to 09/90 

Status 

Completed 

Completed 

On schedule 
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improve oxidation resistance at 21 200°C. 
Develop CVD process and coat samples for 
testing the following modifications: a) add 
AI2O3 layer between AIN and A1,03+Zr02 
composite layer; b) increase thickness of 
AI2O3+ZrO2 composite layer to 1 0p.m. 

Feasibility study of measuring friction 
coefficient and contact stress damage using 
conventional pin-on-disk or ball-on-disk 
wear tests. 

1 2 / 9 0  On schedule 

Performance tests of modified coating 0 3 / 9 1  On schedule 
configuration including: i) 500 hour oxidation 
ii) thermal shock, and iii) flexure strength. 
Each test will be done on coated and uncoated 
samples. All tests will be conducted at room 
temperature, 1 OOOOC, 1 200°C, and 1375°C. 

Test feasibility of coating a commercial 
part or equivalent. 

Submit draft of final report covering 
Phase II results. 

0 6 / 9 1  On schedule 

0 9 / 9 1  On schedule 

None. 

1. A. D. Katnani and K. I. Papathomas, "Kinetics and initial Stages of Oxidation of 
Aiurninurn Nitride: Thermogravimetric Analysis and X-ray Photoelectron Spectroscopy 
Study", J. Yac. Sci. Techno/. A, 5(4), 1335 (1987). 

2 .  V. A. Lavrenko and A. F. Atexeev, "Oxidation of Sintered AIN," Cer. In& 
9(3), 80 (1983). 

3. P. Boch, J. C. Glandus, J. Jarrige, J. P. Lecompte, and J. Mexrnain, 
"Sintering, Oxidation and Mechanical Properties of Hot Pressed Aluminum Nitride," 
Cer. inti,, 8(1), 34 (1982). 

4 .  A. W. Ruff and S. Jahanmir, "Measurements of Tribological Behavior of 
Advanced Materials: Summary of U.S. Results on VAMAS Round-Robin No. 2," NlSTlR 
89-41 70, U.S. Dept. of Commerce, Gaithersburg, MD, 1989. 
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year Resistant Coatinqs 
C. D. Weiss (Caterpillar, Inc.) 

Obiective/Scope 

The goal of this technical program is to develop wear- 
resistant coati.ngs for piston ring and cylinder liner 
components for low heat-loss diesel engines. 

Wear resistant coatings will be applied to metallic 
substrates using plasma spraying, vapor deposit-ion (CVD/PVD) , 
and enameling coating processes. First, the adherence of each 
coating for each coating process to metallic substrate will be 
optimized. Methods which can be used f o r  improving the 
adherence of these coatings include development of unique 
substrate preparation methods before application of the 
coating, grading the coati-ng composition to match thermal 
expansion, compositional changes, laser or electron beam 
fusing and/or optimization of coati-ng thickness, Once the 
adherence of each coating system is optimized, each coating 
will be screened for friction and wear under lubricated 
conditions. Coatings which show promise after this initial 
screening will be further optimized to meet the friction and 
wear requirements. Then the optimized coatinq systems will be 
fully characterized for adherence, oxidation resistance, 
uniformity, thermal shock resistance, as well as friction and 
wear. 

processes will be made after the characterization task. 
Criteria for sei-ection will include not only performance 
(;.-e., wear, adhesion, friction coefficient, thermal shock 
resistance and thermal stability) but manufacturability/cost 
factors as well. Using these criteria, a coating system 
having acceptable cost/benefit rei-at ionships will be selected. 

Selection of the most promising coatings and coat.i.ng 

‘re chn i ca 1 proqre s s 

Usinq the preliminary pin-on-disk testing of the ten 
candidate plasma spray, five chemical or physical vapor 
deposited, and the enamel coatings selected in Task 1 as a 
guide, a plasma sprayed chrome oxi.de.--silica as well as  a 
plasma sprayed high carbon iron-Mo composite were selected as 
potential candidates for both cylinder liner and piston ring 
wear resistant coatings. Also id.entified as potential wear 
resistant piston ring coatings were the plasma sprayed, self- 
lubricating PS 212 and t-he mid-temperature chemical vapor 
deposited Ti(C,N). Finally, a chemical vapor deposited chrome 
nitride was identified as a potential wear resistant cylinder 
liner coating. 

accomplished usi.ng the Hohman A-6 friction and wear test 
machine. The following material pairs were evaluated on the 
Hohman A-6, lubricated, at 350°C:  

Further screening of these selected coatings was 
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1. Plasma sprayed high carbon iron-No composite r u b  shoes 
against a chemical vapor deposited CrN disk, 

2. Plasma sprayed chrome oxide-silica composite rub shoes 
against a chemical vapor deposited CrN disk, 

3. Plasma sprayed PS 212 rub shoes against chemical 
vapor deposited CrN disk, 

4 .  Mid-temperature chemical vapor deposited Ti(C,N) rub 
shoes against a chemical vapor deposited CrN disk, 

5. Plasma sprayed high carbon iron-No composite rub shoes 
against a plasma sprayed chrome oxide-silica disk, 

6. Plasma sprayed chrome oxide-silica rub shoes against a 
plasma sprayed chrome oxide-silica disk, 

7. Plasma sprayed PS 212 rub shoes against plasma 
sprayed chrome oxide-silica disk, 

8. Mid-temperature chemical vapor deposited Ti(C,N) rub 
shoes against a plasma sprayed chrome oxide-silica 
disk. 

The results of this Hohman A-6 friction and wear testing 

Wear testing plasma sprayed chrome oxide-silica, plasma 
are contained in Tables 1 and 2. 

sprayed PS 212 or mid-temperature CVD Ti(C,N) rub shoes 
against a CVD CrN disk at 35OUC, lubricated, produced very 
high friction coefficients (0.17-0.21). The high friction 
coefficients caused high CrN wear rates and for this reason, 
o n l y  one of these material pairs was tested for over 30 
minutes before the wear track had completely worn through the 
2 to 3 micron thick CrN coating. 

shoes running against CVD CrN disks produced mixed results. 
In two of the tests, this material pair recorded low friction 
coefficients and low shoe w e a r  and medium-to-low disk wear. 
High disk wear was recorded during the two other tests with 
this material pair. Scanning electron photomicrographs of the 
surfaces of the CrN disks revealed that the CrN coating was 
not uniformly applied to the surface each disk. The disks 
which exhibited low friction and wear rates all had dense, 
uniformly applied C r N  coatings. On the other hand, uncoated 
regions were observed on the CrN disks which exhibited the 
high wear. 

uniform CrN coating is achieved, the material pair of high 
carbon iron-Mo running against CrN will meet both the friction 
and wear rate goals of this program. However, the CrN coating 
was applied to only 2-3 micron thickness. The longest test 

The combination of plasma sprayed high carbon iron-Mo rub 

The friction and wear testing showed that when a dense, 
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t h e  recorded for this material pair was 680 minutes before a 
wear track was completely worn through the coating. Thus, a 
2-3 micron thick CrN will not meet a 10,000 hour durability 
goal. Additional CrN specimens, coated with a modified CVD 
process to produce denser, more uniform coatings will be 
obtained. These specimens will also have a 5 micron thick CrN 
coat.i.ng. These specimens will be used to obtain a wear curve 
for the CrN. This wear curve will be used to determine the 
minimum C r N  coating thickness required to meet the 10,000 hour 
durability goal - 

Table 2 contains the results of wear testing the plasma 
sprayed high carbon iron-Mo, chrome oxide-silica composite, 
PS 212 and the mid-temperature CVD Ti(C,N) rub shoes against 
plasma sprayed chrome oxide-silica composite disks. Testing 
chrome oxide-silica or the Ti(C,N) shoes against the chrome 
oxide-silica disks produced high friction coefficients and 
medium-to-high disk wear. Again the reason for the high disk 
wear was the high friction coefficient. Low friction 
coeffi-cients, and low shoe wear al.ong with low-to-medium disk 
wear was recorded when running PS 212 shoes against a chrome 
oxide-silica disk. 

Excellent results were obtained running high carbon iron- 
Mo rub shoes against the chrome oxide-silica disk. One test 
recorded both low friction and low disk and shoe wear and this 
test ran for 1455 minutes before the wear track w o r e  through 
the chrome oxide-silica coating on the disk. 'This material 
pair met the program goals with respect to both friction and 
wear. Additional testing will be performed on this material 
pair to more completely define the wear curve. 

is to develop enameling and sol-gel techniques for appli.cation 
of an adherent, wear resistant, glassy coating for cylinder 
liner applications. Enameling techniques will involve Slurry 
spraying a glass frit onto cast iron, drying .the coating to 
remove the water, and then firing at temperatures up to 800°C 
to melt and bond the enamel coating to the cast iron. Sol-gel 
techniques also use water-based solutions. These solutions 
will be sprayed onto the cast iron, dried and cured at 350°C.  
The 35OoC curing temperature should minimize distortion of the 
cylinder liner. 

The approach used in Task 1A differs from the previous 
enamel development program in that solid lubricants will be 
incorporated into the glassy phase composition to first reduce 
the coefficient of friction values of the glassy phase below 
0 . 0 2 .  Once the coefficient of friction is optimized, wear 
particles will be added to the composition, if needed, to 
improve the wear properties of the coating. 

The work performed in Task 1A first centered around 
developing robotic spray parameters for both the enamel and 
sol-gel compositions. Enamel and sol-gel coatings have been 

Work on Task 1A was initiated. The purpose of this task 
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successfully sprayed using robotic techniques onto 25x25 mm 
coupons. A successful drying and firing cycle has been 
developed for the enamel composition. Difficulties were 
encountered in obtaining a drying cycle for the sol-gel 
coating which would consistently produce a crack and blister 
free coating. 

composition. These specimens will be used to obtain pin-on- 
disk baseline wear and friction data for the enamel 
composition. The enamel will be evaluated running against 
both ceramic and metallic counterfaces. 

Four Falex disks were slurry sprayed with the enamel 

Table 1 
Hohman A-6 Friction and Wear Test Results 

Chemical Vapor Deposited Chrome Nitride Disks 

Table 2 
Hohman A-6 Friction and Wear Test Results 

Plasma Spraved Chrome Oxide-Silica Composite Disks 
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Status of milestones 

MSI Manufacture of 400 adherence specimens--complete 
MS2 Manufacture friction and wear test specimens--cornplete 
MS3 Identify a minimum of 12 adherent coating systems-- 

MS4 Identify 12 coating systems for friction and wear 

MS6 Manufacture simulated engine component specimens---complete 

complete 

optimization--complete 

Publications 

M. H .  Haselkorn, "Wear Resistant Ceramic Coatings for Diesel 
Engine Components", was presented at the 27th Automotive 
Technology Development Contractors' Coordination Meeting, 
October 24, 1989, Dearborn, Mi. 
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M.G.S. Naylor 
Cummins Engine Company, Inc. 

Q b i ec t ive/&Qgg? 

The objective of this program is to develop advanced wear resistant coatings for in-cylinder 
components for future, low heat rejection diesel engines. Coatiiigs and substrates (for piston 
rings and cylinder liners) are to be developed to meet the following requirements: 

1. low wear (as measured in laboratoy rig tests at ambient temperature and 350°C). 
Wear coefficients in the range 5x10-1 tu 5x10-11 mm3/mm/N are targeted (at 3SOOC:). 

2. low friction coefficients when tested under boundary lubricated conditioris (target 0.1) 
and unlubricated conditions (target 0.2) at ambient temperature and 3WC. 

3. good thermal shock resistance. 

4. high adherence and compatibility with substrate materials up to 650% 
5. high uniformity and reproducibility 

Techn-ml Progress 

Overview o f  Coating Development 

'I'able 1 lists the wear coatings which have been under evaluation to this point in the program. 
Wear testing has been completed for almost all the air plasma sprayed (APS) chromium 
oxides, some of the high velocity oxy-fuel (HVOF) thermal sprayed materials and the 
slurry-sprayed silica-chromia-alumina (SCA). Microstructural characterization has been 
completed for all the coatings which have been wear tested. 

Bond strengths have been measured for the A P S  chromium oxides, and a study of the effects 
of various spray parameters (powder composition, powder feed gas, powder feed rate, spray 
velocity and gun/nozzle selection) has been completed (see previous reports). Property 
measurements (niicrohardness, tensile strength and elastic modulus at room tern erature arid 

microstructural characterization of the UTRC coatings have been completed. 

Attempts have been made to produce hard, dense boron carbide coatings by air plasma and 
low pressure plasma spray (LPPS) processes, but all techniques have so far proved 
unsuccessful. 

A program has been irii tiatecl at Northwestern University Basic Industry Research Laboratory 
(BIRL) to develop laser processing techniques for ceramic and cermet coatings, and to develop 
APS and HVOF techniques for spraying a variety of chromium oxide and molybdenum metal 
based systems. 

32OoC, thermal expansion coefficient from 25 - 540oC, and thermal dif P usivity) and 
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Coating 

PLASMA S PRAYED 

M S  UCAR Cr2O3 
A P S  Metco 106FP Cr203 - 2% Si02 - 2% other oxide! 
A P S  Metco 136 Cr2O3 - 5% Si02 - 

APS Cr203 - 15% A1203 - 4% SiOJ - 3% ‘Ti02 
A P S  Cr203 - 33% Stellite 6 - 3% Si02 - 2% ‘1’102 
APS Cr203 - 8% Si02 - 3% Ti02 
APS Metco 143 21-02 - 18% TiQz - 10% Y203 
,4PS Armacor M 
APS Armacor T 
VPS Boron Carbide 
APS Cr2O and Cr203 - 50% A1203 
A F S  Mo-di and Mo-Moo2 

HIGH V13 L ? a T Y  

APS Metco 136 Cr2O3 - 5% Si02 - 

wc - 12% c o  
Cr3C2- WC-NiCrCo 
Diamalloy 3007 Cr&-NiCr 
Diarnalloy 2001 NiCrBSi 
Cr2O and Cr2O3 - 50% A1203 
Mo-P?i and Mo-Moo2 

SLURRY-SPRAY ED 

Si02 - 0 2 0 3  - A1203 

KQi NITRIDED 

Substrate 

HK4Q Stainles! 
422 Stainless 
HK40 Stainles: 
HK40 Stainles: 
HK40 Stainles! 
HK40 Stainles! 
HK4Q Stainlest 
422 Stainless 
HK40 Stainles: 
HK4Q Stainles: 
HK40 Stainles: 
422 Stainless 
422 Stainless 

HK40 Stainlesr 
HK4Q Stainles: 
422 Stainless 
422 Stainless 
422 Stainless 
422 Stainless 

Pearlitic Grej 
Cast Iron 

Type 1 Niresisl 
H13 Tool Stee 

Supplier 

APS Materials 
UTRC 
APS Materials 
I3oyd Machine 
A P S  Materials 
A P S  Materials 
A P S  Materials 
UTRC 
APS Materials 
A P S  Materials 
A P S  Materials 
BIRL 
RIRL 

Boyd Machine 
Boyd Machine 
UTRC 
IJTRC 
131RL 
BIRL 

Cummins 

Cummins 

Table 1. Ring and liner coating rnaten‘als under evaluation. 

Coating Development at UTRC, East Hartford CT 

‘Iherrnal and mechanical property measurements of Iligh Velocity Oxy-Fucl ( I  1VOF) sprayed 
Cr3C2-NiCr and NiCrBSi coatings and advanced plasma sprayed zirconia-titania-yttria (Z’l’Y) 
coatings have been completed (Figures 1 to 6). Properties were measured on free-standing 
coating materials sprayed to 0.1 inch thickness and removed from the substrate. Attempts 
were also made to produce thick chromium oxide coatings for evaluation, with no success. 

All three materials, plus a plasma sprayed (3-203, have been deposited onto test substrates 
(422 stainless steel) and submitted to Cummins for finish grinding and wear evaluation. ‘I’be 
same coatings were also sprayed to 0.010 in. thickness onto four sets of Chevrolet automobile 
piston rings to demonstrate the feasibility of applying the above coating procedures to piston 
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Figure 1. 

Figure 2. 

FOUR POINT BEND STRENGTH 
UTRC Wear Coating Materials 

Tensile Strength, MPa 

1 --- Cr3C2-NiCr + NiCrSSi -* - ZTY I 
Variation of four point bend strength with temperature for UTRC 
coatings. 

FOUR POINT BEND STRAIN-TO-FAILURE 
UTRC Wear Coating Materials 

Strain-to-Failure 
..................................... 

-4 
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0 20Q 300 400 

Temperature, C 

Variation of strain-to- fuilure with temperature for UTRC cocifings. 
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Figure 3. 

Figute 4. 

FOUR POINT BEND MODULUS 
UTRC Wear Coating Materials 

Elastic Modulus, GPa 
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Variation of four point bend modulus with temperature for UTRC 
Toatingr. 

T OF THERMAL EXPANSION 
UTRC Wear Coating Materials 

-~ - 
Thermal Expansion Coeff, 10-a K ' 
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___.--- --- -- I ---- 
l2 I 

-100 0 100 200  300 400 500 600 

Temperature, C 

Variation of thermal expansion with temperature for UI'KC 
coatings. 
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THERMAL CONDUCTIVITY 
UTRC Wear Coating Materials 

Thermal Conductivity, W/m K 14 ................ 
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Figim 5. Vuriution of thermal conductivity with temperature for UTRC 
coutings. 

Figure 6. 

SPECIFIC HEAT CAPACITY 
UTRC Wear Coating Materials 

Specific Heat, J/kg K 
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Vuriution of specific heat capacity with temperature for UTRC 
coutings. 
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ring geometries, The HVOF samples were ground to a surface finish of 15 - 16 microinches 
RA, and exhibited no cracking or chipping. The surface finish of the plasma sprayed ceramic 
materials was in the range 18 - 22 microinches RA after grinding. Approximately 9% of the 
ZTY and 4% of the Ck2O3 samples were found to have cracked or chipped to some degree 
diirilig grinding, ranging from complete de-bond to small corner chips. Bonding of the ceramic 
matcrials to the substrate (422 stainless steel) was generally poor, as revealed by light 
microscopy of the interface, but may be improved by the use of a bond coat (no17e was used 
for these samples). The HVOF coatings exhibited excellent bonding with no bond coat. 
Coating microstructures have heen cbaracterixd by light microscopy and scanning electroii 
microscopy (SEM), as described below. 

The Cr3CZ-NiCr material was found to comprise an even distribution of fine (approximately 
8 ~ i m  diameter) chromium carbide particles in a NiCr matrix, with little carbide solutionizing 
and very low porosity levels (Figure 7). 

I'he NiCrBSi material showed greater porosity levels, primarily due to incorporation of a 
substantial nurnbcr of unmelted powder particles (figure 8). Porosity/pullout occurred within 
the unmelted particles and at the interface between unmelted and melted material. The 
niicrostructure showed an extremely fine dispersion of sub-micron sized low atomic number 
particles (presumably carbides or borides) in a metallic matrix. 

The %TY rnatcrial was less porous than many chroniium oxide materials, but showed a "brick 
wall" type of crack distribution (Figure 9). A small amount of unmelted powdcr was present 
in the coating, associated with large pores. The backscattered electron signal from this material 
showed substantial variations in atomic number contrast from splat to splat. A scries of l0gf 
h o o p  microhartlness indentations showed an extreme variation in hardness (from 390 to 
1180 kgfmm-2) across the microstructure. This variation is not thought to havc been caused 
solcly by interactions with CracksJporcs, but may reflect a high degree of compositional 
inhomogeneity and/or the prcserice of amorphous material within the coating. 'I'his will be 
investigated further by means of encrgy dispersive X-ray spectromctry and X-ray diffraction. 

The chromium oxide material showed high porosity levels (approximately 20%) with a large 
aniount of "inter-splat" cracking/voiding (Figure IO). Again, the "brick wall" crack/void 
distribution morphology was evident. 

Coating &!VdOpmel-Pt at Alp§ Materials, Dayton OM 

AI'S Materials have completed a Phase 1 effort to develop air plasma sprayed chromium 
oxide coatings. All the candidate materials have bcen delivered to Cummins, and wear 
evaluations are largely complete (see previous reports). Additional coatings tested during 
this reporting period included thc 0 2 0  8% Si02 - 3% Ti02 and Cr203 - 33% Stellite 6 
materials. The Cl-203 - 8% Si02 - 3% %:lo, microstructure was similar to the Metco 136 
C r 2 Q  studied previously, and contained fewer microcracks than the UTRC material described 
above (Figure 11). The Cr203 - 33% Stellite 4 material contained discrete splats of Cr@3 
and Stellite 6, both phases having been melted in the plasma. Bonding between the two phases 
appeared to be good, with very little inter-splat cracking/voiding in this material (Figure 12). 

Work is in progress to produce WC-Co coatings from the same powder by threc different 
spray processes: air plasma, low pressure plasma and high velocity oxy-fuel ("Jetkote" system). 
The objective is to characterize microstructures and obtain correlations with wear test results, 
and to determine the optimum process for piston ring applications, Previous testing of a WC 
- 12% Co "Jetkote" material (from a different supplier) showed excellent wear results, including 
low wear of pearlitic grey iron h e r  counterfaces, but the coating was not well bonded to the 
substrate and was subject to high temperature cracking. 
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Figure Z Microstructure of HVOF Cr,C,-NiCr coating. 

Figure 8. Mzi 

-- 

ostructure of HVOF NiCrBSi coating. 
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Figure 9. Microstructure of APS Zr02 - Ti02 - Y203 coating. 

Figure 10. Microstructure of UTRC 0 2 0 3  coating. 
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Figure 1I. Microstructure of APS Cr203 - 8% Si02 - 3% Ti02 coating. 

Figure 12. 
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Hopper I Volts 1 Amps 1 Anode I 
RPM 

2 44 1600 115 

2 44 1600 115 

093 1525 

Table 2. Plasma spray parameters for Low Pressure Plasma Sprayed Boron Carbide tests. For 
each test, 4 coupons were placed at distances of IO, 19,28 and 34 inches. No deposition 
occurred at any setting. 
The 115 and 093 anodes are 200 rear injection; the,.I I4 is a straight injection anode. 

One difficulty encountered with the LPPS process was that thick coatings (greater than 
approximately 150 pm) tended to shatter on cooling after spraying, indicating high substrate 
temperatures and/or high residual stress in the coating. In this case, the substrate was a 
castable austenitic stainless steel (HK40), which would have a greater thermal expansion 
mismatch with the coating than 422 martensitic stainless steel. Adherence to the substrate 
was found to be excellent for the LPPS material, however, since tensile bond strengths in 
excess of 9500 psi were measured for coatings which survived the cool-down process. 

Extensive efforts have been made to produce ultra-hard boron carbide coatings using low 
pressure and inert gas shrouded air plasma spray techniques. A wide variety of test conditions 
were utilized (Table 2), but no deposition occurred. 

Two rades of Ferrotic powders, "CM" (45% T i c  with a high chromium tool steel matrix 
phase 5 and "CS-40" (45% T i c  with a martensitic stainless steel matrix phase) have been 
procured, and work is underway to establish the optimum spray parameters for these materials. 
A third material, "HT-6A" (35% T i c  in an age-hardenable nickel base matrix) has also been 
ordered. The Ferrotic materials containvery smooth, rounded carbide particles, which should 
reduce the abrasiveness of the coating when sliding against pearlitic grey cast iron cylinder 
liner counterfaces. A second objective of this study is to maximize the hardness of the matrix 
phase, in order to reduce the relief polish (carbide particles protruding from a softer matrix) 
invariably generated with a cemented carbide during sliding wear. This will be attempted by 
heat treatment (including laser processing) of the coating and by lasma spray processes (e.g. 
low pressure spraying) which maximize carbon retention in the P steel) matrix phase. 
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Test Schedule for Each Coating: 

Fresh CE/SF 1SW4c) mineral oil based lubricant at 20WC 
Fresh CE/SF 15 W4@ mineral oil based lu ricant at 350T 
Engine-tested CE/SF 15W40 mineral oil based. lubricant at 200°C 
U n l ~ ~ ~ ~ c a ~ ~ ~ ,  200*C 

Test Conditions: 

225 N on a 7.5 rnm wide sample (30 ~~~~~ 

“King” sample has cylindrical radius of curvature of 50 mm 
”Liner” sample is flat 

5 rnm stroke 
Lubricated tests: 6 hrs with 1 drop oil every 10 seconds 
IJnlubricated tests: 10 - 30 minutes. 

20 H Z  frequency 

7’ahle 3. 

(IBXRL) 

422 substrate materials have been shipped to BIRL for coating development. Four 
will be sprayed by both air plasma and HVOF methods: ornium oxide, 50% cl 
oxide I 50% aluminium oxide (solid solution), Mo-Ni I -MoO~.  Coating pa 
are to be optimized an microstructures characteriz llowing this, laser processing 

developed for selected coating systems ~ i n ~ ~ t ~ ~ i ~ ~  candidates d‘rom the work 
S Materials). For ceramic coalings, laser glazing prsvidcs the, ~ ~ ~ ( ~ ~ ~ ~ ~ ~ 1 ~  

to produce smoother, denser, more ~ o ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~  surface layers wilh conq~ressive surface 
stresses. For metallic and cermet system, laser pr ssing is a nietlaod of increasing hardness 
or causing n ~ n - ~ q ~ i l ~ b ~ i ~ ~ ~  reactions to occur wh may create n ~ v e  I microst ruc t Ln res. 

Rase of effort, o timizing AI’S processes fcx the four coatings n~enlirmed a h v e ,  
has becn completed, and arnples lor wear testing have been sprayed, 
characterization of ttie coatings i s  underway. 

Wear ‘resting 

Wear tests have been performed on a wide variety of piston ringfcylinder liner coating 
combinations, usin$ a Cameron Hint wear testcr. The tcst conditions, which we re chosen to 
represent the ringliner engine cnviroiirncnt close to the top ring reversal position, are detailed 
in Table 3. Wear tests were performed using a fresh commercial CE/SF quality 15 
mineral oil based lubricant at two teniperatures, and with the same oil taken from an engine 
test which produced severe oil degradation, to simulate the ckemicd e n ~ i r o ~ ~ ~ ~ t  of the 
engine more closely. In addition, tests were run with no lubrication, in order to rank the 
sliding wear properties of the different materials under “scuffing” conditions. A material with 
good scuff resistance is desirable in case o f  temporary loss of oil film in the engine (on start-up 
or under temporary conditions of extreme hot running, for example). Under the loading 
conditions at  top ring reversal, it is extremely unlikely that sufficiently low wear rates can be 
obtained with any coating for extended engine operation without lubrication. 
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WEAR OF CHROMIUM OXIDES vs C 
Cameron Plint, Fresh CElSF 16W40 

Ring Coating 

EP Cr 

UCAR Cr203  

Metco 136 

Cr203-15?6 A1203 

Cr203-33% Stell 

Cr283-8%S102-3%T102 

1 

l_l_- 

_I --_1 
-11 - m n I - i r 1 1 1 n 1  iirn 

1.0~-112 I.OE-~I ~ . O E - I O  I .OE-Q~ 1 . o E - m  I .OE- -Q~ 
Wear Coefd (mrn^3/nrn/N) 

L Q  Ring Wear e Z O O  c 
Ring Wear 0 360 C 

Liner Wear e 200 C 

Liner Wear e 360 C 
L- __--- 

-1 
_ _ _ _ _ _  _ _ ~ _ _ _ _  

J 

Figure 13. Wear comparison of A PS chromium oxide coatings and 
electroplated chromium sliding a aixtst grey iron liners nf 200 m d  
3500C, lubricated with fresh CE,%F 15W4Q oil. 

AYS Chrornium Oxide Ring Coatings IPS Pearlitic Grey Cast Iron Liners 

A variety of chromium oxide based materials has been evaluated with the conventional grey 
iron liner counterface (Figure 13). In most cases, ring wear was lower than for electroplated 
chromium, but liner wear was higher. The increase in liner wear is thought to have been 
caused by  abrasion by rough edges in the coating. Before-test surface roughness values for 
the coatings were in the range 0.25 - 0.5 prn (measured parallel to the sliding direction, Le, 
parallel to the grinding marks on the machined surface). Within experimental scatter, all the 
chromium oxides showed similar wear coefficients in the fresh oil tests (Figure 13). 

Wear test5 using degraded, heavily soot-loaded oil from an engine test showed a considerable 
increase in ring and liner wear rates compared to tests in fresh oil for the conventional 
electroplated chromiumlgrey iron system (Figure 14). By comparison, the chromium 
oxide/cast iron tests generally showed little effect of lubricant soot (Figure 14), which suggests 
that the advantages of using chromium oxidc ring coatings over the conventional ring material 
becomes more pronounced as the oil degrades in the engine. 

Chromium oxide wear data for unlubricatcd tests against grey iron liners are shown in Figure 
15. The Cr2OI - 33% Stellite 6 material showed the lowest wear coefficient in these tests, the 
other materia s having wear coefficients equal to or greater than electroplated chromium. 
Liner wear rates were almost independent of ring material for these tests. Wear niechanisms 
identified for this type of test include oxidation and abrasion of the liner, formation of thick 
iron oxide transfer layers on the ring coatin and inter-splat fracture in the coatings. The 
effect of the Stellite 6 phase in reducingwear o f chromium oxide coatingsis under investigation. 
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WEAR OF CHROMIUM OXIDES vs CAST IRON 
Cameron Plint, 200 C 

Fresh and High Soot CE/SF 15W40 0i!s 

Ring Coating 

Cr203-15% A1203 

Cr203-8%Si02-3%Ti02 

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (mm’3/mrn/N) 

a Ring Wear, Fresh 

Ring Wear, Soot 

Llner Wear,  Fresh 

Liner Wear,  So01 

Figure 14. Wear comparison of APS chromium oxide coatings and 
electroplated chromium sliding against grey iron linen Itt 2OPC, 
lubricated with high soot CE/SF 15W40 oil. 

WEAR OF CHROMIUM OXIDES vs CAST IRON 
Cameron Plint, Unlubricated, 200 G 

Ring Coating 

Cr203-16% A1203 

UCAR Cr203 

Cr203-8%Si02-3%Ti02 

Cr203-33% Stellite 6 - 

1.OE-09 1.OE-08 1.OE-07 1.OE-06 
Wear Coeff (rnm^S/mm/N) 

I Fa Ring Wear Liner Wear I 
Figure 15. Wear compan‘son of APS chromium oxide coutings and 

electroplated chromium sliding against grey iron liners ut 20WC 
with no lubricant. 
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Summary of Wear Results for All Coatings 

Results for fresh oil (200OC), fresh oil (350OC), high-soot oil (200OC) and unlubricated (20OOC) 
wear tests are shown in Figures 16, 1'7,123 and 19 respectively. For reference, microhardness 
values for each coating are listed in Table 4. 
In fresh oil (Figures 16 and 17), the wear ranking of the coatin s was the same at both test 

HVOF WC - 12% Cop and the worst (APS Zr02 - Ti02 - Y203). For these comparisons, 
Cr203 wcar coefficients were obtained by taking the mean of all the Cr203-based materials 
evaluated. Of the materials tested, the cemented carbides appeared to have the best wear 
properties. 

The high soot oil tests were conducted with a 4 5 %  soot oil from an engine test, until supplies 
of this oil wcre exhausted, when a 3.3% soot oil was used. Various tests established that the 
two oils gave similar wear coefficients. Comparing Figures 16 and 18, the high soot oils were 
found to cause a dramatic increase in wear of the metallic materials investigated (electroplated 
chromium and Armacor M, a proprietary iron-based material). Ceramic arid cermet materials 
were found to be relatively inert to high soot concentrations. Again, the HVOF WC - Co had 
the lowest wear rate of the materials tested. 

Unlubricated tests again showed very low wear rates for the HVOF WC-Co, although the 
grey iron liner material was severely abraded due to coating fracture (Figure 19). The hrmacor 
M material showed much better wear properties in comparison to elcctroplated chromium 
and (21-203 in the dry tests. 

Selection of coatings for engine components should be made after determining which 
properties are most important for the application (e,g. high temperature lubricated wear 
resistance, scuff resistance, resistance to degraded oils, etc.) and after assessing the relative 
importance of each surface. For example, maintaining low liner wear rates might be considered 
as important as low ring face wear in some applications. 

temperatures, with ap roximately two orders of magnitude dif P erence between the best (a 

Chamcterizatio~z of Wear Surfaces 

Characterization of wear surfaces for some of the materials tested during the current reporting 
period is described below. Wear morphologies for many of the Cr203-based materials and 
the HVOF WC-Co coating have been characterized in previous reports. 

The wear surface of a Cr203 - 8% Si02 - 3% Ti02  coatin tested against grey iron with fresh 

pits. Since the area fraction of the pits was greater than the area fraction of porosity, this is 
thought to be evidence for inter-splat debond/fracture. The Cr2O3 - 33% Stellite 6 material 
showed less evidence of debond, but in this material the Stellite phase (lighter imaging in the 
SEM) was smeared across the wear track and, from the appearance of the wear surfacc, must 
have supported a large fraction of the bearing load (Figure 21). 

oil at 350OC is shown in Figure 20. Large areas of the sur P ace were covered with flat, shallow 

The ZTY material, which had very high wear coefficients in lubricated tests, showed a 
microscopically rough wear surface with evidence of splat de-bonding and fracture (Figure 
22). 
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WEAR OF VARIOUS PISTON RING COATINGS 
Cameron Plint, Fresh CEISF 1BW40, 200 C 

Pearlitic Grey Iron Liner 

Ring Coating 

A P S  Cr203  

HVOF Cr3C2-NiCr 

HVOF WC-GO 
-- 7- I T T T T I T T T  - -7 -TTm1- 

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coef f (rnm-3/mm/N) 

1 Rinp Wear c-3 Liner Wear Tolal Wear -_ I___ _I__-I _ _ _ _  

Fibxire I 6  Wear coyzz an'son of vanous rh@iner combinations ut 20@Y? in 
jkesh C E I F  1SW40 oil. 

Figure 17. 

WEAR OF VARIOUS PISTON RING COATINGS 
Cameron Plint, Fresh CE/SF lSW40, 360 C 

Pearlitic Grey Iron Liner 

EP Cr 

HVOF Cr3CP-NiCr p-a 
HVOF WC-CO 

toE-oa 1.OE-12 1.OE-11 1.OE-10 1.OE-09 
Wear Goetf (mm-3/mrn/N) 

............. __ 
m R i n g  Wear C J L i n e r  Wear 

.__I__ il__ .................... 

Wear coni urison of various ring/iner combinations ut 3XPC in 
fresh C E A F  15 W40 oil. 
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WEAR OF VARIOUS PISTON RI COATsNGS 
High Soot CE/SF 15W40, 2 0 0  C 

Pearlitic Grey Iron Liner 

Ring Coating 

Armacor M 

EP Cr 

APS Gr203  

J HVOF WC-CO 

- ? T i I T - I T T I l  

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-OB 
Wear Coeff (mm^3/mm/N) 

Wear cowtparison of various ring/liner combinations ut 2OWC in 
fresh and engine-tested CE/SF 15 W40 oils. 

WEAR OF VARIOUS PISTON RI G COATINGS 
Cameron Plint, Unlubricated, 2 0 0  C 

Pearlitic Grey Iron Liner 

3ing Coating 

APS Cr203  

EP Cr 

Armacor M 

HVQF WC-CO 

irr 
1.OE-10 1.OE-09 1.OE-OB 1.OE -07 1 OE-06 

Wear Coef f (rnrn^3/mm/N) ___ ~ _ _ _ _ _  

Figure 19. Wear compan,son of various ringliner combinations at 2000C 
without lubrication. 
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Table 4. Microhardness of coatings. 

Fipre 20. Wear surface of APS Cr203 - 8% Si02 - 3% Ti02 ajter sliding 
against grey cast iron liner for 6 hours at 35OOC with fresh CE/SF 
15 W40 lubricant. 
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Figure 21. Wear surface of APS Cr2O3 - 33% Stellite 6 after sliding against 
gey cast iron liner for 6 hours at 35OOC with fresh CE/SF 15 W40 - 
lubricant. 

Figure 22. Wear surface of APS ZrO2 - Ti02 - Y2O3 afrer sliding against grey 
cast iron liner for 6 hours at 2000C with fresh CE/SF lubricant, 
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Conclusions 

Results of piston ring - cylinder liner wear simulation tests have been described for a variety 
of plasma sprayed and high velocity oxy-fuel sprayed coating materials. Three categories of 
wear tests were conducted: (a) lubricated wth a fresh CE/SF 15W40 mineral oil based 
lubricant, (b) with the same oil in a highly soot-loaded condition and (c) with no lubrication. 
Results were baselined with respect to wear coefficients measured for conventional materials 
(electroplated chromium rings and pearlitic grey cast iron liners). Significant improvements 
in wear resistance may be obtained by the use of coatings in all three categories of wear. 
Broadly, the greatest advantages were observed for the category (b) (highly soot-loaded) tests. 
HVOF cemented carbides have so far demonstrated the best combination of wear properties 
in all categories. Selection of an optimum ring-liner tribological system must be based on the 
specific engine application, which determines the relative importance of the three categories 
of wear, and on the relative importance of ring and liner wear protection. 

Status of Miles tow 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Develop plans for coating deposition 

Determine wear test conditions 

Procure substrate materials 

Develop spray parameters for Cr203 coatings 

Tribological evaluation of Cr203 coatings 

Develop spray parameters for HVOF coatings 

Conduct properties evaluationlwear testing of HVOF coatings 

Develop and test additional plasma sprayed materials 

Develop and test laser processed coatings 

Thermal shock and oxidation testing of coatings 

Develop liner counterface materials 

Selection of optimum ring-liner system 

Fabrication of test samples for ORNL 

The program is on schedule. 

Publications 

Oct-3 1-87 

NOV-30-87 

Feb-28-87 

Aug-3 1-89 

Dec-31-89 

Dec-3 1-89 

Feb-28-90 

Apr-30-90 

May-3 1-90 

Jun-30-90 

Jul-3 1-90 

Jul-3 1-90 

Aug-3 1-90 

A paper entitled "Development of Wear-Resistant Ceramic Coatings for Diesel Engine 
Components", by M.G.S. Naylor and M.P. Fear has been submitted for publication in the SAE 
proceedings of the 27th Automotive Technology Development Contractor's Coordination 
Meeting, Dearborn, MI, October 23 to 26, 1989. 
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1 . 4  JOINING 

1 . 4 . 1  Ceramic-Metal Joints 

Joininq o f  Ceramics for Heat Engine App7ications 
M. L. Santella (Oak Ridge National Laboratory) 

Object i ve/scope 

The objective of this task is to develop strong reliable joints 
containing ceramic components for applications in advanced heat engines. 
Presently, this work is focused on the joining of silicon nitride by 
brazing. 
problems that was developed for brazing zirconia at low temperatures will 
also be applied to brazing silicon nitride. 
during FY 1990 will be on: 
coated silicon nitride, (2) correlating braze joint microstructures with 
strength data to identify factors controlling joint strength, and 
(3) developing a method of calibrating the indentation fracture technique 
to determine the accuracy of residual stresses measurements in ceramic-to- 
metal joints. 

The technique of vapor coating ceramics to circumvent wetting 

The emphasis of this activity 
(1) high temperature brazing of titanium-vapor- 

Technical progress 

Joints of Kyocera SN220 Si,N, were made by brazing with a commercial 
Au-25Ni-25Pd wt % filler metal at 1130°C. The joint surfaces of the Si,N, 
were left in the as-ground condition, or they were polished to a 30-pm- 
diamond or a I-pm-diamond finish. Afterward, they were vapor coated with a 
l-pm-thick layer of Ti before brazing. Each braze joint coupon yielded six 
flexure bars with nominal dimensions of 3 x 2.5 x 30 mm. The tensile faces 
of the bars were polished to a I-pm-diamond finish, and the bars were 
tested at room temperature using a crosshead displacement rate of 
0.25 mm/s. 
distribution function and are shown in Figs. 1-3 where the straight lines 
and values of m were determined by separate linear regressions. 
of Fig. 1 for the as-ground joint finish and Fig. 3 for the l-pm-diamond 
finish indicates that because of a slightly higher average strength and 
less spread in the strength values, there was an advantage to using the 
polished joint surfaces over the as-ground surfaces. 
Figs. 1 and 3 many of the specimens actually fractured in the Si,N,, with 
the remaining specimens failing near the joint surfaces. 

Comparing Fig. 2 to Figs. 1 and 3 indicates that the 30-pm-diamond 
joint surface finish resulted in lower joint strengths and more scatter 
than was found for joints with the other two joint surface finishes. 
of the joints with the 30-pm finish broke near or at the interface between 
the Si,N, and the braze layer. The erratic behavior of these joints 
compared to those with the the as-ground and 1-pm-diamond joint surface 
finishes suggests this strength data is spurious. The spurious behavior is 
attributed to improper cleaning of the Si,N, surfaces after grinding to the 
30-pm finish and before Ti vapor coating. 

The test results were assumed to be described by a Weibull 

Comparison 

For the data sets of 

All 
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Fig. 1. Room-temperature flexure s t r e n g t h  of  Si$, 

braze j o i n t s  t h a t  had as-ground j o i n t  surfaces. 
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F ig .  2. Room-temperature flexure s t r e n g t h  of  Si,N, 

braze j o i n t s  t h a t  had j o i n t  su r f aces  ground t o  a 30-pin-diamond 
f i n i s h .  
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ORNL DLVG 85-7i85 

0 Fracture in Si3N, 
* Fracture a t  joint 

Weibull modulus, m = 11.2 
a = 418 f 30 MPa 

Ti-vapor-coated SN220 silicon nitride 
1 prn finish joint surfaces 

Brazed with 50Au-25Ni-25Pd w t X  alloy 
Tested at 25'C 

100 1000 

Joint Strength (MPa) 

Fig. 3 .  Room-temperature flexure strength of Si,N, 
braze joints that had joint surfaces ground to a l-pm-diamond 
finish. 

For all three finishes, when failure occurred at the joint it was 
always at a Si,N4!braze layer interface, or in the Si,N, near the interface. 
Fracture or significant elongation of the braze filler metal layer was 
never observed even though the yield strength of the braze filler metal was 
estimated by microhardness testing to be only 265 MPa. 

Analysis of the room-temperature flexure test data i s  continuing. 
Also, additional groups of flexure test bars for Kyocera SN220 Si,N, brazed 
with Au-25Ni-25Pd wt % filler metal were prepared for testing at elevated 
temperature. 

Several wetting experiments were a1 so done to investigate the 
possibility of using the silicides TiSi, and CrSi, as materials for brazing 
Si,N, and Sic. These two silicides were selected based on their melting 
temperatures (1500°C for TiSi,, and 1490OC for CrSi,), and because they 
reportedly have good oxidation resistance and have shown some promise as 
brazing materials in other work. Both of these silicides were supplied 
as -325 mesh powders. For each experiment 20-25 mg of silicide powder was 
mixed with a few drops of a binder and applied to the surface of a Si,N, or 
SIC specimen. 
vacuum, and finally to 1525°C under a partial pressure (-0.5 atm) of argon. 
After holding at 1525°C for 10 min the specimens were cooled at 25"C/min to 
500"C, and then free cooled t o  room temperature. 
wetting experiments are summarized in Table 1. 
wetting angle 0 was 5" or less, spreading occurred and no well-defined 
droplet was formed. 
formation of acceptable braze joints. 
for all other cases. 

Specimens were then heated at SO"C/min to 1000°C under 

The results of the 
For the cases where the 

This condition is generally not conducive to the 
Well defined droplets were observed 
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Table 1, Resul ts  f o r  we t t i ng  o f  Si,N, and S i c  by 
T i S i ,  and CrSi,  

--- ____ _ _ ~ _ _ _ _ . _ _ I I _  

Braz ing Wett ing 
Ceramic mater i  a1 Atmosphere angle, 8 

--.. ~ . ~ ~ . - - - ~  

S i  3N4 

S i  3N4 

T i S i ,  

T i S i ,  

argon 

vacuum 

10 

5 

S i 3N4 CrS i ,  argon 105 

S i 3N4 C r S i  vacuum 45 

S i c  TiSi, argon 10 

S i c  T i S i ,  vacuum <5 

S i  C C r S i ,  argon 45 

S i  C C r S i ,  vacuum 15 

Based on t h i s  w e t t i n g  data,  j o i n t s  o f  Si,N, and S i c  were made us ing  
T i S i  as a b raz ing  ma te r ia l  f o r  the  t w o  cases where 8 = 10-15". S l i p s  o f  
t h e  f i S i ,  powder were app l i ed  t o  surfaces o f  the  dense ceramics and pressed 
together  by hand be fore  heat ing.  
1525°C f o r  t imes o f  e i t h e r  20 min o r  60 min, w i t h  m e l t i n g  being done under 
A r  a t  a pressure o f  s l i g h t l y  l e s s  than 1 a tm.  
were examined o p t i c a l l y .  
t a i n e d  th ree  major phases and r e l a t i v e l y  l a r g e  f r a c t i o n  o f  pores ( roughly  
5-10%) w i t h  a s i z e  i n  the  range o f  40 pm and less .  
c o l o r ,  one o f  t he  phases i n  the  bond l a y e r  was T i N  which formed predomi- 
n a n t l y  a t  t he  Si,N, surfaces. Cracking o f  t he  bond l a y e r  perpend icu la r  t o  
the  brazed Si3N, sur faces was a l so  ev ident .  
S i C / T i S i ,  j o i n t s  appeared t o  con ta in  only two major phases i n  a d d i t i o n  t o  
pores a t  a lower  f r a c t i o n  than t h a t  observed i n  the  Si3N, j o i n t s .  The same 
crack ing  p a t t e r n  was a l so  found i n  these j o i n t s .  There was evidence i n  
t h i s  case t h a t  t h e  S i c  had undergone g r a i n  boundary i n t r u s i o n  by the  TiSi,, 
and fragments o f  S i c  cou ld  be found throughout the  bond l a y e r .  

A coupon was made for  t he  Si,N,/TiSi, combination f rom which th ree  
bend t e s t  bars were obtained. These bars were t e s t e d  i n  f o u r - p o i n t  load ing  
a t  room temperature and had f r a c t u r e  s t rengths o f  105, 100, and 116 MPa. 
Each bar  broke through the  T i S i ,  l a y e r .  

The j o i n t s  were formed by ho ld ing  a t  

A f t e r  b raz ing  t h e  j o i n t s  
The bond l a y e r s  o f  the  S i  NJTiSi, j o i n t s  con- 

Judging by i t s  go ld  

The bond l a y e r s  i n  t he  
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Status o f  milestones 

141 107 Complete initial evaluation o f  silicon nitride brazing 

The results o f  initial experimental work on this subject are 
described in the following: 

M. L. Santella, "Brazing o f  Titanium-Vapor-Coated Silicon Nitride," 
Advanced Ceramic Materials, 3 (1988) pp. 457-62. 

M. L. Santella and L. C. Manley, "Strength and Microstructure o f  
Titanium-Vapor-Coated Silicon Nitride Braze Joints," pp.  513-23, 
Ceramic Materials and Components f o r  Engines, V. J. Tennery, ed., 
American Ceramic Society, 1989. 

The second publication describes initial work on strength testing of  
braze joints. 
this subject i s  expected. 

This work is continuing and at least one more publication on 

Pub1 i cations 

None. 
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The goal of Phase I is to demonstrate ~ n ~ l ~ j ~ a l  tools for use in designing c ~ ~ a ~ ~ c - t o -  
metal joints, including the strain response of joints as a function of the r n e c h a ~ j ~ ~ l  and physical 
properties of of 
the joint, ex! re, 
and the effe exposed lor Dong times at high temperatures in an oxidizing (heat 
engine) l a ~ ~ ~ ~ p ~ e r e .  The ~ a x i ~ u  
metal and silicon nitri 
shall include "expe~rne 
alss include d e ~ o ~ ~ ~ r a ~ ~ o i ~  of the ~ t ~ ~ ~ ~ a ~  for scale-up of the joint sire to interfacial areas of 
c o ~ ~ e r c ~ a l  ~ j ~ ~ ~ ~ ~ ~ a  
these tools to desig the mechanical and thermal behavisr of larger joints. These 
joints, referred to as 

results sf Phase I .  Tbe an 
temperatures e! up to 95Q*C 
the c ~ r n ~ ~ n a ~ ~ ~ ~  OS wmpeti 
resistance. The effect of each of these prapeflies on joint performance 
using the FEM model. Finally, a mechanical testing p 
effectiveness of the modeling p 
mechanical fatigue, and creep testi 

and metal, the materials used in producing the joint, the 
sed stresses both of a mechanical and thermal nature, t 

ure of interest for application of si!imn e 
"C. The initial joint-fabra'cal 
not le$s than 2 cm2. The a 

ility of the analytical joint mdeling tools, and the a 

nts, shall have an inkdladal area ali at kast 20 cm2. 
The goal al Phase I I  is to o tirnize materials systems and joint design 

d ~ n ~ ~ r Q ~ ~ ~ n ~  will be oxidizing an 
joint materials systems shall be dev 
es which include ~ i ~ ~ ~ ~ i j ~ y ~  yield slt 

ram shall be carried out to confirm the 
include torsion tests, thermal and 

and ~~~~~~~r~~ analysis tasks carried out centered around three items. 
rison of residual stress after brazing for a single-braze system havin 

h material. The Ni ~ n ~ ~ r ~ ~ y ~ ~  
rlayer, thus significantly mduc 

ture dependent material 
devesoped for Palaair 

braze allays These models have bee added to the material model library developed to 
explore different systems in the ceramic- 

gure 1 shows one of the meshes) of the 
~ e r a m ~ ~ - m ~ t ~ l  braze joint have been created. These new models have 1) very fine element 
discretization at the interface between the structural alloy and the ceramic, suitable far 
modifications such increasing or decreasing the number of interlayer materials, and 2) braze 
layers on both si s of the current interlayer (two braze layer system), thus allowing 
investigations of the double--braze system. 

Using the second finite element model, the residual stress state in a detailed model of 
the ceramic-metal braze joint was obtained. The results of this analysis were used to 
superimpose residual thermal deformations with the service torque loads on the joint for 
strength and reliability predictions. 

Lastly, two new finite element 
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__........ x 

Figure 1 : High-density mesh for double-braze joint system. On the left is mesh at solidus 
temoerature of the braze (1180°C); on the right is deformed structure at room- 
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The temperalure- and strain-dependent material properties of the components were 
reported previously. The following material system was selected in this analysis: 

Ceramic 
Structural Alloy 
lnteriayer 
Braze 

PY6 

Ni 
Au-SPd-2LNi 

lncoloy 909 

Maximum principal stress and von Mises stress at 20°C are shown in Figures 2 and 3, 
respectively. Similar results for the braze joint at 650°C are shown in Figures 4 and 5. 
Deformation of the braze joint for 20 and 650°C was shown for the entire structure. This 
indicates which regions have undergone the greatest strain and permits us to select the 
regions of greatest deformation for further study. At both temperatures, the greatest 
deformation occurs in the braze region. This was expected since the braze had the lowest 
yield stress of the materials in the joint. The structural alloy exefls a "downward pull" on the 
braze. This downward motion puts the braze material at the ends of the joint region in simple 
shear, thus permitting large plastic deformations of the braze layers. 

The deformed shapes of the model at 20 and 650°C clearly show that larger 
deformations existed at 20°C. Therefore, the structure does subject to larger residual strains 
at room temperature than at the operating temperature of the joint. Some a ~ o u n t  of stress 
relaxation occurred when the joint was heated from room temperature to its operating 
temperature. 

This relaxation phenomenon is shawn in the maximum principal stress distributions at 
20% and at 650°C (Figures 2 and 4). Not only does the value of the maximum principal stress 
reduced from 20°C to 650°C, but the location of this maximum also changes. At 2PC, the Ni 
interlayer contains the maximum principal stress, thus performing its function of reducing the 
likelihood of ceramic fracture. The central region of the braze puts the ceramic in residual 
compression, away from the edges. At 65Q"C, however, this compression changes lo positive 
values of 01 for m s t  of the ceramic material. 

The von Mises stress was cQncen~ra~ed in the b o  braze layers. The large values 
shown in the braze layer at 20°C emphasize the amount of deformation that these regions 
undergo. Similar behavior was displayed at 658°C. AI 650°C the maximum values of V Q ~ I  Mises 
stress were reduced, and the distribution sf these maximum values was more diffuse 
compared to the results at 2WC, because of the relaxation which occurs at this te 

In summary, the braze material undergoes large deformations at both mom and 
operating temperatures, and the interlayer provides a mechanism for ensuring that the largest 
maximum principal stress occurs outside of the ceramic component at room temperature. 
Also, some stress relaxation occurs in the structure when heated from room to operating 
temperature, permanent deformations notwithstanding. 
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Figure 2: Contour plot of maximum principal stress (si in Pa) at 20°C in the vicinity of the 
joint. 

Figure 3: Contour plot of von Mises stress (Pa) at 20°C in the vicinity of the joint. 
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Figure 4: Contour plot of maximum principal stress (sl in Pa) at 650°C in the vicinity of the 
joint. 

Figure 5: Contour plot of von Mises stress (Pa) at 650°C in the vicinity of the joint. 
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Boom Ten7perature T e a .  The torsion test results from the 650°C SigNq-lncoloy 909 
system, the 950°C Si3N4-lnconel 718 system, and the 650°C Sic-lncoloy 909 system are 
shown in Table 1. The fracture behavior of the all of the joints was similar. 

In general, the 950°C Si3N4 joints were significantly weaker than the 650°C Si3N4 
joints. This difference in room-temperature joint strength is attributed to the higher residual 
stresses in the 950°C Si3N4 joints. The higher residual stresses are caused by the higher 
CTE of the Inconel718 (18 x 10-6/oC) compared to the lncoloy 909 (12 x 10-6/oC). 

The bending moment in the joint, due to misalignment between the ceramic and metal 
parts of the joint, was calculated. There was not a strong correlation between the bending 
moment and the shear stress of a joint for bending moments below 2.5 kN-m. This suggests 
that other factors, such as residual stress, unbonded area, or pre-existing cracks, are the 
controlling factors of the joint strength. 

Table 1 : Results of the room-temperature torsion tests of Si3N4 and SIC brazed joints. 

Material 
System 

650°C Si3N4 
I, 

I, 

650°C SIC* 
I* 

Test Torque Shear Bending Rotation Fracture mode 
Conditions Strength Moment 

(kN-m) (M Pa) (kN-m) 

RT torsion 8.8 154 1 .o 2.22" Broke in ceramic 
14.0 246 2.0 3.52" 
7.6 134 1.6 1.98" 
4.3 76 1.9 1.15" 
8.6 151 1.5 1.05" 

,I 

I, 

I, 

RT torsion 1.7 30.8 3.7 0.38" Broke in ceramic 
U 

U 
5.7 99.8 1.9 1.19" 
3.3 57.0 2.5 0.70" 
7.4 129.1 2.4 0.80" 
5.8 102.6 2.4 0.64" 

,I 

I, 

I, 

,I 

RT torsion 1.7 30.2 2.6 0.25" Broke in ceramic 
I, 1.1 19.9 0.9 0.25" 

0.6 10.3 0.9 0.30" 
I, 

I, ,I 

E-&. The elevated temperature torsion test results from the 
650°C SigNq-lncoloy 909 system and the 950°C Si3Nq-lnconel718 system are shown in Table 
2. In general, the strengths of these joints were very low. During the torsion test the ceramic 
would slip without fracturing. One sample was pulled apart in tension so that the fracture 
surface could be examined after such slippage occurred. Auger analysis of the fracture 
surface indicated that the fracture path was complex and occurred in the Si3N4, in the TiN 
reaction layer, and in the braze alloy. 
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Material 
System 

Table 2: Results of the elevated-temperature torsion tests of the Si3N4 brazed joints. 

Test Torque Shear Rotation Fracture mode 
Conditions St re ng t h 

(kb1-m) ( M W  

650°C SiaN4 

" 
I, 

S50"C torsion 0.67 11.7 - Slippage at braze/ 
ceramic interface 

I. " 
*I 1, 

I t  ,1 

0.23 4.0 0.1 0" 
1 .o 17.7 - 
0.7 12.3 0.21 O 

950°C Si3N4 

Performance Tests a nd FEA Model Pred ict ions 

Slippage at braze/ 
ceramic interface 

950°C torsion 0.05 0.85 I 

The ability to compare the measured joint strength to the predicted residual stresses 
will allow the FEA model of the joints to be refined and will provide a tested method to aid in 
designing ceramic-metal joints in the future. 

Linkage between the FEA predictions and mechanical testing experiments was 
established based on the following assumptions: 

The brazing process provides ideal joints without defects, Le., no unbonded 
area. 

0 Alloying effects are negligible on the material properties. 
0 Each of the structural ceramic members has an equal probability for surface and 

volume defects. 

While these assumptions may not be applicable to the brazed joints presently being studied, 
they represent a necessary assumption to make the problem tractable. 

The situations with and without residual stresses are represented by the properties of 
the brazed joint and of the unbrazed ceramic sample, respectively. The following relationships 
can be established in a tension test. 

offacture = aresidual + Oapplied, Eq. 1 

The residual stresses in the joint are determined by FEA. The stresses azz and 000 
are the maximum principal stresses taken from the free surface in the vicinity of the ceramic- 
metal joint (i.e., 01 and 03 respectively). These stresses can be converted into a maximum 
shearing stress for comparison with the measured joint strength by a Mohr's circle analysis. 

Substituting for the residual stress quantities in Equation 1, the relationship between 
the residual stress in the joint and the strength of the joint, Tpredicted, becomes 
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Eq. 2 

where amax is e uals Tmax. Tnlax is the rniasured shearstrength of the unbrazed cera 
from a torsion test based on the followin 

For real, nonideal samples, Equation 2 bemsmes 

E q .  3 

Eg. 4 

where ~ ~ p p l i ~ d  is the shear strength for fracture measured from brazed sa 
change in the principal stress due to processing, testing, and the probability factor for cracking 
in the ceramic material 

Therefore, a comparison can be made between the predicted values, Tpredicted, iw 
Equation 2 and the measured values, Tappljeef3 in Eqlaialion 4, assuming that AT = 0. Setting 
AT - 0 is equivalent to assuming that the brazed joint is perfect, the Ceramk has not been 
damaged during the brazing process, and there is no unbnded area in the joint. 

Comparisons betweer; the predicted value and the measured values from torsion 
tests were made. The equations developed in the preceding section and testing results from 
the base materials and brazed joints were used in the comparison. In this aoalysis the strength 
of the base materials ere treated as theoretical values and failure of the joint 
occur at the maximum stress point. The residual stress state was expressed in terms of ozZ, 
000, and om. 

The values of oZz and 090 at 20 and 650°C from the FEA study are listed in Table 3. 
These values were taken from the centroid of the FEA mesh element on the free surface of 
the ceramic. This element was immediately above the joint and did not represent the exact 
stress conditions, i.e., plane stress, on the surface. However, fkiese values were taker! as the 
principal stresses since the stress values of the third component, Orr, were significantly smaller 
than those of ozz and 000. 

Table 3: Comparison between FEA predictions and experimental joint strengths. 

-77.7 - 37.8 I interface 

' Cahilatian was based on T~~ = 602 MPa. 
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Using Equation 2 and 602 MPa for Tmax, the calculated value 01 Tpredicted at room 
temperature was 44$ MPa while the measured values from the torsion tests were in the range 
of 75.6 - 246.4 MPa. The measured values change to 128.8-418.6 MPa when the stress 
concentration factor (Kt = 1.7) associated with the change in diameter at the joint (1 2.7 mm 
ceramic to 19.5 mm metal) is accounted for. The measured values are 30 - 90 YO of values 
predicted by FEA. The relatively large scatter in the strength values of ihe joints should be 
attributed to the handling of ceramic parts and to the difference in the ideal joints modelled and 
the real joints tested. 

The FEA values of ozz and 000 at 650°C were obtained from the joint model which 
was cooled down to room temperature and heated back up to 650°C. As shown in Table 3, 
'Tpredicted increased to 659.4 MPa due to the compressive principal stresses. This value 
exceeded the strength values of any components in the joint at 650°C and failure did not 
occur in the ceramic. The values of Tmeasured (4.2-17.5 MPa) represents the strength of the 
weakest component, i.e., the interface region, at 650°C. In this case, the stress concentration 
factor was not applicable. 

- . .  Brazina Allov Devupmem 
Tensile Properties of P r i - C o v  

The effects of Pd additions to the mechanical and chemical properties of Au-Ni braze 
alloys were studied. Six braze alloys were studied: 60Pd-40Ni, 50Au-25Pd-25Ni, 30Au-34Pd- 
36Ni,70Au-8Pd-22Ni, 93Au-5Pd-2Ni, and 82Au-l8Ni, all in wt Yo (Table 4)" 

Pd-containing alloys mentioned above are solid solution strengthened and their 
application temperatures are usually limited to below 500°C. In order to establish a base line 
data for the development of high temperature creep resistant braze alloys, mechanical 
properties of thin foils of these alloys were evaluated. 82Au-18Ni was annealed at 850% for 5 
hours before tensile tests, whereas all other foils were treated at 900°C. 

These alloys did not exhibit a particular pattern in strength-composition relationship. 
However, the highest foil strength (728 MPa yield strength) a! room-temperature was 
observed from the 50Au-25Ni-25Pd alloy, which resulted in poorest brazing performance 
among the alloys studied.. Alloys 82Au-l8Ni, 70Au-8Pd-22NiI 30Au-34Pd-36Ni, 60Pd-40Ni, 
and 93Au-5Pd-2Ni showed 609, 588, 564, 294 and 88 MPa yield strength, respectively. 
Additions of Au, up to about 85%, seemed to be effective to provide high foil strength. Also, 
all these alloys showed significantly low modulii (28-50 GPa) compared to other Au- or Pd- 
based alloys (about 105 GPa), indicating excellent ductility as well as fracture toughness. 

Table4: Liquidus (TC) and brazing (TB) temperatures of the braze alloys, along with 
selected room-temperature mechanical properties of the braze foils, and the room- 
temperature coefficient of thermal expansion (CTE). 

Palni 
Palniro 4 
Palniro 1 
Palniro 7 
Experiment a1 
Nioro 

1 
60 40 I 3-0 34 36 

50 25 25 
70 8 22 

' 8 2  - 18 
193 5 2 

1238 1290 
1169 1220 
1121 1170 
1037 1090 
1082 1180 
950 1000 

I I 
t GTE WESGO, Belmont, CA. 

47.3 373 292 
30.0 574 574 
35.0 735 728 
42.7 600 585 
28.7 109 88 
49.0 760 606 

I 

15.5 
15.5 
17.5 

17.5 
- 
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25°C 
Sample # 

1 2 3 4 5 Ave. 

It was found in this study that the addition of Pd to the Au-Ni system increases the high 
temperature capability of the alloys at the cost of strength, ductility.and more significantly, 
brazability. The low strength of 60Pd-40Ni, with an increased modulus of elasticity, indicates 
the embrittlement of this alloy. Based on this study, it seems that Au-Pd-Ni system is limited to 
the capacity obtainable from Au-Ni system with up to 10% of P 

500°C 
Sample # 

1 2 3 4 5 Ave. 

Coupons were brazed using the above alloys, Ti-coated S N 1000 Si3N4 and lncoloy 
909. Ten coup~ns were brazed with each braze. Five coupons re shear tested at room 
temperature and 5 were shear tested at 500°C in an argon atmosphere for each braze. 

The high Pd brazes, 60Pd-40Ni, 5OAu-25Pd-2 -36Ni, had very 
low shear strength values; all were bellow 35 NPa (Ta of the coupons 
brazed with the high Pd-containing brazes broke during handling. Out of the 30 samples 
made with these brazes, only 12 survived handling and were tested. All of the samples brazed 
with 50Au-25Pd-25Pd braze were cracked in the Si3N4 on cooling and could not be tested. 
The cracks often propagated all-the-way through the SigN4. 

Table 5: Results from room-temperature and 500°C shear tests between Ni and Ti-coated 
Si3N4. 

I 
Braze Alloy 

Au Pd Ni 
Wt% 

I I 

I I 
-s 60 40 

30 34 36 
50 25 25 
70 8 22 
93 5 2 
82 - 18 

t t 

t 
1.6 
0.4 

1.6 
0.2 0.5 

9.9 7.1 6.4 7.6 18.5 12.0 

5.5 2.5 7.4 10.2 2.4 5.8 

t t t t t 

6.9 4.2 10.4 8 .2 7.7 8.4 

2.6 4.4 3.2 0.8 2.8 
3.3 3.3 

10.5 11.6 9.2 9.9 11.7 10.6 
4.7 7.3 9.5 10.0 8.7 8.0 
7.9 10.9 7.3 10.0 8.8 8.9 

t 

t t t 1 t 

I I 
* indicates that the sample broke during handling and could not be tested. 

Braze Alloy (Wt”/,) 

a u  Pd Ni 500°C 
Mean* Std. Bev.* Mean’ Std. Dev.* I 25°C 

- 60 40 
30 34 36 
50 25 25 
70 8 22 
93 5 2 
82 i a  

1 7 . l t  -I 

3.7 2.3 

107.3 53.9 
78.9 24.5 
60.4 36.3 

--- --- 
29.6 16.4 

35.7t  -- 

114.7 11.5 
87.4 23.1 
97.2 16.0 

- -- 

* samples which broke during handling were not included in these figures. 
t no standard deviation is reported because only one sample was successfully tested. 
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The joints that cracked on cooling from the brazing temperature had either a high yield 
strength braze or were high temperature brazes and therefore were subjected to large thermal 
residual stresses. The coefficients of thermal expansion of these brazes are not known as a 
function of temperature, but they are expected to be approximately 15 x 10-6PC near roorn- 
temperature. 

There was not a significant difference in the fracture mode of any of the samples 
(Table 7) except for the 60Pd-40Ni brazed coupons tested at 500°C. Most of the samples 
fractured in the ceramic (at a depth of approximately 1-2 mm) with the crack propagating parallel 
to the interface. The joints with the 60Pd-40Ni braze had approximately 30% unbonded area. 

Table 7: Failure mode of shear coupons. C & I indicates that the crack propagated in 
the ceramic parallel to the interface; I indicates that the crack propagated along 
the brazekeramic interface. 

1 

Failure Mode I Braze Alloy (WPh) 
I 

Au Pd Ni 25°C 500°C 

I 68 40 
30 34 36 
50 25 25 
70 8 22  
93 5 2 
82 18 

I,C&l 
C & l  
C & l  
C & l  
C & l  
C&l 

I ,  30% unbonded area 
C & l  
C81 
C&l 

???, samples not completely broken 
I,C&l 

I I 

Two Ni-based superalloys (Inconel 600 and 625) were studied for braze alloys in 
ceramic-metal joints for high temperature applications. These alloys were selected based on 
their high-temperature performance and ductility. 

These wrought products have attractive sets of mechanical properties for use as high- 
temperature braze alloys or interlayer materials (Table 8). The cast properties were studied, 
since it is the mechanical properties of re-solidified braze that concern the joint performance 
after brazing process. Therefore, these alloys were arc-melted for the testing. Table 8 
summarizes the results af room-temperature tensile tests with cylindrical samples (4 mm dia.). 
In general, the remelting of the wrought alloys caused a 20-30% reduction of tensile strength, 
a 20-30% gain in elongation, and an insignificant change in elastic modulus, less than 15%. 1% 
is clear from the tests that the arc-melted samples still retain their attractive sets of properties. 

Chemical analyses of the Inconel 600 and 625 showed no significant changes in their 
compositions after remelting. In addition, the wetting behavior of these alloys was found to be 
excellent. The wetting angles were below 10" on Ti-, Zr-, or Hf-coated SNW 1000 at 150D°C. 
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Incone! 600 
Arc- M eited 

Table 8: Room Temperature Tensile Properties of Inconel 600 and 525. 

228 536 
220 51 2 
207 538 

AIlays I YS(MPa) UTS (MPa) Elastic Modulus (GPa) Elongation (%) 

Inconel 625 
As-R~CeiVed 

lncanel 600 325 81 2 
As-Received 809 

361 1029 
406 1062 
393 1057 

176 
187 

Inconel 625 
Arc-Melted 

57 
58 

403 730 
326 706 
280 706 

180 
163 
162 

80 
66 
78 

191 
21 5 
22 1 

63 
65 
64 

178 
181 
179 

77 
77 
7 8  

Phase I completed, final report submitted. 

No milestones due this periad, a11 milestones on schedule 

None. 

None. 



255 

Analytical and Experimental Evaluation ofJoining 
Ceramic Oxides to Ceramic Oxides and Ceramic 
Oxides to Metal for Advanced Heat Encjne Applications 
A. T. Hopper, J. Ahmad, A. Rosenfield, and 6. Majumdar 
(Battelle Columbus Division) 

Objective/Scope 

The objective of this project is the development of procedures necessary for the design of 
reliable, high strength ceramic oxide-to-ceramic oxide and ceramic oxide-to-metal joints. The 
research program consists of analytical and experimental tasks. Magnesia-Partially Stabilized 
Zirconia (PSZ) is the ceramic and nodular/ductile cast iron is the metal being used in this 
program. The experimental work dealing with ceramic oxide-to-metal joints was done by  Dr. 
James Cawley and Mr. Eunsung Park of The Ohio State University and by Dr. Daniel Hauser of 
The Edison Welding Institute. The experimental work dealing with joining Zirconia to Zirconia 
was performed by Drs. S. L. Swartz and 6. S. Majumdar of Battelle. Measurements of joint and 
constituent properties were done by Dr. B. S. Majumdar, Dr. A. R. Rosenfield, and Mr. Paul Meld. 
Analytical modeling work was performed by Dr. Jalees Ahmad. 

The goal of the analytical work is a predictive model that can be used in engineering 
design of ceramic joints. The model formulated represents a synergistic treatment involving 
applied stress, crack length, toughness, residual stress, and strength in a fundamentally sound 
manner. Special emphasis has been given to geometry and stress stale independence, making 
the model concept widely applicable as a general design tool. 

The experimental work was performed to provide both material property input to the 
design model and experimental verification of model predictions. To this end small scale and 
scaled up joints were fabricated to determine their mechanical behavior. Experiments included 
measurements of elastic constants and of sfress-strain curves as a function of temperature, 
tensile strength, shear strength, and fracture toughness. Some experiments were also performed 
on specimens fabricated entirely of the interlayer materials. 

Technical Progress 

1.0 Analytical Efforts 

The joint assessment and design model (JADM) described in the previous Semiannual 
Report has been incorporated into a PC computer code. It has been used to evaluate the 
performance of zirconia/zirconia and zirconidcast iron joints as part of the validation calculations 
for large scale joints. 

The model is based on elastic-plastic fracture mechanics principles, and incorporates 
effects associated with thermal expansion mismatch and modulus mismatch of various constitu- 
ents, a5 well as non-linear material behavior as a function of load and temperature. Key 
properties of the constituents, such as those of the interlayer, reaction zone, and base material 
are provided as a data base; these data were measured in this program by using bulk samples. 
The model then uses the processing history, specimen geometry and loading conditions to 
evaluate the performance of the joint. The results of finite element analysis of cracked speci- 
mens have been consolidated in arriving at the engineering model, JADM. 
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The Joint Assessment and Design Model performs a number of functions, the two primary 
uses being : 

(1) Evaluation of the performance of a joint with respect to the load-bearing capability 
of a monolithic ceramic specimen; this provides a measure of efficiency of the joint. 
Additionally, such relative performance is useful from a process/joint development 
viewpoint, since the ultimate goal is to develop a joint that has load-bearing 
capability at least as great as the monolithic ceramic. 

(2) Evaluating the fracture load of the joint, which can then directly be used in any 
component design methodology. 

Figure 1 is a print-out of the JADM calculations for a ZrOdZrQ, joint, fabricated using the 
MASZ-80 interlayer. The geometry is that of a cracked disk specimen with the crack (which is 
machined along the centerline of the joint) oriented at an angle of Q degree with respect to the 
load axis Thus, the material at either end of the crack experiences Mode I loading. The 
horizontal axis corresponds to the applied load, P, as a fraction of the critical load, P,, for plastic 
collapse. The ordinate is the square root of the elastic component of the strain energy release 
rate, Gel as a fraction of the total (elastic-plastic) strain energy release rate, GtOtal, which is equal 
to G,. The failure envelope is indicated by the curved line. The joint assessment vector (JAV) 
provides a measure of the joint’s performance. For an applied load, P, of 3050 N, the JAY just 
intersects the failure envelope. Thus, this load corresponds to the load bearing capability of the 
joined disk specimen. 

Figure 2 is a print-out of the JADM calculations for a ZrOdcast iron joint, fabricated using 
the active filler metal brazing process. The geornetry is that of a cracked disk specimen 
(crack/lengti.r/diameter is Q.5), with the crack centered on the joint and rotated at an angle of 10 
degrees with respect to the compressive load axis. With this loading arrangement, there is 
significant rnixed-mode loading, Le., the ratio of K,I to K, is quite high. The JAV is calculated 
based on a reference Amd of 9541 N, which is the load needed to break a monolithic Zr02 
specimen of identical geometry and loading arrangement. Note that the tip of the assessment 
vector lies well outside the failed region, indicating the load bearing capability of the joint is well 
below that of the monolithic ceramic specimen. In fact, by using different applied loads for 
calculation purposes, the calculated failure load of the joint (Le., when the tip of JAV just touches 
the failure envelope) is estimated to be 6400 N Experiments indicated that at an angle of 10 
degrees, the joint failed at 6325 N. Note that the failure prediction had to take into account 
effects associated with mixed-mode loading. 

Figure 3 provides a comparison of the predicted failure loads with measured failure loads 
based on experiments conducted in this project. The measured data incorporate results from 
cracked bend bars as well as cracked disk specimens with cracks oriented at angles up to 22.5 
degrees with respect to the load axis; the angle limitation was necessitated because the crack 
length to diameter ratio of disk specimens was approximately 0.5, and negative KI was intention- 
ally avoided. The data incorporate results from monolithic Zr6, specimens as well Zr02/ZrO2 
and ZrOdcast iron joints. Each measured data point in Figure 3 corresponds to the average of a 
number of tests, so that the figure is based on a significantly large data base. 

2.0 Experimental Effort 

Numerous tests and experiments have been performed on specimens manufactured by 
joining zirconia to zirconia, by joining zirconia to east iron and on the joint constituents; zirconia, 



cast iron, braze metal, and ceramic interlayer material. In the experiments, small bend bars 
having dimensions 2.5 x 5.1 x 38.1 mm were used in four point bend tests for loaddisplacement 
and failure stress determinations, and fracture bars having dimensions 5.1 x 5.1 x 38.lnlm with a 
notch approximately 1.5mm deep at the joint were used for small scale fracture verification 
experiments. Scaled up joints used for model verification tests were in the form of disks having 
a diameter of 35.6mm and a thickness of 3.6mrn. The advantage of the disk specimen in joint 
characterization is that it allows easy changeover from normal to a mixed-mode type of loading, 
simply by rotating the joint plane with respect to the loading axis. Mixed mode loading is 
extremely important in joint characterization, particularly with different substrates, because even 
under nominally Mode 1 loading, the stress-singularity has a mixed mode character. 

Table 1 lists the number of tests of different types that were performed at room tempera- 
ture; loaddisplacement data were recorded for many of the tests listed. In addition to the 
approximately 160 tests that are listed in Table 1, approximately 60 tests were performed early in 
this program; these earlier tests were conducted in the development stage of the joints, and the 
results were used to screen candidate joint material and joining techniques. Besides the room 
temperature tests, approximately 30 tests were conducted at high temperature. For the 
zirconia-zirconia joints and their constituents, the high temperature tests were performed at 
IO00 C, while, for the zirconia-cast iron joints, the high temperature tests were conducted at 
400 C. 

2.1 Ceramic-Ceramic Joints 

Ceramic-ceramic joints were fabricated using interlayers obtained by mixing a base 
magnesia-alumina-silica (MAS) powder with various weight fractions of zirconia powder. The 
interlayers were designated MASZ-XX, where XX represents the weight fraction of zirconia in the 
MASZ mixture. The base MAS interlayer powder had the composition: 15 wt percent k4g0, 20 
percent AI,O,, 56 percent SiO,, and 9 percent TiO,. It was fabricated by milling the respective 
oxides and calcination at 1100 C for four hours, followed by re-milling. Differential thermal 
analysis confirmed that the MAS melted at a temperature close to 1300 C; joining temperatures 
higher than this temperature were selected. 

Bulk MASZ-50, MASZ-67, and MASZSO interlayers material were fabricated in the form of 
bars using standard ceramic processing methods. PVA binder was added to the MASZ powders 
and bars approximately 50.8~ 10.2x10.2 mm were cold isostatically pressed. After binder 
burnout, the bars were sintered using the identical temperature cycles that were employed 
during joining. Although the theoretical density of the interlayer material is unknown (because of 
the complicated phase constitution), the shrinkage indicated that the interlayer bars were 
approximately 85-90 percent dense. 

Load-displacement data were monitored during many of the bend tests and fracture 
toughness tests. A high accuracy LVDT-type gage, calibrated to a maximum displacement of 25 
to !Smicrons, was used to measure displacement of the center of the bend bar with respect to 
the upper loading pins. Non-linearities were observed in the load-displacement records, 
particularly for the notched bend bars used in the fracture toughness tests. Such non-linearities 
may have been the result of subcritical crack growth. 
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inad-versus-crack opening displacements also were monitored during the fracture 
toughness tests using the cracked disk specimen. This specimen geometry was used for the 
validation experiments. Also, it provided a means to evaluate whether the analytical model was 
able to predict load-displacement data under mixed-mode fracture conditions. It may be noted 
that in actual applications, loading is generally mixed mode in character. 

2.2 ceramic-Metal Joints. 

An active filler metal approach, using Incusil-ABA braze metal fabricated by GTE-Wesgo 
was used to braze Zirconia to modular cast iron. This material has the nominal composition : 
59.2 Ag, 27.5 Cu, 12.1 In, 1.2 Ti, all in weight percent. All the large scale joints were successful 
using this approach. 

Similar to the ceramic-ceramic joints, the constitutive response of the base zirconia, cast 
iron, and braze metal were determined in order to predict joint response based on stress-strain 
properties of the constituent materials. Tensile tests were performed on cast iron and Incusil- 
ABA, while bend tests were performed on the base zirconia. The temperature of testing ranged 
from room temperature to 400 C, the upper temperature limit for this type of joint. The strength 
and toughness of joints were evaluated using unnotched and notched bend bars and disk 
specimens. 

Status .. . .. of Milestones 

All joints, both small scale and scaled up, have been manufactured and tested. ‘Tests 
have included determination of load-displacement response of joints and their constituents, bend 
strength, fracture toughness, and failure loads under mixed mode conditions. An engineering 
joint assessment and design has been formulated, verified, and a PC computer code using the 
model has been written. The final report is in preparation for submittal in July, 1990. 

publications 

Four papers were submitted for publication during this contract period. They were: 

1. ”Zirconia-Zirconia Joints - Part I, Fabrication and Microstructural Characterization”, by 
B. S. Majumdar, S. k. Swai-tz, and A. T. Hopper, submitted to J. Amer. Cer. Soc. 

2. ”Zirconia-Zirconia Joints - Part II, Mechanical Characterization and analysis”, by 
B. S. Majumdar, J. Ahmad, and A. R. Rosenfield, submitted to J. Amer. Cer. SOC 

3. ”Fracture Toughness Evaluation of Ceramic Bonds Using a Disk Specimen”, by 
B. S, Majumdar and A. R. Rosenfield, submitted ASTM Journal of Testing and Evaluation. 

4. ”Fracture Mechanics Assessment of Metal Ceramic and Ceramic-Ceramic Joints”, by 
J. Ahmad and B. S. Majumdar, 22nd National Symposium on Fracture Mechanics, Atlanta, 
June 26-28, 1990. 
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FIGURE 1. FAILURE DIAGRAM FOR 2r02-i!r02 JOINT SHOWING THE LOAD CARRYING 
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FIGURE 2. FAILURE DIAGRAM FOR A Zr02-CAST IRON JOINT SHOWING M E  REDUCED 
LOAD CARRYING CAPACrrY OF THE JOINT. 
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TABLE 1 .  COMPLETED TEST M A T R I X  FOR MECHANICAL TESTS PERFORMED AT ROOM T E N P E R A T U R E .  

Ceoret r y  
Base Zr02 For ZrOZ/Cast I r o n  UASZ-67 UASZ - 60 YASZ - 50 
L r O 2 I C I  J o i n t  Cast Iron Braze Metal J o i n t  I n t e r  1 ayer I n t e r  layer  I n t e r  layer  

6 6 

1 

Bend ear 4 2 3 27  6 

8 3 2 Frac tu re  Bar 2 

Uncracked Dtsk 3 

Cracked Disk 1 7 

N 

Heat Treated Zr02  ZrUZ-WSZ67-7rUZ Zr02-WZ88-7 r02  Zr02-UASZS0-2r02 Zr02-YASZ67(14@0C) 2 r02-YASZBm ( I4saC) 
Geosstry Jo I nt J o i n t  J o i n t  Zr02 J o i n t  L r O 2  Joint For ZrU?/lrCZ J o i n t s  

Bend Bar 2 1  

F rac tu re  Bar 5 

Uncracked Disk 2 

Cracked Disk 9 

18 6 6 

2 

6 

2 2 

Zr02-UASZ67-Zr02 J o i n t  imp l i es  a T j r c o n i a - z i r c o n i a  j o j n t  fabricated a t  1359 C, ustng UASL-67 I n t e r l a y e r  
and YASZ-88 I n t e r l a y e r s  
nomenclature i s  used f o r  t he  j o r n t  w i t h  UASL-80 I n t e r l a y e r  
the tneraal  cyc le  involved t n  the f a b r i c a t i o n  of z i r c o n l a - x i r c o n i a  J o i n t s  

S i U i i d f  nOf8enClature I S  used for joints with UASZ-58 
LrU2-MAS767(140BC)-Zr02 J o i n t  raplles a z i r c o n i a - z i r c o n i a  j o ' n t  f a b r i c a t e d  a t  1480 C ,  us ing  M A W 6 7  I n t e r l a y e r  S i m i  l a r  

c heat  t reatmenl ,  s i m i l a r  t o  Heat Treated Z i r c o n i a  r e f e r s  to the z i r c o n i a  t h a t  received a 1350 
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Analvtical and ExDerimental Evaluation of 
Joinins Silicon Carbide to Silicon Carbide 
and Silicon Nitride to Silicon Nitride for 
Advanced Heat Enqine Armlications 

G.A.Rossi, M.R.Foley, G.J.Sundberg, F.J.Wu, J.A.Wade 

Norton Company 

OBJECTIVE/SCOPE 

The purpose of this program is to develop techniques for producing 
reliable ceramic-ceramic joints and analytical modeling to predict 
the performance of the joints under a variety of environmental and 
mechanical loading conditions including high temperature, oxidizing 
atmospheres. The ceramic materials under consideration are silicon 
nitride and silicon carbide. The joining approach far silicon 
nitride is based on the ASEA hot isostatic pressing process whi.le 
the plan is to co-sinter silicon carbide green forms together. 
These joining methods were selected to produce joints which exhibit 
the minimum possible deviation in properties from those of the 
parent ceramic materials. Analytical models will be experimentally 
verified by measurements on experimental size and scale-up joints 
produced as part of this work. 

Backsround 

Because o f  their strength, oxidation resistance, and o t h e r  
desirable high temperature properties, silicon nitride and silicon 
carbide are under extensive study for use in advanced gas turbine 
and internal combustion engines. In both engine types there are 
requirements for joining the ceramics to themselves, other 
ceramics, and various engineering alloys. Existing bonding methods 
lack the high temperature capabilities required for use in advanced 
heat engines. Further, analytical modeling techniques to predict 
joint reliability and performance have not been developed. These 
technical needs have prevented consideration of economically 
fabricating large, complex ceramic engine components from smaller, 
less complicated segments. The current program will address these 
issues for silicon nitride to silicon nitride and silicon carbide 
to silicon carbide joints. 
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TECHNICAL PROGRESS 

1. Mechanical Testinq for Characterization (Task 1) 

1.1 Fast Fracture of MOR Bars 

All testing on MOR bars has been completed. Table 1 
summarizes the mean strength fo r  each specific test type and 
material. The fast fracture data includes the room 
temperature strength measured on MOR bars oxidized at high 
temperature and after thermal cycling. 

1.2 Effect of Wish Temperature Oxidation on Strenqth 

Sic joined MOR bars were tested at room temperature (RT) after 
oxidation treatment of 5 0 ,  100 and 200 hrs. at 1530OC in air. 
In all cases the average RT strength increased over that of 
the bars without oxidation. Si,N,  joined MOR bars were also 
tested at RT after oxidation treatments of 25, 50, and 200 
hrs. at 137Q'C in air. The S i p ,  controls were also tested at 
RT after exposure to 1370OC for 200 hrs. At the Pow exposure 
times of 25 and 50 hrs. the joined bars showed an increase in 
average strength over the value measured without oxidation. 
However, the strength far both j o i n s  and controls treated f o r  
200 hrs. were lower than those measured without oxidat ion.  

1.3 Effect of Thermal Cvclinq an Strensth 

All test bars w e r e  thermally cycled 1008 times between 1080°@ 
and approximately 100°C in air. The time at 1000°C was 25 
minutes and the time out of the furnace was 5 minutes. The 
strength of both materials, joined and controls, showed an 
increase over the MOR strength without thermal cycling. 

1.4 Effect of C y c l i c  Fatisue on Strenqth 

The cyclic fatigue tests were done at RT on a 5x40 mm f o u r  
point bend fixture. The upper and lower stress limits w e r e  
based an a percentage of the average NOR at RT. The cyclic 
test matrix started by cycling between 10 and 50% of the 
average RT strength and the sample was loaded with an  initial 
stress of 30%. If the sample survived 1000 cycles at 1 Hertz, 
the upper limit was raised by 10% and the sample was cycled 
for another 1000 cycles. This 10% increased continued until 
the specimen failed. The results of these tests for both Sic 
and Si,N, ,  joined and controls, are reported in Table 2. The 
data is now being analyzed. 
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1.5 Stress/Strain on Cylindrical  ensile Specimens 

All specimens have been machined, inspected and delivered for 
testing. The join in the Sic tensile rods became visible 
under ultraviolet light during dye penetrant inspection, 

temperature and high temperature testing procedures are being 
established and testing is expected to be completed by April 
3 0 ,  instead of March 31, milestone date for end of 
characterization. The delay has been caused by several power 
failures and shutdowns. 

whereas the j o i n  in Si,N, rads was not visible. Room 

Creep testing has begun and is continuing, but is behind 
schedule due to general power failures and shutdowns e Another 
delay was caused by the wearing ou t  of the laser tubes that 
had to be replaced, Difficulties in attaining creep data on 
Sic, due to premature failures from inclusions or agglomerates 
and machining defects have also slowed down progress .  The 
stress level required to observe creep in joined Si@ specimens 
leaves it susceptible to early failure. In many cases such 
early failures were fast fracture. A complete set. of data f o r  
joined Si,N, at 137OoC at 3 stress levels is now available. It 
is expected t h a t  creep characterization will be completed by 
the end of April. 

Mleros%ru@tural /chemieal  analysis of joined and control MOR 
bars for both Sic  and Sip, was initiated to t r y  to understand 
differences in mechanical behavior between joined and control 
samples. Due ta limited f u n d s ,  however, this study has not  
i.ncl_uded sophisticated techniques such as Scanning Auger 
Spectroscopy and TEM/STEM. The results of this study are 
described below, 

2.1 Mierqstructure by SEM 

No significant microstructural differences between joined and 
control MOR bars appeared in SEM pictures, in both NCX-4500 
Sic and NCX-5100 Si,N,. In Si@ the join could be seen in most 
samples, whereas in Si,N, was invisible, except when the join 
was obviously of paor quality, due to insufficient closure of 
t h e  gap between adherent billets during HIP’ing. 

Figs.1 through 4 were taken from a joined MQR bar of Sic: at 
different magnifications. The interlayer thickness is about 
l o o  p .  
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Figs.5 and 6 were taken from polished joined and control MOR 
bars of Si,N,. The SEM pictures from the joined bars were 
taken at the center of the bar, where the join is located. 
However, since the join was not visible, it is possible that 
they do not represent the microstructure of the interlayer. 

2.2 XRD of Powder from Joined and Control Bars. 

For both Si,N, and Sic, 3 mm thick slices were cut out of 
joined MOR bars at the center, so that the slice contained the 
interlayer region. Similar slices were obtained from control 
bars. The slices were ground to a powder and XRD patterns 
were obtained. Identical phases and polytype ratios were 
found in the powders from joins and controls, f o r  both 
materials. 

2.3  Laser Raman SDectroscoDy Analysis 

This analysis was performed at Rutgers University an both 
joined and control as-machined MOR bars for both materials. 
The join was not visible in the instrument monitor in either 
material. Eight spectra were collected for Sic and six for 
Si3N4 by performing a linear scanning across the join 
interlayer, which was located at the center of the bar. Each 
area interrogated was about 2 y2. N o  significant differences 
appeared in either material when different areas were analyzed 
in the joined specimen and when joined and control samples 
were compared. An attempt was made ta increase the area to 
10 p2" in order to get the result from a lar er number of 
grains, but the sharp peaks obtained using 2 p'area changed 
to broad bands. 

In the case of Sic (see Figs. 7 and 8 )  a peak at about 1090 
cm-1 appeared only once at the center of a joined MOR bar. 
All Sic! spectra showed four peaks at 796, 972, 1370 and lG80 
cm-1, the first two being the strongest ones. All these peaks 
have been reported by Japanese researchers (1) for NICALON 
fibers, except the 972 cm-l peak. Since no alpha-SiC is 
present in the fibers, the 972 cm-1 peak in our spectrum could 
be due to alpha-Sic. The 1090 cm-l peak, on the other hand, 
could be due to an impurity. 

In the case of Sip, twelve peaks are present in the spectra 
(see  Figs. 9 and 10) in the 108-1100 cm-1 range. These peaks 
have also been reported ( 2 )  except one at 520 cm-1. This peak 
is very likely due to free silicon, according to a recent 
Japanese paper ( 3 ) .  
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2.4 Bxyaen and Carbon Analysis by LECO 

Oxygen and Carbon were analyzed by LECO in a 5nm slice cut out 
of an MOR bar. A slice was cut from a control bar, and two 
slices from a joined bar, one at the center containing the 
interlayer and the other near the end. The results are shown 
below. 

Material W/O 8, W / O  e: Location 

s i,N,-J 2.34 +/-.08 0.57 +/-.02 near end 

S i,N,-J 2.36 +/-.08 0 .57  +/-.02 at j o i n  

S i,N,-C 2.23 +/-.08 (3.39 +/-.02 

S i C - J  0.11 +/-.08 31.0 +/-.02 near end 

SiC-J 0.31 + / - . 0 8  31.0 + / - . 0 2  at join 

Si@-C 0.19 +/-.08 31.4 + / - - 0 2  

Note: J = join; C = control 

In the case of S i p ,  higher w / o  8, and w / o  C were found near 
the j o i n .  In the case of sic  more 0, was found in the join 
region. Oxygen and Carbon enrichment at t.he j0i.n might have 
been caused by the binder used to prepare the aqueous slip. 

A jo ined  MOR bar of Si,N, was analyzed f o r  0,, Y and cer tc l in  
cation impurities using a microprobe. The measurements w e r e  
taken along a straight line along the bar length, 
perpendicular to the joint plane, such plane being located at 
the center of the line. Eight measurements w e r e  made at each 
point, separated by a d i s t a n c e  of about 400 p *  The area 
interrogated by the beam was about 80 p2. Figs. 11 and 1 2  
show the results f o r  0, and Y, respectively. No clear trend 
is apparent. The cations analyzed were Na, Ca, Al, T i ,  Fe and 
Mg. Neither enrichment or depletion of impurities was found 
in thc interlayer region. Micraprobe analysis of impurittes 
in a joined MOR bas of Sic is underway. 
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3 .  Analvtical Modelinq 

Fast Fracture: 

The development of modeling techniques to predict the fast 
fracture reliability of structural ceramics involves the 
implementation of finite element models to statistical and 
fracture mechanics analysis such as the ones found in CARES. 
This postprocessor developed by NASA-Lewis was recently 
available f o r  ANSYS and is being evaluated under this 
contract. Updated versions of the program will be received 
shortly. Finite element MOR and tension models have been 
generated and will be compared with experimental results. 
Final results will be available in later reports. 

Creep: 

The Creep modeling procedure uses finite element methods to 
predict the time dependent deformation of structural ceramics 
at elevated temperatures. User-made creep subroutines using 
the theta projection method are under development. 

STATUS OF MILESTONES 

Milestones and deadlines for 1990 are reported below. 

1. Complete characterization testing Mar 31 

2. Complete testing, model validation 2cm2 joint May 31 

3. Complete 20 cm2 joint experimental plan Jun 3 0  

4 .  Complete model development Jun 30 

5. Complete testing and model validation 
for 20 cm2 joint 

6. Delivery of final report Oct 31 

Milestone #1 is expected to be completed by April 30. The delay 
has been caused by power failures and shutdowns that have caused 
interruption of the creep and tensile tests. 

Milestone # 4  is also likely to be shifted to July 31, since 
modeling requires experimental data from characterization. 

PUBLICATIONS 

A paper entitled "Joining of Non-Oxide Ceramics for H i g h  
Temperature Applications", co-authored by C.H.Bates, M.R.Foley, 
G.A.Rossi, G.J.Sundberg and F.J.Wu has been published in the March 
1990 issue of the Bulletin of the American Ceramic Society. 
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FIGURE CAPTIONS 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Polished joined Sic MOR bar showing interlayer thickness 
of about 100 p .  

Same as Fig. 1, higher magnification. 

Microstructure (SEM) of a joined MOR bar of Sic, polished 
and etched, taken at the center of the bar, within the 
interlayer. 

Microstructure (SEM) of a joined MOR bar of Sic, polished 
and etched, taken near the end of the bar, away from 
joint. 

Microstructure (SEM) of a joined MOR bar of Si3N4, 
polished and etched, taken at the center of the bar, 
where the interlayer is believed to be located. 

Microstructure (SEM) of a control (no join) MOR bar of 
Si3Nb, polished and etched. 

Laser Raman pattern taken at the end of an as-machined 
joined Sic MOR bar, away from joint. 

Laser Raman pattern taken at the center of an as-machined 
joined Sic MOR bar, where the interlayer is believed to 
be located. 

Laser Raman pattern at the end of an as-machined joined 
Si,N, MOR bar, away from joint. 

Laser Raman pattern at the center of an as-machined Si,N, 
MOR bar, where the interlayer is believed to be located. 

Percent Yttrium determined by microprobe analysis as 
function of position on MOR bar surface, on a straight 
line intersecting the j o i n  plane. 

Percent Oxygen determined by microprobe analysis as 
function of position on MOR bar surface, on a straight 
line intersecting the joint plane. 
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TABLE 1 

SWHARY OF ORNL J O I N I N G  CONTRACT 
CHARACTERiUTlOCl  MECHANICAL TESTS 

TEST TYPE S i c  CONTROLS 

MOR-750'C I - - -  
HOR- 1370'C 

XOR-1530'C 

OX-25 HR. 

OX-50 HR. 

OX-100 HR. 

OK-200 HR. 

THERMAL CYCLING 

437 (63.4) 

430 (62.4) 

Sic J O I N S  

MPa ( k s i )  

351 (50.9) 

338 (49.0) 

368 (53.4) 

394 (57.11 

394 (57.1) 

435 (63.1) 

XPa (ksi) 

967 (140.2) 

--. 

570 (82.6) 

_ - -  

B d O  (121.9) 

1087 (157.6) 

S 1 3 N c  J O I N S  

MPa (ksi) 

9LO (136.4) 

6?7 ( 98.2) 

526 ( 76.3) 

- - -  
1019 (147.8) 

963 (139.7) 

- - -  
829 (120.3) 

1087 (157.7) 
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TABLE 2 

CYCLIC FATIGUE DATA 

636 (63.3) 

S I C  (C )  S i c  ( J )  

872 (126.5) 90 i 5 83 829 (120.3) 90 5 78 
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Figure 1 
Polished joined Sic MOR bar showing interlayer thickness 
of about 100 p .  

Figure 2 
Same as Figure 1, higher magnification. 
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Figure 3 
Microstructure (SEM) of a joined MOR bar of Sic, polished and 
etched, taken at the center of the bar, within the interlayer. 

Figure 4 
Microstructure (SEM) of a joined MOR bar of Sic, polished and 
etched, taken near the end of the bar, away from joint. 
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Figure 5 
Microstructure (SEM) of a joined MOR bar of Si,N, polished and 
etched, taken at the center of the bar, where the interlayer 
is believed to be located. 

Figure 6 
Microstructure (SEM) of a control (no join) 
MOR bar of Si,N,, polished and etched. 
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Figure 7 
Laser Raman pattern taken at the end of an as-machined joined 
Sic MOR bar, away from joint. 
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Figure 8 
Laser Raman pattern taken at the center of an as-machined joined 
Sic MOR bar, where the interlayer is believed to be located. 
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Figure 9 
Laser Raman pattern at t h e  end of an as-machined joined Si ,N,  MOR 
bar, away from j o i n t .  
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Figure 10 
Laser Raman pattern at the center of an as-machined Si,N, MOR bar, 
where the interlayer is believed to be located. 
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JOINING CONTRACT 
Joint in Si3N4 
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.. . . . .  . .. . . . .  __ 

........ L-- ......... -i_ 

1 2 3 4 6 8 7 8 

Increment # (Dist-400~) 
Fiqure 11 

Percent Yttrium determined by microprobe analysis as function of position on 
MOR bar surface, on a straight line intersecting the joint plane. 

JOINING CONTRACT 
Joint in Si3N4 
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- 
~ 

Figure 12 
Percent Oxygen determined by microprobe analysis as function of position on 
MOR bar surface, on a straiyht line intersecting the joint plane. 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion of the project i s  identified as project element 2 within 

The subel ement s i ncl ude macromodel i ng and m i  cromodel i ng of 

the work breakdown structure (WBS). It contains three subelernents: 
( 1 )  Three-Dimensional Modeling, (2) Contact Interfaces, and ( 3 )  New 
Concepts . 
ceramic microstructures, properties of static and dynamic interfaces 
between ceramics and between ceramics and alloys, and advanced statistical 
and design appraaches for describing mechanical behavior and for employing 
ceramics in structural design. 

The major objectives of research in Materials Design Methodology 
elements include determining analytical techniques for predicting 
structural ceramic mechanical behavior from mechanical properties and 
microstructure, tribological behavior a t  high temperatures, and improved 
methods for describing the fracture statistics o f  structural ceramics. 
Success in meeting these objectives will provide U . S .  companies with 
methods for optimizing mechanical properties through microstructural 
control, for predicting and controlling interfacial bonding and m i  
interfacial friction, and f o r  developing a properly descriptive statistical 
data base for their structural ceramics. 
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2.1 MODELING 

2.1.1 Modelinq 

Microstructural Modeiina of Cracks - J A M .  Boulet (University of Tennessee, Knoxville) 

The goal of the study is to develop mathematical procedures by which existing design 
methodology for brittle fracture could accurately account for the influence of protrusion in- 
terference on fracture of cracks with realistic geometry under arbitrary stress states. To 
predict likelihood of fracture in the presence of protrusion interference, a simulation will 
be developed. The simulation will be based on a three-dimensional model of cracks with re- 
alistic geometry under arbitrary stresses. 

Use of the boundary element method (BEMJ for analysis of cracked bodies has been 
explored further. As discussed in the previous semiannual report, the newer elastostatic 
kernels' have yet to be applied to multiply connected domains. Since .a cracked body is a 
multiply connected domain, use of the newer kernels would require additional mathematical 
modeling before algorithm development could proceed. Because a better alternative exists 
(see below), the newer kernels will not be used in this project. 

crack is not accurate when the older elastostatic kernels2 are used'. However, this "bound- 
ary layer" effect is not important for the present work. We need to calculate stress inten- 
sity factors (SIF's); as discussed below, this can be done without attempting to calculate 
stresses in the boundary layer. Hence, the older kernels are suitable for this project. 

When straightforward application of the BEM to a body containing a closed crack is 
attempted, a singular linear algebra problem is found3. For an n-dimensional ( n  = 2 or 
n = 3) problem, evaluation of the discretized boundary integral equation (BIE) at a node 
yields n linear algebraic equations. Once the discretized BIE has been written for each node, 
the nodal equations are collected to form the overall linear algebra problem. If any two rows 
of the coefficient matrix in this problem are identical, the matrix is singular and the prob- 
lem cannot be solved. But two adjacent nodes, one on each face of a closed crack, are math- 
ematically at the same position. It follows that the coefficients in the nodal equations are the 
same for both nodes. Hence, the overall linear algebra problem is necessarily singular. 
(This difficulty would not occur if the crack faces were nowhere in contact.) 

Singularity of the overall linear algebra problem for bodies with closed cracks can 
be overcome by using the multiple domain method4> '. In this method, the body is separated 
into two regions (or subdomains) by an artificial boundary placed in its interior. The ar- 
tificial boundary is arbitrary except that in each of the two regions it contains one face of 
the crack. The algebra problems resulting from application of the BEM to each region sep- 
arately are both nonsingular. The results for the two regions can readily be combined to 
give the solution for the original domain. 

As indicated above, SIF's can be calculated directly from BEM results without cal- 
culating stresses in the boundary layer. This is accomplished by choosing boundary d e -  
ments that incorporate the stress and displacement singularities at the crack front4* % 6i 

As discussed in the previous semiannual report, calculation of stresses near the 

7, 8. 

The only feature of the present work that we have yet to consider relative to the older 
BEM kernels is interference (contact) of the crack faces. We plan to deal with this by it- 
erative techniques similar to that used in previously reported two-dimensional analysesg. 
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It appears that by using the multiple domain method, special boundary elements for 
the SIF's, iterative techniques for the contact tractions, and interference detection algo- 
rithms based on previously reported analyses' O, the three-dimensional crack-face inter- 
ference problem can be analyzed using an existing BEM computer code with some modifica- 
tion. We are surveying the available codes and working toward acquiring one in the imme- 
diate future. If this effort is successful, development of an original code will cease. 

Ref ere n ces 

1. N. Ghosh and S. Mukherjee, "A new boundary element method formulation for three 
dimensional problems in linear elasticity," Acta Mech. 67, 107-1 19 ( 1  987). 

2. T. A. Cruse, "Numerical solutions in three dimensional elastostatics," Int. J. Solids 
StruCt. 5(12), 1259-1274 (1969). 

3. T. A. Cruse, "Two-dimensional BIE fracture mechanics analysis," Appl. Math. 
Modeling 2, 287-293 (1978). 

4 .  2. H. Jia, D. J. Shippy and F. J. Rizzo, "Three-dimensional crack analysis using sin- 
gular boundary elements," Int. J. Numer. Methods 28(10), 2257-2273 (1 989). 

5. R. Perucchio and A. R. Ingraffea, "Integrated boundary element analysis with inter- 
active computer graphics for three-dimensional linear-elastic fracture mechanics," Comp. 
Srruct. 20( 1-3), 157- 1 72 (1 985). 

6 .  A. R. lngraffea and C. Manu, "Stress-intensity factor computation in three dimen- 
sions with quarter-point elements," Int. J. Numer. Methods Engrg. 15(10), 1427-1445 
(1  980 ) .  

7. M. L. Luchi and A. Poggialini, "Computation of 3-dimensional stress intensity fac- 
tors using special boundary elements," pp. 461 -470 in Boundary Element Methods, Proc. 
Fifth lnt. Conf. on 8. f. M., Ed. C. A. Brebbia, Springer-Verlag, Berlin, 1983. 

8. M. L. Luchi and S. Rizzuti, "Boundary elements for three-dimensional crack anal- 
ysis," Int. J. Numer. Methods Engrg. 24(12), 2253-2271 (1 987). 

9. J. A. M. Boulet, interference of Protrusions on the Faces of a Griffith Crack in 
Biaxial Stress, Final Technical Report, ESM Account No. R01-1351-37, Department of 
Engineering Science and Mechanics, University of Tennessee, Knoxville, Tennessee, 
February, 1990. 

10. J. A. M. Boulet, "Microstructural Modeling of Cracks," pp. 209-11 in CTAHf 
Project Bimonthly Technical Progress Report to DOE Office of Transportation Systems, 
Augusf-September, 7989, ORNVCF-89/307, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, October, 1989. 
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The recently revised milestone schedule is given below. 

2 1 1 1 005 Represent crack faces as mathematical J u l - 1 5 - 1 9 8 9  Completed 
surfaces embedded in Euclidean space. 

21 1 1006 Model protrusion interference kinematics. Aug-15-1989 Completed 

21 1 1007 Solve three-dimensional protrusion in- Oct-01-1 989 Terminated 
terference problem. 

2 1 1 1 008 Develop and implement numerical model 
of three-dimensional protrusion Inter- 
ference problem and conduct verification 
experiments. 

Dec-31-  1990 

2 1 1 1 0 0 9 Define and implement computer-based J u l - 0 1 - 1 9 9 1  
simulation based on numerical model. 

2 1 1 1 0 1 0 Define design procedure based on com- Oct-01-1991 
puter-based simulation and identify 
methods for gathering required data. 

21 11 01 1 Obtain experimental verification of design Feb-28-1991 
procedure. 
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2.2 CONTACT INTERFACES 

2.2.1 Static Interfaces 

The Elastic Properties and Adherence of Thin Films and Coatinqs on Ceramic 
Substrates - Debra L. Joslin (Department of Materials Science and Engineering, The 
Univeisity of Tennessee-Knoxville, Knoxville, Tennessee 37966-2200) 

Obiective/scope 

The objective of this research is the examination of the effects of ion bombardment 
on the structure of thin ceramic films on ceramic substrates. The material 
combinations will include oxide films that have (a) no solid solubility, (b) limited solid 
solubility, and (c) complete solid solubility with the substrate material (also an oxide). 
Techniques for determination of elastic and plastic properties of thin films or coatings 
on ceramic substrates and for the determination of the strength of the bond between 
the film and substrate, which are currently being developed, will be used to 
determine the hardness, elastic modulus, and adherence of each material 
combination. The main testing techniques will be the ultra-low load micro-indentation 
tester (Nanoindenter) and thermal cycling tests. 

Technical highlights 

Implantation and analysis were performed on two specimens during the first 
part of this report period: (1) oxygen implanted into a chromium layer on sapphire, 
and (2) chromium implanted into a Ti,O,/AI,O, multilayered structure on silicon. 

For ( l ) ,  it is desired that the implanted oxygen come to rest at the Cr/AI,O, 
interface, so that the possibility of reaction to form Cr,O, exists. The chromium 
layers deposited for system (1) were analyzed before implantation using Rutherford 
Backscattering Spectroscopy (RBS). From the analysis, it is known that the Cr layer 
already contains a small amount of oxide which may affect the implantation. After 
implantation with 80 keV oxygen at a fluence of 1 x 10l6 ions/cm2, RBS analysis 
showed no mixing effects. The Cr film will now be etched from this sample, and 
both the implanted and unimplanted areas will be reanalyzed using RBS to determine 
which area contains more chromium. Transmission Electron Microscopy (TEM) 
analysis will also be performed. 

far beyond the first four layers of the specimen (distance greater than 100 nm). A 
multilayer sample of crystalline Ti,O, and amorphous AI,O, on a silicon sulbstrate was 
obtained for usejn this study. The sample was made up of 38 repetitions of 
alternating layers of crystalline Ti,O, and amorphous AI,O,. In the implanted area, the 
thickness of each layer was approximately 190 nm. The sample was implanted with 
350 KeV Cr2+' at room temperature. While RBS did not detect the presence of the 
multilayered structure either before or after implantation, TEM cross-section samples 
of the as-implanted specimen did show that a multilayer was indeed present. From this 
sample, some evidence of implantation damage could be discerned. 

Other experiments involving a series of ion beam mixed copper films on 
sapphire substrates were performed during this reporting period. The mixed films and 
a control film (100-nm-thick copper, unmixed) were tested using the Nanoindenter. 

For (2), it is desired that the implanted chromium come to rest at a position 
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Two of the films, 90 nm- and 58 nm-thick, respectively, were mixed using 1.5 MeV 
xenon at a fluence of 1X 10l6 ions/cm2. Another 50 nm-thick film was mixed with 1.5 
MeV xenon at a fluence of 5 x 1015 ions/cm2. The indentation test was designed so 
that the hardness was determined at approximately 0.5, 0.75, 1.25 and 2 times each 
of the respective film's thicknesses. The measured hardnesses of the mixed films 
were all greater than that of the unmixed film. A slight dip in hardness was noted at 
0.75 times the thickness in each of the unmixed films, suggesting that irradiation 
produces some significant effect in the material at that depth. 

An investigation of the stoichiometry of the ceramic films deposited for this 
project was conducted. Using an rf sputter unit, 1000 A-thick chromium oxide and 
zirconium oxide films were deposited on freestanding diamond film substrates. 
Rutherford Backscattering (RBS) measurements were performed on an uncoated 
diamond film and on the coated films. The oxide films were found to be rich in 
oxygen. The chromium oxide is actually Cr2042, and the zirconium oxide is ZrO,,. 
No oxygen was detected on the uncoated substrate. Within the sensitivity of ABS, 
the films were free from foreign contaminants. 

After the stoichiometry of the films was determined, several chromium oxide 
and zirconium oxide films were grown on sapphire. One specimen of each oxide 
was implanted with 340 keV chromium ions to doses of either 1 x 1015 or 1 x 10l6 
ions/cm2. These samples will now be examined using Rutherford backscattering 
spectrometry. 

An investigation of implanted iron films on sapphire similar to the investigation 
of the copper films on sapphire was initiated. The films were tested on the 
Nanoindenter. Two of the films were implanted with 190 keV neon (one with 2 x 1 OI5 
ions/cm2 and one with 2 x 1OI6 ions/cm2). The other two films were implanted with 
1.3 MeV Kr (one with 2 x 1OI6 ions/cm2 and one with 4 x 10'' ions/cm2). The data 
from these experiments are being processed. 

Status of milestones 

N/A 

Publications 

None 
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2.2.2 Dynamic Interfaces 

Studies of Dynamic Contact of Ceramics and Alloys f o r  
Advanced Heat Engines. 

P . A .  Gaydos and K.F. Dufrane (Battelle) 

Objecti ve/Scope 

The objective of the program is to develop an understanding of the 
friction and wear processes o f  ceramic interfaces based on experimental data. 
The supporting experiments are to be conducted at temperatures t o  650 C under 
reciprocating sliding conditions reproducing the loads, speeds, and 
environment o f  the ring/cylinder interface of advanced engines. 
specimens are to be carefully characterized before and after testing to 
provide detailed input to the model. 
basis for identifying solutions to the tribology problems limiting the 
development o f  these engines. 

The test 

The results are intended to provide the 

Technical Highlights 

Apparatus 

on-flat geometry, which facilitates specimen procurement, finishing, and 
testing. 
piston/ring interface o f  advanced engines. 
loading is shown in Figure 1. 
3.2 x 19 mm. A crown with a 32 mm radius is ground on the ring specimen to 
ensure uniform contact. The ring specimen holders are pivoted at their 
centers to provide self-alignment. 
used to control the atmosphere and contains heating elements to control the 
temperature. 
specimen temperature and passed through the chamber to provide an atmosphere 
similar to that o f  actual diesel engine service. A summary o f  the testing 
conditions is presented in Table 1. 

The apparatus developed for this program uses specimens of a simple flat- 

The apparatus reproduces the important operating conditions of the 
The specimen configuration and 

The contact surface of the ring specimen is 

A chamber surrounding the specimens i s  

The exhaust from a 4500 watt diesel engine is heated to the 

Materi a1 s 

Ring and Cylinder Materials 

The compositions of the various materials used in the study are presented 
in Table 2. 
represent various chemical compositions and materials with previously 
demonstrated successful sliding performance. 

A variety of monolithic and coating materials were selected to 



F i g u r e  1. Test  specimen c o n f i g u r a t i o n  and l o a d i n g  

TABLE 1. SUMMARY OF TESTING CONDITIONS 

S l i d i n g  Contact:  Dual  f l a t - o n - f l a t  
" C y l i n d e r "  Specimens: 
'Ring" Specimens: 
"Ring" crown r a d i u s :  32 mn 
Hot ion:  Rec iprocat ing ,  108 mm s t roke  
R e c i p r o c a t i n g  Speed: 
Average Specimen Speed:1.8 t o  5 .4  m/s 
Load: t o  950 N 
Ring  Loading: t o  50 N/mn 
Atmosphere: 
Heasurements: 

12.7 x 32 x 127 mm 
3.2 x 19 x 19 mm 

500 t o  1500 rpm 

D i e s e l  exhaust or o t h e r  gases 
F r i c t i o n  and wear ( a f t e r  t e s t )  
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TABLE 2. MATERIALS FOR EVALUATION 

-~ ~~ 

M o n o l i t h i c  Ceramics Coat ings 

Y PSZ 
MPSZ 
ATTZ 
a Sic  
SiC/A1203 
S ia lon  
K162B ( T i c  - Ni/Mo) 
S i 3 N 4  

T r i b a l o y  400 
METCO 130 (13 T i O 2 ,  87 A1203) 
METCO 501 (30 Mo, 12 C r ,  b a l  N i )  
P1 asmall oy 312M (MoSi 2 )  
Cr203 ( 5  C r ,  b a l  Cr203) 
Jet -Kote WC (12 Co, ba l  WC) 
C r  ( E l  e c t r o p l  ated) 
PS212 ( C r 3 C 2  + BaF2/CaF2 + Ag) 
VR73 (WC/TaC/TiC/Co) 
VA 20 (WC/TaC/Ti C / N i  ) 
CA 815 ( C r s C 2 / N i )  
Mo 
Duplex (WC and Mo) 
Ion Implanted (N i n  Cr203) 
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Wear Experiments 

Previous Wear Results 

In the first phase of the study the need For lubrication at the 
ring/cylinder interface was established by the high friction coefficients and 
wear rates measured during dry sliding of monolithic ceramics and ceramic 
coatings. With lubrication, the wear rates of ceramic coatings such as Cr,O, 
and WC tested at 260 C were found to approach those measured in heavy duty 
truck engines with conventional ring/cylinder materials. With the need for 
lubrication, the maximum operating temperature with ceramics was found to be 
limited by the availability of suitable lubricants. A summary of the wear and 
friction data obtained under a variety of conditions is shown in Table 3. 

PS212 Coating Evaluation 

Further evaluation of the NASA PS212 was conducted because o f  encouraging 
results reported at the 27th Annual Automotive Technology Development 
Contractors4 Coordination Meeting. This coating, consisting o f  a nickel 
aluminide-bonded chromium carbide with silver and Group I1 fluorides, was 
supplied by NASA Lewis Research Center. 
coatings on cylinder specimens showed poor wear results in both dry and 
lubricated tests. 
it is a much more limiting factor than is cylinder wear. 
cylinder wear data are available for comparison with the PS212 results. 

Past wear tests conducted using PS212 

Ring wear is the parameter that is usually measured because 
Hence very little 

For completeness and more meaningful data comparisons, ring specimens coated 
with PS212 were run against Cr,O, coated stationary specimens within SDL-1 
lubricant at 260 C. The wear was so high, however, that after the 
l-hour room-temperature break-in the coating was completely removed, and no 
further testing could be conducted. The wear coefficients for the break-in 
period averaged 4.9 x lo-' (8.3 x mm3/N-mm), and the friction coefficient 
ranged from 0.05 to 0.08. 
excellent friction and wear characteristics in pin-on-disk tests, more 
demanding tests such as those performed at Battelle show a large degeneration 
of those characteristics. 

It appears that while this material may possess 

High Temperature Lubricant Evaluation 

During this reporting period, the high temperature liquid lubricant evaluation 
for this phase o f  the program was completed. 
Chemicals experimental X-1P fluid was conducted, and Monsanto's OS-124 
(polyphenyl ether) was also tested f o r  comparison with it. In addition, the 
base stocks of two previously evaluated Lubrizol polyolester lubricants were 
tested t o  compare their friction and wear performance with that o f  their 
formulated versions. Lastly, a repeat tes t  using formulated Lubrizol 
OS-80001H lubricant was conducted because of inconsistencies in the results 
from the first test. Unless otherwise stated, all o f  the high temperature 
lubricant tests were run with self-mated plasma sprayed Cr,O, coatings. 
Tables 4 and 5 summarize the lubricants evaluated and the friction and wear 
results from the first part o f  the evaluation. A discussion of the most 
recent results follows. 

Further evaluation of Dow 
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T A B L E  4. PREVIOUSLY EVALUATED HIGH TEMPERATURE LUBRICANTS 

BASE STOCK SOURCE MANUFACTURER 
D E S I G N A T I O N  

Polyal kylene Glycol Union Carbide UCON LB-625 

Polyal kyl ene Glycol Union Carbide UCON L B - 6 5 0 X  

X-1P DOW X-1P Fluid 

Pol yo1 ester Lubrizol OS-80001H 

Polyoles te r  Lubri rol OS-75725L 

TABLE 5 .  WEAR RATES OF Cr20, R I N G  SPECIMENS I N  VARIOUS 
H I G H  TEMPERATURE LUBRICANTS* 

ii- I 

Run Average Ring 

min. Coef f i c ien t  Dimension1 ess mm3/N-m 
Lubricant Temperature Duration F r i c t  i on Wear Coef f i c ien t  

OS-75725L 260 60 0.07 - 0.09 1.4 x 2-4 x lo-' 
LB-625 100 480 0.06 - 0.08 2.9 x lo-* 4.9 x lo-' 
x-1P 460 240 0.07 - 0.10 3.0 x lo-' 5.1 x 
OS-75925L 370 240 0.13 - 0.25 1.2 x 2.1 x 10-7 
LB-625 260 60 0.02 - 0.08 1.6 x lo-' 2.7 x 10-7 
LB-650X 300 120 0.02 - 0.06 1.6 x 2.7 x io-' 
LE-650X 260 120 0.02 - 0.06 1.9 x 3.3 x 10-7 
OS-8000 1H 370 120 0.07 - 0.10 2.1 x 10" 3.6 x 10-~  
LB-625 300 120 0.05 - 0.13 4.5 x 7.6 x 1 0 - ~  
OS-8000 1H 260 120 0.07 - 0.09 4.5 x la-' 7.7 x 10-~ 

'Diesel exhaust environment 10.3 N/m r i n g  loading 500 rpm motoring speed 
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Further Evaluation of Dow X-1P 

Another small quantity of X-1P fluid was obtained, and further 
characterization of its lubricating ability at high temperatures was 
conducted. For additional baseline data at 460 C, hard-chrome-plated ring 
specimens were run against cast iron cylinder specimens in X-1P fluid. 
l-hour break-in at room temperature was conducted using SDL-1 oil, and the 
wear coefficients averaged 6.8 x lo-' (1.2 x lo-' mm3/N-m) with friction 
coefficients ranging from 0.02 to 0.06. The same s ecimens run at 460 C gave 
an average wear coefficient of 1.7 x (2.9 x 10- mm3/N-m) and friction 
coefficients between 0.23 and 0.32. 
the specimens lubricated, and it was necessary to reduce the ring loading 
during the run. Plasma sprayed Cr203.ring and cylinder specimens had five 
times less wear under similar conditions. 

A 

P 
More oil than usual was needed to keep 

Comparison of X-1P and OS-124 

Dow Chemical was pleased with the performance of its experimental X-1P fluid 
on Battelle's test rig and supplied some OS-124 (polyphenyl ether) lubricant 
to be run for comparison. Preliminary hot plate tests showed that the fluid 
burned off very cleanly throughout the range of possible test temperatures. 
Table 6 shows how the lubricant faired in tests with self-mated Cr,03 coated 
specimens. 

TABLE 6. WEAR AND FRICTION COEFFICIENTS FOR CR,O, COATED 
SPECIMENS RUN IN X-1P AND OS-124 FLUIDS 

Lubricant Test Test Average Ring Friction 
Duration Wear Coefficient Coefficient 

(mi n . ) Di mens i on 1 ess mm3/N-m 

X1P 460 240 3.0 x lo-' 5.1 x lo-' 0.07 - 0.10 
OS-124 370 120 1.9 x 10-5 3.2 x 10-7 0.03 - 0.06 
OS-124 460 30 1.3 10-4 2.2 x 10-8 0.14 - 0.19 

It is readily apparent that the X-1P performed much better than the OS-124 did 
at 460 C. 
because the friction was so high and the specimens required a higher than 
normal flow of fluid to operate quietly. 
compared with the.X- lP,  is the most likely reason for the required increase in 
lubricant flow to the interface. At a lower test temperature, 370 C, the OS- 
124 performed fairly well. Both the wear and friction coefficients decreased 
significantly from the 460 C test. Testing at this temperature also required 
more lubricant than usual, and the test was shut down at 2 hours to conserve 
the fluid supply. The OS-124 burned off very cleanly during the test, but did 
not seem to have enough usable viscosity available at the test temperatures t o  
lubricate the ring/cylinder interface adequately. 

The test run with OS-124 had to be shut down after only 30 minutes 

Higher volatility of the OS-124, 
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Evaluation o f  Lubrizol Base Stocks 

The base stocks o f  two Lubrizol polyolester oils were used to lubricate se l f -  
mated Cr,O, coated ring and cylinder specimens at elevated temperatures. 
Their formulated versions, OS-75725L and OS-80001H, could not be run higher 
than about 360 C because o f  deposit formation. By running the base stocks, it 
was hoped that higher test temperatures could be run without the problem of 
deposit formation. For convenience, the base stocks will be referred to by 
the last letter of  the formulated o i l  in the following discussi'on. 

In preliminary hot plate tests, base stock "H"  burned off cleanly at the 
desired test temperature. While conducting actual tests, however, the fluid 
began leaving deposits as low as 260 C. 
upper test temperature limit for base stock "H"  was 360 C. This test 
temperature is no higher than the highest test temperatures with formulated 
OS-80001H. Base stock "L" unexpectedly left deposits in a similar hot plate 
test, so deposit formation during actual testing was all but certain. Since 
the formulated version was run t o  370 C, it was decided to run the base stock 
a t  that temperature even though it would leave a large amount of deposits. 

Because of the deposit formation, the 

Tab le  7 shows the friction and wear results o f  the tests run with the Lubrizol 
base stocks. The data from the tests with the formulated versions are also 
presented for comparison. Both base stocks performed well at 260 C compared 
with the formulated versions, At 370 C ,  however, the OS-75725L fluid produced 
a wear coefficient 3 times smaller than with its base stock. Base stock I 'H" ,  
on the other hand, performed better than the formulated version at both 260 
and 370 C. High porosity was seen in the ring coatings used for the OS-80001H 
tests (Figure 2), and this could be the reason their wear rates were so high. 

TABLE 7 .  WEAR AND FRICTION COEFFICIENTS FOR CR,O, COATED SPECIMENS 
RUN I N  LUBRIZOL FLUIDS 

Lubricant Test Test Average Ring Fri ct i on 
Duration Wear Coefficient Coefficient 

( m i  n . ) Dimension 1 ess mm3/N-m 

Base Stock "LIk 260 
Base Stock "H" 260 
OS-75725L 260 
Base Stock "H" 370 
OS - 7 5 7 25 L 3 70 
OS -8000 1 H 370 
Base Stock "L" 370 
OS-80001H 260 

240 
240 
60 
120 
240 
120 
75 
120 

1.0 x 1.8 x 0.03 - 0.07 
1.1 x lo-* 1.9 x lo-' 0.05 - 0.08 
1.4 x lo-' 2.4 x lo-' 0.07 - 0.09 
1.1 10-~ 1.8 x 0.09 - 0.18 
1.2 10-~ 2.1 x 10'~ 0.13 - 0.25 
2.1 1 0 - ~  3.6 x 10'~ 0.07 - 0.10 
4.5 7.7 x 10-~ 0.07 0.09 
3.5 x 6.0 x lo-' 0.03 - 0.06 
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lOOOX 84975 

a. Porous coa t ing  sur face o f  f i r s t  OS-80001H t e s t  

lOOOX 84982 

b. Typica l  Cr,O, coa t i ng  sur face 

FIGURE 2. POROSITY OF Cr,O, R I N G  COATING WEAR SURFACES AFTER TESTING 
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Retest of Lubrizol OS-80001H Lubricant 

An earlier test of self-mated plasma sprayed Cr,O, coated specimens run with 
Lubrizol OS-80001H lubricant showed inconsistent results. 
test running at 370 C resulted in lower wear than in the 260 C test. This 
result was peculiar because wear usually increases with higher temperature due 
to decreasing lubricant viscosity. 
ring specimens running in this lubricant was relatively poor. 
porosity of the Cr203 ring coatings mentioned earlier was thought to be the 
cause of the abnormal wear. 

The portion o f  the 

In addition, the wear performance of the 
The high 

A retest was conducted with formulated OS-80001H and plasma sprayed Cr,O, 
coatings to try and achieve more consistent wear results. 
friction and wear results from the first test and the retest. The retest 
showed lower wear rates at both 260 and 370 C than measured in the first test 
by as much as ten times. 
consistent coating quality. 

Table 8 shows the 

The results of this test show the need for 

TABLE 8. WEAR AND FRICTION COEFFICIENTS FOR CR203 COATED SPECIMENS 
RUN IN LUBRIZOL FLUIDS 

Lubricant Test Test Average Ring Fri c t i on 
Duration Wear Coefficient Coefficient 't!P (m i n . ) D i men s i on 1 e s s mm3/ N -m 

OS-80001H 260 120 4.5 x 10-~ 7.7 x 10-~ 0.07 - 0.09 

OS -8000 1 H 370 120 2.1 10-5 3.6 x 10-7 0.07 - 0.10 
OS-8000 l H *  260 120 4.6 x lo-' 7.8 x lo-' 0.06 - 0.08 

OS-80001H* 370 120 5.6 x lo-' 9.5 x 0.06 - 0.10 

* Repeat test 

Status of Milestones 

The study is progressing in accordance with the overall milestone schedule. 

Publications 

A paper entitled "Studies of Dynamic Contact of Ceramics and Alloys for 
Advanced Heat Engines" by P.A. Gaydos and K.F. Dufrane was submitted to SAE 
for publications as part of the 1989 CCM Proceedings. 
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2 . 3  NEW CONCEPTS 

ADVANCED STATISTICAL CONCEPTS OF FRACTURE IN BRITTLE MATERIALS 
C. A. Johnson and W. T. Tucker 

General Electric Corporate Research and Development 
Schenectady, NY 12301 

Objective/Scope 

The design and application of reliable load-bearing structural components from 
ceramic materials requires a detailed understanding of the statistical nature of frac- 
ture in brittle materials. The overall objective of this program is to advance the 
current understanding of fracture statistics, especially in the following four areas: 

Optimum testing plans and data analysis techniques. 

Consequences of time-dependent crack growth on the evolution of initial flaw dis- 

Confidence and tolerance bounds on predictions that use the Weibull distribution 

Strength distributions in multiaxial stress fields. 

tributions. 

function. 

The studies are being carried out largely by analytical and computer simulation tech- 
niques. Actual fracture data are then used as appropriate to confirm and demonstrate 
the resulting data analysis techniques. 

Technical Highlights 

Work performed during this reporting period included significant effort in two 
areas: Bias correction using bootstrap simulation and probabilistic strength analysis in 
multiaxial stress states. The following two sections describe recent progress in each. 

1. Bias Correction using Bootstrap Simulation 

Work during this reporting period included studies of bias correction through the 
use of information available in bootstrap analyses. Bootstrap analyses of confidence 
and tolerance bounds for Class IV problems (where the fracture data include speci- 
mens from multiple specimen sizes and loading geometries, while the component of 
interest may be of yet a different size and loading configuration) have been described 
in earlier semi-annual reports. Bootstrap analyses utilize estimators such as maximum 
likelihood and linear regression to digest a set of fracture strengths and estimate quan- 
tities such as the Weibull parameters and/or the probability of failure of a component 
at any quantiIe of interest (at any probability of failure of interest). 

As with most estimators, these Weibull estimators have the property of yielding 
"biased' or offset estimates. The definition of bias is most easily illustrated using Fig- 
ure 1 (generated during an earlier study on analysis of fracture origin positions) which 
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displays the variability and bias of the conventional maximum likelihood estimator of 
the Weibull modulus where all data are of one specimen size and loading 
configuration. The ratio of the estimated rn to the true rn is shown as a function of the 
number of fracture strengths being analyzed. The family of curves included on Figure 
1 describes the distribution of estimates such that 1 percent of the time the ratio of 
in's is below the curve labelled "1"; 5 percent of the time it is below "5", etc. T'hc curve 
labelled ''SO'' then describes the median behavior where half the estimates of i n ' s  
should be smaller and half should be larger. The dashed line on Figure 1 describes the 
arithmetic average or mean behavior. 

If one considers a group of ten fracture strengths analyzed using maximum likeli- 
hood, it can be seen from Figure 1 that there is a five percent chance that the 
cstimated i n  is less than 0.74 times the true m; while another five percent chancc 
(100-95) that the estimated m is greater than 1.83 times the true rn. This range of 
uncertainty in estimation is a natural result of sampling error that may occur due to 
the relatively small amount of information contained in only ten measurements of 
fracture strength. Since it is generally recognized that niaximum likelihood i s  a very 
good method of estimation, it is disturbing in a way that neither the average nor the 
median behavior of this estimator properly predicts the true m. For 10 specimens, the 
ratio of rn's for the median is 1.11 and for the average is 1.17. Therefore, the center of 
the distribution described by the contours of Figure 1 is shifted or biased from the pre- 
ferred position (it is not centered on unity). ?'he maximum likelihood estimator of the 
Weibull ~ O ~ L I ~ L I S  is known as an asymptotically unbiased estimator because as one 
analyzes larger and larger numbers of strengths, the magnitude of the bias in estimates 
of m approaches zero as can be confirmed on Figure 1, As seen in the figure, the bias 
is even detectable with 100 specimen$. 

With information such as that of Figure 1, an estimate of rn can be corrected for 
bias. If the abovc example of ten strength measurements yielded a maximum likeli- 
hood estimate for in of 10.0, then the unbiased estimate of the median rn would be 
equivalent to 10.0/1.11 = 9.0. Similar methods could bc used to calculate the 
unbiased estimate of in at any probability of occurrence of interest. Unbiased 
confidence intervals would then involve a similar correction at two probabilitics. The 
unbiased 90 percent confidence interval are estimated by calculating the bias corree- 
tion to the 5 and 95 percent contours as follows: 10.0/0.74 = 13.5; 10,0/1.83 = 5.46. 
Therefore the unbiased 90 percent confidence interval on the Weibull modulus would 
be 5.46 to 13.5. 

The Weibull modulus is not the only estimate that is susceptible to bias. The 
Weibull scale parameter (sigma zero) and any estimate of strength (at the same speci- 
men size or any other) is also subject to errors due to bias. Strength estimates are 
particularly prone to large bias errors, especially if the strength is being estimated for 
a specimen or component with a much larger (or smaller) effective size than the test 
specimens. This large bias after size extrapolation is primarily related to bias in the 
estimate of m. Of course, a small error in in will lead to progressively larger errors in 
predicted strength as one extrapolatcs farther and farther from the effective size of the 
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test specimens. 

Bias can be corrected for m, sigma zero, strength estimates, etc using information 
such as Figure 1. In Class IV problem, however, there are many more independent 
variables than just the number of specimens in a single group. In addition, there are 
variables such as the nmber  of specimen sizes represented in the overall data set, the 
relative size of each specimen, the number of specimens in each subgroup, etc. As has 
been pointed out in earlier reports, due to the larger number of independent variables, 
it is not feasible to provide information such its that of Figure 1 in advance for all coin- 
binations of Class IV problems that may become of interest. 

Figure 1 was generated using Monte Carlo simulation to understand the charac- 
teristics of the maximum likelihood estimator for Class I problems. This technique 
involves the simulation of many computer-generated groups of failure strengths that 
are choscn randomly from a true Weibull distribution of strengths with a known set of 
Weibidl parameters. By analyzing each group with the same estimator, characteristics 
about the variability and bias of this estimator were obtained. 

The bootstrap technique for estimating confidence and tolerance bounds carries 
out a similar simulation, but it is performed after the problem has been defined 
(number of groups, sizes, etc.). Although not normally utilized, that simulation con- 
tains information about the degree of bias introduced by the estimator used in that 
particular bootstrap analysis. This information is now being used within the bootstrap 
analysis computer program to yield (practically) unbiased estimates of distribution 
parameters and strength estimates as well as unbiased estimates of confidence and 
tolerance bounds on those parameters and strength estimates. 

The basic bootstrap begins with analysis of the original set of experimentally 
observed fracture strengths. Tlae analysis includes at least the estimation of the distri- 
bution parameters, nz and sigma zero, and may also include estimation of the strength 
of components at one or more component size and probability of failure that may be 
of interest, The bootstrap part of the analysis then involves the creation of simulated 
data sets that are derived from the original data set by either parametric or non- 
parametric mcthods. Each simulated data set is aiialyzed using the same estimator as 
was used on the original data set and, again, includes estimation of Weibull parame- 
ters and may include estimation of strengths at component sizes of interest. The 
simulation is carried out a large number of times; in this study, typically 1000 times. 
The distribution of ~n values created during the various simulation trials, then 
represents the variatioii in rn values that should be expected from random sampling 
error. If the m’s resulting from the simulations are ordered, then the range of m 
values from the 25th to the 975th (of 1000) is an estimate of the 95 percent confidence 
interval on estimates of m using this particular estimator (in 950 of 1 0  trials, the 
estimated rn value was found to fall in this interval when sampling error was the only 
source of error). Similar bounds can be placed on predicted strengths at a specific 
component size and probability of failure of interest by estimating that component 
strength for each of the bootstrap simulations and carrying out a similar ordering to 
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find the interval in strength that contains 95 percent of the estimated strength values. 
Of course, there is nothing magic about 95 percent intervals, so the confidence inter- 
val could be estimated in this fashion for any level of confidence that may be of 
interest. 

Bias correction takes advantage of the fact that the "true" rn and sigma zero are 
known for the IO00 simulated data sets, at least for parametric bootstrap methods. In 
the parametric bootstrap, the experimentally observed rn and sigma zero are used as 
the true values when generating the simulated data sets (the true rn is not known for 
the experimental data set that led to the simulation, but after choosing rn and sigma 
zero for the simulation, those chosen parameters are, of course, known exactly). If the 
average m value calculated in the lo00 bootstrap simulations is not equal to the true 
value, then the offset or "bias" between these two values is a measure of how the whole 
distribution of bootstrapped rn's has been shifted due to bias. Once the degree of bias 
is known, correction of the original estimate of rn (from the experimental fracture 
data) as well as bias correction of the confidence intervals of interest is similar to that 
described above. Bias corrections can be made in a parallel manner for strength esti- 
mates and confidence intervals on strength estimates. 

Bias correction of rn values depends on the fact that the ratio of estimated and 
true m values is invariant (the distribution of the ratio is not a function of the magni- 
tude of the true rn). This invariance is reflected in the y-axis of Figure 1 as well as in 
details of the bias correction manipulations described above. A parallel invariant 
exists for strength estimates which is exact in Class 1-111 problems and approximate in 
Class IV problems (discussed in earlier semi-annual reports). This invariant of 
strengths is the quantity: rn In $/a 

The efficiency and validity of methods to correct bias in parameter and strength 
estimates have been evaluated by carrying out simulations of the input data to the 
bootstrap analysis. Since the bootstrap itself is a simulation, the check of validity in 
bias correction is then a simulation of a simulation; therefore, the computer execution 
time mushrooms quickly. 

Evaluation of the validity of bias correction requires knowledge of the true distri- 
bution parameters of the experimental data set. In actual experimental data, this 
information clearly is not available. The problem can be approached, however, by 
another level of simulation where the experimental data sets are not observed by frac- 
turing test specimens in the laboratory, but rather are created by simulation. "Simu- 
lated experimental'' data sets can be created by choosing "true" distribution parame- 
ters and randomly choosing specimens from that distribution. These simulated 
strengths then serve as the experimental data, but in this case, the true underlying rn 
and sigma zero are known exactly. The full bootstrap evaluation is then carried out on 
the "simulated experimental'' data and bias corrections are made. The true rn value 
can then be compared with the distribution of bias-corrected bootstrapped m's. For 
the sake of discussion, let us say that the true m fell at the 30 percentile position of the 
bias-corrected bootstrapped m's for this first data set. The true parameters are then 
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used to create a second set of simulated experimental data that, of course, contain 
different random sampling errors. The bootstrap analysis of this second data set will 
yield a similar but different distribution of bootstrapped m values. Therefore the true 
rn might fall at say the 65 percentile position for this second analysis. 

If this second level of simulation i s  continued for a large number of times, say IO00 
times, and if the method by which the bootstrapped distribution of q's are created and 
bias-corrected is accurate, then the set of percentiles of the type discussed above 
should be uniformly distributed from zero to 100 (or if described as probabilities, they 
would be uniformly distributed From zero to one). A convenient method OF evaluating 
the uniformity of distributions is by simple plots of observed probability vs expected 
probability where the expected probability is deduced by ranking position (similar to 
what is done in ranking fracture strengths and assigning associated probabilities of 
failure). If the points are uniformly distributed in probability from zero to one then 
the points should fall on a diagonal straight line from the lower left to the upper right 
of such a plot. 

Figure 2 is such a probability vs probability plot showing the behavior of estimates 
of Weibull modulus from linear regression (regressing specimen size on fracture 
strength) for six groups of specimens with ten specimens per group. The six groups 
corresponded to MIL STD 1942MR specimens A, B, and C tested in both 3-point and 
4-point bending (similar to the experimental data set of Sic specimens that has been 
described and used in several previous rcports). A straight diagonal line is included on 
Figure 2 to illustrate the ideal behavior. The two irregular lines correspond to the 
behaviors of 16 values that in one case are uncorrected for bias and in the other are 
corrected. It is clear that the uncorrected & values are far from uniformly distributed 
about the true m, while the unbiased estimates are very iiniformly distributed. There 
are two important implications of the nonlinearity of the curve for uncorrected &'s. 
First, estimates of rn values For this type of data analyzed using this estimator contain 
a significant bias that consistently under-estimates the rn value. Second, any 
confidence interval deduced from the bootstrap analysis using this estimator will con- 
tain similar bias such that the interval will be offset from the proper interval. 

Often more useful than estimates of Weibull parameters are estimates of fracture 
strengths of components with sizes and geometries that differ from the test specinlens 
that were measured experimentally. Information generated in the bootstrap analysis 
allows the calculation of unbiased estimates of strengths and confidence intervals in a 
parallel manner to that described above for nz values. Evaluation OF the need for 
unbiasing and the relative effectiveness of different methods of unbiasing again 
requires the second level of simulation. Figures 3 and 4 are probability vs probability 
plots for strength estimates that resulted from that simulation. Each plot contains five 
irregular lilies corresponding to strength predictions of five different component sizes 
of 1, €0, €00, 1000 and 10,000 square niillimcters of effective stressed area (as in the 
Sic fracture data, it was assumed tliat Failure was controlled by surface-related 
defects, therefore area scaling was chosen). These five component sizes include both 
smaller and considerably larger sizes than the "simulated experimental" data that was 
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used to generate them, thus showing the effects of bias for size extrapolations in both 
directions. 

Figure 3 includes the results for uncorrected strength estimates showing very 
strong bias that changes sign for opposite signs of size extrapolation. Figure 4 includes 
similar curves for unbiased strength estimates showing the effectiveness of the unbias- 
ing technique. 

The simulation-on-simulation technique is computationally intensive. The infor- 
mation contained in Figures 2-4 required approximately 16 hours on an IBM-PC 386 
clone operating at 20 MHz with an 80387 coprocessor ninning NDP-386 fortran code. 
Similar analyses have been carried out using the maximum likelihood estimator and 
using non-parametric bootstrap techniques for both linear regression and maximum 
likelihood estimators. 

2. Probabilistic Strength Analysis in Multiaxial Stress States 

Also during this reporting period studies were carried out on the effects of multiax- 
ial stress states on the probability of failure of brittle materials employed in structural 
applications. An important aspect of this is the error incurred in employing the PIA 
(principal of independent action) assumption where the three principal stresses are 
assumed to act as three independent uniaxial stress states, Batdorf in Ref. 1 has 
shown that the pure independence assumption can be either conservative or non- 
conservative when compared to more refined approaches. The PIA method involves 
the relationship: 

where P, gives the total probability of survival, PJ.) gives the probability of success 
when the effects of only one of the principle stresses are considered, and 01~02, 03, are 
the principal stresses. Batdorf compares PIA to a more refined approach in uniaxial 
and equal biaxial tension in showing the nature of the conservativeness. This more 
refined approach is equivalent to assuming a failure criterion given by an effective 
stress defined by the loading and geometry of the crack. Failure of a particular crack 
occurs when a, (the effective stress) 2 a,, the critical stress of the crack. Here critical 
stress is defined as that remote stress applied normal to the crack plane that will just 
result in failure of that particular crack. Most writers since Weibull use these con- 
cepts in evaluating the probability of component failure by employing limiting argu- 
ments analogous to Weibull's (Ref. 2, pages 20-21) in which a "crack density" is 
defined. However, this approach is questionable from a mathematical viewpoint. 
Weibull realized this and, indeed, it was not his first approach to the problem. 
Weibull's original argument was in terms of the (cumulative) hazard function or what 
Weibull called the risk of rupture. The risk of rupture approach is based only on the 
assumptions of a weakest link model and statistical independence of the individual 
links (the independence assumption can be generalized). Also the hazard function 
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approach can be put into a limiting argument in a straightforward way. We shall fol- 
low this approach in our studies. 

The two most promising approaches to extending Weibull to cover multiaxial con- 
ditions are: 

0 BatdorPs crack density, due to Batdorf and co-workers and culminating in Batdorf 
and Heinisch (Ref. 3), and 

0 Evans’ elemental strength, due to Evans and co-workers as delineated in Eamon 
and Evans (Ref. 4) and further explained in Lamon (Ref. 5). 

(Herein, the Batdorf-Heinisch approach will be referred io as the B-H approach and 
the Larnon-Evans as LE.) Both of these approaches have earlier developments which 
are superseded by the above references; we make limited use of these earlier develop- 
ments. The main difference between the two approaches is in their orientation. The 
B-H approach in effect calculates the fraction of cracks for a given infinitesimal csiti- 
cal stress range that would lead to failure based can crack orientation and the relation- 
ship to a,. The LK approach in effect calculates the fraction of critical stresses for a 
given infinitesimal orientation range that would lead to failure based on the relation- 
ship of a, to a,. Viewed in this context, one would expect that under a conirnon set of 
assumptions both would lead to the same failure probabilities. 

The equivalence has been challenged by Lamon (Ref. 5)  who further claims that 
the L E  approach is superior to the B-H approach. But, it can be shown matheniati- 
cally, with an assumption of continuity on the form of CT that the two approaches are 
identical when both employ the Weibull strength density and a common failure cri- 
terion. Moreover, the continuity assumption is n e t  by all common failure criteria and 
is very reasonable on a physical basis. Thus Lamon’s (Ref. 5) claim that the two 
approaches are not equivalent seems questionable. Lamon (Ref. 5 )  compared results 
of Shetty et a1 (Ref. 6 )  employing the B-€3 approach (that did not successfully extrapo- 
late the results of 3- and 4-point betiding to biaxial test specimens of the same 
material, failure mode, etc.) to results of analyzing the same data via the L-E 
approach. The L-E approach did successfully extrapolate; thus Lamon’s conclusion. 
Initial studies aimed at finding the source of the discrepancy between the two 
approaches have been conducted (and further work is in progress). They should have 
given comparable results--not exact since the L-E approach as applied employed a 
different failure criterion than the shear sensitive criterion employed by Shetty et al. 
(Shetty et a1 also studied the normal stress criterion.) But the fracture criteria 
employed in each analysis are comparable in their shear sensitivity, so that the end 
results should have been more comparable. In what follows we first give a proof of 
the equivalence of the B-H and L-E approaches and then report on initial 
analytical/numerical studies aimed at resolving the discrepancy between B-H and LE 
as reported by Lamon. 

f ’ 

In the development we follow the notation common to both B-H and LE .  Thus 
we consider a single internal failure mode with size scaling given by the volume of 
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material under consideration. We begin with the L E  approach where the kernel of 
the hazard is given by: 

and where 

from equations (l), (7), and (10) of Ref. 4. In the hazard function approach (1) is 
integrated over the volume in 

(cf. equation (1) of Ref. 4). Lamon and Evans (Ref. 4) then make assumptions that 
give 

where 

with 

(cf. equations 9-12 Ref. 4). (We note that the exponent, m, in (4) is given incorrectly 
in Ref. 4 in equation (12) as m i- 1; this situation is corrected by Lamon, in Ref. 7.) 
Lamon and Evans employ both Cartesian and spherical coordinate systems in which 
a1 is associated with x, 02 is .associated withy, and a3 is associated with z. The angle $ 
is measured from the x-axis in the (x,y)-plane and the angle 4 is measured from the 
(x,y)-plane toward the z-axis. (See Fig. 3, Ref. 4) Also the strength Si is associated 
with the principal stress aiy i = 1,53. For future reference we re-define (6 )  as 
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where C (cf. Batdorf and Heinisch, Ref. 3) denotes the applied stress state throughout 
the elemental volume of interest and M denotes the maximum (tensile) stress occur- 
ring in that elemental volume. If we assume that any failure criterion employed is 
continuous, then it is always possible to define ue via (7); we make this assumption. 
Also note that in both (6) and (7), F[.] is not a function of S1 or cr, and this allows (4) 
to be derived from (5) and (6) .  Under tensile loading (7) reduces to (6). Finally, we 
assume that all integrand functions are such that the order of integration can be inter- 
changed (at will). This is clearly true for the Weibull "crack density" given by (4), and 
since we indicate a generalization of (4) in what follows we make the indicated 
assumption. 

In showing the equivalence of B-E1 and L-E, we must show that (1) is equivalent to 
the corresponding hazard kernel in the R-H approach. However, before considering 
the B-H approach we transform (1) by interchdnging the order of integration in (1) 
and employing (4) to give 

We employ (8) for the L-E hazard kernel in what follows. The corresponding hazard 
kernel in the B-€4 approach is given by equation (3) Ref. 3 which is 

Thus in order to prove the conjecture of equivalence of B-H and L E  it must be shown 
that 

To do this, expand SZ as 
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where 

1, oe>ac at the given (47G) 
0, otherwise. 

Equations (11) and (12) follow from the definitions given by Batdorf and Heinisch 
(Ref. 3) associated with their equations (1)-(4). Also note that (11) and (12) employ 
the spherical coordinate system of Lamon and Evans (Ref. 4). As is made clear in 
Batdorf and Heinisch (Ref, 3) s1 is a function of both the fracture criterion selected 
and the applied stress state. Thus I must be a function of both as well. This is 
reflected in the definition given by (12). And since the coordinate system denotes the 
orientation of the plane of a crack, I must be a function of (4,+) as shown in (12). 
Now set 

which follows from equation (9), Ref. 3. Then the B-H hazard kernel is given by 

In (14) change the order of integration on a, and, prompted by (7), make the change 
of variable x = a, /OM to obtain 

But in view of the definition of a, from (7), it follows that oc20c if and only if F[. ]>x .  
This implies that the upper limit of integration on the inner integral of (15) is F [ . ]  and 

dw . Performing this integration gives the the inner integral then reduces to 
final result -6Fm1t2 



31 1 

Now (16) will be equivalent to (8) if 

and F is the same in both approaches. Reversing these equalities arid taking the 
assumption of continuity in (7), the steps that led from the definition of the B-H 
hazard kernel in (9) to the form given in (16) can be reversed. Thus, with these condi- 
tions, the two approaches are equivalent and (10) holds. 

Now requiring that (17) hold (identically) is very reasonable; the relationships 
given in (17) are just notational. Also F [.I just defines the failure criterion and requir- 
ing equality of the failure criterion in both approaches to yield overall equality is obvi- 
ous and rational. The only questions may come with regard to the assumptions of con- 
tinuity of the failure criterion and integrands that allow for the interchange of the 
order of integration. As to the latter, the Weibull "crack density" has this interchange 
property and since any g ( S )  must be non-negative we are only requiring that some 
(minor) technical mathematical conditions hold for the integrands. Moreover we take 
the position that the continuity assumption is not unreaonable; all common failure 
criteria meet it. With these assumptions a more general result can be shown. Let F 
be such that F ' = f ( o C )  in the present situation and G be such that G'=g(Sf;) in the 
present situation. Replace the inner integral of (IS), including the KaG term, by F in 
the B-H approach and by G in the L E  approach. Then for general F and G it can be 
shown that the two approaches are equivalent if and only if t k G  (excluding some 
measure-theoretical conditions). Thus in a very general sense the B-H and L-E 
approaches are equivalent. 

The development thus far has been in t e rm of a hazard function approach arid has 
been largely mathematical in nature. We now explore possible interpretations of the 
hazard function and the relationship to Weibull's "crack density." Without loss of gen- 
erality consider the L-E approach and take as a special case a situation in which g ( S )  
is independent of V, for example, a case of uniform tensile loading, Then the hazard 
function is 

so that the hazard rate is 

h ( s )  = Vg(s ) .  

Now it is well known that the hazard rate (when it exists) is just a conditional probabil- 
ity density. Thus 



312 

Vg(s)  = Pr(s < Strength <s +ds I Strength >s).  

Therefore in the general case g ( s )  must give the strength density per elemental 
volume conditional on the event that the strength is greater than s. We note that this 
is a strength probability density and not a crack count density and that it applies on a 
per elemental volume basis. Mathematically this is the only claim that we make as 
regards g (s). 

However, for practical reasons it is desirable to have a "crack density" interpreta- 
tion. We do this by following Weibull's (Ref. 2, pages 20-21) "crack density" argu- 
ment. The hazard kernels given in (10) are analogous to n (0) in Weibull's derivation. 
Weibull's argument requires that there be T Z  cracks of strength Q uniformly (emphasis 
ours) distributed throughout the volume of interest. Moreover, this must hold in the 
limit as the total number of elemental volumes increases. This is questionable from a 
physical viewpoint and there is no guarantee that the mathematical limit, IZ (a), exists. 
All in all Weibull only gives a plausibility argument and it appears very difficult to do 
more than this. For example, if there is ever more than an infinitesimal number of 
cracks at failure risk for a particular 0, then in the limit the volume will fail with pro- 
bability one. Clearly practically the only interesting cases are those in which there are 
a finite number of cracks present at any Q level. Then with these provisos and follow- 
ing Weibull, we interpret g(s) as the number of cracks per unit volume which cause 
rupture at a stress in the range (s ,s+ds) .  This is consistent with the B-1-1 and L E  
interpretations. In any event, the hazard function approach given herein is based on 
the B-W and L-E approaches and thus, with a common setting, the two approaches do 
indeed give the same failure probabilities. This leaves us with explaining the Lamon 
conclusion (Ref. 5). 

Initial numerical studies tend to indicate how Lamon reached his conclusion. 
Perusal of Iamon (Ref. 5 )  indicates that he employed "initial" data of Shetty et a1 
(Ref. 8) for the shear sensitive failure mode studied. He then compared to results of 
Shetty et a1 (Ref. 8) for the Weibull approach and to Shetty et a1 (Ref. 6) for the B-H 
approach. (Apparently Lamon did not carry out any analyses in the B-W manner but 
just employed published results of Shetty et al.) The 3- and 4-point data appear to be 
the same in both the Shetty et al papers. However, the shear sensitive data are dis- 
tinctly different and this difference favors Iamon's conclusion. More importantly, 
however, is the fact that for the shear sensitive case, Shetty et a1 (Ref. 6) assumed a 
state of equal biaxial tension throughout the pressure disk. This assumption appears 
to be incorrect. Employing the stress distribution equations for the pressure disk load- 
ing from Shetty et a1 (Ref. s), the coplanar strain-energy-release rate failure criterion 
from Shetty et a1 (Ref. 6), and numerically integrating in the L-E manner gives a 
Weibull failure probability plot nearly equal to that obtained by Lamon (Ref. 5) for 
the L-E approach (and the L-E failure criterion). Indeed, the plot for the Shetty et a1 
failure mode computed in this way lies between the plots €or the 4- and 3-point data 
and not to the left of the 4-point plot as was obtained by Shetty et a1 (Ref. 6). As 
further evidence, we have analytically integrated all of the combinations of failure 
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criteria and loading geometries given in Ref. 6 under the Shetty et a1 assumptions in 
the L E  manner and duplicated exactly the Shetty et a1 results (equations 11-20 
obtained in the B-M manner by Shetty et al, Ref. 6). Thus it appears that the assump- 
tion of equal biaxial tension does not properly represent the failure situation arid load- 
ing geometry given by the pressure disk failure data. Work is under way to program 
routines to per€orm numerically the B-H integration for complex loading geometries 
(non-uniform stress states) in order to complete the comparison. 

Also these studies have led to a consideration, from fundamental principles, of the 
general form that any failure criterion should have. Based on the assumptions that 
fracture does not occur in a state of equal triaxial compression and that fracture does 
occur for some states of compressive loading, a general form can be postulated for any 
acceptable failure criterion. A very mathematically simple form for oe meeting these 
requirements is 

where a i s  the stress component normal to the crack surface and a is the shear com- 
ponent, and Q is a "material" constant to be determined. This form is not equivalent 
with fracture criteria based on strain energy concepts. The strain energy criteria so far 
proposed (Ref. 3, equations (4d) and (4e); Ref, 4, equation (6 ) )  produce elliptical or 
similar level lines when plotted in the (a,r)-plane, and therefore do not meet the above 
requirements. For example, they allow for loading conditions in which hydrostatic 
compression produces failure. In contrast, the level lines of (IS), given by a, = comt,, 
are parabolas opening to the left in the (o,r)-plane. This prohibits fracture by hydros- 
tatic compression but allows for shear sensitive fracture under general coiiipressive 
loading. 

Failure criteria of the form of (18) have been considered by others. Indeed, qua-  
tion (4c) of Ref. 3 is a special case of (18) with Q = 1/(1-0.5~.~), where v is Poisson's 
ratio. This failure criterion comes from the assumption that fracture occurs when the 
local (tensile) stress at some point on the surface of the crack cavity reaches the ulti- 
mate strength of the material, Equation (4c) of Ref. 4 derives from results of Paul 
and Mirandy (Kef. 9) for a penny-shaped crack. 

Also (18) can be derived from the fracture failure criterion 

proposed by Shetty (Ref. 10) and developed and/or discllssed in a series of papers by 
Shetty and co-workers (Ref.'s 11- 13) by substituting 
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into (18) and algebraically manipulating the result. Y1 and Y2 are constants associ- 
ated with the geometry of the crack. Equation (18) is equivalent to (19) when 

and 

In discussing (19), Ref.'s 10-13 have argued that kk is not a material constant 
since plots of data for k l / k l ,  versus k2/k1, for the same material but differing testing 
geometries and specimens show different intercepts for the k;?/kl ,  axis. Clearly this 
should not be if k a  is a material constant. However, in view of (20) and its relation- 
ship to (18) and (19) there is another possible interpretation of the results given in 
Ref's 10-13. Y1 and/or Y2 being incorrectly specified could also cause these results. 
Tliis could come about from the presence of incorrect assumptions of flaw shape, 
unaccounted residual stresses in the test specimens, inadequate series expansions 
which determine the singular stress state in the neighborhood of the crack, etc. 

Equation (18) has further interesting properties when considered as a failure cri- 
terion for an individual crack. When interpreted in this way a failure state does not 
occur when the Mohr's circle of the stress state associated with the particular crack 
just touches the failure parabola (level line of a, for that crack), but when the value of 
a, just equals a, for the particular crack. The loading defines a path in the (0,~)- 
planc; when this path just reaches the failure parabola for the first time, failure occurs. 
Now if Q > 2, then a situation can occur where a crack under uniform tension perpen- 
dicular to the crack plane is not quite at failure, but a small rotation of the crack 
would produce failure. T h i s  can be shown from geometric arguments involving the 
tangency of the Mohr's circle to the failure parabola or analytically by considering the 
derivative of a, with respect to p,  the angle from the stress axis to the crack plane. 
Moreover, when Q<2 this phenomenon can not occur. 

This situation of a non-perpendicular crack producing a weaker specimen has 
occurred in other studies. Indeed, Palaniswamy and Gauss  (Ref. 14), in a tour de 
force, examined the angled crack phenomenon analytically and numerically. Their 
results approximated very closely to an equation of the form of (19). Moreover, in a 
plot (Figure 10) of normalized critical stress versus orientation, the "dip" situation 
occurred, i.e., rotating the crack from normal would then produce a weakened speci- 
men. Palaniswarny and Knauss (Ref. 14) also obtained experimental data from 
polyurethane specimens. It is hard to ascertain from a plot of the data (Figure 18) if 
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the dip phenomenon actually occurred. This is also true of experimentd data 
obtained by a number of other authors (more concerned with determining critical 
stress intensity factors, etc.), for example: Williams and Ewing (Ref. 15), Sih (Ref. 
16), Petrovic and Mendiratta (Ref. 17), arid Shetty et a1 (Ref. 13). "he results of Wil- 
liams and Ewing tend to indicate that the dip phenomenon occurred for polymethyl- 
methacrylate specimens (also studied by Erdogan and Sih, Ref. 28, but their results 
were not presented in a form that would confirm or deny the dip phenomenon). Sih 
presents results of Pook (Ref. 19) on DTD 5050-51/2% Zn aluminum that tend to 
show no dip phenomenon. The results of Yetrovk and Mendiratta Si3N4 are incan- 
clusive as are those of Shetty et al for a glass-ceramic and an alumina. 

All in all, (18) appears to be a very plausible and versatile failure criterion and its 
study is continuing. It appears that some carefully designed experiments may deter- 
mine the validity of (18) and the presence or absence of the dip phenomenon. 

Status of Milestones 

All milestones are on schedule. 

I'u blica t ion$ 

None. 

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

S.B. Batdorf (1977), "Some Approximate Treatments of Fracture Statistics for 
Polyaxial Tension," InW. Jour. of Fracture, 13, 1,5-11n 

W. Weibull(1939), "A Statistical Theory of the Strength of Materials," Proceed- 
ings: The Royal Swcdistz Inst. for Erzgir?, Research, 151,1-45. 

S.B. Ratdorf and H.L. Heinisch (1978), "Weakest Link 'I'heory Reformulated for 
Arbitrary Fracture Criterion,," J. Arm. Ceram. Sac., 61, 743,355-58. 

J. Lamon and AG. Evans (1983), 'Statistical Analysis of Bending Strengths for 
Brittle Solids: A Multiaxial Fracture Problem," J. Am. Cerm. SOC., 56, 3, 177- 
82. 

J. Lamon (1988), "Statistical Approaches to Failure for Ceramic Reliability 
Assessment," J. Am. Ceravi. Soc., 71, 2, 106-12. 

D.K. Shetty, A.R. Rosenfield, and W.H. Duckworth (1984), "Statistical Lhalysis 
of Size and Stress State Effects 011 the Strength of an Alumina Ceramic," 
Methods for Assessing the Structural Reliability of Brittle Materials, ASTM STP 
844, S.W. Freiman and C.M. Hudson, Eds., American Society for Testing 
Materials, Philadelphia, 57- 80. 

J. Lamon (1985), "Statistical Analysis of fracture of Silicon Nitride (RBSN) 
Using the Short Span Bending Technique," Gas Turbine Conference and Exhibit, 



316 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

HoWoq m, March 18-21, ASME, 85-GT-151,8 pp. 

D.K. Shetty, A.R. Rosenfield, W.H. Duckworth, and P.R. Held (1983), "A 
Biaxial-Flexure Test for Evaluating Ceramic Strengths," J.  Am. Cerain. SOC., 66, 

B. Paul and L Mirandy (1976), "An Improved Fracture Criterion for Three- 
Dimensional Stress States," J. Eng. Mater. Technol., T r m .  ASME, 98,4, 159-63. 

D.K. Shetty (1987), "Mixed-Mode Fracture Criteria for Reliability Analysis and 
Design with Structural Ceramics," J.  En8 Gar Turb. Power., T r m .  ASME, 109, 

D. Singh and D.K. Shetty (1989), "Fracture Toughness of Polycrystalline Ceram- 
ics in Combined Mode I and Mode I1 hading," J. Am. Ceram. SOC., 72,1,78-84. 

D.K. Shetty, A.R. Rosenfield, and W.H. Duckworth (1987), "Mixed-Mode Frac- 
ture in Biaxial Stress State: Application of the Diametral-Compression (Brazi- 
lian Disk) Test," Eng. Fract. Mech., 26,6, 825-39. 

D.K. Shetty, A.R. Rosenfield, and W.H. Duckworth (1986), "Mixed-Mode Frac- 
ture of Ceramics in Diametral Compression," J. Am. Ceram. SOC., 69,6,437-43. 

K. Palaniswamy and W. G. Knauss (1978), "On the Problem of Crack Extension 
in Brittle Solids Under General Loading," Mech. Todq, 4,87- 148. 

J.G. Williams and P.D. Ewing (1972), "Fracture under Complex Stress - The 
Angled Crack Problem," Inter. J. Fract. Mech, 8,4,441-46. 

G.C. Sih (1974), "Strain-energy-density Factor Applied to Mixed Mode Crack 
Problems," Inter. J .  Fract., 10,3,305-21. 

J.J. Petrovic and M.G. Mendiratta (1976), "Mixed-Mode Fracture from Con- 
trolled Surface Flaws in Hot-Pressed Si3N4," J.  Am. Cermn. SOC., 59,3-4, 163-67. 

F. Erdogan and G.C. Sih (1963), "On the Crack Extension in Plates Under Plane 
Loading and Transverse Shear,"J. Basic Eng, Trans. ASME, 85,519-27. 

L. P. Pook (1966), "The Effect of Crack Angle on Fracture Toughness," J. Eng. 
Fract. Mech., 3,205- 18. 

1, 36-42. 

282-89. 



31 7 

3 . 0  DATA BASE AND L I F E  PREDICTION 

INTRODUCTION 

T h i s  p o r t i o n  o f  t h e  project i s  identified a s  project element 3 w i t h i n  
the  work breakdown structure (WBS) I t  contains f ive subel ernctits, 
including (1) Structural Qual i f icat ion,  ( 2 )  Time-Dependent Behavior, 
( 3 )  Environmental Effects, ( 4 )  Fracture Mechanics, and (5) N o n d e s t r u c t i v e  
Evaluation (NDE) Development. Work in t h e  St ruc tu ra l  Qual i f i r a t i o n  
subelement includes proof t e \ t  iny,  correlat ions w i t h  N D E  resul ts  and 
microstruclure, and application t o  components. Work in the Time-Uependcnt 
Behavior subele~ent includes s t u d i e s  o f  fatigue and creep i n  sts-ixctura7 
ceramics a t  h i g h  temperatures, Research i n  the Environmental E f f e c t s  
subel erneiat i ncl udes study o f  the  1 ong- term ef fec ts  o f  oxidat i o n ,  cot’ros i on 
and e r a s i o n  on t h e  mechanical properties and microstructures o f  structural  
ceraimi cs  Work i n t h e  Fracture Glechani cs subel e:i;ent i ncl udes d w c 1  opmctlt 
o f  t e s t  equipment and procedures for. measuring t h e  creep behavior and 
s t r e n g t h  a f  ceramic m a t e r i  a1 s a t  e leva ted  tcmperatures, and testing and 
evaluating these materials a t  h igh  temperat.ures un r upsi axi a1 t e n s i  6ii. 
Work on the N3E D ~ e l  opmer:t subel cnimt involves coriducti ng NDC devel gprnent 
t o  identify approaches for  q u a n t i t a t i v e  determination o f  conditions in 
ceramj c s  which affect  thhei r structural  performance. 

The research content o f  t h e  Da ta  Base and l i f e  Prediction project 
elerncnt includes (1) experimental 1 ifrt tes t ing and microstructural analysis 
of Si3N, and S i c  ceramics, ( 2 )  time-temperature strc3nqth dependence o f  S i &  
ceramics, and (3) static fatigue k h a v i o r  o f  FSL ceramics. 

Major objectives o f  research i n  the Data Base and L i f e  Predictinxi 
project, element are understanding and application o f  predictive rnodels f o r  
structural  ceramic mechanical anel iahil  i t y ,  measurement techniques for  long-  
term meckc.,ni cal  property behavi or in strilctura’ t c ra ia i  cs ? and phys i ca l  
unders tanding  o f  time-dependerat rneclran ical f a i l ~ i w ~  Success in meeting 
these objectives krill provide W.S.  corrrpanlnr Witic thc  t o o l s  needed f o r  
accurately predicting the rnechaniLal r e l i a b i l i t y  a f  ceramic heat engine 
cnvpments ,  including t he  e f f e c t s  o f  applied s t ress ,  t i m e ,  ten9peraturc, aiid 
atmosphere on the c r i t i c a l  ceramic propertie5, 
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3.1 STRUCTURAL.  Q U A L I F I C A T I O N  
Microscruc tura l  Analysis of S t r u c t u r a l  Ceramics. 
B. J. Hockey, Jr. and S. M. Wiederhorn 
(The National Institute of Standards arid Technology) 

ObiectivefScone 

The objective of this part of the program is to identify 
mechanisms of failure in structural ceramics subjected to mechanical 
loads at elevated test temperatures. Of particular interest is the 
damage that accumulates in structural ceramics as a consequence of 
high temperature exposure to stresses normally present in heat 
engines I 

Design criteria for the use of ceramics at low temperature differ 
from those at high temperature. At low temperature ceramics are 
elastic and brittle; failure is controlled by a distribution of flaws 
arising from processhg or machining operations, and the largest flaw 
determines the strength or lifetime of  a component. By contrast, at 
high temperature where ceramics are viscoelastic, failure occurs as a 
consequence of  accumulated, or distributed damage in the form of small 
cavities or cracks that are generated by the creep process. This 
damage effectively reduces the cross-section o f  the component: and 
increases the stress that must be supported. Such increases in stress 
are autocatalytic, since they increase the rate of  damage and 
eventually lead to failure as a consequence of loss in cross section. 
When this happens, the individual flaw loses its importance as a 
determitiant of  component lifetime. Lifetime now depends on the total 
amount of damage that has occurred as a consequence of the creep 
process. The total damage is now the important factor controlling 
lifetime ~ 

Recent studies of hi.& temperature failure of the non-oxide 
ceramics intended for use for heat engines indicates that for long 
term usage, damage accumulation will be the primary cause o f  specimen 
failure. Mechanical defects, if present in these materials, are 
healed or removed by high temperature exposure s o  that "Ley have 
little influence on long term lifetime at elevated temperature. In 
this situation, lifetime can be det.ermined by characterizing the 
damage and the rate of  damage accumulation in the material at elevated 
temperatures. In ceramic materials such as silicon nitride and 
SiAlON, such characterization requires high resolution analyses 
because of the fine grain size of these materials: hence the need f o r  
transmissirm electron microscopy as an adjunct to the mechani.ca1 
testing of  ceramics for high temperature applications is apparent. 

In this project, the creep and creep-rupture behavior of several 
ceramic materials will be correlated with microstructural damage that 
occurs as a function of creep strain and rupture time. Materials to 
be studl.ed include: SiAlON; hot-pressed silicon nitride; si-ntered 
silicon carbide. This project will be coordinated with WBS 3.4.1.3, 
Tensile Creep Testing, with the ultimate goal o f  developing a t e s t  
methodology for assuring the reliability of structural ceramics for 
high temperature applications. 
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Technical Hi Ehlight s 

During the past six months, a continued effort was made to 
characterize and compare microstructural changes that occur during the 
tensile creep of two-grades of hot-pressed silicon nitride, tested 
under Task 2 .  Both materials were obtained from GTE and were 
similarly processed using Y203  and Al?,03 as sintering aids; one, 
however was reinforced with Sic whiskers, while the other was not 
reinforced. 
effect of whisker reinforcement on the high temperature creep and 
creep rupture behavior in this ceramic composite by direct comparison 
of microstructural changes and accumulated cavitation damage. 

The primary objective of this work is to determine the 

Experimental Technique 

The bulk of the results obtained in this study were obtained by 
analytical transmission electron microscopy. Observations were made 
on both grades of material in the as-received, untested condition and 
after tensile testing at 1250°C. Test samples selected for 
examination covered the range of observed creep behavior, and included 
samples that failed after times ranging from -10 to -200 hours 
depending on applied stress and also samples from interrupted tests 
that survived for up to 2000 hours under lower applied stresses. 
addition, a comparison was made of non-reinforced samples tested with 
and without a 500 hour pre-anneal at the test temperature. 
cases, the gauge sections of crept samples were cut parallel to the 
stress axis to obtain both near-surface and mid-plane sections. Prior 
to final TEM specimen preparation, these sections were examined 
optically for evidence of distributed creep cavitation or crack 
damage. 

In 

In all 

Results and Discussion 

Microstructural analyses of the effect of tensile creep on both 
grades of GTE hot pressed silicon nitride, i.e., whisker reinforced 
and non-reinforced, has essentially been completed, and a paper 
entitled "Tensile Creep of Whisker-Reinforced Silicon Nitride" is 
currently in preparation. 
description of the results. 

Figure 1 provides representative views of the initial or as- 
received microstructures found in the a) Sic whisker reinforced and h )  
non-reinforced silicon nitride materials. Both materials exhibit a 
"composite-like'' structure. In the reinforced material, Fig. la, 
randomly oriented a-Sic whisker, roughly 0.2 pm in dia. and 2 to 20 pm 
in length are interspersed within a matrix of nearly equi-axed, 
submicron sized silicon nitride grains, while the non-reinforced 
material contains a mixture of relatively large tabular and platelet 
13-silicon nitride grains (with the c-axis oriented roughly along the 
axis of the tabular grains or normal to the "face" of the platelet 
grains) clustered within a matrix of more uniformly s i zed ,  equi-axed 
silicon nitride grains. In both grades of material, the silicon 

The following provides a summary 



321 

nitride grains were predominantly O-phase, regardless of size or 
shape. In the as-received condition, both grades of material a l s o  
contained a continuous glassy intergranular phase of similar yttria, 
alumina, and silica content, but differing in that the whisker 
reinforced material also contained a minor concentration of calcia, 
This is apparently due to the limited dissolution of calcia-rich 
precipitates contained within the "core" region of the Sic whiskers 
during processing. While the bulk of this glassy phase is clearly 
situated within multi-grain junctions, Fig. 1, it is a lso  found, by 
either diffuse dark field imaging or lattice imaging, along two-grain 
junctions whose separation distances range from one to roughly 200 nm. 

extensive devitrification of the glass phase occurs regardless of time 
at temperature. 
multi-grain junctions, Fig. 2 .  Within these regions EDS indicates the 
presence of "pure" yttri.a silicates i. e. the crystalline phase 
appears depleated of  the minor constituents (Al!,O, and/or CaO) 
originally present within the glass phase. Although tested at the 
same temperature (1250°C), the crystallization behavior of  the two 
materials is different. On the basis of electron diffraction, the 
whisker-reinforced material predominantly exhibits the monoclinic y -  
phase of Y,Si ,O, ,  whjch is invariably twinned on either (100) or 
( O O l ) ,  e . g .  Fig .  2. 

In contrast, the non-reinforced material predominantly exhibited 
the formation of orthorhombic , 6-phase Y2Si,0,  , although evidence for 
the monoclinic, x,-phase of Y,SiO, was also found within the interior 
regions of some creep samples (in particular, non-preannealed samples 
that failed rapidly). In comparing the main products of 
devitrification, it should be noted that the orthorhombic &-phase 
found in the non-reinforced material corresponds the most stable, high  
temperature phase of Y,Si,O, , while the monoclinic y-phase found in 
the whisker reinforced material represents a low temperature variant 
phase, which is conceivably metastable at temperatures above 1200°C. 
A s  such, this difference in devitrification behavior-undoubtedly a 
consequence of  the minor but significant difference in initial glass 
composition - conceivably contributes to the enhanced resistance to 
creep exhibited by the non-reinforced material relative to the 
whisker-reinforced material (see previous reports, Task 2). Of 
greater significance to the observed differences in creep resistance, 
to the transient nature of creep exhibited by both materials, and to 
the effect of  pre-annealing is the observation that devitrification is 
not complete, but appears to progress in a time dependent manner after 
an initial, rapid stage. Support for this result comes from bod1 from 
observations that relati-vely wide glassy grain boundaries, Fig .  3 ,  are 
found only in creep samples that failed rapidly (within -20 hrs) and 
which had not been preannealed. It is a lso  supported by the fact tha t  
narrow (1 to -3 nm) glassy interfaces separate all crystalline phases 
( e . g .  Fig. 4 )  even after more than 2000 hours of creep. As a 
consequence both materials exhibit a time dependent change in both the 
volume f r ac t ion  and camposition of retained intergranular glass  phase. 
Since creep deformation appears to be controlled by grain boundary 

Examination of crept samples of both grades of material revealed 

Crystallization is particularly evident within the 
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sliding coupled, possibly, with diffuse processes, these changes in 
the amount and composition of retained glass should have a pronounced 
effect on creep behavior. In this regard, crystallization of 
principally "pure" Y,Si20, should result in a yttria silicate glass 
riches in the minor consitutients (i.e. AL!,O, and/or CaO) which should 
tend to make it less viscous and thus less resistant to grain boundary 
sliding and cavitation. On the other hand, a decrease in the volume 
fraction of retained glass should have the effect of increasing the 
resistance to sliding and cavitation. The net effect of  these 
opposing tendencies will likely depend on the applied stress and the 
time required to "equilibrate" the intergranular phase. 

Observations on the cavitation damage produced during tensile 
creep indicate that at stresses sufficient for strain rates exceeding 
-1 x lo - '  s- '  full fact cavitation occurs and leads to the development 
of creep cracks which grow stability or unstably, depending the 
applied stress. 

interfaces Fig. 5 are found to act as preferential sites for cavity 
nucleation and growth, effectively forming distributed, short creep 
crack segments Fig. 6 which eventually link up to cause rupture. 
higher stresses, the distribution of  creep cracks becomes more 
localized, suggesting unstable, rapid crack growth after cavitation 
occurs along the whisker interfaces. In the non-reinforced material, 
cavity nucleation is also found to occur preferentially along 
favorably oriented interfaces bounding the larger tabular or platelet 
silicon nitride grains in this materials Fig. 7. Cavitated interfaces 
are, however, found to be widely distributed within the samples, and 
from Fig. 9 the cavities are typically less than full facet size and 
often blunted. Both optical and TEM examination of  ruptured, non- 
reinforced samples failed to reveal distributed creep crack segments 
of the type found in the whisker reinforced material (Fig. 6 ) .  This 
results suggests that a critical stress is required f o r  growth to f u l l  
facet dimensions otherwise blunting or arrest occurs, and that 
continued crack growth occurs rapidly from these sites. 

whisker reinforced material is roughly one half that required f o r  the 
non-reinforced material, it appears that the degradition in tensile 
creep behavior can be traced to the interfacial morphological and 
chemical changes associated with the presence of the whiskers which 
results in enhanced cavity nucleation and growth. 

In the whisker reinforced material, favorably oriented whisker 

At 

Since the stress required for the onset of cavitation in the 

Status of Milestones 

All milestones are on schedule. 
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B. J. Hockey, S .  M. Wiederhorn, W. Liu, J .  G .  Baldoni arid S.-T. 
Baljan, "Tensile Creep of Sic Whisker Reinforced Silicon Nitride," 
Proceedings of the 27th Automotive Technology Development 
Contractors Coordination Meeting (ATD/CCM), p-230, Dearborn, MI, 
October 2 3 - 2 6 ,  1989, pp.  2 5 1 - 2 6 4 .  

S .  M. Wiederhorn and B. J. Hockey, "High Temperature Degradation 
of Structural Composites," Seventh Cimtec World Ceramics Congress, 
Montecatini Terme, Italy, June 2 4 - 3 0 ,  1990. 

B. J. Hockey, S .  M. Wiederhorn, W. Liu, J. G. Baldoni and S.-T. 
Baljan, "Tensile Creep of Whisker Reinforced Silicon Nitride, " in 
preparation, to be submitted to the J. Mater. Sci. 
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Figure 1. Representative views of as-received microstructures. a) 
Reinforced material, showing randomly oriented Sic whiskers 
within sub-micron sized silicon nitride grain matrix. The 
presence of glass, which forms a continuous intergranular 
phase is apparent at triple grain junctions. b) Non- 
reinforced material, illustrating presence of large, 
tabular 8-silicon nitride grains. 
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Figure 2. Testing at 1250°C results in devitrification of glass 
within multi-grain junctions. As shown, crystallization 
twinned monoclinic, y-Y, Si,O, occurs in the reinforced 
material. 
reinforced material, but results in the formation of the 
more stable orthorhombic, 6 -Y2 Si, 0, . 

Similar devitrification also occurs in the non 

to 
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Figure 3 .  Despite rapid crystallization within multi-grain junctions, 
crystallization within two-grain interfaces occurs 
gradually, and is the apparent cause of long term transient 
creep behavior. 
shown here, are found only in unannealed samples that 
failed rapidly during creep. 

Relatively wide glassy interfaces, as 

Figure 4. Even after prolonged test times of 2000 hours, all 
crystalline phases are separated by residual glass layers 
of varying thickness. Here, a glassy interface, -3 nm 
thick, sepdrates a matrix Si ,N ,  grains top from crystalline 
Y,Si,O, (bottom) that formed during creep. (Lattice fringe 
spacing within Si,N, = 0 . 6 6  nm) . 
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Figure 5. In whisker reinforced material, cavities nucleate 
preferentially within the residual glassy interfaces 
bounding Sic whiskers, and as shown, rapid cavity growth 
along the interface results in micron sized creep cracks. 
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Figure 6. Polished section of whisker reinforced Si ,N ,  crept in 
tension showing distributed, creep crack segments. 
growth and joining of crack segments results in rupture. 
Similar crack distributions were not observed in the non- 

Further 

reinforced material. 
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Figure 7. In the non-reinforced material, cavities tend to 
preferentially nucleate and grow within the residual glassy 
interfaces bounding the large tabular or platelet shaped 
grains but, as shown, often arrest and exhibit a blunted 
morphology. 
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Microstruc tural Characterization 
Karren L. More (Oak Ridge National Laboratory) 

. .  scope 

The objective of the research is to use analytical and high resolution electron 
microscopy to characterize the microstructure of a SIC whisker reinforced Si3N4 ceramic 
composite before and after creep deformation. This work represents a collaboration 
with North Carolina State University and GTE Laboratories. 

Technical progress 

The material under investigation is a hot-pressed Sic whisker reinforced Si3N4 
containing 30 vol % SIC whiskers and 1.5 wt % AI203 and 6.0 wt % Y2O3 intentionally added 
as sintering aids. Constant compressive stress creep experiments were conducted in a 
continuously purified 0.1 1 MPa flowing nitrogen atmosphere. The creep specimens 
were initially annealed at the creep temperature. Figure 1 shows the stress exponent, n, 
for creep deformation of the composite at all temperatures tested (14701720 K). This 
work focussed on two individual creep experiments; temperatures were 1470 and 1620 K, 
both in the stress range 50 to 350 MPa. At temperatures > 1570 K, the stress exponent 
exhibits a bilinear behavior in which a low stress exponent is observed in the lower stress 
regime and a higher stress exponent is observed in the high stress regime. This 
behavior becomes more pronounced as the temperature is increased. However, this 
behavior was not observed for creep at 1470 K. Analytical and high resolution electron 
microscopy (AEM and HREM), scanning transmission electron microscopy (STEM), 
X-ray diffraction (XRD), and scanning electron microscopy (SEM) were used to 
determine microstructural differences between the two creep samples and to 
characterize the as-received and annealed material. 

In the as-hot pressed state, the SiC/Si3N4 composite had an amorphous grain 
boundary phase containing nitrogen, oxygen, aluminum, silicon, and yttrium. A E M  
image of the as-received composite is shown in Fig. 2(a) along with an EDS spectrum of 
an amorphous grain boundary pocket (Fig. 2(b)). Prior to loading, the specimens were 
annealed for 4 h at the creep temperature in an attempt to "set" the microstructure. The 
overall microstructure remained unchanged following the anneal. The major change 
observed was the crystallization of the grain boundary pockets. X-ray diffraction of a 
bulk piece of the 4-h annealed material found two major crystalline grain boundary 
phases present: Yfii3N403 and Ydi12N4048. It was determined by AEM that the 
aluminum concentration within the bulk microstructure was limited to extremely small 
amorphous pockets located predominantly along SIC whiskers, as shown in Fig. 3. 
These pockets were on the order of 10-20 nm in size. A large fraction of the aluminum 
was found in a glassy coating on the specimen surface. Thus, during the annealing 
stage alone, the aluminum present in the starting material was not only forced out of the 
larger grain boundary pockets by the formation of yttrium silicon oxy-nitrides into small 
isolated pockets next to SIC whiskers, but also to the surface of the specimen. Small, 
tabular yttrium silicate grains were also present on the surface. 

only crystalline grain boundary phase identified in this sample was yY2Si207, indicating 
that a 4-h anneal was not long enough to completely stabilize the microstructure. This 
did not affect the position of the break observed but did decrease the steady-state 
creep rates, as shown in Fig. 4. 

X-ray diffraction was performed on a sample which was annealed for >20 h. The 
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After creep at 1620 K, the surface of the specimen appeared as shown in Fig. 5. 
In addition to the tabular grains found initially on the annealed surface, there were also 
elongated grains present on the surface of the creep cylinder [Fig. Xu>). During the 
lengthy creep experiments, several of the smaller tabular shaped grains Coalesced to 
form elongated grains on the sample surface. This is evidenced by the fact that there 
are no tabular grains surrounding these elongated grains (Fig. Xb)). The composition of 
the glassy coating (as determined by EDS) consisted mostly of 0, AI, and Si (Y is 
consumed by the formation of the yttrium silicate phase). To verify the structure of the 
crystalline phases present on the surface, a TEM specimen was prepared by 
backthinning the cylinder through the bulk thus preserving the surface for analysis. The 
elongated and tabular grains were identified by electron diffraction as p-Y2Si207. 
Another crystalline phase, present as small rectangular grains embedded in the glassy 
matrix on the specimen surface. was identified by EDS and electron diffraction as cubic 
crystobalite 

was found to have changed little from that observed following the 4-h anneal. 
cavitation was observed. In order to determine the reason for the break obse 
creep cuwe at 1620 K. a careful TEM analysis was conducted on samples taken both 
before the break in curve and after, and these were compared to Q sample taken from 
the lower temperature creep run, 1470 K, where no break WQS obsewed. The 
microstructure representing the ma break was obtained by allowing the 
material to deform at stresses of 50, a with a final true strain of -0.9%. The 
sample used to represent the microstructure after the break was deformed at stresses 
of 50, lm, I%, 200,250. Xica and 350 MPa with a final true strain of -1.5%. High resolution 
electron microscopy was used  to examine the grain boundaries in each sample. 
Figure 6(a) is a WREM image of a grain boundary pocket between a Si3N4 grain and a Sic 
whisker in the sample taken before the break. The pocket was crystallized but wus 
completely surrounded by glass (-5 nm in thickness). The corresponding EDS spectra 
(Fig. 6(b) and (e)) were taken from the y-'4&07 phase and the residual At-containing 
glass surroundina the crystalline pocket, respectively. An AI-containing glass wus 
present at SiC/Si3N4 grain boundaries, as shown in Figure 7. In the sample taken after the 
break, however, there was very little of the glassy boundary phase observed, as shown 
in Fig. 8. The grain boundary pockets were completely crystallized and little or no glass 
was found at the grain boundaries between Si3N4 and Sic, as shown in Fig. 9. Whiie small, 
isolated pockets of AI-containing glass were still found, the majorRy of the boundaries 
were glass free. 

in Fig. 10. This image is very similar to the pocket found in the sample taken before the 
break; the packet is surrounded by a relatively thick glass layer and residual glass was 
also observed at the boundaries. A break was not observed in the creep curve and a 
final true strain of less than 1% was achieved. Thus, the major difference observed In the 
microstructures between the three samples was the presence of residual glass 
surrounding grain boundary pockets and at grain boundaries in both the sample taken 
before the break in the creep curve at 1620 K and the sample from the creep run at 1470 
K. There was a notable lack of residual glass in the sample taken after the break 
occurred at 1620 K. 

The break in the curve at T 5. 1620 K appears to be due to the presence of 
residual glass at the boundaries. In the lower stress regime, where residual glass was 
present throughout the structure. n < 1 which is indicative of "non-steady state creep 
behavior.'l As the stress is increased, a portion of the glass present at many of the 
interfaces migrates into isolated AI-containing pockets and out to the specimen 
surface. Creep of the composite in this regime {n > 1) occurs primarily by grain 

The overall microstructure of the bulk sample following a full creep run at 1620 K 

A HREM image of a grain boundary pocket in the sample crept at 1470 K is shown 
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boundary diffusion and grain boundary sliding, At the end of a creep experiment at 1620 
K, there is little or no glass remaining a-t the interfaces. At 1470 K, even at the highest 
stress of 350 MPa, the temperature is too low for significant diffusion and glass remains at 
the boundaries. 

Preliminary results have shown thut the general bilinear behavior observed for the 
composite crept in a nitrogen atmosphere was also observed for the composite crept 
in air. Figure 1 1 is a comparison of typical creep curves for samples crept in both air and 
nitrogen with the corresponding stress exponents. Higher creep rates were observed 
for the sample crept in air and the stress exponent was significantly higher in the high 
stress regime for the sample crept in air, Le., 2.28 +- 0.28 in air and 1.39 + 0.06 in nitrogen. 
This phenomenon is currently under investigation. 

Analytical electron microscopy (AEM) was used to determine if there were any 
microstructural differences between the samples crept in nitrogen and air. A low 
magnification micrograph of the general microstructure of the sample crept in air is 
shown in Fig. 12. Overall, the bulk structure appeared the same in both samples. There 
was no cavitation observed. The grain boundary phase was crystalline and the 
composition was found to be very close to that determined for the sample crept in 
nitrogen. No aluminum WGS observed in the crystallized pockets. Characterization 
(X-ray and AEM) of the sample crept in air is ongoing. 

Constant compressive stress creep experiments were also conducted in air. 

1. B.S.B. Karunaratne and M.H. bewis,J. Mate. Sci. 15,449 (1980). 

of m ilestones 

On schedule 

K.L. More, D.A. Koester, and R.F. Davis, "Microstructural Characterization of a 
Creep-Deformed Sic Whisker-Reinforced Si3N4 Composite," presented at the Frontiers 
of Electron Microscopy in Materials Science Meeting, May 20-24, 1 9 0 .  Oak Brook, Illinois. 
To be published in Ulirumicroscopy. 

K.L. More, D.A. Koester, and R.F. Davis, "The Role of Interfaces in the 
Creep-Deformation of a Sic Whisker-Reinforced Si3N4 Composite," presented at the 
International Congress for Electron Microscopy, August 17-22, 1990. Seattle, WA, 
published in conference proceedings. 

K.L. More, D.A. Koester, and R.F. Davis, "Creep Behavior of a SIC 
Whisker-Reinforced Si3N4 Composite in Air and Nitrogen," submitted for presentation at 
the 2nd International Ceramic Science and Technology Congress, November 12-1 5, 
1990. Orlando, Florida. 
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Fig. 1. Constant compressive stress creep curves for composite crept in the 
temperatklre range 1470.1720 K. 
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Fig. 2. (a) TEM image of as-received Sic whisker-reinforced Si3N4; (b) EDS spectrum 
from an amorphous grain boundary pocket in the as-received composite. 
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Fig. 3. (a) HREM image of a small, amorphous pocket next to a Sic whisker; (b) EDS 
spectrum from a small, amorphous pocket similar to that shown in (a). 
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Fig. 4. Constant compressive stress creep curves for composite specimens 
annealed at 1620 K for 4 , s .  and 75 h. 
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3517-90 

Fig. 6. (a) HREM image of a grain boundary pocket between SIC and Si3N4 (before 
the break); (b) and (c) EDS spectra from (b) yY2Si207 crystallized pocket and (c) glass 
surrounding pocket. 
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Fig, 9. HREM image of a SiC/Si3N4 interface showing no amorphous layer (after the 
break). 

Fig. 10. HREM image of a grain boundaw pocket following creep at 1470 K. 
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Fig. 1 1. Constant compressive stress creep curves comparing behavior of 
composite in air and nitrogen atmospheres. 
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m c t  Datu Bu$g 
B. L. Keyes (Oak Ridge National Laboratory) 

. .  iect we/- 

The objective of this task is to develop a comprehensive computer data base 
containing the experimental data on properties of ceramic materials generated in the 
overall effort. This computer system is intended to provide a convenient and efficient 
mechanism for the compilation and dissemination of the large amounts of data involved. 
The data base will be made available in electronic form to all project participants. In 
addition, periodic hard copy summaries of the data, including graphical representation 
and tabulation of raw data, will be issued to provide convenient information sources for 
project participants. 

hnical Droguzs  

The data base now contains 5497 test results on over 320 different batches of 
ceramic materials. Approximately 46% of these are on zirconia-based ceramics, 9% are 
on silicon carbides, 21% are on silicon nitrides, 5.7% are on whisker-reinforced silicon 
nitrides, 16.3% are on alumina-based ceramics (including whisker-reinforced aluminas and 
mullites), and 2% are on other ceramics. Table 1 gives a detailed breakdown, by material 
class, of the data stored in the system. A list of materials within a material class is available 
on request. 

Test data from all participants in the Ceramic Technology for Advanced Heat 
Engines Project are needed. Data base personnel will work with anyone interested in 
contributing data. 

A hard copy of the interim user's guide is finally complete. Intervening crises and 
major file restructuring caused the delay. The user's guide features file maps, field 
definitions, linking information, and data formats available to prospective users. The 
computerized user interface is scheduled for completion in the spring of 1991. 

Several inconsistencies were found in some of the batch and reference codes 
during a routine data search, but were corrected. The cause of batch code problems 
were traced to a single set of data (same material. same test type, same conditions) that 
had been split up over several publications. Normally, each set of data presented in a 
report is given a different batch code if no other batch identifier is given with the data. If test 
results on the same batch of a material appear in different reports, then each set will be 
assigned a different batch code, thus leading the reader to believe the batches of material 
are different when that may not be the case. The reference code problem was an 
accidental transposition of characters. We hope to avoid such errors with automatic 
checking through the user interface in the future. 

structuring. The 24-character COMMENTS field often isn't large enough to contain 
everything, and a 100-character field is often too large. Since dBase IV uses fixed-length 
records, we simuloted variable length capabilities by creating a text file with records that 
contain an 80-character text field for general notes, a series of codes to link the information 
back to the test to which it refers, and a sequence code so that several records may be 
used for notes'on one test. This change has greatly enhanced the capabilities of the 
database. 

The structure just described was also applied to the test background and chemistry 
data files. The set of linking codes are different for each of these files, but the sequenced- 
text structure remain the same and have proven to be more space efficient and useful. It 
will be a little harder to perform searches on the larger text fields, but most of this information 

Storing additional notes on some test results has often been a problem in database 



TABLE 1. CTAHE DATA BASE SUMMAAY AS OF MARCH 31,1990 

Material ------ Brazed Specimens ------- Creep Cyclic Density Dynamic Elasticity Fracture Hardness Interrupted Material 
Fatiaue Characteristics Class MOR 4 Shear Str. Touqhness Fatigue Fatigue Touq h ness 

Alumina 
AImina + reinfarcing fibers 
Alumina + Zircopia 
Mullire 
Mullite + reinforcing flbers 
Silicon Carbide 
Silicon Nitride 3 
Silicon Nitride + reinforcing fibers 
Zirconia 123 58 
Zirconia + reinforcing fibers 

1 15 9 24 
7 

2 
11 

10 13 15 
27 19 28 16 24 

15 2 16 
2 51 i 58 92 

20 
39 

19 
91 

2 
16 48 
24 27 7 
85 112 29 
3f 44 
54 239 37 

5 
Other 3 27 

Totals 123 81 2 28 t 00 205 38 I84 272 166 239 282 

w 
P 
Ln 

Material MOR MOFl Oxidation Poisson's Shear Tensile Thermal Thermal Thermal Thermal Thermal X-Ray 
Ciass 3 ?!Bond 4 R Bend Rate %!io Modulus Conductivity Contraction Diffusivity Expansion Shock Diffraction 

Alumina 374 
Alumina + reinforcing fibers 144 
Alumina + Zirconia 7 
Mullite 1 4 
Mullite + reinforcing fibers 9 22 
Silicon Carbide 235 
Silicon Nitride 10 573 
Silicon Nitiide + reinforcing fibers 106 
Zirconia 4 554 
Zirconia + reinforcing fibers 2 

28 3 1 2 
1 1  34 18 4 6 

23 21 

1 2 1 73 9 
16 86 9 3 

50 
36 

?7 

23 
10 44 
17 14 

17 
49 

72 

C);her 59 

To?als 20 3077 4 19 17 284 55 23 45 107 8 138 

Total number of records on file: 5497 
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is presented in paragraph form as part of the material characterization or test background 
sections anyway. This format allows less restrictive use of the available information, so that 
everything that needs to be stated can be included. 

It was brought to our attention that some of the terminology used in the database 
was inconsistent with the actual practices being used in ceramic testing. The source of the 
problem came from database personnel who had metallurgy backgrounds where the 
same terms have slightly different meanings. From now, ceramic materials joined to other 
materials, either ceramic or metallic, using metallic interlayers will be called brazed 
materials. The former WELDSHEA file is now BRAZSHER, and is joined by two more brazed- 
specimen files, BRAZMOR4 and BRAZTUFF. BRAZSHER contains shear test results on brazed 
specimens, BRAZMOR4 contains test results from modulus-of-rupture four-point bend tests 
on brazed specimens, while BRAZTUFF contains fracture toughness test results on brazed 
specimens. Our apoloQies to anyone who was confused by the erroneous terms. 

The fffh semiannual data base summary was completed through the first draft and 
was submitted one week late partially because of the time needed to complete the user's 
guide. The next semiannual report, due in September 1990. will feature an update on a 
variety of material test data. Work will start on the preliminary version of the computerized 
user's interface sometime in the late summer of 1990. 

The Ceramic Technology for Advanced Heat Engines Project Dotabase: March 1990 
Summary Report and The CTAHE Database User's Guide are in review. 

The Ceramic Technology for Advanced Heat Engines Project Database: 
September 7 989 Summary Report is in revision. 

The Ceramic Technology for Advanced Heat Engines Project Database: March 1989 
Summary Report is being published. 
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3 . 2  TIME-DEPENDENT BEHAVIOR 

Characterization o f  Transformation-Touqhened Ceramics 
Jef f rey  J. Swab (U .S .  Army M a t e r i a l s  Technology L a b o r a t o r y )  

Obiective/Scope: 

To evaluate and characterize toughened ceramic matrix 
composite (CMC) materials for potential high temperature 
structural applications. At the present time four-point 
flexure testing is being used to determine the high 
temperature performance of these CMCs. However, a related 
in-house program to develop a tensile test for CMC 
materials is underway. Once this test has been developed 
and refined both techniques will be used to provide a more 
comprehensive characterization of CMC materials at elevated 
temperatures. 

Technical Hiqhliqhts: 

Flexure Testing of CMC materials reinforced with 
continuous fibers 99s clear limitations as pointed out by a 
number of authors. However, flexure testing can provide 
valuable information about trends and damage development, 
and provide qualitatively similar results to t nsion 
testing if failure is due to tensile forces. 2 f ’  
useful for material development purposes and has value in 
measuring the St5ess which initiates matrix 
microcracking. ’ 

In order to insure tensile failure during flexure 
testing it has been shown that a long flexure span re1 t’ve 

has recommended a ratio of at least 20. Although flexure 
testing has been shown to be more than adequate to examine 
this class of materials, direct tension testing would still 
be required to provide comprehensive structural 
characterization for design purposes. 

A CMC material from Textran Specialty Materials, 
Lowell, MA was obtained in the form of as-machined bars of 
the following dimensions: 3 mm x 4 mm x 5 0  mm. The 
material is a Si N matrix with 5 w/o Y 0 and 1.25 w/o  MgO 
additions; rein$o$ced with 3 0  v/o S C S - g  2i .C fibers. The 
fibers are laid up parallel to the 50 mm dimension sf the 
bars. Although the ratio of flexure span to specimen 
thickness is only 13, examination of the material was 
carried out using four-point flexure testing in order to 
gain some qualitative knowledge about failures in CMC 
materials and provide a comparison to previous monolithic 
results. 

Room temperature tests were performed and Figure 1 
shows that there is excellent agreement with the result 
provided by Textron. In both instances there is an initial 
linear elastic region followed by a nonlinear increase in 

It is also 

ta the specimen thickness is necessary. Previous work L 3  
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the stress. It is this noncatastrophic failure which shows 
that this material has improved toughness over a monolithic 
material. For both specimens matrix microcracking began at 
~ 4 3 0  MPa. The tests run at MTL showed extensive elastic 
deformation and some residual permanent deformation. 
Examination of the fracture surfaces of the three bars 
tested showed that fiber pull-out and crack bridging, see 
Figure 2, were the dominant toughening mechanisms. A s  
expected there was no evidence of failure origin as in 
monolithic materials. Fiber pull-out lengths were 
determined to approximately 0.9 pm. 

Stepped-&emperatureostress-rupture (STSR) testing 
between 1000 C and 1400 C, see Figure 3 ,  shows that there 
is no anomalous behavior in this temperature range. 
Preliminary examination of the fracture surfaces and the 
ends of the bars showed that the carbon core of the Sic 
fiber is no longer present. In addition, there was some 
oxidation of the matrix material and in several cases a 
white foamy substance was present towards the outer ends of 
the bars. The loss of the carbon core is due to 
oxidation. Oxidation also commonly occurs in silicon 
nitride after long-term exposure at elevated temperatures. 
The white foamy substance is probably due to burn-off of 
the excess binder. The ends of each fiber layer are coated 
with a binder to maintain the fiber spacing during 
processing. However, the processing is not sufficient to 
remove all the binder, thus4it is burned off during 
elevated temperature tests. 

half way through the bar, approximately were the neutral 
axis is located, it appears to shift to a shear failure. 
Some of the failures initiated where fibers were exposed on 
the surface or at channels left behind when the fibers were 
removed during machining. The amount and length of fiber 
pull-out was much less than at room temperature. This 
would indicate that at these temperatures there is some 
increase in the fiber/matrix bond strength which would 
account for the reduction in fiber pull-out and the tensile 
type failure. 

this material. Five tests were carried ogt at various 
tempgratures. One at 700 C, three at 900 C and one at 
1200 C. The lower temperature tests were done because 
Textron informed us that they have seen some degradation at 
these temperatures. There was no evidence of any unusual 
degradation at either of these loweg temperatures. Xhree 
of the flexure bars, the one at 700 C and two at 900 C, 
survived for 500+ hours under a 250 MPa applied stress 
without failure, but with a small amount of permanent 
deformation. 

Failure appeared to initiate in a tensile manner then 

Long duration stress rupture testing was also done on 
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As was the case after the STSR tests the carbon cores 
of the fibers were no longer present due to oxidation, 
there was some oxidation of the matrix and the white foamy 
substance was present at the outer ends of some bars. 
Failures were also the same as in theoSTSR tests. 

stress of 200 MPa failed after ~ 5 8  hours. The failure was 
completely brittle, since there was no fiber-pull out and 
the crack propagated in a perpendicular manner through the 
entire bar. This brittle failure indicates that at this 
temperature there is a strengthening of the fiber/matrix 
bond which reduces the likelihood of fiber pull-out or 
crack bridging as possible toughening/strengthening 
mechanisms. 

The flexure bar subjected to 1200 C under an applied 
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Status of Milestones: 

All milestones are currently on schedule. 

Communications/Visitors/Travel: 

Attended the 42nd Pacific Coast Regional Meeting in 
Anahiem, CA and made a poster presentation at the 4th 
International Conference on the Science and Technology of 
Zirconia. 

Visited Textron Specialty Materials and J .F .  
LeCostaouec to discuss the mechanical property results that 
were generated on the Textron CMC material. 

Spoke with Dr. H.C. Yeh of Garrett about the 
availability of the toughened silicon nitride they are 
producing as part of a DOE contract. The material is 
available but FY90 DOE funding has not arrived yet. 
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Fracture Behavior of Touahened Ce ramics 
H. T. Lin, P. F. Becher, and W. H. Warwick (Oak Ridge National Laboratory) 

Ceramic composites, such as fiber and whisker-reinforced ceramics, particulate 
phase composites, and ceramics with elongated grain structures. offer important 
advantages for heat engine applications. Chief among these is the improved fracture 
toughness which can be achieved by appropriate design of microstructural and material 
parameters. Previous studies show that these materials often exhibit substantial 
improvements in damage, thermal shock, and slow crack growth resistances. However, 
design of such systems must also consider those factors influencing their performance at 
elevated temperatures. 

In response to these needs. studies are conducted to determine the mechanical 
properties, e.g., creep, delayed failure, strength, and toughness at elevated temperatures 
for these toughened ceramics. Particular emphasis is placed on understanding how 
microstructure and composition influence the mechanical performance at elevated 
temperatures and the stability of these properties for extended periods at these 
temperatures. The knowledge gained from these studies provide input on how to modify 
materials to optimize their mechanical properties for the temperature ranges of interest. 

Studies show that reinforcement by the incorporation of Sic whiskers significantly 
improve the creep resistance of polycrystalline fine-grained alumina. 1.2 This originates 
from the pinning of grains by the whiskers lying in and across grain interfaces which limit the 
creep deformation by grain boundary sliding. However, the creep properties of alumina 
composites reinforced with Sic whiskers in an oxidizing environment may be influenced by 
the amount of the incorporated reinforcement. the strength of matrix-reinforcement 
interface, the matrix microstructure, and the chemical stability of the system. In order to 
insure the long-term, high-temperature reliability of these and other composites, one must 
understand those factors that influence creep behavior. During this reporting period, study 
was focused on the relationships between microstructural and compositional parameters 
and the creep resistance of alumina composites at 1200 and 1300°C in air. 

Creep tests in four-point flexure loading in air at 1200 and 1300°C at selected stress 
levels were conducted on polycrystalline fine-grained alumina reinforced with 10,30 and 50 
vol % Sic whiskers (no sintering additives) and 20 vol % materials fabricated with the 
sintering additives (0.4 wt % Y2O3 plus 0.4 wt % MgO). In the present study, the previously 
reported creep data of single-phase, fine-grained alumina composite reinforced with 
20 vol % SIC whiskers without sintering aids and fine-grained alumina (0.1 wt % MgO) were 
used as a reference for creep property comparison. Since the matrix grain size is quite 
similar for the materials containing 220 vol % whiskers (1 to 2 p.m in diameter) with and without 
sintering aids, differences in matrix grain will not influence the creep rates. On the other 
hand, the difference in matrix grain size between the 10 vol % material (8 pm) and 20 vol % 
material (2 pm) must be accounted for when comparing the creep data. 

Whisker content effect 

Figure 1 shows the creep data for alumina composites containing 10 vs 20 vol % SIC 
whiskers at 1200 and 1300°C at stress levels from 100 to 300 MPa. Resutts at 1200°C indicate 
that alumina composites with 10 vol % whiskers exhibit creep rates which are a factor of 
three lower than that of 20 vol % materials under the same test conditions. Also, both 
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materials exhibit stress exponents (n -- 2 to 2.5) indicative of a similar creep mechanism 
operating in these b o  materials. For the polycrystallirle fine-grained alumina. a stress 
exponent of approximately 2 is obtained and is attributed to grain boundary sliding (GBS 
At 13OO0C, the composites reinforced with 10 vol % Sic whiskers become less creep 
resistance with respect to 20 vol % composites at stress levels greater than 125 MPa. In 
addition, the stress exponent of 10 vol % materials is dependent upon the test 
temperatures. The exponent increases from n = 2.5 at llpoo°C to n = 4 at 1300°C indicding a 
change in rate-limiting processes. The increase in creep resistance of 10 voi % materials at 
120O0C with respect to 20 vol % materials may be attributed to an increase in matrix grain 
size and a decrease in stress concentration sites available for creep c ~ v i t a t i ~ n  as the 
whisker content is reduced. Also, an increase in matrix (grain size may alter the processes 
for creep cavitation leading to the observation of temperature dependence of stress 
exponent. However, the quantitative relationship bebeen grain size and the creep 
resistance of alumina composites are not fully understood at present. A study of the creep 
behavior for alumina composites with constant whisker content (i.e., 10 vol %> and different 
matrix grain sizes will be performed to evaluate the relationship between the matrix grain 
sizes and creep controlling mechanisms. 

at 1200 and 1300°C for stress levels ranging from 53 to \ux] MPa are shown in Fig. 2. Results 
show that alumina composites with 30 and 50 vol % whiskers exhibited creep rates which 
are higher, one to two orders in magnitude, than those with 20 vol % whiskers under the 
same test conditions. Also, materials with 30 and 50 vol % whiskers exhibited nearly 
identical creep properties at the temperature and stress ranges investigated in this study. 
The data for both materials at 1 2 0  and 1308°C exhibited stress exponents (n = 3 and 6, 
respectively) which are greater than that of 20 vol % materials (n = 21, indicative of different 
rate-lirniting mechanisms. At 1300°C. materials reinforced with 30 and 50 vol % Sic whiskers 
also exhibited a higher stress exponent (n = 5) than that at 12KI" C (n = 3). The higher creep 
rate, plus higher stress exponent, of the 30 and 50 vol % composites is likely due to increase 
in strain associated with cavitation. The increase in whisker content would introduce more 
stress concentration sites available for cavity nucleation leading to higher number density 
of cavitation, hence higher cavitatian strain. 

Furthermore, the addition of more SIC whiskers acts to increase the amount of 
oxidation and reaction products ut the surface. This increased oxidation-reaction process 
generates increasing intergranular glassy phases in the surface and subsurface region of 
the tensile surface enhancing the creep process. An oxidation experiment at 1300°C for 
periods up to 100 h in air was conducted to compare the creep data with the oxidation rates 
for alumina composites with 20 to 50 vol % SIC whiskers. The oxidation results revealed that 
the oxide scales formed on the specimen surfaces of 30 and 50 vol % materials are at least 
factors of three thicker than that of 20 vol % materials after 100 h. A h ,  the reaction rate 
constants at 1300°C for 30 and 50 vol % materials are threefold greater than that of 20 vol % 
materials. These observations support the hypothesis that the enhanced oxidation 
reaction is one of the key factors leading the higher creep rates and stress exponents for 
the alumina composites reinforced with 230 vol % SIC whiskers. 

The creep data for the alumina composites containing 20,30 and 59 VOI % whiskers 

'--, 

Sintering additive effect 

Figure 3 shows the creep data for 20 vsl % Sic whisker-reinforced alumina with and 
without sintering aids (0.4 vd % Y2O3 plus 0.4 Wt % MgO) ut temperatures of 1200 and 1300°C at 
applied stress ranging from 37 to 300 MPa in air. The Y2O3 sintering aid is used to enhance the 
densification rate through the formation of amXphQuS phases at grain boundaries and the 
MgO to limit grain growth of the alumina matrix. Accordingly, it is not surprising that the 
creep resistance of the alumina composites is decreased by approximately one to three 
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Fig. 2. Strain rate vs stress relation for creep deformation for alumina composites 
reinforced with 20,30 and 50 vol % Sic whiskers. 
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Fig. 3. Strain rate vs stress relation for creep deformation of 20 vol % Sic 
whisker-reinforced alumina with and without sintering aids (0.4 Wt % MgO plus 0.4 wt % Y203). 
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orders of magnitude with the addition of this combination of sintering aids as compared to 
the composite without additives. At IZOOOC, both materials exhibit similar stress exponent (2 
and 2.5) indicative of similar creep-controlling mechanisms. Again, a stress exponent of 2 is 
attributed the grain boundary sliding. In addition, the composite containing sintering aids 
exhibits a temperature dependent stress exponent. The exponent increases from n = 2.5 at 
1200°C to n = 4 at 13OOOC. indicating a change in the creep process. The higher stress 
exponent at 1300°C for materials with sintering aids again likely results from the 
consequence of the more extensive cavitation than that at 1200°C. The higher creep rates 
found in the sintering additive containing materials are attributed to the observed 
substantial content of amorphous phases at grain boundaries, which contains Y, AI, Si and 
Ca, as compared to composites made without the sintering aids. The presence of 
intergranular glassy phase promotes the grain boundary sliding for creep, leading to higher 
creep deformation rates. In addition. the intergranular liquid phases uct as a rapJd diffusion 
path for oxidation processes, further enhancing the creep. 

At elevated temperatures, the presence of intergranular amorphous phases is 
known to promote the creep processes of ceramic and ceramic composite systems. 
Higher creep rate and high stress exponent (n = 4.8) were observed in a glass-bonded, 96% 
alumina.3 Also, creep is enhanced by the presence of intergranular amorphous phases in 
Si3N4 ceramics and in Si3Nd-SiC whisker composites fabricated with sintering Yfl3 plus Ai203 
aids.4.6 However, the creep resistance of the 96% alumina and the Si3N4 ceramics can be 
improved by a postheat treatrnent.3.5 The crystallization of grain boundary phases can 
increase the creep resistance. Results of present study suggests that sintering aids either 
need to be modified or that postheat treatments be devised to crystallize the amorphous 
phases to achieve the optimal properties for high-temperature applications. 
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status of milestone 

On schedule. 

P. F. Becher, P. Angelini, W. H. Warwick, and T. N. Tiegs, "Elevated Temperature Delayed 
Failure of Alumina Reinforced with 20 vol % Sic Whisker,' J. Am. Ceram. SOc. 73(1). 91-96 
(1990). 

H. T. Lin and P. F. Secher, "Creep Behavior of a Sic Whisker Reinforced Alumina," J. Am. 
Cerarn. SOC., in press (Milestone 32 1307). 
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Gvck futigue o f Toughened Ce rami= 
K. C. Liu and C. R. Brinkman (Oak Ridge National Laboratory) 

The objective of this task is to develop, design, fabricate, and demonstrate the 
capability to perform tension-tension dynamic fatigue testing on a uniaxially loaded 
ceramic specimen at elevated temperatures Three areas of research have been 
identified as the main thrust of this task: (1) design, fabrication, and demonstration of a load 
train column which truly aligns with the line of specimen loading; (2) development of a 
simple specimen grip that can effectively link the load train and test specimen without 
complicating the specimen geometry and, hence, minimize the cost of the test specimen; 
and (3) design and analysis of a specimen for tensile cyclic fatigue testing. 

Technical p roara  

Fatigue of Sic whisker-reinforced alumina 

An exploratory cyclic fatigue test at room temperature was performed on a tensile 
specimen made of 30% Sic whisker-reinforced alumina furnished by CERCOM of Vista, 
California. The specimen was cycled in tension at a stressing rote of 21 ,COO MPa/min, as 
was the test condition used in previous tests. Since little was known about the fatigue 
properties of this material, a cyclic stress of 330 MPa, equivalent to about 75% of its tensile 
fracture strength, was used as a starting point. After cycling for 11 1.500 cycles with no 
apparent indication of imminent fatigue failure. the cyclic stress amplitude was increased 
intermittently until the specimen finally failed in fatigue at 414 MPa in 61 7 cycles. The 
maximum peak stress was equal to about 95% of the tensile fracture strength. Test 
parameters, loading history, and test results are summariied in Table 1. Test data are 
plotted in Fig. 1 including the fatigue data of monolithic alumina tested and repoited 
previously’ by our laboratory. 

The arrowhead attached to the open symbols, as seen in Fig. 1 ,  indicated that 
specimen failure had not occurred when the intermediate cyclic loading was terminated ai 
the indicated condition. Due to limited information, a straight line was used to approximate 
the fatigue behavior of the composite alumina, as shown in Fig. 1. Behavior beyond 105 
cycles delineated by a broken line is somewhat speculative. Figure 1 indicates that the 
fatigue curve of the composite alumina was practically flat compared to that of monolithic 
alumina. The difference in fatigue behavior was obviously attributed to the strengthening 
by Sic whiskers that have effectively inhibited the slow crack growth being promoted by 
cyclic fatigue. The flatness of the fatigue cuwe implied that there was little or no fatigue- 
induced crack growth occurring in the specimen until the applied cyclic stress exceeded a 
critical value high enough to fracture the Sic whiskers. In the case of this composite 
material, the critical value may be in the upper 10% range of its tensile fracture strength. 

Electron microscopy 

Optical microscopy (OM) and scanning electron microscopy (SEM) were 
performed on the fracture surfaces of three specimens. specimens 1 and 2 tested in tensile 
fast fracture and specimen 7 tested in cyclic fafigue mode. OM and SEM micrographs of 
specimens 1 and 2 are illustrated in Figs. 2 and 3, respectively, and specimen 7 in Fig. 4. All 
the fractures were initiated from internal defects, which were either a huge single grain as 
large as 70 pm (Fig. 21 or a agglomerate of smaller grains (Figs. 3 and 4). X-ray analyses 
indicated these grains were all pure A1203. Absence of Sic whiskers inside the AI203 
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Table 1 .  Results of a cyclic fatigue test on CERCOM Sic whisker-reinforced 
alumina at room temperature 

MKnberd 
cycles at Number of 

Loading Cyclic stress Percent of intermediate cycles to 
failure sequence MPa (ksi) fracture strength loading 

1 330 (489 75 
2 367 (53.29 04 
3 396 (57.4) Kl 
4 414 (609 95 
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Fig. 1. Comparison of fatigue behavior of SiC-whisker reinforced alumina and 
monolithic alumina. 
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origin. (d) Composite region showing little or no whisker pullouts. 
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Fig. 4. (a) and (b) Fracture surface of specimen 7 tested in cyclic fatigue, 
(c) Microstructures at the vicinity of interface (indicated by anowheads) between 
agglomerate and composlte. (d) Microstructure of a region away from the fracture 
initiation site, showing no obvious whisker pullouts. 
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agglomerates suggested that poor Sic whisker dispersion in the region failed to inhibit the 
overgrowth of AI203 grains. Lower fracture toughness of AI203 compared to that of the 
composite material was an apparent reason that all the fractures were initiated from the 
large grain or agglomerate site. An observation indicated there was hardly any noticeable 
difference in fracture morphology between specimen 2 tested in tensile fast fracture and 
specimen 7 tested in cyclic fatigue, except that the crack mirror zone was slightly larger 
and well defined for the fatigue-induced fracture. This finding seems to support the theory 
discussed earlier in the preceding section about the outstanding fatigue performance of 
Sic whisker-reinforced alumina. Few whisker pullouts were observed, indicating excellent 
bonding between the whiskers and matrix. 

Cyclic fatigue behavior of thermally aged NT-154 silicon nitride 

Experimental results obtained to date on this material have consistently 
demonstrated that cyclic loading from low stress to high stress in intermittent steps will 
enhance the high-cycle fatigue life at high temperatures. This behavior is generally known 
as "coaxing." However, it is not known whether the strengthening mechanism is the 
synergistic effect of cyclic loading and temperature or merely the result of thermal aging. 
To investigate the effect of thermal aging on cyclic fatigue behavior, two virgin specimens 
were installed in creep machines with no load and aged at 1370°C for 150 h. 

One of the thermally aged specimens (specimen 20-14) was then cycled to a peak 
stress of 243 MPa at 1370°C until failure occurred at 306.086 cycles. A comparison showed 
that the fatigue life of this specimen was higher by a factor of about 2 than that of specimen 
CP-24 which was precoaxed before fatigue testing at the same cyclic load and same 
temperature. One might conclude that thermal aging by itself with the absence of cyclic 
loading may suffice for the enhancement of cyclic fatigue life in the high-cycle regime. 
However, this may not be a valid comparison since the fatigue life reported for specimen 
CP-24 could have been higher, had it not failed prematurely due to the surface damage at 
pits resulting from chemical interaction between the specimen surface and probing rods of 
the strain extensometer. Also, considerable data scatter is inherent in the fatigue behavior 
of ceramics since life is governed by the size of the crack-initiating defect. To make a 
meaningful comparison of test data, a virgin fatigue test is cunently being duplicated with a 
specimen selected from the same lot as specimen 20-14 as a means of eliminating 
lot-to-lot variations. 

its gage section was slightly pitted by some glassy substances diffusing out from the 
insulation of a new furnace which subsequently precipitated and caused some surface 
interaction. 

The second specimen (20-1 1) is now being remachined in the shop. The surface of 

Studies of cyclic fatigue/creep interactions 

The interaction between cyclic fatigue and creep of ceramic materials is an area 
virtually unexplored. Although it has been demonstrated that the high-cycle fatigue life of 
silicon nitride can be enhanced by coaxing at high temperatures, little is known about the 
influence of precoaxing to the subsequent creep behavior. 

behavior, five virgin specimens from the same lot were subjected to a series of intermittent 
cyclic loads for a total of about 5 0 0 ~  cycles in a period of 150 h. Three specimens were 
precycled at 1300°C and two at 1370°C. 

A precycled specimen (20-09) was then tested under an applied stress of 100 MPa. 
Test results obtained to date are plotted in Fig. 5. The specimen has accumulated a total 
strain of about 0.8% and the test is ongoing. To facilitate comparison, the creep curve of 

To investigate the effect of initial cyclic fatigue loading (precoaxing) on creep 
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specimen 20-07 was also given in Fig. 5. Note that specimen 20-07 was a virgin specimen 
and tested under the same loading condition given to the precycled specimen. The 
striking difference in creep behavior between the two specimens clearly suggests that 
precyling has modified the microstructure of the material prior to the creep testing. 

specimen. The strain recovery (or negative creep strain) occurring immediately following 
the initial loading and the erratic creep behavior shown in the strain-time curve were rather 
unconventional but appeared to be true material behavior. However, no plausible 
explanations can be offered at this time. As the erratic creep behavior began to subside 
after about 200 h of testing, the creep rate accelerated slightly OS if tertiary creep had 
commenced. However, the material deformed steadily thereafter at a constant creep 
rate of 2.64 x lO-9/s. If the creep behavior of the precycled specimen remains steady 
beyond the data points, it appears that the creep curve of the precycled specimen may 
intersect that of the virgin specimen at the point where the creep rupture occurred. 
Because of the uncertainty in creep behavior beyond the available data, the true effects of 
precycling on the creep resistance of this material remain unknown. 

Figure 6, an expanded diagram, shows the initial creep behavior of the precycled 

Uniaxial tensile creep of NT-154 silicon nitride 

Exploratory creep tests were performed on tensile specimens of NT-154 silicon 
nitride at 1300 and 1370°C. These specimens were made from the same lot of the material, 
designated as CP-series, used in the cyclic fatigue tests discussed in the last progress 
report. Creep strain was measured using the laser diffraction strain extensometer 
described elsewhere.* Figure 7 shows the creep curves of specimens CP-28 and CP-30 
tested at 1300°C under applied stress of 150 and 180 MPa, respectively. Both tests were 
shutdown inadvertently due to equipment adjustments. The problems have been 
corrected since then. Therefore, the resutts of the tests do not represent the creep life of 
the specimens. However, there were sufficient data points to delineate the essential 
features of the creep behavior up to the steady-state phase which was clearly definable. 
Both curves showed a reversed inflection at the transition beheen the primary and 
secondary creep phases, resulting in forming a bump in the otherwise smooth creep 
curves. 

is discernable in Fig. 8. The least-squares fit showed the elastic modulus was 183 GPa. 

under applied stresses of 120 and 90 MPa, respectively. Unlike those obtained at 1300°C. the 
creep curves obtained at 1370°C were smooth. Specimen CP-31 ruptured in 47 h of testing 
with a total strain of about 1%. It WOE difficult to determine whether the test ended in the 
tertiary phase because of the limited data points taken after 10 h of testing, as shown in 
Fig. 9. The minimum creep rate was determined to be 4.25 x 108/s. 

The creep test on specimen CP-34 was interrupted after about 550 h of testing due to 
a power outage. Subsequently, the test was restarted but was shut down again by another 
power outage after 300 h of follow-up testing. An attempt to restart the test was not 
successful because the test specimen fractured during reloading. Test data as shown in 
Fig. 9 hint that the tertiary creep was occurring at about 800 h. Pronounced transient creep 
behavior exhibited immediately following the reloading was unexpected. However, the 
steady-state creep rates after the reloading remained about the same. The upward 
shifting in the second leg of the creep cuwe suggests that frequent unloading and 
reloading may accelerate creep process, Le., enhance softening or flaw growth and 
shorten the creep life, if the transient creep reoccurs after every reloading. 

Transient creep cutves for the initial loading and subsequent reloading are 
compared in Fig. 10. They have been replotted so that both start at zero time to facilitate 

A linear relationship between the stress and strain exhibited during the initial loading 

Figure 9 shows the creep curves of specimens CP-3 1 and CP-34 tested at 1370°C 
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comparison. Both creep curves are about the same. This observation suggests that the 
material may have weak or no memory and behaves somewhat like a virgin material when 
reloaded. 

Important findings and observations 

1. Precycling of NT-134 Si3N4 at 1370°C can dramatically change the transient creep 
behavior. However, the high creep rate following the initial strain recovery may ultimately 
cancel the gain in creep resistance realized in the initial stage of creep. 

2. Creep data obtained from a single interrupted creep test at high temperature 
suggests that recurrence of transient creep at repeated unloading and reloading may 
accelerate the creep process. 

S d U S L O  f milestones 

A draft report covering results of elevated temperature tests on toughened ceramic 
material was completed (Milestones 32 14O9). 

publications 

K. C. Liu and C. R. Brinkman, "High Temperature Tensile and Fatigue Strengths of Si3N4," 
pp. 23544 in Proceedings of the 27th Automotive Technology Development Contractors 
Coordination Meeting, P-230, Society of Automotive Engineers, Inc. ,Warrendale, PA, 
April 1990. 

H. Pih and K. C. Liu, "Laser Diffraction Methods For High-Temperature Strain Measurements," 
was submitted to fxperimental Mechanics for review and publication. 
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Rotor Dafa Base Ge nerdion 
M. K. Ferber and M. Jenkins (Oak Ridge National Laboratory) 

miective /scone 

The goal of this task is to systematically study the tensile strength of a silicon nitride 
ceramic as a function of temperature and time in an air environment. Initial tests will be 
aimed at measuring the statistical parameters characterizing the strength distribution of 
three samples types (two tensile specimens and one flexure specimen). The resulting data 
will be used to examine the applicability of current statistical models as well as sample 
geometries for determining the strength distribution. 

In the second phase of testing, stress rupture data will be generated by measuring 
fatigue life at a constant stress. The time-dependent deformation will also be monitored 
during testing so that the extent of high-temperature creep may be ascertained. Tested 
samples will be thoroughly characterized using established ceramographic, scanning, and 
transmission electron microscopy techniques. A major goal of this effort will be to better 
understand the microstructural aspects of high-temperature failure including: 

(1) extent of slow crack growth; 
(2) evolution of cavitation-induced damage and fracture; 
(3) transition between briiie crack extension and cavitation-induced growth; and 
(4) crack blunting. 

The resulting stress rupture data will be used to examine the applicability of a 
generalized fatigue-life (slow crack growth) model. I f  necessary, model refinements will be 
implemented to account for both crock blunting and creep damage effects. Insights 
obtained from the characterization studies will be crucial for this modification process. 
Once a satisfactory model is developed. separate stress-rupture (confirmatory) 
experiments will be performed to examine the model's predictive capability, 
Consequently, the data generated in this task will not only provide a criiticaliy needed base 
for component utilization in automotive gas turbines, but also facilitate the development of 
a design methodology for high-temperature structural ceramics. 

Technical D roar- - 

The evaluation of tensile collet systems was continued during this reporling period. 
The primary objective of this study is to gain a better understanding of the factors 
responsible for recent button-head failures. Particular emphasis is being placed upon 
evaluating the button-head strength of gageless samples fractured using both straight and 
tapered coiiets (Fig. 1). The tapered collet arrangement provided the better performance 
in terms of both the fracture strength and average percent bending ut failure. While the use 
of soft copper collets in the straight-collet grips gave similar values of the button-head 
fracture strength, the percent bending at failure was slightly higher. 

The aforementioned tests used gageless specimens so that the fracture behavior in 
the grip region could be directly evaluated. In order to verify the ability of the tapered collet 
grips to minimize button-head failures, additional strength tests of a high performance 
silicon nitride were initiated. Initial fast fracture tensile testing of NT-154 specimens with strain- 
gaged, gage sections was conducted at room temperature using the tapered collet 
gripping system. The tapered collets and holders were the same as those used with the 
alumina, straight-shank specimens in the comparison tests of the tapered and straight 
collet gripping systems. Additionally, other factors such as lubrication of the collet/holder 
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Fig. 1 I Schematic illustration of two grip designs used in current tensile test 
equipment. 
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interface, stressing rate (1 1 MPa/s). and ambient conditions were maintained as 
consistently as possible with the previous tests. 

tightening" the collet holder such that the end of the specimen button-head was forced 
against the grip body. Thus the interaction of the taper of the collet and collet holder to 
applied a lateral load to the specimen shank. This preload is intended to minimize any 
loading into the button-head of the specimen by providing an initial normal force (and 
hence increased frictional load transfer) at the specimen collet interface. The first test 
resulted in a failure of the specimen shank which initiated at the intersection of the free 
surface of the shank and the collet. Failure occurred at a gage section stress of 622 MPa 
(19,690 N load) and 0.6% bending. 

Following the unsuccessful first test, it was decided that the preloading procedure 
may have contributed to excessive localized loading in the specimen shank, Therefore 
the second test was conducted without forcing the end of the button-head against the grip 
body, thus allowing the "natural" movement of the tapered collet to introduce the lateral 
force during the longitudinal loading of the specimen. The second test resulted in a failure 
of the specimen shank which initiated at the intersection of the free surface of the shank and 
the collet. Failure occurred at a gage section stress of 765 MPa (24,250 N load) and 1 .O % 
bending. 

Testing was suspended to investigate the cause of the two unsuccessful tests. 
Inspection of the failure locations indicated problems with the upper collet/holder 
assembly. Subsequent confirmatory tests with alumina straight-shank specimens showed 
failures of gripping section were still occurring in the 17,000 to 21 ,OOO N range which had been 
found in the previous tests of straight-shank specimens. However, the failure locations of 
these confirmatory tests also indicated the following problems with the upper collet/holder 
assembly: (1) mismatch of the angle between the collet and holder which leads to 
nonuniform loading (pinching); (2) hard, superalloy collets which can cause localized 
surface damage to the ceramic hence initiating failure; and (3) variations in collet 
dimensions and/or sharp corners which can cause localized damage to the surface of the 
specimen. An additional cancern identified is the nonoptimized angle of the taper. The 
present. arbitrary angle of 10" is "steeper" than the necessary, calculated angle of -30" (for 
collet/specimen m = 0.61, thus causing higher than necessary lateral (normal) forces to 
achieve the needed frictional load transfer. 

Modifications of the present, tapered collet design are under way to eliminate the 
three problems noted above. A procedure has been developed to fabricate, stress 
relieve, and "lap-in" matched sets of collets and holders to achieve a close match of the 
collet/holder angle. Annealed stainless steel and titanium alloy collets are being used to 
minimize darnage to the specimen surface. Smoothing and rounding of sharp edges on 
the collets will be performed to minimize the possibility of localized chipping of the 
specimen surface , 

When these modifications have been completed, a set of verification tests will be 
performed on straight-shank alumina specimens to confirm the efficacy of the changes in 
allowing failures in the gripped sections in the load range of 17 DO3 to 2 1 ,OX N. U p m  
successful completion of these veriiication tests, the testing of the NT-I54 specimens will 
resume. 

during this reporting period. In particular, questions concerning the acceptable level of 
bending stress were considered. While it is generally agreed that bending must be 
minimized in uniaxial tensile tests in order to minimize the scatter,l,2 there is no general 
agreement as to the maximum bending allowable for any one type of tensile testing. 
Various reportsl.3 have been made of efforts to obtain and maintain percent bending in the 
range of less than 2.0. However, the American Society for Testing and Materials (ASTM) 

During the first test, the collets were preioaded against the specimen shank by "hand- 

In addition to the empirical testing. numerical modeling efforts were also continued 
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calls for a percent bending of less than 5.0 to 10.0 for a valid tensile test depending upon the 
type to test being conducted.4-7 It appears, though, that these values of percent bending 
are the resutt of attempts to maintain as low a bending as possible based on empirical 
observations with no formal basis for choosing the maximum allowable amount. 

effect of bending on the determination of a material's Weibull characteristic tensile 
strength. This study was conducted along similar lines as Vasko and Cassenti.8 The starting 
values of the Weibull statistical parameters were approximately those of the NT- 154 silicon 
nitride at room temperature9 (uo = 774  MPa, m = 7.21). In general, the Weibull distributions for 
the probability of failure (Pf) are: 

In this regard a limited numerical/statistical study was undertaken to evaluate the 

for the distribution of stresses through the volume and: 

for the distribution of stresses over the surface of the volume, where CF is the applied stress, 
o0 is the Weibull characteristic tensile strength, m is the Weibull modulus, and V, and A. are 
normalizing constants for volume and surface area, respectively. The effect of the bending 
is assumed to make Q a linear function of position, x, which is the distance from the 
specimen center as shown in Fig. 2. One may write such that: 

where 0, is the nominal applied stress, b is the bending component (percent bending 
divided by 100.0). and R is the radius of the gage section. The functions for the volume and 
surface increments are: 

and 

dA = dS dy = R d0 dy (5) 

where y is the longitudinal axis, A is the cross-sectional area, S is the circumferential length, 
and. 8 is the angle about the longitudinal axis in cylindrical coordinates (Fig. 2). R can be 
written in terms of Cartesian coordinates where R = x/sin 0. 

volume: 
Combining Eqs. (1) through (5) yields for the distribution of stresses through the 

for -R 5 x 5 +R and 11/2 I y 5 1/2 (where I is the length of the gage section) and for the 
distribution of stresses along the surface: 

for -p/2 s €3 I +p/2 and 4 2  I y I 1/2. A numerical integration scheme was used to solve for 
Eqs. (6) and (7) for the probabilities of failure as functions of failure stress assuming constant 
bending in every specimen. These results were then evaluated for the effect of percent 
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bending on the Weibull charactedstic tensile strength (strength at Pf = 0.632) and the Weibull 
modulus. 

The Weibull modulus was essentially unchanged from the starting values of 8.0 and 
16.0 regardless of percent bending. However, the Weibull characteristic tensile strength, 
normalized to value associated with b = 0, showed large decreases for increasing percent 
bending (Fig. 3). Note that the decreasing strength effect was more pronounced far 
surface failures. However, it has been recently reportedlo that volume failures accounted 
for the majority (66%) of the tensile test failures in u high-performance silicon nitride at room 
temperature. Additionally, in that study, no correlation was found between percent 
bending and either calculated tensile strength or failure origin (Le., volume or surface). In 
the same study, similar statistically based analyses were conducted and it was concluded 
that 5.0 was an acceptable maximum percent bending for tensile strength tests. 

The present study concurs with the acceptance of 5.0% bending as a maximum 
upper limit for tensile strength tests However, the issue is more clouded for tensile stress 
rupture or creep tests where the effects of temperature, stress state, and creep rate may 
severely affect not only the material behuvior but also the experimentally measured 
displacements or times-to-failure. Thus, at this time no upper limit for percent bending for 
tensile creep or stress rupture can be recommended. 

initiated.’ In particular, the creep strain associated with both button-head tensile samples 
and four-point flexure samples was measured as a function of time and stress at 1370°C. In 
the case of the button-head tensile samples, a direct-contact capacitance extensometer 
was used to monitor the displacement during constant load tests. The deflection of the 
specimen midspan in the flexure samples was measured with respect to the inner load 
points using a three-probe LVDT extensometer, Additional details of the experimental 
procedure are given elsewhere. 1 1  

creep exponent is consistent with a diff usion-assisted cavitation process. The presence of 
these cavities was confirmed by SEM studies. In order to examine the fatigue behavior, all 
creep tests were continued until the samples failed. The resulting fatigue curve is shown in 
Fig. 5. The fatigue resistance determined from the bdton-head tests (as characterked by 
the fatigue exponent, n) decreased as the test time increased. At long times, n was 
comparable to the creep exponent. Examinations of the fracture surfaces of the 
corresponding test samples indicated that failure was characterized by  the accumulation 
of creep damage. These results are consistent with a creep-constrained cavitation 
process in which the growth and coalescence of cavities is controlled by the creep rate of 
the bulk material.12 

The creep/fatigue studies involving a high perfcrmance silicon nitride were also 

The stress dependence of the steady-state creep rate is shown in Fig. 4. The high 

Status of m i lest o nes 

None. 

-- Publications 

M.G. Jenkins, M.K. Ferber , and J.A. Salem, “Determination of the Stress Distributions in a 
Ceramic, Tensile Specimen Using Numerical Techniques,” to be published in the 
Proceedings of the 1990 ASME International Computers in Engineering Conference and 
Exposition. 

‘Norton NT- 154 silicon nitride. 
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TOUGHENED CERAMICS L I F E  PREDICTION 
J .  A.  Salem and S. R. Choi (NASA Lewis Research Center) 

uective/scoDe 

The purpose o f  this research i s  to understand the room temperature 

A major objective i s  to understand the 

and high temperature [ 137OoC (2500°F)] behavior of toughened ceramics, in 
particular Sic-whisker toughened Si3N4, a s  the basis for developing a life 
prediction methodology. 
relationship between microstructure and the mechanical behavior within the 
bounds of a limited number of materials. A second major objective i s  to 
determine the behavior as a function o f  time and temperature. 
Specifically, the room temperature and elevated temperature strength and 
reliability, the fracture toughness, slow crack growth and the creep 
behavior will be determined for the as-manufactured material. The same 
properties will also be evaluated after long-time exposure to various high 
temperature isothermal and cyclic environments. These results will provide 
input for parallel materials development and design methodology programs. 
Resultant design codes will be verified. 

Technical Droqress 

The mechanical and thermal properties of an i n  situ toughened 
silicon nitride material" used to make a gas turbine combustor were 
experimentally measured. The location and nature of failure origins 
resulting from bend tests were determined with fractographic analysis. The 
measured Weibull parameters were used along with thermal and stress 
analysis to determine failure probabilities o f  the combustor with the 
CARES design code. The effects of data censoring and fracture criterion 
were considered in the analysis. 

Test Procedures 

The properties required for thermal stress analys s included Young's 
modulus, Poisson's ratio, thermal conductivity, thermal expansion 
coefficient and specific heat. The CARES analysis requ res strength data 
(from which the Weibull parameters are calculated) and Poisson's ratio. 
Fracture toughness was also measured. Although this parameter i s  not 
required for the fast fracture prediction made by CARES, it i s  used i n  
life-time prediction and i s  related to the properties used in the 
reliability analysis. Strength measurements, which are the basis o f  
reliability predictions, are controlled by both the size o f  flaws inherent 
in ceramic materials and the fracture toughness. Toughness represents the 
ability of a material to tolerate flaws. 

Young's modulus and Poisson's ratio between room temperature (RT) 
and 140OoC were determined by a resonance method in accordance with ASTM 

*Kyocera SN251 
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C848- 7b4. Young’s modulus was also determined at room temperature by 
strain gaging a four-point bend specimen. Thermal expansion was measured 
as a function of temperature with a differential transformer. Thermal 
conductivity and specific heat were de ermined as a function of 

machined from the combustor liner and heat treated in air at 115OoC for 
1.5 hours to eliminate spurious residual stresses due to machining. The 
flexure strength was determined in four-point bending at temperatures o f  
25, 1000 and 1371OC. The specimens measured 3mm x 4mm in height and width 
and the inner and outer spans were lOmm and 30mm, respectively. Flaw type 
and location (connected to the surface or completely within the volume) 
were determined with optical microscopy or scanning electron microscopy as 
necessary. 

Specimens were 3x4x30mm in thickness, height and span. The SEPB specimens 
were tested at a stroke rate of O.Smm/min. Chevron-notch specimens were 
tested at 0.005mm/rnin. The low stroke rate used for chevron-notch testing 
was required to insure stable crack extension. 

temperature via the laser flash method 5 . 
Test specimens for strength and fracture toughness measurements were 

Fract re toughness was d t rmined with the single-edge-precracked- beam (SEPR) E and chevron-notchgtg methods in three-point bending. 

Mechanical and Thermal Properties 

Young’s modulus, Poisson’s ratio, thermal expansion, thermal 
conductivity and specific heat are illustrated in Figures 1, 2 and 3 as 
functions of temperature. Young’s modulus exhibited a continuous drop with 
temperature. The room temperature, mechanically and sonically determined 
values were within 3%. Poisson’s ratio was almost constant. The thermal 
expansion increased in a linear manner with tempera ure. The coefficient 

conductivity exhibited a gradual drop with increasing temperature, while 
the specific heat increased gradually with temperature. 

A summary o f  bend strength test results i s  given in Table 1. Both 
the characteristic strength ( a o )  and Weibull modulus (m) decreased with 
temperature. Failure originated from either a large, 30 to 100 micrometer 
grain with a hexagonal cross-section, or a 15 t o  70 micrometer diameter 
pore. Examples o f  failure origins are shown in Figures 4A and 4B. 

The population o f  volume type failures observed at 25OC and 1000°C 
was insufficient for statistical characterization. However, nearly 50% of 
the specimens failed from volume flaws at 1371OC. This change from surface 
to volume failure indicated healing of surface connected flaws. Six 
specimens out of 31 tested at 2 5 O C  and three specimens out o f  27 tested at 
1000°C failed from processing flaws connected to the beveled edges o f  the 
specimens. These failures were analyzed as surface failures. The complete 
analysis o f  statistical parameters is discussed in the Statistical 
Parameters section. 

Fracture toughness results are summarized in Table 2. The chevron- 
notch specimens exhibited nonlinear load-displacement behavior, indicating 
stable crack extension. Fracture toughness, calculated from maximum load 
and minimum stress intensity coefficient, decreased with temperature up to 

o f  thermal expansion was determined to be 3.1 x 10- 8 /OC. The thermal 
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Figure 1. Young's modulus and Poisson's ratio o f  SN251 as a function 
of temperature. 
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Figure 2. The linear thermal expansion o f  34251 as a function o f  
temperature. 
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Figure 3 .  Thermal conductivity and specif ic  heat o f  SN251 as a 
function of  temperature. 

Figure 4 .  Failure origins: (A )  large grain, and ( B )  volume pore. 
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Table 1. Bend S t r e n g t h  Tes t  R e s u l t s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Least  Sauares F i t  Maximum L i  k e l  i hood 

Temp. Flaw* # of 0 Wei b u l l  Wei b u l l  
OC L o c a t i o n  Specimens Mfa Modul us ;fa Modulus 

S 26 694 18.36 695 18.65 
25 V 3 753 21.44 749 32.44 

U 2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S 26 592 13.78 592 13.33 

U 0 
1000 V 1 624' 17.00' 624' 23.80' 

S 29 566 10.12 575 8.86 

U 0 
1371 V 21 585 13.95 585 15.31 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* S=surface f l a w ;  V=volume f l a w ;  U=unknown o r i g i n  
t I n t e r p o l a t e d  va lues  (see S t a t i s t i c a l  Parameters s e c t i o n )  

Table 2. F r a c t u r e  Toughness Data 

SEPB 25 7 7.4 
1371 4 6.1 
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120OOC. However, at 1371OC the load-displacement diagrams became severely 
nonlinear and the toughness appeared to increase substantially. Evidently, 
the combination of slow stroke rate and high temperature resulted in creep 
deformation instead of stable fracture. 

Room temperature fracture toughness measured with the SEPB was 
comparable to that of the chevron-notch. However, measurements at 1371OC 
were much lower and comparable to values measured with the chevron-notch 
at 12OOOC. The SEPB produced fast fracture at 137loC, while the chevron- 
notch allowed creep deformation instead of stable fracture. 

FEM Stress Analysis 

Before performing the reliability evaluation with CARES, the 
stresses in the combustor were analyzed. Both mechanical and thermal 
stresses were generated in the combustor. Empirically, the critical 
stress of the combustor was expected to occur around the dilution port due 
to cooling. When an engine is shut-down, fuel is cut off and the combustor 
cools rapidly because o f  the injection of fresh air. The resulting thermal 
shock phenomenon produces high, transient tensile stresses on the surface. 
The FEM analysis was designed to simulate the worst transient thermal 
stress in an emergency stop. 

symmetry, only 1/16 of the combustor was discretized. 
temperatures and heat transfer coefficients for both steady state and 
transient conditions. 
the outside of the combustor and at 135OoC for the inside and the primary 
hole. The heat transfer coefficient was assumed to be the same for the 
steady state and transient conditions. 

edge of the primary hole. 
there was less than a 7OoC temperature difference in the combustor. 

part changed with time as shown in Figure 6, and reached a peak value of 
163 MPa after 30 seconds. Figures 7 and 8 show the distribution of  
temperature and the maximum principal stress, respectively, at 30 seconds. 
There was almost a 2OO0C temperature difference between the primary hole 
and the bottom of the combustor. This large temperature difference 
resulted in the high tensile stress at the edge of the primary hole. 

higher stresses after combustor shut down. Thus, the reliability analysis 
concentrated on the tensile stress state at 30 seconds after shut down. 

Figure 5 shows the finite element model of the combustor. Exploiting 

Gas temperature during running was set at 913OC for 

Table 3 shows gas 

The highest stress at steady state was about 60 MPa located on the 
The stress level was relatively low because 

During the transient stage, the maximum principal stress of this 

These results indicated relatively low stresses at steady state and 

Reliability Analysis 
( A )  Stati sti cal Parameters 

The CARES code can estimate Weibull parameters by either maximum 
likelihood (ML) or least squares (LS).  Since insufficient volume flaw 
data existed at RT and 1000°C, parameters obtained at these temperatures 
were neither reasonable nor consistent with each other. The volume flaw 
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Weibull modulus was especially questionable, however, the characteristic 
strength appeared more consistent with surface flaw values, 

The rationale to be used in the selection of material parameters f o r  
reliability calculations is not straight forward. Goodness-of-fit tests 
provide some indication of whether the ML or LS parameters are better 
suited far the data at hand. In this case, the lack s f  volume flaw data 
at RT and 100Q0C caused both of these parameters to be questionable, 
resulting i n  undependable goodness-of-fit tests. The rationale used i n  
choosing material parameters for the reliability calculations was to 
provide conservative values of failure probabilities. 
probability regime, a lower value of the Weibull modulus results in higher 
failure probabilities. 
on the characteristic strength, whereas the Weibull modulus has a much 
more significant effect. 

Due to the lack of  data, the volume-flaw characteristic strength and 
Weibull modulus at 1000°G were obtained by graphical interpolations o f  the 
corresponding values at RT and 137’1°C as shown in Figure 9. 
obtained at 1000°C are listed i n  Table 1. In accordance with the 
aforementioned arguments, LS parameters were chosen for the analyses. 

fracture origins were not considered, Obtained parameters are listed in 
Table 4 .  

In the law failure 

Failure probabilities are not strongly dependent 

Values 

For comparison, the data was also analyzed without censoring, i . e .  

(B) Re1 i abi 1 i tv Res-u.12 

Several fracture criteria were used in cal cul ati ng the fai 1 ure 
probabilities. These results are listed in Table 5. Very small failure 
probabilities were obtain d for all criteria. The maximum failurz 

Parameters obtained from the uncensored data were also used to 
calculate the reliability o f  the component. Weibull parameters are often 
presented without regard t o  the fracture origins. 
more convenient and have a larger sample size, however, differences can 
arise with such simplifying assumptions. For  uncensored data, the 
estimated ailure grobabi ties for Shetty‘s semi-empirical case were 
1.105~10-~~ and 2.315~10‘~’ for. volume and surface analyses, respectively 
(see Table 6), using LS parameters. Comparing these values with the 
corresponding ones in Table 5, it i s  evident that there are large 
differences in the failure probabilities for censored and uncensored data. 
These differences emphasize the importance of separating the strength data 
into surface and volume flaw origins for obtaining better reliability 
estimates, 

selecting the 90% lower confidence limits of the Weibull moduli and 
characteristic strengths obtained by ML. 
from the CARES program for sample sizes smaller than five. 
cases the 90% lower bound was estimated using the same factors that would 
have been used for a s mple size o f  five. 

probability was 2.463xlQ- 5 for Shetty’s semi-empirical case with C=Q.82. 

These parameters may be 

Additional calculations o f  the worst case situation were made by 

The 90% limits are not available 
For these 

The failure probability increased to 5.302~10-  8 for this extreme condition, as shown in Table 6. 
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Table 3. Gas Temperature and Heat Transfer Coefficients 

Table 4. Uncensored Weibull Parameters by the Least Squares Method 
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( A )  L e a s t  Squares 

Temperature (OC) 

a 
U 
0 r: 

Temperature (OC) 

Figure 9. Weibull modulus and characteristic strength: ( A )  l ea s t  
squares fitting, and (B)  maximum likelihood method. 



394 

Table 5.  Failure Probability o f  the Combustor Predicted Using the 
CARES Code 

Table 6. Failure Probabilities Predicted Using t he  CARES Code 

Criteria : Shetty‘s Semi-Empirical Mode I Fracture Criterion 
Penny Shape (Semi-circular) 
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All of the above calculations resulted in very small failure 
probabilities of the combustor, even for the worst case calculation. 

Conclusions 

Calculations of statistical parameters and failure probabilities for 
a SN251 combustor were performed with the CARES computer code. 
failure probabilities under extreme operating conditions were presented 
assuming a worst case scenario. 
that this combustor can be safely operated for the short-term under the 
assumed conditions. 
of the failure probability gives good guidance for designing ceramic 
components. 

surface flaws were demonstrated. 
sufficient volume fracture data for this analysis. 
fracture data, tensile testing may be required. 

The 

From these calculations it was concluded 

It should be emphasized that a quantitative estimate 

The importance of statistical analysis, and censoring o f  volume and 

To obtain more volume 
Simple bend tests did not provide 
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Status o f  Milestones 

Milestones on time. 

Communications/Visits/Travel 

Attended ACS annual meeting and ASTM meeting on fracture testing of  
high performance ceramics. 

Problems Encountered 

None. 

Publications 

J. A. Salem "Strength and Toughness of Monolithic and 
Composite Silicon Nitrides," NASA Technical Memorandum 102423, 
NASA Lewis Research Center, Cleveland, Oh., 1990. 
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L i f e  P r e d i c t i o n  Methodology - D. L. Vaccar i  & P .  K. Khandelwal 
( A l l i s o n  Gas Tu rb ine  D i v i s i o n  o f  General Motors C o r p o r a t i o n )  

o b j e c t i v e / s c o p e  

The o b j e c t i v e  o f  t h i s  p r o j e c t  i s  t o  develop and demonstrate t h e  
necessary n o n d e s t r u c t i v e  examina t ion  (NDE) technology,  m a t e r i a l s  d a t a  
base, and des ign  methodology for  p r e d i c t i n g  u s e f u l  l i f e  of s t r u c t u r a l  
ceramic components o f  advanced hea t  engines. The a n a l y t i c a l  rnethod- 
o l o g y  w i l l  be demonstrated th rough  c o n f i r m a t o r y  t e s t i n g  o f  ceramic 
components s u b j e c t  to  thermal-mechanical  l o a d i n g  c o n d i t i o n s  s i m i l a r  
t o  those a n t i c i p a t e d  t o  occur  i n  a c t u a l  v e h i c u l a r  s e r v i c e .  The p r o j -  
e c t  addresses f a s t  f r a c t u r e ,  slow c r a c k  growth,  creep, and o x i d a t i o n  
f a i  1 u r e  modes. 

Design MethodBlggy and Datg---B.a.ge.-Development - Effort d u r i n g  t h i s  
r e p o r t i n g  p e r i o d  addressed t h e  development o f  i n i t i a l l y  proposed 
f a i l u r e  models. 
creep, and o x i d a t i o n  have been researched and t h e  most p r o m i s i n g  ones 
have been i d e n t i f i e d .  

Slow c r a c k  g rowth  - The govern ing  slow c r a c k  g rowth  (SCG) eyua- 
t i o n  a p p l i c a b l e  to  t h e  r e l i a b i l i t y  a n a l y s i s  o f  ce ra  i c  components 
was o r i g i n a l l y  developed u s i n g  t h e  We ibu l l  p r i n c i p l e  of independent 
a c t i o n  ( P I A )  f a s t  f r a c t u r e  model combined w i t h  c l a s s i c a l  f r a c t u r e  
mechanics equa t ions  d e s c r i b i n g  t h e  r e l a t i o n s  between c r a c k  v e l o c i t y  
and t h e  s t r e s s  i n t e n s i t y  f a c t o r .  8y m o d i f y i n g  t h e  form of t h i s  SCG 
e q u a t i o n  to  d e f i n e  t h e  degrada t ion  o f  t h e  o r i g i n a l  f a s t  f r a c t u r e  sur-  
v i v a b i l i t y  w i t h  i n c r e a s i n g  t l m e ,  b o t h  We ibu l l  and B a t d o r f  f a s t  f r a c -  
t u r e  methodologies,  as i n c o r p o r a t e d  w i t h i n  t h e  CARES program, can be 
used t o  d e f i n e  t h e  i n i t i a l  ( t i m e  = 0) component r e l i a b i l i t i e s .  The 
t i m e  dependency r e q u i r e s  two a d d i t i o n a l  m a t e r i a l  cons tan ts  t h a t  a re  
determined from s t a t i s t i c a l  a n a l y s i s  o f  t h e  f r a c t u r e  t imes o f  spec i -  
mens w i t h  d i f f e r i n g  s t a t i c  loads ( a t  a f i x e d  tempera tu re ) .  A l l i s o n  
has programmed i n t o  CARES t h e  c a p a b i l i t y  of d e t e r m i n i n g  t h e  two c rack  
v e l o c i t y  c o n s t a n t s  from m a t e r i a l  t e s t i n g  and u s i n g  t h i s  d a t a  w i t h  
f a s t  f r a c t u r e  d a t a  t o  compute component r e l i a b i l i t y  a t  as many as 
s i x  d i s c r e t e  t i m e  " s l i c e s " .  Th i s  approach i n c o r p o r a t e s  b o t h  s u r f a c e  
and volume r e l i a b i l i t y  models and a l s o  can use t h e  v a r i o u s  B a t d o r f  
shear s e n s i t i v e  models as t h e  f a s t  f r a c t u r e  s t a r t i n g  p o i n t .  

O x i d a t i o n  - O x i d a t i o n  of a ceramic i s  taken t o  be a s u r f a c e  e f -  
f e c t  governed by t h e  p a r a b o l i c  d i f f u s i o n  law and a thermal  a c t i v a t i o n  
process o f  c o n s t a n t  a c t i v a t i o n  energy,  w i t h  an A r rhen ius  t y p e  o f  tem-  
p e r a t u r e  dependence. 
p r o p o r t i o n a l  t o  t h e  s u r f a c e  o x i d e  t h i c k n e s s ,  we can s t r u c t u r e  the  

F a i l u r e  t h e o r i e s  d e a l i n g  w i t h  slow c r a c k  growth,  

By t h e  assuming t h e  G r i f f i t h  f l a w  s i z e  t o  be 
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o x i d a t i o n  equa t ions  i n  a way to  a l l o w  t h e  t i m e  dependent r e l i a b i l i t y  
o f  t h e  component t o  be computed w i t h i n  t h e  CARES program. Three ma- 
t e r i a l  cons tan ts  must be determined from t h e  f r a c t u r e  t e s t i n g  o f  o x i -  
d i z e d  specimens. 

a s e l e c t e d  r e f e r e n c e  temperature and t i m e .  Room temperature,  four  
p o i n t  bend t e s t s  a l l o w  t h e  development o f  t h e  two We ibu l l  P I A  su r face  
cons tan ts  w i t h i n  CARES. The m a t e r i a l  cons tan t  r e l a t e d  t o  a c t i v a t i o n  
energy i s  o b t a i n e d  by t h e  r e g r e s s i o n  a n a l y s i s  o f  room temperature 
f r a c t u r e  t e s t s  o f  specimens exposed t o  a v a r i e t y  o f  temperatures and 
t i m e s .  I n  t h i s  r e g r e s s i o n ,  d a t a  i s  examined by CARES t o  determine 
i f  t h e  d a t a  c o n t a i n s  o u t l i e r s  ( i . e .  d a t a  whose normal ized r e s i d u a l  
exceeds t h e  c r i t i c a l  va lue  a t  t h e  1077 s i g n i f i c a n c e  l e v e l ) .  The o u t -  
l i e r s  a re  d e l e t e d  from t h e  d a t a  s e t  p r i o r  t o  comput ing t h e  a c t i v a t i o n  
energy c o n s t a n t .  

a t a b l e  o f  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r s  a t  room temperature and 
t h e  component temperatures.  T h i s  i s  c u r r e n t l y  used to  determine the  
We ibu l l  s c a l e  f a c t o r  a t  temperature f r o m  room temperature da ta .  Once 
t h e  m a t e r i a l  cons tan ts  a re  a v a i l a b l e ,  a component s u r v i v a b i l i t y  may 
be determined a t  as many as s i x  m i s s i o n  t i m e s .  

Creep - The creep model used i n  CARES combines t h e  c l a s s i c a l  Nor- 
t o n  i so the rma l  power law w i t h  a thermal process o f  c o n s t a n t  a c t i v a -  
t i o n  energy showing t h e  A r rhen ius  t y p e  o f  temperature dependence. 
M a t e r i a l  creep d a t a  i s  determined by a l o g  l i n e a r  r e g r e s s i o n  a n a l y s i s  
o f  specimen steady s t a t e  creep d a t a  determined a t  a v a r i e t y  o f  tem- 
p e r a t u r e s  and s t r e s s  l e v e l s .  S i m i l a r  t o  t h e  o x i d a t i o n  a n a l y s i s ,  d a t a  
i s  examined by CARES t o  determine i f  i t  c o n t a i n s  o u t l i e r s .  Any o u t -  
l i e r s  a re  d e l e t e d  p r i o r  to  t h e  f i n a l  d e t e r m i n a t i o n  o f  t h e  t h r e e  mate- 
r i a l  cons tan ts .  

Because t h e  creep e f f e c t  may cause c o n s i d e r a b l e  s t r e s s  r e d i s t r i -  
b u t i o n  i n  a component, t h e  a n a l y s t  must use t h e  creep cons tan ts  ob- 
t a i n e d  i n  CARES w i t h  a f i n i t e  element code (such as NASTRAN) t o  
determine component de fo rma t ion  w i t h  t i m e .  

Work has con t inued  a t  GTE towards t h e  f a b r i c a t i o n  o f  t e s t  spec i -  
mens for t h i s  program. M a t e r i a l  has been s e t  as ide  f o r  t h e  program 
and has been c a r e f u l l y  c h a r a c t e r i z e d  p r i o r  t o  t h e  i n i t i a t i o n  o f  t h e  
p r o d u c t i o n  o f  d e l i v e r a b l e  specimens. A m o d i f i c a t i o n  to  t h e  d e l i v e r y  
schedule to  a l l o w  a more d e s i r a b l e  f low o f  specimen m i x  has been 
agreed upon. I n j e c t i o n  mold t o o l i n g  f o r  MOR bars has been completed 
and d e l i v e r i e s  w i l l  s t a r t  s h o r t l y .  F i v e  f i n i s h e d  i sop ressed  t e n s i l e  
ba r  samples have been r e c e i v e d .  These bars w i l l  be t e s t e d  to  c o n f i r m  
t h a t  t h e  geometry w i l l  produce good t e s t  r e s u l t s .  E ighteen addi -  
t i o n a l  t e n s i l e  b a r s  a r e  i n  f i n a l  machin ing and another  s i x t y  a re  
ready for HIPing.  An i n j e c t i o n  mold tool for  p roduc ing  t h e  p l a t e s  
used f o r  t h e  dog-bone specimens has been designed. F i f t e e n  o f  these 
f r a c t u r e  p l a t e s  have been HIPed and a re  i n  f i n a l  NDE. An i n j e c t i o n  
mold i n s e r t  for c i r c u l a r  p l a t e s  has been designed and has been sub- 
m i t t e d  for f a b r i c a t i o n .  Development o f  seeded specimens for  the NDE 
t a s k  has a l s o  begun. Laser d r i l l i n g  o f  p r e c i s i o n  h o l e s  to s i m u l a t e  
vo id - t ype  defects  was s u c c e s s f u l l y  accompl ished on a t r i a l  b a s i s .  

A s  c u r r e n t l y  planned, a number o f  specimens w i l l  be o x i d i z e d  a t  

One a d d i t i o n a l  p i e c e  of m a t e r i a l  d a t a  r e q u i r e d  i n  t h i s  model i s  
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Sample holes down to 20 microns in diameter were drilled. A residue 
observed in the holes was found to  be removable through ultrasonic 
techniiques. 
within one micron. Qualified NDE reference standard MOR bars will 
be drilled shortly. 

Analytical Tools - Work has concluded on the initial checkout of 
CARES, the NASA computer code for performing fast fracture analyses. 
Previously reported analyses addressed correlation between the pre- 
dicted probability of survival from CARES and STRATA, which i s  Alli- 
son 's  in-house code- Since CARES is a public domain code, it w i l l  
be used in thls program. However, since Allison has extensive expe- 
rience with STRATA, correlation between the two codes was first de- 
sired. Our studies have shown that the codes do indeed get the same 
answer for a given problem. The one i t e m  that was concluded during 
this reporting period dealt with the regression o f  material constants 
from raw data. Initial studies had shown differing answers from the 
two codes, as shown in Table 1.  This has now been resolved. The 
two codes were handling suspended MOR tests in different fashions. 
Table  2 shows the regression from the two codes when suspended tests 
are excluded from the data s e t  (i.e*, no "suspended" surface failures 
were used in the volume failure regression, and vice versa). Notice 
that the results are similar from each code. It has been decided to 
use the CARES code as It currently exists. O f  course, modifications 
will be incorporated as dictated by results of this program. 

Hole diameter and depth were measured as repeatable 

Hork during this past  reporting period has concentrated on devel- 
oping computer code for the initially proposed failure models. The 
first milestone o f  Allison's Ceramic L i f e  Prediction program, "Com- 
puter Implementation of Initial Failure Models" has been completed. 
This effort involved computer programming the initially proposed 
failure models for slow crack growth, creep, and oxidation. For the 

Table 1. Calculation of  Weibull Material Constants with Suspended 
Tests 

Wei bull 
Slope 15.72 8.39 13.24 7.51 12.79 7 . 9 5  

Charac t . 
Strength 111.0 115.3 112.2 117.2 112.3 116.9  

Unit 
Charact. 
Strength 70.19 96.21 65.98 95-87 64.93 96.64 
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Table 2.  Calculation of Weibull Material Constants without Suspended 
Tests 

Materi a1 
Cons tan.t 

Wei bull 
Slope 

Charac t . 
Strength 

Unit 
Charac t . 
Strength 

ALLISON __ - CARES 
Least Squares 

vo1 ume Surface Volume Surface 

12.65 7.87 12.67 7.89 

108.9 103.1 108.9 103.1 

62.7 85.1 62.7 85.1 

most part, the code was written as modules to the CARES program. In 
addition t o  programming the failure theory, data reduction capability 
was also incorporated so that raw test data can be regressed into 
usable material constants. Although specimen testing has not yet 
commenced, it was desirable to develop this software now so when the 
test data becomes available, it can be quickly evaluated. 

The proposed failure theory for slow crack growth is a probabil- 
istic methodology based on the principles o f  fracture mechanics. 
Component failure probability starts a t  the fast fracture probability 
and deteriorates with time. In addition to the fast fracture mate- 
rial constants, two additional constants representing the deteriora- 
tion o f  mean strength with time are determined from testing. The 
approach considers both area and volume reliabilities. The software 
for this task is completed and incorporated into the CARES code. 
The program has the ability to accept previously determined material 
constants and then calculate the probability of survival due to the 
slow crack growth failure mode. The probability of survival for up 
to six different "times" can be calculated with a single computer 
analysis. Data reduction capability has also been coded so that the 
appropriate material constants can be determined from the raw test 
data. 

The propoied failure theory for oxidation is a probabilistic ap- 
proach based on surface oxidation promoted by the diffusion process. 
The model requires four material constants. They are determined from 
the results of room temperature MOR tests on specimens oxidized at 
elevated temperature. The software far  the oxidation model is com- 
pleted and incorporated into the CARES code. Similar to the slow 
crack growth analytical capability, the code has been established to 
calculate the probability o f  survival due to oxidation for up to six 
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different "times" in a single computer analysis. Code also is devel- 
oped for data reduction of raw test results into usable material 
constants. 

Due to the redistribution o f  stresses, the evaluation o f  creep 
must be done with a finite element stress analysis code. HQwever, a 
CARES module has been written for the data reduction o f  creep data 
into usable material constants. These constants can then be used 
i n  the finite element solver, such as NASTRAN. 

used as specimen test data becomes available. 
These new modules t o  the CARES code are now ready. They will be 

X a t u s  of ..Milestones 

The program i s  currently on schedule. 

Publications 

None 
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Life Prediction Methodology for Ceramic Components of 
Advanced Heat Engines 
A. Comfort, J. Cuccio, and H. Fang (Garrett Auxiliary 
Power Division, Allied-Signal Aerospace Company) 

Objective/Scope 

The feasibility of using ceramic components and the application of probabilistic 
design methods were first demonstrated by Garrett  in the DARPA/Navy Ceramic 
Engine and DOE/NASA AGTlOl programs. These programs highlighted the need 
for improved material properties and advanced design methods to assure adequate 
ceramic component life in engine use. Ceramic manufacturers are improving 
material properties through their own R&D efforts as well as government-funded 
programs in processing ceramics (e,g., DQEIORNL Ceramic NDE/Processing pro- 
gram). Garrett Auxiliary Power Division (GAPD) has defined a program t o  develop 
the methodology required to adequately predict t h e  useful life of ceramic 
components used in advanced heat engines. 

GAPD's approach consists of materials characterization and behavior modeling, 
combined with component analysis and risk integration tools. Uniaxial and biaxial 
stress s ta tes  will be evaluated to  develop models for fast  fracture, slow crack 
growth, creep deformation, and oxidation. The accuracy of the methodology will 
be verified by testing simulated components under stress and temperature condi- 
tions representative of gas turbine engine operation. 

Technical Highlights 

Material Testing and Analysis: 
H. Pang 

Material Testing 

All test  procedures are  presently being reviewed t o  ensure their completeness and 
assurance of generating accurate data. The review of the flexure procedure has 
been completed. 

A machining vendor qualification study was conducted by Norton/TRW Ceramics 
(NTC). The primary objective of the study was to  survey and qualify machining 
vendors so t h a t  several machining vendors may be used t o  achieve lower cost, 
higher overall quality, and improved machining turn-around time. The study also 
assessed the effects of different machining procedures and post-machining heat 
treatments on the uniformity of mechanical properties. In addition, the amount of 
undesirable chamfer failures on the test  bars was determined; the results will be 
used to  select the machining vendors. 
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An L4 (z3 x 4l) Taguchi array experiment was used to investigate the effect of 
three processing factors and the effect of different vendors. Table 1 shows t h e  
experimental array and associated factors. A total of 480 MIL-STD 1942 Size R 
bars were used in the study. 

TABLE 1. GRINDING VENDOR ASSESSMENT AND QUALIFICATION 
L4 (23 x 4l) TAGUCHJ EXPERIMENTAL DESIGN 

1 Inside Factors: 

A = Machining Operation I -  
Level 1 = Stwdard speeds and feeds. Maximum downfeed rate of 

0.0001 inch per pass for a minimum of 0.0020 inch. 

Level 2 = Severe speeds and feeds, More severe downfeed rate of 
0.0005 i 0.0001 inch per pass for a minimum of 
0.0020 inch. 

- B = GrindinE Orientation 

Level 1 = Longitudinal 
Level 2 = Transverse 

I C = Post-Machining Oxidation Heat Treatment 

I Level 1 = No Treatment 
Level 2 = With Treatment  

Outside Factors: 

- D = Machining Vendors 

Level 1 = 
Level 2 = 
Level 3 = 
Level 4 = 

Machining Vendor A 
Machining Vendor B 
Machining Vendor C 
Machining Vendor D 

.-_.-I__ -_ - 
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Fraetography was performed by GAPD using a 40X microscope on all the flexure 
bars tested in the machining study. Special efforts were made to determine 
whether fractures originated from a chamfer corner of the test bars. Excessive 
chamfer failures during flexure testing are not acceptable, because they are not 
representative of failures from the tensile surface and should not be included in the 
life prediction analyses. 

The percentage of chamfer failures from each combination of processing para- 
meters and machining vendors are listed in Table 2. The  percentage was calculated 
as (no. of chamfer failures/total identified failures) x 100 percent. Test bars with 
a damaged fracture origin were not included in the calculation. The results showed 
that for longitudinally machined bars, which will be typical of all the flexure bars 
in the program, only Vendor No. 2 demonstrated acceptable chamfer failure levels 
(zero and 6 percent). 

TABLE 2. PERCENTAGE OF CHAMFER FAILURES ON MACHINING 
STUDY TEST BARS 

_- 

Severe 

Direction 1 

26 
Transverse No 

*Percentage of Chamfer Pailwes/Total Identified Failures; Bars Flexure 
Tested at Room Temperature in 4-Point Loading. 

Data Analysis and Methodology Developement: 
J. Cuceio 

Analyses were performed to provide a means of determining when ceramic flexure 
data is contaminated by chamfer failures that are not representative of the 
specimen's tensile face. Weibull size-scaling methods were used to calculate the 
expected percentage of chamfer failures. 

The percent chamfer failures were calculated for Weibull moduli between 2 and 30, 
and are plotted in Figures 1 and 2; the effects of corner stress intensity and 
average flaw size on percent expected chamfer failures are included. The corner 
stress concentration was assumed to be zero percent for Figure 1, and 5 percent 
for Figure 2. As expected, the 5 percent corner stress concentration causes the 
percent of expected chamfer failures to increase with increasing W eibull modulus. 
This is because, as Weibull modulus increases, the material becomes more sensitive 
to peak stresses due to the increased stress intensity located at the chamfer. 
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Figure 1. These Pereent Chamfer Failures Should Be Qbsemed if the 
Chamfer Was the Sa e Flaw Distributions the Tensile 
Pace of the Specimen. A Corner Stress Concentration of 
1.QQ W a s  Used. 
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00 

Figure 2. These Percent Chamfer Failures Should Be Observed if the Chamfer 
Has the Same Flaw Distributions as the Tensile Face of the 
Specimen. A Corner Stress Concentration of 1.05 Was Used. 
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General Electric Corporate Research and Development (GE-CRD) has been subcon- 
tracted to provide support in statistical methods development. Objectives and 
plans for the statistical methods development were discussed during the January 
1990 kick-off meeting with Drs. Curtis Johnson and William Tucker. GE-CRD will 
provide support in three areas: 

1. Statistical methods development for component life prediction. 

2. Processing needs for life prediction methods development and verification. 

3. Testing requirements for life prediction methods development and verifica- 
tion. 

Planning focused on the first two areas. Testing requirements will be addressed in 
more detail prior to specimen delivery. 

The objective of studying statistical methods for component life prediction is to 
develop statistically-based methods to accurately predict strength and lives, and 
confidence intervals for the predictions. Some key areas targeted for development 
include: 

o Size scaling 
a Multiple flaw distributions 
o Multiaxial stresses 
o In-service changes to f1a.w distributions 

Considerable progress has been made in developing size scaling methods ; however, 
statistical foundations for the other areas are lacking. As a result, confidence 
intervals cannot be calculated for component strength and life predictions. 

Confidence intervals are essential for component strength and life prediction 
methods, and for methods verification in this program. Verification of the life 
prediction methods will be accomplished by comparing observed confirmatory 
specimen lives with predictions. There will  be some uncertainty in the predictions, 
due lo  the size and number of specimens tested to generate the life prediction 
model parameters. Confidence intervals on the predictions will  help quantify this 
uncertainty, and thereby determine (1) the expected deviation between measured 
and calculated lives, or (2) if the deviation is a result of modeling inaccuracies. 
Confidence intervals are also needed for component design to define the lower 
limits of reliable component operations. 

Recommendations for processing Norton/TRW Ceramics NT154 silicon nitride 
specimens were also made during the January kickoff meeting with GE-CRD. 
Processing sequences and record-keeping recommendations were made, to allow 
processing consistency to be determined. NortonlTRW generally agreed with these 
requests. 
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Professor S. Suresh of Brown University visited GAPD in December 1989, to 
present recent developments in cyclic fatigue, cyclic compression fatigue pre- 
cracking, and mixed-mode fracture testing of ceramics. Professor Suresh will be 
contracted to perform mixed-mode I & 111 fracture toughness tests of notched 
cyclic compression pre-cracked tension-torsion specimens, and multiaxial strength 
tests on unnotched tension-torsion specimen. 

These tests will provide input for mixed-mode fracture criteria, and verification of 
strength under multiaxial loading. Test plans and procedures were discussed, and 
are being finalized. 

As part of the effort to verify life prediction methods, spin disk tests are planned. 
The spin disk design was modified during this reporting period, to increase volume 
failure probability. Recent analyses using NT154 tensile properties from the 
University of Dayton Research Institute (UDRI) showed the previous design has 
higher surface failure risk than volume failure risk. As a result, the disk has been 
redesigned, to produce higher internal failure probability. The higher volume 
failure probability is required to more accurately simulate rotor conditions. The 
new design (Figure 3) has the same volume as the previous disk; however, the disk 
thickness was decreased at the rim and increased at the center. 

NDE Methods Development and Application 
J. Minter 

General Electric NDE Systems and Services has been subcontracted to provide 
acoustic microscopy and computed tomography inspection services, including 
necessary development in these two areas, for the program. A kick-off meeting 
for their work has been scheduled for April 3, 1990. 

Acoustic emission (AE) data can be used to monitor crack growth if the AE data 
can be related to crack length. A preliminary study was performed, using 1/4 x 1/4 
x 2 inch chevron notch specimens. Preliminary data analysis of the first several 
tests revealed inconsistencies in the data that are associated with transducer 
coupling, machine noise, and equipment threshold levels. In addition, each chevron 
notch specimen generated only one data set per test. Remounting the transducers 
for each test generated another source of error, making correlation of the data to 
crack growth more difficult. 

Because of the multiple variables associated with the chevron notch specimens, a 
second study has been planned. Standard GAPD flexure bars (1/8 x 1/4 x 2 inch) 
wil l  be used. Both Vicker's and spherical indentors at  various loads will be used to 
generate cracking. Several tests per bar will be accomplished to generate multiple 
AE events per bar. This will reduce the error caused by setup variability; 
equipment parameters and machine noise will also be evaluated. After indenting 
the bars, the crack size will be determined destructively. The AE data will be 
evaluated as a'function of load and crack size. 



409 

MAXIMUM PRINCIPAL 
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Figure 3. Spin Disk Geometry Was Modi f i ed  to Increase Maximum Volume 
Stress Relative to Maximum Surface Stress. Stresses Shown Are 
for 100,000 rpm Cold Rotation. 
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An acoustic microscopy s tudy has been designed to evaluate  the  e f f e c t  of 
different surface finish conditions on t h e  ability of acoust ic  microscopy t o  detect 
surface and near-surface defects.  Test  bars have been indented and heat- t reated 
in accordance with t h e  test plan (Table 3). Documentation of t h e  test bar surface 
conditions has been completed and t h e  bars have been sen t  to GE NDE Systems and 
Services for  inspection. 

TABLE 3. SPECIMEN TEST MATRIX FOR ACOUSTIC MICROSCOPY 
SURFACE FINISH STUDY 

X X x -  
Treatment X X 

x X X Heat Treated 
After Indent 

_l__l-. 

i 

The f i rs t  radiographs for t h e  radiographic enhancement e f for t  by Argonne National 
Laboratories have been sent  to Dr. William Ellingson for  enhancement. The 
radiographs were taken at G a r r e t t  Ceramic Components Division, as t h e  GAPD 
microfocus radiography system is currently being upgraded. The  upgrade will be 
completed by t h e  end of April 1990 and future  radiographic work will be performed 
at GAPD. The  radiographic enhancement effor t  will include evaluation of various 
film digit ization techniques, as well as t h e  use of different  enhancement routines 
once t h e  radiographs are digitized. These f i r s t  radiographs will be  used to 
determine t h e  required radiographic fi lm type and density for optimum enhanee- 
ment. 

Status of Milestones 

On Schedule. 

Communieationsr\risits/Travel 

Dr. Subra Suresh, of Brown University, visited GAPD in Phoenix, Arizona on 
December 11 and 12, 1989. 

Drs. Curt is  Johnson and William Tucker, from General Elelctric Corporate  
Research and Development, visited GAPD on January 10 and 11, 1990. 

John Cuccio and Ho Fang participated in t h e  Tensile Testing Workshop organized 
by Vie Tennery, discussing problems and solutions encountered during tensile 
tes t ing  of ceramics. 

Ho Fang visited t h e  ORNL High Temperature  Material  Laboratory and t h e  
Mechanical Property Laboratory to discuss tensile stress rupture, inert  atmosphere 
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tensile testing, and indentation c rack  growth with Matt Feber, Ken Liu, and Christ  
Stevens. 

J a n e t  Minter visited G a r r e t t  Ceramic  Component Division, to perform microfocus 
radiography inspection. 

Bryan McEntire, Tony Tagalaivore, Eric Bright, Dewey Heiehel, and John 
Holowczak, from NortonjTRW Ceramics,  visited GAPD to discuss machining 
vendor qualification and specimen preparation status.  

Problems Encountered 

None. 

Publicat ions 

A paper  ent i t led "Life Prediction Methodology for Ceramic Components of 
Advanced H e a t  Engines" has been submit ted to t h e  Society of Automotive 
Engineers (SAE) for publication. 
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3.3 ENVIRONMENTAL EFFECTS 
Env&onmenY-d E66ec.t~ i n  Toughened Cekumi,cn - Norman L. Hecht 
(University o f  Dayton) 

Ob.jective/scoDe 

Since 1985, the University of Dayton has been involved in a 
three-phase project to investigate the effects of environment on the 
mechanical behavior of commercially available ceramics being con- 
sidered for heat engine applications. In the first phase of this 
project, the effects o f  environment on the mechanical behavior o f  
transformation-toughened Zr02 ceramics were investigated. In the 
second phase, two Si3N4 ceramics (GTE PY6 and Norton/TRW XL144) and 
one S i c  ceramic (Hexoloy-SA) were evaluated. 
tensile, flexural, and fatigue strength of nine S i c  and Si3N4 ceramics 
(see Table 1) are being evaluated at temperatures ranging from 20°C to 
1400°C. Microstructure, chemistry, and physical properties are also 

investigated. 

tions of one Sic and two Si3N4 ceramics continued. The tensile 
strength of GTE's  PY6 was measured from temperatures of 2 0 ° C  to 
14OO0C,  and the tensile stress rupture (static fatigue) behavior of 
Norton/TRW NT-154 and Hexoloy SA was investigated. In addition, the 
effect of thermal aging in air on the flexural strength o f  Hexoloy SA,  
NT-154, and PY6 was also investigated. 

In the third phase, t,he 

During the past six months (October 1989 to March 1990), evalua- 

Experimental procedures 

The tensile strength measurements o f  PY6 were made using button- 
head cylindrical specimens on an Instron Electro-Mechanical Test 
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Table 1. Candidate Sic and Si3N4 Ceramics Selected for Evaluation 

Carborundum 
Hexoloy SA 

Carborundum 
Hexoloy ST 

GTE 
PY 6 

Norton/TRW 
NT-154 

CVD 
Si C 

Howme t 
SN-4 

Cera dyne 
Cera1 1 oy 147-3 

Kyocera 
SN-252 

NTK 
EC- 152 

Cold formed (injection molded or isostatic 
pressing) and pressureless sintered a-SiC 
with additions o f  6 and C. 

Cold formed and pressureless sintered a-Sic and 
Ti B2. 

Injection molded and HIP'ed B Si2N3 with 
additions o f  Y203. 

Sintered and HIP'ed Si3N4. 

Sic prepared by chemical vapor deposition 
techniques. 

Co 1 d formed ( d i e press i ng/ i s os ta t i c press i ng ) 
sintered and HIP'ed Si3N4 with 10% oxide 
sintering aids (A1203 and Y203). 

Cold formed (isapressing/sl ip casting/ 
injection molding) sintered Si3N4 w i t h  
additions o f  Y203 and A l 2 O 3 .  

Cold formed (isopressed/sl ip cast/etc.) 
and sintered Si3N4 with additions o f  Yb203, 
YzO3, and A1203 (Note: 
process is controlled t o  promote the growth 
of a 6 Si3N4 whisker phase in the Si3N4 
matrix). 

the sintering 

Gas pressure sintered Si3N4 with additions 
o f  A1203 and Y203. 

System (Model 1361)  equipped with Instron "Super-Grip" universal 
coupling and water-cooled holders for high-temperature tensile 
testing. 

short furnace was used. Tensile strength was measured at 20°C, 
lOOO"C, 12OO0C, 1309"C, and 1400°C using a rapid loading rate 
(actuator speed o f  0.004 cm/s ) .  

For high-temperature measurements an Instron high-temperature 

Five tensile specimens were measured 
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at lOOO"C, 12OO0C, 1300"C, and 1400"C, and 10 tensile specimens were 
measured at 20°C. In addition, five tensile specimens were measured 
at 1300°C at the slow loading rate (actuator speed of 0.00004 cm/s) to 
calculate dynamic fatigue at this temperature. 

behavior of the NT-154 and Hexoloy SA materials. These measurements 
were made using the Instron Electro-Mechanical Test System at tempera- 
tures from 1200°C to 1400°C. 
rupture was measured at 1200"C, 125OoC, and 1300°C at applied stress 
levels of 300 MPa and 200 MPa. 

Thirty-two NT-154 tensile specimens were evaluated at tempera- 

Tensile stress rupture was initiated to evaluate the fatigue 

For the NT-154 Si3N4 tensile stress 

tures from 1200°C to 1400°C. 
1400°C were to be loaded at 300 MPa for an exposure time of 100 hours. 
However, all three specimens failed during loading before reaching 300 
MPa. As a result, an additional four tensile specimens were loaded to 
only 200 MPa for exposures at 1400°C up to 100 hours. 
specimens were loaded to 300 MPa and four were loaded to 200 MPa for 
tensile stress rupture testing to 100 hours. The specimens that 
endured the 100-hour exposure were subsequently loaded to failure. In 
addition, five specimens were tested at 1250°C and six specimens were 
tested at 1300°C at 300 MPa. None of these tensile specimens survived 
the 100 hours. 
for 100 hours. Fracture origins were determined by optical microscopy 
and SEM (JEOL/JSM-80 with EG&G Ortec System 5000 Microanalysis 
System). 

A study investigated the effects of thermal aging in air on the 
flexural strength of Hexoloy SA, GTE PY6, and NT-154. Ten specimens 
of Hexolay SA and PY6 were aged for 50 hours at 1000°C and for 100, 
500, and 1000 hours at 1300°C in air. In addition, five specimens o f  
NT-154 were aged for 50 hours at 1000°C and five specimens were aged 
for 50 hours at 1400°C. The flexural strength of all the specimens 
was measured after aging using two Instron Universal Testing Machines 
(Model 1123) following MIL-STD-l942(MR). The strength of half of the 
aged Hexoloy SA and PY6 specimens was measured at 2O"C, and half o f  

The first three specimens tested at 

At 1200°C five 

Five specimens were also loaded to 200 MPa at 1300°C 
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the aged Hexoloy SA and PY6 specimens was measured at 1300°C. The 
strength of all of the aged NT-154 specimens was measured at 20°C. 

The strength measurements at 1300°C are conducted in two ATS 
#3320 high-temperature furnaces. 
3 x 4 x 50 mm with the tensile surface ground and polished to a 16- 

microinch finish. 
crosshead speed o f  0.004 cm/sec. 
the bend fixtures are made of steel. For measurements at 130Q"C, the 
four-point bend fixtures are made of Sic. 

The test specimens used were 

The test specimens are loaded at a machine 
For room temperature measurements, 

Technical Droaress 

Tensile strength of PY6 

The results of the fast fracture PY6 tensile strength measurements 
from 20"-1400°C are summarized in lable 2 and plotted versus tempera- 
ture in Figure 1. 
values measured for NT-154 in our earlier work are also presented in 
Figure 1. 
based on 15 test specimens/condition. During the initial tensile 
strength measurements, at 20°C we were plagued with 60% buttonhead 
failures. However, for the remaining test specimens at 20°C and for 
the test specimens measured at 1000°C, collets o f  modified design 
provided by GTE were used. 
measurement temperature appears to have reduced the buttonhead problem. 

crosshead speed o f  0.00004 cm/s to a 455-kg (1000 lbs) load to allow 
the copper collets to deform around the root radius of the buttonhead. 
After seating for 5 minutes the specimen i s  loaded to failure using a 
crosshead speed of 0.004 cm/s. 
measurements the heated furnace i s placed around the prel oaded 
specimen, which i s  allowed to reach the test temperature (-15 minute 
soak time), and then fast-loaded to failure. During the initial 
testing a t  1400°C the first three PY6 specimens failed under preload 
(455 kg -140 MPa) during the 15-minute soak time. 

For purposes of comparison, the tensile strength 

I t  should be noted that the values listed for NT-154 are 

Use of the GTE collets at the lower 

It has been our practice to preload the tensile specimens at a 

For elevated temperature strength 

To prevent premature 
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Table 2. Summary o f  Tensile Strength Values Measured for GTE's PY6 

Tensile Standard Coefficient Fracture 
Temperature Strength Deviation of Variance Initiation 

("C) ( M W  (MPa) (%I Site 

20 619 123 20 5 vol. incl. 
1 surf. incl. 
4 surf. flaw 

1000 447 111 25 4 vol . incl . 
1 surf. flaw 

1200 310 36 12 4 vol. incl. 
1 surf. flaw 

1300 251 28 11 3 surf. incl. 
1 vol . incl . 
1 surf. flaw 

1400 153 53 35 4 surf. flaw 
1 surf. incl. 

- ~~ ~ 

+vel. - volume, incl . - inclusion, surf. - surface. 

1000 

800 

600 

400 

200 

0 
20 200 400 600 800 1000 1200 1400 

Temperature (C) 

* PY6 --O---- NT-154 

Figure 1. A comparison o f  the tensile strength o f  PY6 and NT-154 
silicon nitrides. 
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failure we modified the preloading procedure by decreasing the hold 
load t o  45.5 kg (100 lbs) from 455 kg for the specimen heat-up and 
soak time at the 1400"C, 1300"C, and 1200°C testing temperatures. 

Ira comparing the tensile strength results obtained for PY6 with 
NT-154 (Figure 1) it was seen that the PY6 tensile strength is lower 
than the tensile strength values measured for NT-154, and the 
magnitude o f  difference increased with temperature (15% @ 20°C to 55% 
@ 1400°C). 
has 4% Y203 sintering aid, and it i s  believed that these differences 
account for the difference in strength observed. 
tion o f  the fracture surfaces showed that fracture had initiated from 
inclusion sites in over 60% of the specimens tested.. In several 
instances the inclusion sites were quite large (much larger than 
observed for NT-154) .  A typical volume-initiated failure i s  presented 
in Figure 2. 
presented i n  figure 3 ,  which shows that the inclusion is predominantly 
iron and silicon with minor amounts o f  chrome. 

As shown in Table 2, the fast fracture tensile strength of PY6 at 
1300°C was 2 5 1  MPa with a standard deviation of 28. The slow fracture 
tensile strength o f  PY6 at 1300°C was 140 MPa with a standard devia- 
tion of 53. 
slower loading rate. 
is presented in Figure 4. 
lated from this In-ln plot i s  6.3, which indicates significant 
susceptibility to fatigue at 1300°C. 

The PY6 Si3N4 has 6% Y203 sintering aid, and the NT-154 

Prel iminary examina- 

The EDX spectrum obtained for the inclusion site is 

This represents a drop of 40% in strength due to the 
A In-ln plot o f  the strength-versus-loading rate 

The slow crack growth parameter n calcu- 

Tensile Stress Rupture of NT-154 and Hexoloy SA 

The results of the tensile stress rupture tests for NT-154 at 
stress levels o f  200 and 300 MPa are displayed in Figures 5 and 6, 
respectively. 
1300°C (Figure 6) the time-to-failure distribution was in two 
groupings approximately one order of magnitude apart. Similarly, at 
an applied stress level o f  200 MPa at 1400°C and 1300°C (Figure 5)  

For an applied stress level o f  300 MPa at 1250°C and 
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( b )  a t  50X 

Figure 2 .  Micrographs of a typical PY6 f rac ture  surface a t  12X and 
50X. 
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Figure 3. EDX spectrum of an inclusion s i t e .  

GTE PY6 TENSILE STRENGTH - 1300' C 

I I ,  , I ,  1 I , I ,  , " ,  I 1 I , I , , I '  
6 8  2 1 * a  2 1 I 8  

1 10 100 Loading Rate - MPa/sec 

Figure 4.  Ln-Ln  plot o f  t ens i le  strength versus loading ra te  for  
PY6 a t  1300°C. 
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Figure 5. Tensile stress rupture behavior o f  NT-154 (200 MPa). 

600 

500 

400 

300 

200 

100 

0 
0.1 1 10 100 1000 

Time (hrs) 

0 1400 C 1300 C V 1250 C 0 1200 c 

Figure 6. Tensile stress rupture behavior o f  NT-154 (300 MPa). 
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the time-to-failure was also in two groupings approximately two orders 
of magnitude apart. 

failure) found at each test temperature has also been observed by 
Wiederhorn,' Quinn,' and Grathwohl .3 These investigators found that 
the first mode of failure is due to slow crack growth or creep crack 
growth of pre-existing flaws, and the second mode of failure i s  by 
damage accumulation. In tensile stress rupture, damage accumulation 
is due to cavity nucleation, growth, and coalescence. 

In the fractographic analysis, it was observed that all tensile 
stress rupture specimens failed from volume-initiated defects. 
1200°C for constant applied stress of 300 MPa, failures were due to 
strength-limiting iron-silicon inclusions. These inclusions were not 
seen as failure sources above 1200°C and 300 MPa applied stress. The 
failure mechanism above 1200°C and 300 MPa applied stress was inter- 
granular slow crack growth and cavity nucleation (Figure 7a and b) . 
Polished cross sections o f  the tensile specimens (parallel t o  the 
tensile stress axis) i n  the as-received and as-tested condition were 
prepared and are shown in Figure 8a and b.  

that a large distribution of cavities was generated during tensile 
stress rupture as compared to the as-received condition. 
results indicate that cavities are formed where there is a lack o f  
sintering aid, and local deformation cannot occur to accommodate the 
local high stress state. 

Fifteen Hexoloy-SA specimens have been tested in tensile stress 
rupture at 1400°C. Applied stresses o f  168.5, 200, 250, and 300 MPa 
were used. 
are summarized in Table 3 and plotted in Figure 9. 

magnification (12X), and selected specimens were examined a t  higher 
magnification by SEM. 
surfaces are presented in Figure loa, b, and c .  From these 

This bimodal time-to-failure distribution (two parallel modes of 

At 

The polished sections show 

Preliminary 

The results of the Hexoloy SA tensile stress rupture tests 

All the fractured Hexoloy SA specimens were examined at low power 

Typical micrographs obtained fo r  the fractured 
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( b )  

Figure 7 .  Fracture surface o f  a tensile s t ress  rupture specimen o f  
NT-154 a t  1300°C, 300 MPa, and  0.5 sec. 
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Figure 8. (a) Micrograph o f  a polished as-received cross section with 
existing microdefects, and (b) micrograph of a polished 
tensile stress rupture specimen that failed 3.8 hours at 
300 MPa and 1300°C in air. 
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Figure 9. Tensile s t ress  rupture behavior of Hexo1o.y SA tested a t  1400°C. 

I 

2ox 
Figure 10. Typical fracture surface of Hexoloy SA tested in tensi le  

s t ress  rupture a t  200 MPA (20X, 500X, and 2000X). 
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I 
( b )  a t  500X 

( c )  a t  2OOOX I 
Figure 10. Typical fracture surface o f  Hexoloy SA tested i n  

t ens i le  stress rupture a t  200 MPa (ZOX, 500X, and 
ZOOOX) (conc 1 uded) . 

( c )  a t  2OOOX 

Figure 10. Typical fracture surface o f  Hexoloy SA tested i n  
t ens i le  stress rupture a t  200 MPa (ZOX, 500X, and 
ZOOOX) (conc 1 uded) . 
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Table 3 .  Summary of Tensile Stress Rupture Tests for Hexoloy SA 

Initial Time to Stress at+ 
Test No. Stress (MPa) Fai 1 ure (hr . ) Fai 1 ure (MPa) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

168.5 

168.5 

200 

200 

200 

200 

200 

200 

200 

2 50 

250 

250 

250 

300 

120 

100 

0.4 

0 

101 

0 

0 

0 

27.3 

0 

0 

0 

0.003 

0.008 

275' 

316' 

200 

189* 

325' 

200 

200 

166* 

200 

250 

236* 

232* 

2 50 

300 

Specimen fast-loaded t o  failure after surviving 100 hours. 
Specimen failed during loading before reaching initial stress. 

+ 
* 

examinations it was observed that all the specimens failed from flaws 
located at, or very near, the surface. The topography of the fracture 
surfaces appeared to be very similar to the topography found for the 
fast-fractured tensile specimens. 
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Multimodal t ime-to-failure dis t r ibut ion may alsa  be occurring i n  
the Hexoloy SA subjected to  tens i le  s t r e s s  rupture (see Figure 9). 
However, the data are very limited, and i t  i s  premature to  draw a 

conclusion about the fa i lure  mode for  t h i s  material. Polished cross 
sections were prepared from the gage section (parallel  t o  the s t r e s s  

a x i s )  and the buttonhead of a Hexoloy SA t ens i le  s t r e s s  rupture 

specimen tested a t  1400°C a t  a s t ress  o f  168,5 Pa for 100 hours,  
These sections were prepared t o  further investigate fa i lure  mechanisms 

and t o  determine i f  cavity nucleation growth and coalescence  ere 
occurring. 

buttonhead) are presented i n  Figure l l a  and b .  

l l ( a  and b ) ,  the density of  cavi t ies  observed i n  t e stressed (gage) 
and the unstressed (buttonhead) sections were the same (-6%). C a v i t y  

density i n  the two polished sections was determined by image arsalyzer 

ta be equivalent. 

ation and coalescence are n o t  occurring i n  the Hexoloy SA 
s t a t i c  fatigue.  

I t  was interesting t o  note t h a t  the specimens which survived 
-hour  expasure time fractured a t  s t r e s s  levels higher than  t h e  

Micrographs of  the two polished sections (gage an 

As shown i n  Figure 

These observations would suggest, t h a t  cavity gener- 

fast-fractured tens i le  strengt measured a t  1408”C, I t  i s  believed 
t h a t  t h e  improved tens i le  strength i s  clue t o  some s ~ ~ ~ ~ g t ~ e n ~ n g  

mechanism which Q C C U ~ S  as  a resul t  of the tens i le  s t r e s s  and 

temperature exposure of the specimen i n  a i r  f o r  180 hours (surface 
flaw healing, e t c . ) .  

Thermal Aging Studies 

A study t o  investigate the e f f e c t s  o f  thermal aging i n  a i r  011 

the flexural strength O F  Hexoloy SA, GTE PY6, and NT-154  as compls?trd 

dur ing  t h i s  r epor t ing  period, The resul ts  o f  the f lexura l  strength 

measurements for the Hexoloy SA specimens are presented i n  Table 4, 
Similarly, the flexural strength measurements for the PVS aged 

specimens are presented i n  Table 5. 

strength measurements for  the NT-154 aged specimens are presented 

i n  Table 6 .  

The resu l t s  o f  t h e  flexural 
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(a) Buttonhead 

(b) 1400°C; 316 MPa after 100 hours at 169 MPa 

Figure 11. Polished sections o f  Hexoloy SA tested in tensile stress 
rupture under 168.5 MPa. 
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Table 4. F lexu ra l  St rength Measured f o r  Hexoloy SA Aged i n  A i r  a t  
1300°C 

Standard 
Aging Times Test Temperature F lexu ra l  S t rength  Devi a t  i on 

(hrs . )  ("C) (MPa) (MPa) 

50 1000 417 71 

100 
100 

20 
1300 

51 1 
419 

39 
47 

500 
500 

20 
1300 

462 
423 

14 
83 

1000 
1000 

20 
1300 

489 
416 

32 
42 

As-Received 20 402 52 

Table 5. Flexura l  St rength Measured fo r  GTE's PY6 Aged i n  A i r  a t  
1300°C 

~ 

Standard 
Aging Times Test Temperature F1 exura l  St rength Devi a t  i on 

(h rs . )  ("C) ( M W  (MPa) 

50 1000 864 89 

100 
100 

20 
1300 

57 1 
563 

87 
110 

500 
500 

20 
1300 

488 
624 

132 
72 

1000 
1000 

20 
1300 

485 
606 

81 
66 

As Rece i ved 20 863 86 
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Table 6. Flexural  S t rength  Measured f o r  NT-154 a t  20°C 

~~~~~ ~ ~ 

Ag i ng Ag i ng Flexural  S t rength  (MPa) 
Temp. Time Crosshead Speed 
("C) ( h r s . )  0.004 cm/s (Std.  Dev.) 0.00004 cm/s (Std .  Dev.) 

1000 50 1067 (74) 1051 (53) 

1400 5 906 (31) 815 (63) 

As-Received - 907 (79) 749 (51) 

The e f f e c t s  o f  t h e  thermal aging on the f l e x u r a l  s t r e n g t h  behavior  of 

Hexoloy SA, GTE's PY6, and NT-154 a r e  shown g r a p h i c a l l y  i n  Figures  12, 

13, and 14, r e s p e c t i v e l y .  As shown i n  Figure 12, the f l e x u r a l  

s t r e n g t h  of  Hexoloy SA aged a t  1300°C i n  a i r  f o r  100, 500, and 1000 

hours and measured a t  1300°C d id  not  vary from the unaged f l e x u r a l  

s t r e n g t h  (402 t o  423 MPa). However, the f l e x u r a l  s t r e n g t h  of  Hexoloy 

SA aged a t  1300°C and measured a t  20°C showed an average improvement 

o f  20% over  the f l e x u r a l  s t r e n g t h  o f  the unaged Hexoloy SA. 

Hexoloy SA specimens aged a t  1000°C f o r  50 hours had measured f l e x u r a l  

s t r e n g t h s  t h a t  were the same a s  t h e  unaged m a t e r i a l .  

s t r e n g t h  f o r  the Hexoloy SA specimens aged a t  1300°C and measured a t  

20°C i s  be l ieved  t o  be due t o  f law hea l ing  e f f e c t s .  

t h a t  found f o r  t h e  Hexoloy SA. After thermal aging f o r  100 hours a t  

1300"C, the s t r e n g t h  decreased about 35% f o r  both the 20°C and 1300°C 

measured va lues .  After thermal aging f o r  500 and 1000 hours a t  1300°C 

the f l e x u r a l  s t r e n g t h  measured a t  20°C decreased an a d d i t i o n a l  10%. 

However, the f l e x u r a l  s t r e n g t h  of the 500- and 1000-hour aged PY6 

measured a t  1300°C was about 5% higher  than the s t r e n g t h  measured 

a f t e r  100 hours aging. 

a r e  be l ieved  due t o  hea l ing  o f  the cracks  which form i n  the oxide 

s u r f a c e  f i l m  on cool ing  a f t e r  thermal aging. Flexural  s t r e n g t h  of  t h e  

PY6 specimens aged f o r  50 hours a t  1 O O O " C  was the same a s  the f l e x u r a l  

s t r e n g t h  o f  t h e  unaged (as - rece ived)  m a t e r i a l .  

The 

The improved 

As shown i n  Figure 13, PY6 d i s p l a y s  a d i f f e r e n t  behavior  t h a n  

The h igher  s t r e n g t h  va lues  measured a t  1300°C 
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GTE PY6. 
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As shown in Figure 14, the thermal aging of NT-154 at 1000°C for 
50 hours resulted in an increase in flexural strength (1377). Thermal 
aging at 1400°C for 5 hours did not appear to affect the flexural 
strength o f  NT-154. It was interesting to note that the 1000°C 
thermal aging improved the strength of NT-154 but not the strength of 
PY6. Since the only known difference between the two materials is 
that NT-154 has a 4% Y203 sintering aid, and PY6 has a 6% Y203 sinter- 
ing aid, it i s  difficult to explain these results. 

Dynamic Fatigue Studies o f  Three Si3N4  Ceramics 

During a previous reporting period, the flexural strength o f  

The results of these measurements 
five NT-154 specimens was measured at 20°C using the slow loading rate 
(0.00004 cm/s crosshead speed). 
suggested the susceptibility of NT-154 to slow crack growth at 20°C 
(n - 25) .  
havior in NT-154 at 20°C the flexural strength o f  five additional 
specimens was measured at the slow loading rate. The results o f  these 
measurements, combined with the earlier slow fracture measurements and 
the fast fracture measurements, are presented in Table 7. 
plot of strength versus loading rate is presented in Figure 15. 
slow crack growth parameter n calculated from the ln-ln plot is 26. 
These results (Batch #3) reconfirm the earlier results (Batch #2) 
indicating slow crack growth susceptibility of NT-154 at 20°C. 

To further evaluate this possible slow crack growth be- 

A ln-ln 
The 

Table 7. Flexural Strength Measurements o f  NT-154 at 20°C. 

Cross head Flexural Std. Dev. 
Batch # Speed cm/s Strength ( M W  

0.004 907 

0.00004 749 

0.00004 769 

79 

51 

95 
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Figure 14. The e f fec t  of thermal aging on the flexural strength o f  

Norton/TRW NT-154. 

U 
Q 

Q 0 b- n = 26 8 

Figure 15. Ln-Ln plot o f  strength versus  loading rate  for 
NT-154 a t  21°C. 
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The effect o f  loading rate on the room temperature flexural 
strength of two additional Si3N4 ceramics (PY6 and EC-152) was also 
investigated as a result of the data obtained for NT-154. 

following MIL-STD 1942 at 21°C (room temperature) using two different 
loading rates, 0.004 and 0.00004 cm/sec crosshead speeds. 
of these measurements are presented in Table 8 .  As shown in Table 8 ,  

the average fast loading flexural strength, 823 MPa, was higher than 
the slow loading flexural strength, 790 MPa. However, the difference 
cannot be considered significant, recognizing that the standard devia- 
tion for each loading condition was in excess o f  100 MPa for the 
loading rate differential employed. 

The flexural strength of NTK's EC-152 test specimens was measured 

The results 

Table 8 .  Room Temperature Flexural Strength Measurements for NTK 
EC-152 

Temperature Crosshead Flexural Strength Standard Deviation 
("C) Speed (cm/s) (MPa) (MPa) 

20 .004 

20 .00004 

823 

790 

170 

127 

The flexural strength of GTE's PY6 test specimens was also 
measured at 21°C using the slow loading rate, 0.0004 cm/s crosshead 
speed. The rapid loading rate (0.004 cm/s) flexural strength for PY6 
was measured earlier in this project. The results of the slow-loading- 
rate flexural-strength measurements are presented i n  Table 9. As shown 
in Table 9, the average slow-loading flexural strength measured for PY6 
was 826 MPa with a standard deviation o f  47 MPa. The average fast- 
loading flexural strength previously measured for PY6 at room 
temperature was 863 MPa with a standard deviation of 86 MPa. 
EC-152 the PY6 material had a higher average fast-loading flexural 
strength than the average slow-loading flexural strength; however, the 
di'fference does not appear significant. 

As with 
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Table 9. Room Temperature Flexural Strength Measurements for  GTE PY6 

Temperature Crosshead Flexural Strength Standard Deviation 
( " C )  Speed (cm/s) ( M W  (MPa) 

20 ,004 

20 .00004 

_ _  

863 

826 

86 

47 

Fracture Toughness of NT-154 

The fracture toughness of NT-154 i s  being investigated a t  2O"C, 
1200"C, and 1400°C by the controlled surface flaw method. A Zwick 

hardness tes t ing machine i s  used for  putting a ser ies  of Vickers 

indents on the tens i le  surface of  palished [MIL-STD 1942(MR) s ize  81 
flexural specimens. Indent loads  o f  1 to  500N were used to  inves- 

t i ga t e  R-curve behavior a t  the selected temperatures using a l o a d  

displacement r a t e  of  2 .54  mm/min. 

measured versus indentation load are plotted on a log-log graph in 

Figure 16. 

2 O o C ,  1200"C, and 1400°C are minus 0.25, 0.28, and 0.14, respectively, 

I n  the case o f  f l a t  R-curve behavior the slope o f  the log strength 

versus log indent would be minus 1/3 .  For comparison purposes a minus 

1/3 slape i s  included i n  Figure 16. 

bet ter  seen by plott ing the calculated fracture resistance ( K R )  versus 

crack length ( C ) .  

20°C and i s  presented in Figure 17. As seen i n  Figure 17,  NT-154 
displays classic  R-curve behavior a t  20°C and readily explains the 
difference i n  KIc measured a t  UDRI and Norton/TRW reported in a pre- 

vious progress report. 

several questions t h a t  need t a  be further addressed: 

The resu l t s  of  the fracture s t ress  

The slopes for  the strength versus indent load plots a t  

This R-curve behavior can be 

T h i s  plot was prepared f o r  the data collected a t  

The resu l t s  of the fracture toughness tneasurements have raised 
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a) the effect o f  loading rate on R-curve behavior, 
b) the most appropriate means to measure crack length for 

c)  the role of residual stresses f rom the indent UTI high- 
high-temperature measurements, and 

temperature fracture toughness values. 

Status o f  milestones 

Milestone 331409 is in progress. 

Pub1 icat i ons 

1. N. L. Hecht, D. E .  McCuIlum, S. M. Goodrich, and L. Chuck, 
Mechanical Properties Characterization of  High Performance Ceramics, 
Proceedings o f  the 28th Automotive Technology Development Contractors' 
Coardination Meeting, Dearborn, MI, October 1989, Published by SAE. 

2, L .  Chuck, S .  M. Goodrich, N. L. Hecht, and D. E. McCulluni 
High-Temperature Tensile Strength and Pensile Stress Rupture Behavior 
o f  Norton/TRW NT-154 Silicon Nitride, Proceedings o f  the 14th Annual 
Conference on Composites and Advanced Ceramic Materials, Cocoa Beach, 
FL, January 1990. 
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York, 197-226, 1983. 

2.. G. Quinn, "Static Fatigue o f  a Sintered Silicon Nitride," 
U.S. Army MTL TR 84-40, Watertown, MA, 1984. 

3 .  G. Grathwohl, "Creep and Fracture o f  Hot Pressed Silicon 
Nitride with Natural and Artificial Flaws," edited by B. W-ilshire and 
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low Heat Rejection Diesel COUDO n Test 
C. R. Brinkman, R. L. Graves, B. H. West, and K. C. Liu (Oak Ridge National Laboratory) 

. .  tect ive/scoDe 

The objective of this task is to expose various structural ceramics to conditions 
found in small diesel engines. Commercially available ceramics, as well as new candidate 
monolithic and whisker-toughened ceramics, will be fabricated into small MOR bars, 
nondestructively examined, and exposed to a variety of operating conditions within small 
diesel engines. Subsequent to exposure, the bars will be nondestructively and 
destructively examined and the results compared to an unexposed data base. 

Technical p roar- 

Silicon nitride (Norton NT-154) 

A block of silicon nitride was received and 120 MOR bar specimens were fabricated. 
Details of specimen geometry have been reported elsewhere.1.2 The intent of this effort is 
to expose bars for 100 h in either a single- or twclcylinder engine, and to subsequently 
subject them to either room- or elevated-temperature four-point bend rupture testing. 
Rupture strengths were then compared to values obtained from unexposed bars. To date 
28 bars have been exposed in either the single- or two-cylinder engine and subsequently 
ruptured at room temperature. Results of these tests are given in Table 1. Rupture strength 
comparisons given in Table 1 show no decrease in rupture strength due to engine exposure 
when the postexposure test temperature was approximately 25°C. 

Currently, the two-cylinder engine is down for repairs. Apparently, one of the bars 
came loose from the grip fixture and damaged the interior of one of the cylinders. 
Following engine repairs, exposure of a number of bars will be continued for subsequent 
rupture testing at elevated temperatures. 

New materials 

A silicon carbide plate (1.6 x 7.6 x 17.8 cm (0.63 x 3 x 7 in.)) designated Hexaloy SA Sic 
was received from Carborundum Company. Approximately 150 bars have been 
fabricated and are currently being inspected. An alumina plate containing Sic whiskers 
designated "PAD" AS34W is currently on order. 

Referenca 

1. C. R. Brinkman et at., "Influence of Diesel Engine Combustion on the Rupture 
Strength of Partially Stabilized Zirconia," Am. Ceram. Soc. Bull. 68(8), 144045 (August 1989). 

2. C. R. Brinkman et at., Influence of Dieselfngine Exposure on the Rupture Strength of 
Silicon Nitride and Pufliul/y Stabilized Zirconia, ORNL-66 12, April 1990. 
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Table 1. Room-temperature four-point bend rupture strengths for 
engine-exposed and unexposed Norton NT- 154 silicon nitride 

Average Standard 
Exposure Number of rupture deviation 

N 0. eonditiono specimens strength ( M W  

1 None 77 1 86 

2 Single-cylinder 
8 

3 Two-cylinder 
engine 22 

4 Combined 
(single- and iwo- 
cylinder) 28 

1 
2 
3 
4 

Weibull summary 

11.6 -77.9 
13.6 -92.1 
14.9 -100.3 
15.0 -101.6 

828 

830 

72 

67 

67 

11.8 
12.8 
15.4 
14.2 

-78.7 

,103.8 
-96.1 

-86.8 

QEngine exposure consisted of 100 h in the combustion chamber of the  indicated 
engine. The engines were run for approximately 8 h/day. 
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3.4 FRACTURE MECHANICS 

T E S T I N G  A N D  EVAI.UA1‘ION O F  ADVANCED CERAMICS AT HIGH TEMPERATURE I N  

U N I A X I A L  T E N S I O N  

J. Sankar, A .  D. Kelkar, V. S. Avva, and Jun Gao (Department of 
Mechanical Engineering, North Carolina A & T State University, 
Greensboro, North Carolina 27411) 

Ob.jec t i ve/Scope 

The purpose of this effort will be test and evaluate advanced 
ceramic materials at temperatures up to 1500 C in uniaxial tension. 
‘Testing may include fast fracture strengths, stepped static fatigue 
strength along with analysis of fracture surfaces by scanning electron 
microscope. This effort will comprise of the following tasks: 

0 

Task 1 

Task 2. 

Task 3 
Task 4 

Task 5. 

Task 6. 
Task 7. 
Task 8. 
lask 9. 

Specifications for Testing Machine a.nd controls + 
( procurement 1 
Identification of Test Material (s) -t (procurement of 
specimens) 
Identification of Test specimen configuration 
Specif’icat ions for. Testing grips and Extensometer + 
( t’rocui’emcnt 1 
Specificat ions for Testing Furnace (Procurement) and 
cont. ro 1 s 
Deve 1 oprne n t of ‘Test P 1 an 
I-Iigh Temperature Tensile ‘Testing 
Reporting (Periodic) 
Final Report 

I t  is anticipated that this program will help in understanding the 
behavior of‘ Ceramic materials at very high temperatures in uniaxial 
t e tis i o n . 

Technical ______ Progress 

During the reporting period, efforts were undertaken to develop an 
inhouse testing program for the creep test, which can be run on the 
Micro-PDP/11 cornpuler. attached to the MTS 880 Testing machine. Creep 
testing using the inhouse program were conducted on five SNW-1000 
(Si N ) specimens. For all tests the test temperature was 1200 deg.C. 

During the test, a deflection (elongation) versus time curve was 
plotted. A set of platinum flags attached to the sample along with Zygo 
laser system were used to measure the deflection. Figure 1 shows the 
def’lection v e r s t i s  time f’or creep test for one of the specimens. Figure 2 
shows the (:or.i.espondi ng strains versus time for. the five specimens 
tested. The r - e s u l  ts of the test are compiled and are given in Table 1 .  
Figures 3 through 5 show the polished and unetched microstructure of t.he 

3 4  
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c r e e p  t e s t e d  specimen 1 n e a r  t h e  edge of  t h e  c i r c u l a r  c r o s s  s e c t i o n ,  2 
mm away from t h e  f ' racture  surface.  I t  is obse rved  t h a t  t h e  p o r e s  are 
larger i n  s i z e  t h a n  t h e  a v e r a g e  p o r e  s i z e s  i n  specimens tes ted i n  
t e n s i o n  at v a r i o u s  t e m p e r a t u r e s  p r e v i o u s l y .  F u r t h e r ,  from t h e s e  
phot.ographs i t  can h e  obse rved  t h a t  t h e r e  is a s t r o n g  p o s s i b i l i t y  f o r  
t h e  l i n k a g e  of  p o r e s  d u r i n g  c r e e p  t e s t i n g .  More work is plarmed t o  be 
done i n  t h i s  area t o  unde r s t and  c l e a r l y  t h i s  phenomenon. I t  may be 
f u r t h e r  ob.;ei.vad t h a t  t h e  edges  of t h e  p o r e s  are s o f t e n i n g  arid t h e  
f i s sures  are advanc ing  beyond t h e  p o r e s  i n t o  t h e  specimen ( F i g u r e  4 and 
SI. 

F i g u r e s  6 and  7 show t h e  images of  t h e  f r a c t u r e  surfaces o f  t h e  
same specimen.  F i g u r e  6 shows t h e  g e n e r a l  f r a c t u r e  appea rance  and f i g u r e  
7 ,  t h e  f r a c t u r e  s u r f a c e  under h i g h  m a g n i f i c a t i o n .  T h i s  i n d i c a t e s  a 
f a i l u r e s  p r o c e s s  sorriewhat d i f f e r e n t  from t h a t  of  t h e  pu re  t e n s i o n  
f a i l u r e  i n  t h e s e  samples  a t  h i g h  t e m p e r a t u r e s .  T h i s  a g a i n  might, be due 
t o  t h e  s o f t e n i n g  of t h e  g r a i n s .  

D e t a i l e d  s t u d i e s  of t h e  m i c r o s t r u c t u r e  and f rac ture  s u r f a c e s  o f  t h e  
specimens are c u r r e n t  l y  underway. 

T a s k s  1--7 are complcte  

D r .  Sanka r  a n d  l k .  K c l k a r  a t t e n d e d  Twenty-Seventh Automotive Technology 
Development C o n t r a c t o r s '  C o o r d i n a t i o n  Meeting on October  23-26, 1989 at 
Dearborn,  M i  chi gan 

mbl-ems Encountered 

None 

None 
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'Table 1. The results of the creep test, SNW-1000, 1200 deg. C 

Stress  Duration of Strain Rate (11s) Spec i men I .oad 
( N )  ( MPa) test (hours I (2nd stage) 

1 1625 57 175 5 .  5E-10 
( 0 . 2 5 ~ ~ )  did not broke 

2 2600 92 560 2.4E-9 
(0. 4 c r 1  did not broke 

3 3223 115 prograss i ng at 
( 0. 5c,. 1 current time 

/ 

4 3858 138 306 1.7E-8 
(0. 6 c f )  broke at gage 

sect ion 

5 4492 161 58.5 5.4E-8 

(0. 7 r f  ) broke at gage 
sect ion 

( n o t e :  0- is the tensile fracture stress at 1200 deg. C) 
f 



443 

0.01: 

0.01 

0. ooa 
C 
;s 
t 
0 
0 
a, 
5: 
a, 
0 

%= 0.006 

0.004 

0.002 - 

--- - - - - ~ .  -- -. 

I G T E T W - i W  Si3N4,12OOC 

---------- -----====--= 
/ E S N W - l O O O ,  Si3N4, 1200C 

3T------------ 
I 

/92MPa I 

~ ....... __...-I_ -.... -.---.-- 
~ .... 

1 @ire 2, strains - time for the creep tests, 1 2 0 0 ~  
_1-----.. --__ ...... 



444 

Figure 3. SEM micrograph near the edge of the gage 
cross-section (polished sample - creep tested) 

Figure 4. SEM micrograph showing a pore observed in 
t h e  central  area of the cross-section 
(same sample as in Fig 3 )  
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Figure 5. High magnification image of Fig 4 

P" 

F i g u r e  6. SEM micrograph of the general fracture 
appearance of the specimen (creep tested) 
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F’igure 7 .  F r a c t u r e  surface of t h e  sample i n  F i g  6 
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Standard Tensi 1 e T e s t  Development 

S. M. Wiederhorn, D. Cranmer, D. Kauffman and D. E. Roberts 
(The National Institute of Standards and Technology) 

Obiective/Scope: 

and test procedures for measuring the tensile strength and creep 
resistance of ceramic materials at elevated temperatures. Inexpensive 
techniques of measuring the creep behavior and strength of structural 
ceramics are being developed and will be used to characterize the 
mechanical behavior of these materials. The test methods will use self 
aligning fixtures, and simple grinding techniques for specimen 
preparation. Creep data obtained with tensile test techniques will be 
compared with data obtained using flexure and compressive creep 
techniques. The ultimate goal of the project is to assist in the 
development of a data base and a test methodology for the structural 
design of heat engines for vehicular applications. 

Technical hiqhliqhts 

This project is concerned with the development of test equipment 

During the past six months, the creep and creep rupture behavior 
of HIP-ed silicon nitride was studied as a function of applied tensile 
stress and temperature. Two commercial grades of material are being 
investigated: Norton/TRW NT154, and Allied-Signal GN10. The creep and 
creep rupture behavior of these materials are being characterized in 
tension and compression and a data base is being obtained to compare 
materials manufactured by different companies. This report presents 
data collected on the NT154. As studies have just been initiated on 
the GN10, data on this material will be discussed at a later date. 

Experimental Technique - Dog-bone specimens, figure 1, developed as part 
of our tensile creep program were used in this study. To assure that 
failure of the test specimens occurred within the gauge section, the 
central section of the specimen was reduced by surface grinding with a 
38 mm diameter grinding wheel. After grinding, the total thickness of 
the gauge section was =2mm. The width and length of the gauge sections 
were approximately 2.5mm and 10mm respectively. 

Creep tests were conducted using the tensile equipment developed 
in an earlier phase of the project. The gauge length of the test 
specimen was monitored by placing small a-Sic flags on the central 
portion of the test specimen. The position of the flags were monitored 
as a function of time with a laser extensometer, which was capable of an 
accuracy of better than ilpm in the measurement of distance between the 
two flags. This level of accuracy resulted in an precision of i 2 p  in 
the displacement' measurements during the evaluation of creep curves for 
each specimen. Details of the experimental apparatus were published 
during the current period (D.F. Carroll, S.M. Wiederhorn and D.E. 
Roberts, "A Technique for Tensile Creep Testing of Ceramics," J. Am. 
Ceram. SOC. 72[91, 1610-1614 (1989)). 

In these studies, the test temperature ranged from 130OOC to 
14OOOC. Tests were conducted in air, with a short z24 hour anneal to 
assure thermal equilibrium within the test furnace prior to application 
of the stress. Most studies to date were conducted on the NT154, which 
is a HIP-ed grade of Si3N using Y203 as a sintering aid. The billets 
used were made specifically for this study, and do not relate to billets 
used on other parts of the DOE heat engine program. A s  transient 
effects were observed in the creep of the NT154, long-term creep 
measurements were conducted on two of the specimens to clarify the 
effect of time at temperature on the creep rate. Other specimens were 
loaded to a level that rupture occurred within a relatively short time, 
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double reduction in specimzn gauge section. 
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~250 hr. Data were then expressed in terms of a Monkman-Grant curve in 
which the creep rate was plotted as a function of the time to failure. 

:- 5 

Results and Discussion - Initial tests on the NT154 indicated long term 
transient creep behavior for this materials. As illustrated in figure 
2, in which transient creep was observed for the full 1100 hr test 
period, transient creep can last for extended periods in NT154. 
further study transient creep, a specimen of NT154 loaded at 100 MPa was 
crept at a series of temperatures, ranging from 130OOC to 1400OC. 
sequence of temperatures and the creep behavior at these temperatures is 
shown in figure 3a. The specimen was held at temperature until the 
creep curve appeared to approach steady state; then the next temperature 
was selected. 
sometimes the temperature was increased between runs, sometimes the 
temperature was decreased. Transient creep for this material is very 
apparent when the minimum creep rate for each segment of the curve is 
plotted on an Arrhenius diagram, figure 3b. In figure 3b, the data 
points are numbered in the order in which they were taken. As can be 
seen, the sequence of points gradually approach a common line, which 
suggests that’only after extensive periods of creep (a1500 hr) does the 
material approximate a steady state behavior. 

microstructure of the material is slowly modified by exposure to 
elevated temperatures. Similar observations were made earlier on AY6 
(made by GTE), in which case the increase in creep resistance of the 
material was attributed to devitrification of the glass phase at Si,N, 
grain interfaces. The devitrification process was slow, and only 
effected the creep rate when the narrowest boundaries between the grains 
became devitrified. 

To 

The 

Temperatures were not taken in increasing sequence; 

The long transient behavior, noted above, suggests that the 

TEM studies on the material will be completed 

j‘l -- 
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2 .  Extended creep curve fo r  NT154. Note that transient creep occurs 
over the entire 1100 h r  creep period. The minimum creep rate was 
determined by a least squares fit over the last 200 hr of the 
creep curve. 

during the next 6 months to determine if the NT154 is behaving in a 
similar fashion. 

Materials received by Dr. K. Liu at Oak Ridge National 
Laboratories (ORNL) exhibits the same high creep resistance as the ones 
that have been exposed for 1500 hr in the current tests. Also, the 
specimens tested by ORNL do not exhibit extensive transient creep, which 
suggests that the creep measurements are being affected either by minor 
differences in the microstructure of the two batches of materials, or by 
some difference in test procedure. To further study the creep process, 
a set of specimens are being annealed at 1350OC before being crept at 
high temperatures. Also, set of specimens prepared from the same billet 
will be tested both at ORNL and at NIST to determine if some difference 
in test procedure can account for the differences in creep behavior. 

Because the apparent activation energy €or Cree 1183 kJ/rnol, is 
greater than the heat of formation of S i p 4 ,  7 4 4 . 8  k J E o l  [ 11, creep in 
this material is probably not controlled by any of the normal. creep 
mechanisms (diffusion, climb of dislocations, etc.) used to explain the 
creep of ceramic materials. This high apparent activation energy may be 
a consequence of cavity formation in the silicon nitride, which has been 
reported by a number of investigators for NT154 [ 2 ,  31. TEN studies are 
presently underway at NIST confirm the formation of cavities in NT154. 
Cavities in Si3N, usually form in the glass that surrounds the Si3N4 
grains, sa the estimation of the activation energy for cavitation given 
here is specific for cavity formation in glass. From the work gf Ra;j 
and Ashby, the activation energy for cavity formation is 16-rr.r  /3.a , 
where r" is the surfac? tension of the cavity! and (3 io the local stress. 
By assuming r4.3 J/m (a normal value for glass a t  high temperature) 
and a= 1 to 2 GPa (i.e. the cohesive stress of glass) an activation 
energy ranging €ram 600 to 2400 J/rnol can be calculated. 
active energies is consistent with those measured in the present 
experiment, tending to support our assumption that creep is a cavitation 
controlled process. 

This range o f  
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for the data to approach a common Arrhenius curve. 
hr of creep was required to approach steady state creep. 
MPa. 

Transient creep effects are evident from the time required 
Approximately 1500 

Stress: 100 
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4 .  Creep rupture data: minimum creep rate as a function of the time 
to failure. Although the data set is limited, time-to-failure 
seems to be determined uniquely bye the rate of creep in this 
material, suggesting that improvement of creep rate is of 
paramount importance to improving lifetime. 

From a practical point of view, the high apparent activation 
energy for creep indicates a sharp transition in the performance of this 
material at elevated temperatures. 
the material creeps at a rate of =IxlBclcs s..’ at 1325OC at 100 m a ,  which 
is slow enough for a component lifetime of several years, assumiriy 1% 
strain to failure.. On the same basis, the lifetime at 14OO0C, is about 
3 weeks. Based QI). other creep studies coiiducted at NIST on structural 
ceramics, the only material that has better creep behavior is a-Sic. 
However, this material h s a lower fracture toughness (-2 MPa-mf for the 

susceptibility to thermal shock and lo foreign particle damage. 

six specimens were permitted to creep to failure. Both the time to 
failure and the creep rate were measured during these experiments. 
can be seen in figure 4 ,  all of the creep rupture data fall 011 a single 
curve when the creep rate is plotted as a function of the time to 
failure. This curve, in combination with creep curves can be used to 
establish stress allowables for high temperature applications. During 
the corning period, creep rupture data will be obtained an material that 
has been annealed for extended periods. 

Acc rding to the data in figure 3 ,  

SiC compared to 4 MPa-m P for the Si N4), which reduces its 
To determine the susceptibility of the NT154 to stress rupturer 

As 
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Status of Milestones 

All milestones are on schedule. 
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Nitride," Proceedings of the 27th Automotive Technology 
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Dearborn, MI October 23-26, 1989, pp. 251-264. 

Structural Composites," Seventh Cimtec World Ceramics Congress, 
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

D. J. McGuire (Oak Ridge National Laboratory) 

The purpose of this task is to conduct nondestructive evaluation (NDE) development 
directed at identifying approaches for quantitative determinaf ion of conditions (including 
both properties and flaws) in ceramics that affect the structural performance. Those 
materials that have been seriously considered for application in advanced heat engines 
are all brittle materials with fracture affected by structural features with dimensions on the 
order of the dimensioris of the microstructure. This wok seeks to characterize those 
features using high-frequency ultrasonics and radiography to detect, size, and locate 
critical flews and 50 measure nondestructively the el stic properties of the host material. 

Ultrasonics - W. A. Simpson, Jr. arid M. V. Cook 

We have received and exarnined five silicon nitride tiles similar to those an which 
we have reported previously. The prescnt samples, which will be cut up into modulus of 
rupture (MOR> bars, were all approximately 100 rnm square and 13 to 14 mm thick. They 

pressing; thus. one would not expect to find many voids Iarger than about 25 pm. A number 
of different ultrasonic tests were penformed on each tile, including inspection with a 75-MHn, 
f/4 transducer for flaws of the order of 20 to 25 p-17 and larger, a back-surface echo 
amplifude test which is sensitive tu cracks within the sample, and a high-frequency surface 
wave inspection which detects crocks and voids lying on or within about 120 pm of either 
surface. In addition, a final flow test was performed on each tile using a 25-MHz, f / $  
transducer focused near the midplane of the sample. This test was essentially an 
aftedhought which was included for completeness but proved { o  be the most useful of the 
evaiua tion. 

deep in the sample, which is the maximum focal depth attainable with this unit. klsirrg this 
configuration, no indications were detected within the total depth co~~erol 
transducer (-1 mm], All tiles were inspected from both sides. These resu 
with those obtained on most of the earlier tiles and are characteristic of hot-pressed 
material. 

transducer. This examination is sensitive to eraeks lying anywhere within the samples, 
provided that they do not lie too near on edge, and to surface properties such as 
roughness and local changes in parall 
density variations and pore clustering th 
material. In the present case, n~ cracki 
considerable variation in the effective was indicuted for all of the tiles, Most of 
the variation appeared to be attributable to grinding marks oil the surfaces of the samples, 
but some of the effect was undoubtedly caused by density variations within the tiles, most 
of which exhibited striking visual mottling on both surfaces. Unlike previous specimens, 
however, there appeared to be no correlation between the uttrasonic results and the visual 
appearance. 

were designated A, C, 283.284. and 89-289-A. AS before, they wept? fabriCQted by hot 

The 75-MHz flaw tests were conducted with the transducer focused about 3 mrn 

The bock-surface echo amplitude test was also performed with the 75- 

so can detect inhomogeneities such as 
changes in the effective attenuation of the 
s detected in any of the samples, but 
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The surface wave examination was performed using a 50-MHz, f/0.8 transducer 
which excites a radially propagating surface acoustic wave. This wave is capable of 
detecting voids and cracks lying on or within about 120 prn of the surface. regardless of the 
orientation of the latter. Experience with this transducer has indicated that it can detect 
extremely tight cracks such as those whose faces are held together by residual stress. Two 
of the current set of tiles, 284 and 89-289-A, were found to have small cracks. However, the 
cracks were located very near an edge, which is why they were not detected by the 
back-surface echo examination. The favorable location and small size of these cracks will 
probably not prejudice the use of these tiles since the edge zones can conveniently be 
removed during cutting. 

A second condition, one perhaps more inimicable to the ultimate use of the tiles, 
was detected during the surface wave examination. All of the samples except No. A 
contained indications suggestive of large pores on one or both surfaces. These indications 
were coincident with visual white spots on the tile. A microscopic examination of these 
spots at 3aX revealed no pores but showed what appeared to be small clusters of clear 
crystals approximately 1 mm in diameter. We have previously seen such crystals, which 
analysis proved to be silicon nitride, in a whisker-reinforced material. One of the tiles, 
89-289-A, contained perhaps a score of these clustea within Q 25-mm-diameter circle. For 
all of the affected tiles, the indications lay within @I ring of visually lighter colored material 
near the center of the respective face. 

afterthought but was the most productive in terms of locating problem areas within the 
samples. A flaw test was performed using a 25-WlHz, :/8 transducer focused near the 
center of the tile, Since no flaws were found in the earlier test which interrogates down to a 
depth of about 3 mm, there appeared to be no a priori reason to expect flaws to occur 
preferentially in the center of the tile. However, the presence of possible silicon nitride 
crystals near the surfuce and our earlier experience with whisker-reinforced material 
suggested that we probe the central region of the current samples, even though the 
minimum detectable flaw size at this depth with the lower frequency transducer is perhaps 
250 pm. This final flaw test revealed the presence of numerous indications in or near the 
midplane of each tile. The relative strength of these indications suggests a diameter of at 
least 375 to 56x1 pm for the scaf-tering centers, if: they are voids. If they are aggregates of the 
crystal-like material seen on the surface, they may be even larger. Tiles 283 and 284 
contained the fewest midplane indications while the other three samples appeared to 
contain roughly equal but considerably greater numbers of indications. 

We have also received and ultrasonically examined 21 silicon nitride tensile 
specimens. These samples are cylindrical and have a diameter of 6.4 rnm in the gage 
section, which was the only region inspected. The evaluation was conducted using a 
75-MHz, spherically focused transducer. As we have mentioned in previous reports, the 
sharply curved entry surface of small-diameter cylindrical specimens introduces bath 
severe astigmatism and spherical aberration in the ultrasonic beam distribution inside the 
solid and limits the depth at which critical flaw sizes can be detected to a few hundred 
microns. Our work has indicated that this limitation could be greatly reduced by aspherical 
shaping of the transducer lens. but the cost of such a transducer has thus far proved 
prohibitive. No indications were observed in any of the specimens although we could not 
perform a 100% inspection on any of the rods because of equipment limitations. 

A WMHz surface wave examination was also conducted on each sample. This 
evaluation is sensitive ta voids and cracks lying within about one wavelength (- 120 pm) of 
the surface and is not affected by surface curvature because of the small area of 
interrogation of the entry beam. As before, however, full coverage of the surface area of 
each specimen was not possible. No indications were detected on any of the rods. 

The last examination to be applied to the tiles was, as mentioned earlier, primarily an 
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Ultrasonically, therefore, the specimens appeared to be very homogeneous and free of 
voids or cracks. 

at least waves which are not focused in the plane of the flaw) to detect critical flaws in 
ceramics at depths exceeding those accessible by conventional fOGUSed transducers. 
The roj$on d'efre far this work is that the time required to scan a ceramic specimen using 
transducers focused in or near the plane of a flaw is typically excessbe for sample 
thicknesses of inore than a millimeter or so because the volume interrogated with high 
sensitivity during a single pass is only a few cubic wavelengths. In order to insure detection 
of critical flaws at all depths in thicker materials, it is thus necessary to rescan the sample 
with the transducer focused at different depths, whic increases the inspection time. For 
typical structural ceramics (alumina, silicon nitride, silicon carbide), flaws QS small as 25 prn 
can be detected to depths of only about 3 mm because of the very high index of refraction 
of these materials for elastic waves and the attendant severe spherical aberration caused 
by propagation th the ceramic surface. If longer focal length transducers ore used in 
an attempt to incr he depth of optimum focus, the sensitivity will inexorably decrease 
QS the focal "spot size" Increases because of physical optics limitations. It thus appears 
tha t  a maximum detection depth of about 3 mm fer 25-pm flaws will not likely be exceeded, 

If one considers alternatives to focused transducers for detecting critical flaws in 
ceramics, it is readily apparent that the problem becomes one of achieving an adequate 
signal-tonoise ratio for the flaw size of interest. For plane-wave insonification, the p 
scattered by a spherical void falls off approximateiy as (a/d 1;" (ignoring beamspre 
the incident wave and assuming that the wavelength is small compared to the flu 
where a is the flaw radius and dthe flaw depth. For a 25-pm-diamete 
deep, the signal obtained using pIane-wave insonificatisn would be 
less than that obtained from a focused ultrasonic transducer, asu 
available incident energy were scattered back to the transducer in 
come would not be the case. Experiment shows that the ratio is ne 
very severe loss. For a flu lying ut a depth of 3 mm, this ratio will fall 
However, by combining plane-wave insonification and signal procexiing, it may be 
possible to achieve sensitivities commensurate with those obtainable with conventional 
focused transducers. To be sure, the  requirement for processing of the acquired data will 
add to the inspection time, but the total time may still be less than that required for focused 
transducer inspection. In addition, the only limitation of this approach on the maximum flaw 
depth (Le., the ceramic thickness) is how small a signal-to-noise ratio may be tobated with 
the processing schemes used. 

compared to a flaw size of 25 pm, and thus Q mor0 accurate model of the differential 
scattering cross section is necessary. To address this problem, we have programme 
spherical scattering model d Ving and TrueIl.1 with corrections for several errors in the 
original derivation. This model provides LIS with an excellent estimate ofthe scattered field 
produced by a spherical void (or inclusion) as a function of frequency, flaw size, and flaw 

We continued our studies of the possibility of using nonfocused ultrasonic waves (or 

In practice, even at 180 MHz, the wavelength of a n  ultrasonic wave is large 

depth. 
In implementing a flaw detection technique which avoids dependence o n  focusing 

the incident energy at the desired flaw depth, several approaches are possible. In the first, 
plane-wave insonification is used in conjunction with temporal (and perhaps spatial) signal 
averaging to reduce the randarn noise. To this end, we have examined a 57 x 5 x 3 mm 
zirconia modulus of rupture bar into which an artificial flaw was placed. The flaw was a 
flat-bottomed hole 250 wm in diameter and lying at a depth of 2 mm. Using Q conventional 
focused transducer, this flaw was easily detected and recorded. When insonified with CI 
100.MHz plane-wove transducer, however, no indication of the flaw wos detected in the 
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raw data. When simple temporal averaging was applied, however, the flaw was readily 
located. This result required only minimal signal processing and, from the large 
signal-to-noise ratio and lateral sensitivities obtained, indicates that the entire 3 mm 
thickness of the sample was interrogated over an area approximately 6 mm in diameter. 
Only 12 transducer positions were necessary to inspect the entire sample (some overlap of 
the transducer positions was permitted to ensure adequate coverage of the bar). A time of 
90 s, most of which are consumed by the relatively slow digitizer which we use to acquire 
high-frequency waveforms, were required to inspect the bar in this manner, while 
conventional scanning consumes almost 5 min. Computer processing time was negligible 
for the former case; thus, o high-speed flash digitizer would reduce the total time 
considerably. Applying the square-law decrease in scattered power with flaw size 
mentioned above, it appears that a 25pm flaw would just be detectable at this depth using 
plane-wave insonification and temporal averaging. 

In order to increase the detection depth, it is necessary to combine temporaai 
averaging with some form of signal integration or spatial averaging. Using plane-wave 
insonification, we next acquired a series of temporally averaged records in which the 
transducer was moved a smali distance between records. The spatial shift was small 
enough that no correction for signal displacement was necessary. There was a 
concomitant increase in signal amplitude. One advantage of this approach is that signals 
from all depths of the material are acquired simultaneously. 

A second scheme, and one which incorporates both temporal and spatial 
averaging, is synthetic aperture technology. In the present case, a high-frequency 
transducer is focused at the surface of the specimen, thereby producing a spherically 
diverging wavefront inside the specimen. The sample is then scanned in a manner similar 
to that using conventional evaluation schemes. At each point of the scan, however, a 
temporally averaged record is acquired. Since the motion of the transducer is large 
compared to a wavelength, the signal from any given flaw undergoes a quadratic phase 
shift with time as the transducer position changes, as shown in Fig. 1. Actual low-frequency 
records of scattering from a point source are shown in Fig. 2, where the time shift of the 
records with transducer position is readily apparent. This shift, which varies with flaw depth, 
must be taken into account when processing the acquired data. A reconstruction is then 
obtained for any desired flaw depth using the original data set. 

We have acquired scuttering data from the 2Spm flaw using a nonautornated 
one- and two-dimensional scan. In the fomer case, a scan was made along a single line 
passing directly above the flaw. The transducer was stepped manually between data 
points, and the resulting data sets were processed for a range of assumed depths. as 
though no prior knowledge of the flaw location were available. The reconstructed flaw 
amplitude data peaked at the proper depth, yielding a very strong signal from the flaw. The 
results indicate that 23pm flaws should be detectable at these depths. 

A two-dimensional scan was also made of the 250-pm flaw. In this case the required 
time is much larger, since one would not have Q priori knowledge of either the flaw depth or 
transverse position in the sample. The resulting data, processed in two dimensions 
(actually three, since the depth processing must also be included) yielded the correct 
position and depth of the flaw. 

By completely automating the data acquisition and processing stages and 
performing all analysis on our 80386-based computer (with Weitek coprocessor support), 
we estimate that the total evaluation time will be less than that necessary to scan the part 
using conventional focused transducers, which must be focused for each depth 
evaluated. The ultimate depth to which we can detect critical flaws using the synthetic 
aperture approach is not known, but it appears that it will exceed the current 3-mm 
limitation. We are writing the software to do the full three-dimensional analysis and 
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Fig. 1. Origin of quadratic phase delay during scan of a flaw. 
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examining several approaches for controlling our present scan system with the same 
computer. 

w ~ r k  would combine narrow- 
with coherent detection for o 
hardware, we have previously sh 
frequency employed should be chosen to ensure that scattering from ex 
lies in the stochastic or diffuse scattering regimes. We are currently invest 
approach as well. 

The above results suggest that an another excellent avenue of approach for this 
insonification for good signal-to-noise characteristics 

ity. While this can be accomplished with 
may also be implemented in software. The 

Radiography - B. E. Foster 

ce testing has been completed on the computerized X-ray tomography 
system that was purchased from Scientific Measurement Systems, Inc. (SMS) in Austin, 
Texas. The purchase a reernent included several progress payment type milestones. All 
seven milestone been completed. They have included a design review, approval 
of major item dr fabrication of the image pr~cessing subsystem, fabrication of the 
array and back n processor, receipt of major equipment items, fabrication of the 
object positioning unit, specimen holder, collimator set, @alibaaticdn standards, and 
installation and acceptance testing at ORNL with Qddbtkmal operator training. The X-ray 
units were malfimctioning Intemittently thus preventing any lengthy scans and obviously 
preventin omplishment of cceptanee testing. Philips (the X-ray tube manufacturer) 
replC8ced bes, shortened e high-voltage cables, and replaced the EPROM, all to no 
avail. Then, at our repealed re est, they replaced the negdive 223kV generator, which 
solved the X-ray problem. The X-ray malfunction hod delayed checkout of the software. 
Operation of the system (after solving the X-ray problem) disclosed several bugs in the 
sohare which have been corrected. Additional software is being prepared at SMS to 
improve high-resoicrtlsn detectability. A number of ceramic components have been 
obtained and ore being examined for system evaluation and operator training. We are 
pleased with the high-resolution capability and versatility of the system inspection of 
complex ceramic parts and assemblies. 

The 2 1 cylindrical ceramic tensile specimens identified in the Ultrasonics section 
were inspected with the CT system. Initial inspection WQS done utilizing digital radiography. 
In genera!, the images were quite good, and only one showed any type of discontinuity 
(sample 893838-2 C2). A CT slice wus taken through the longitudinal center sf this sample. 
The indication noted with di diography was etected. It appears to be a very low 
densih/. but small region (less than 1 mm in diameter). The area was marked with Q 
flomaster pen for subsequent evaluation by ultrasonics but was not detected because of 
the difficulty in interrogating the center region of small diameter cylindrical specirnews. 

A total af 29 additional cylindrical silicon nitride tensile specimens have been 
received for inspection with the CT system. initial inspection will be done utilizing digital 
radiography. Any sample showing any type of discontinuity will be furt-hes evaluated with 
one or more GT slices through the longitudinal center of the sample. 

The high-resolution beam hardening software has been installed and is working 
quite well. In order to obtain optimum beam hardening corrections for the ceramic 
samples, a beam hardening correction wedge (triangle) fabricated of silicon nitride is 
needed and is being requested. The triangle should be approximately 12 mm thick with 
sides of 150 x 260 x 300 mm. 

Additional operator training has been rescheduled from April to mid-May or June 
because of fabrication schedules at Scientific Measurements. 
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On schedule. 
* ,  ications 

Two abstracts, entitled "Spherical Wave Modeling of Transducer Beam Distributions 
for Ceramics Evaluation," by W. A. Simpson, Jr., and "NDE Development for the CTAHE 
Project," by R. W. McClung and D. R. Johnson. have been accepted for presentation at the 
Conference on NDE of Modern Ceramics to be held in Columbus, Ohio, July 9-12,1990. The 
first abstract is also being prepared as an open-literature report. A third paper entitled "High 
Resolution Imaging of Ceramic Materials with Digital Radiography, Computed 
Laminography, and Computed Tomography," by €3. E. Foster, was presented at the 
WaTTec Conference in Knoxville, Tennessee on February 21, 1990. 
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NDE Standards for Advunced Ce ramies 
R. W. McClung (Oak Ridge National Laboratory) 

The development of standards is important for the establishment of reliability and 
acceptance of advanced structural materials. A new committee, C-28, an Advanced 
Ceramics, has been organized in the American Society for Testing and Materials (ASTM) to 
address this issue. One of the activities of the C-28 committee is nondestructive 
examination (NDE). The Task Group on NDE is reviewing existing standards on NDE (primarily 
developed for metals) to determine potential applicability for ceramics. Use of existing or 
modified standards is more efficient than generation of new documents and will assure the 

ut of a large body of NDE expertise. Close liaison has been established with ASTM 
Committee E-7 an Nondestructive Testing and dacument are in various stages of review, 
recommendations for change, modification, and ballotin . R. W. McClung is @I member of 
both committees and the official liaison. 

liaison and technical support have been continued between ASTM Committees 
C-28 and E-7. To date, sixteen E-7 NDE standards have been reviewed in detail with 
recommendations made to E-7 for modifications. Successful E-7 action is complete on 
Seven documents; E-7 balloting action is in progress on six items; the remainder require 
action by e)-28. An advisory (2-28 ballot is in progress for detailed review on five additional 
E-7 standards. An NDE advisory ballot is also in progress on a table of ultrasonic velocities in 
typical ceramic materials. When approved, this will be submitted to E-7 for incorporation in 
an existing NDE standard. A draft document on fabrication of seeded voids in pressureless 
sintered ceramics has been put into ASTM style and after Q few minor additions will be 
ready for ballot in C-28 at the subcommittee level. A draft has been completed of Q 
guideline document that describes available approved standards and their applicability 
for examination of ceramics. 
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- C Tom ' - W. A. Ellingson, (Argonne 
EnaEiE%iory) T m u e  University, Calumet, 
Indiana), and P. Rtzo (Visiting Scientist, CEA/Leti, Grenoble, France) 

0 biectivekco pe 

The objective of this program is to develop X-ray computed tomographic (CT) 
imaging technology for application to structural ceramic materials. This 
technique has the potential for mapping short-range (<5 mm) and long-range 
(>5 mm) density variations (to perhaps 0.5-1 %), detecting and sizing high- 
and low-density inclusions, and detecting and sizing (within limits) cracks in 
green-state and densified ceramics. CT imaging is capable of interrogating 
the full volume of a component and is noncontacting. It is also relatively 
insensitive to part shape and thus can be used to inspect components with 
complex shapes, such as turbocharger rotors, rotor shrouds, and large 
individual turbine blades. 

Technical 

During the current reporting period, we obtained data on two of the new Si3N4 
injection-molded phantoms (turbocharger rotors) received last period, using 
two different 3-D algorithms for the microfocus X-ray scanner. 

v measur- 

To better obtain an idea of X-ra CT sensitivity to density variations within the 

by Garrett Ceramic 8 omponents Division (GCC) of Allied-Signal Aerospace 
Corporation. Figure 1 shows the drawing from which the rotors were made. 
These T-25 turbocharger rotors were produced by injection-molding of 
Garrett's GN-10 Si3N4. Three insert slugs at the critical hubblade region 
have 2,4, and 6 wt.% binder differences, which resulted in an approximate 
0.08 /cm3 mass density difference per 2 wt.% binder from a nominal 2.28 

of the region has these known variations and part does not. 

The 3-D microtomograph (Fig. 2) used in these experiments was designed 
and built at Ar onne National Laboratory. The experimental system consists 

intensifier, a Sony XC-57 CCD (51 22) camera, a Daedal precision 
component-manipulation stage (X, Y, q) and an IBM/PC/AT with frame 
grabber and accelerator boards for data acquisition and control. Software for 
part manipulation and control was locally written. Reconstruction software 
consists of two analytical codes (Radon and Feldkamp) that reconstruct 
images based on circular trajectories of the X-ray source. The codes are 
resident in two computational environments: (a) a VAX 8700 and (b) an 
ALLIANT FX-8 parallel computer. Both computers are accessible from the 3-D 
microtomograph via a local area network. 

critical hub-blade re ion of a tur L ocharger rotor, a set of rotors was produced 

g/cm 3 base material. The slugs were inserted into the hub region so that part 

of an IRT HO 9 X 161 microfocus source, a Precise Optics tri-field image 
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X-RAY CT TEST PHANTOMS 

T-25 TURBOCHARGER ROTOR 
[AS-INJECTION -MOLDED) INSERTS OF 

A,B,C FITTED WITH 

DIFFERENT BINDER 
CASE E: 

A.8.C LEFT AS 
VOID 

. 1. Drawing of injection-molded Si3N4 turbocharger rotors used 
in the study 
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Fig. 2. Schematic diagram of 3-0 X-ray microtomograph 
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QESCRlPTlON QF THE WORK 

The use of large numerical apertures (Le., short distance between X-ray source 
and detector) in microtomogra hy systems has several advantages. First, a 

second, because of higher flux, more filtration can be used, thereby providing a 
narrower X-ray spectrum and eliminating certain artifacts; third, higher flux 
allows examination of thicker and/or higher-density objects. 

However, large? numerical apeFtures also present potential problems with 
image reconstruction because a circular trajectory of the source has been 
shown to result in missing data, and the larger the numerical aperture, the 
more data that are missing. 

For our comparison, we have employed two system geometries. ?he two 
geometries are asymmetrical in horizontal and vertical directions because of 
the detector area we have chosen to work with. The two geometries are (a) low 
numerical aperture with 2 3" vertical and k 5" horizontal and (b) large 
numerical aperture with +_ 9.5" vertical and k 4 5" horizontal. 

higher flux can be achieved, w R ich means shorter data acquisition times; 

At the low-aperture configuration, both codes show similar density (gray-scale) 
values. Because of the higher spatial frequency filter, the Feldkamp code 
better defines the edges of the blades than does the Radon code, 

&e Anertu rft 

At the large-aperture test configuration, a strong artifact is present when using 
the Feldkamp and Radon codes to examine the turbo rotor. This artifact is in 
the form of blurred blades near the extreme; phantom blades appear between 
the real blades. The Radon code presents this artifact at a lower gray-scale 
value. We suggest that the stron er artifact with Feldkamp code could be 
caused by asymmetric filtration. 9 o establish the cause of this artifact, the 
synthesized data were modified by a look-up table simulating the image 
intensifier exposure. The simulation has generated the same response as real 
data. 

This type of artifact can  be further seen by examining axial sections of the turbo 
rotor generated from the 3-D data set, as shown in Fig. 3, and a corresponding 
densitometer trace (see Fig. 4) taken axiatly, The axial tomographic sections 
(Fig. 3) are approximately 1 mrn thick and were taken in the positions noted in 
the diagram on the figure. One of the drilled holes and a part of another were 
also included. We noted five regions on the normalized densitometer trace 
(see corres nding locations on Fig. 3) that are important. Region 1 shows 

show variations in densi between the codes at regions of larger numerical 

densitometer trace) usua!ly observed at an abrupt eometrical feature, in this 

apparent with the Feldkamp code than with the Radon code for this particular 
example. This blade mrtifact seems to point out the critical attention needed to 
attenuation calibrations that, for green ceramics, is difficult because of the 
problems in producing high-quality green bodies. Our future 

problems o p" infinite cylinder cut-off (likely a filtration problem); Regions 2 and 4 

aperture; and Region 3 s 'tl ows the typical "streak" artifact (a spike in the 

case the horizontal plane at the end of the blades. 7 he blade artifact is more 
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Fig. 3. 
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Fig. 4. 

Axial tomographic cross-section of Si3N4 injection-molded 
turbocharger rotor 
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Axial densitometer traces of tomographic sections shown in Fig. 3 

work will concentrate on using green and dense ceramics for calibration and on 
attempting to assess use of alternate materials as well. 
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There are several considerations to be made in regard to algorithm selection. 
One of these is com utational efficiency as it relates to the reliability of the 

e. ., 64 x 64 x 52, there is a significant difference in computation time (9 min 
C8U for Feldkamp and 16 rnin CPU for Radon). However, as the size of the 
reconstructed volume increases, even more significant differences in elapsed 
time are likely. This leads to the need for high-speed computers. 

Based on our preliminary work, we have concluded that for small numerical 
apertures, less than f 3 - k So, there is no significant difference in density 
measurements between the codes. However, because of filtration, the 
Feldkamp code may provide higher geometrical accuracy. At large numerical 
apertures, the Feldkarnp code underestimates the density by 3-5 at the 
extreme top and bottom. In addition, we conclude that at lar e numerical 

critical part of the reconstruction process. In the future, we will define 
appropriate calibrations for the 3-0 codes. 

We will also continue to compare the two algorithms on ceramic materials 
relative to the accuracy of both geometrical and density measurements. 

reconstruction. We E ave shown that even for small reconstruction volumes, 

apertures, attenuation calibration (not part of the geometrica 9 calibrations) is a 
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ear etic -e I ' - N. Gopalsami, 
S. L. Die%%%, W. A. Ellingson%. E. Botto (Argonne National 
Laboratory), and H. Yeh and J. P. Pollinger (Garrett Ceramic 
Components Division of Allied-Signal Aerospace Corporation) 

The objectives of this ro ram are to investigate (a) the feasibility of nuclear 

placed on commercial Si3N4 materials); (b) the potential for NMR 
spectroscopic techniques in determining chemical variations within or between 
organic additive batches that may affect process reliability; (c) the sensitivity of 
the NMR ima ing methods to mixing and injection-molding process variables, 
as manifestdin organic additive distribution homogeneity; and (d) the use of 
NMR imaging for slip-cast ceramic processing technology. 

magnetic resonance ( 
distributions in green 

techniques in mapping organic additive 
ceramics (experimental emphasis 

-oraaresS 

Work reported in this period is focused on correlation of magnetic resonance 
image intensities with organic binder concentrations of injection-molded SigNq 
ceramics. 

Four setsof injection-molded Si3N4 bars (Table 1) were produced by Garrett 
Ceramic Components Division of Allied-Signal Aerospace Corporation for NMR 
imaging rests using different values of injection mixing and molding parameters. 
Four test bars (one in each set, with ID Nos. 1, 21,41, and 69) were imaged by 
ANL with NMR. Each bar is typically 8 mm wide, 4 mm thick, and 59 mm long. 
The NMR images are two-dimensional, along the width and length of the bars 
(x-z plane). Because the field of view of the imaging probe used was only 20 x 
20 mm, each end of the bar was imaged separately, creating eight NMR images 
in total. The ends of the bars were labeled gate and non-gate ends, in which the 
gate end is the inlet side of the mold cavity. 

Table 1. Fabrication Conditions for Test Bars 

Moldirlg Paramew 
Bas e I ine Non-baseline 

Test Bar procedure 
Bar Set 1.0. No. Standard Alternate 

- A 1-4 X - X 

- B 21 -24 - X X 

C* 41 -44 - X - X 

x - - D* 69-72 X 

*Exhibited a patchy pattern on the surfaces of all bars. 
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Figure 1 presents NMR images of the gate end of bars 1 and 41. Bar 1 s 
less uniform distribution of image intensities than bar 41. This is rather 
surprising because bar 1 was produced under the standard mixing and rn 
conditions of the Garrett process, whereas b 
nonstandard mixing and molding condi 
ensure that the void-like feature d ~ ~ i n a n l  
artifact. For example, we repeated the ex 
position of the bar up and down inside the 
intensity was not weighted by T1 effects, 
long pulse repetition time (2 s). There w 
features of these confirmatory expwirne 
images of these bars, supplied by Garr 
(such as iron) thatwould alter the NMR 
~ o n ~ n i ~ o ~ ~  density variations in the ba 
at the location of interest. It is 
~ a r a ~ a ~ n ~ ~ c  inclusion that is 
stili be sensitive to NMR. 

R images of the other bars revealed no dominant features such as the 
feature seen in baa 1. Hawever, the image of bar 69 appeared less 

uniform in intensity than that of bars 41 or 21 a There were no ~ i g n ~ f j ~ ~ n t  
differences between the images of the gate and non-gate ends of the bars 

from each end. A total of 54 sa 
were heated in an air furnace la  650°C at, 

The gray-scale image intensities of the test bars were analyr 
with the ~ r a v ~ r n e t ~ ~ ~  data of the organic binders. Using our i 
workstation, we selected areas of interest on the test bar irna 
corresponding ta the location and size of the sectioned samples. Far each area 
of interest, the mean and standard deviations of the gray-scale in 
obtained. In principle, the mean gray-scale i ~ t e ~ s ~ t y  of a selecte 
should be proportional to the percent weight of the organics in the 
~ ~ r r e ~ p o n ~ ~ ~ g  sectioned sample. Before suc 
made, however, the image data must be corr 
variations or artifacts. One of these is due to 
displayed NMR images, so a comparison between the test bar images requires 
scaling the images with respect to a reference. The other artifad is due to the  
probe response variation relative to the location of a sample volume off interest 
in the probe. 
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Fig. 2. Schematics showing the locations and sha es of defects detected by 
MRI on bars 1 and 69. Also shown are cut ines and sample I.D. 
numbers for destructive correlation studies P 
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As was observed in our earlier concentration-phantom experiments, the 
intensity standard was found to be unreliable, due perhaps to changes in its 
orientation relative to the reference axis of the probe during sample mounting. 
Instead, the mean image intensi in the uniform field range of the probe was 

the bar, Thus, we scaled the intensity values of all the images with respect to a 
reference weight. 

The probe response variation with respect to sample height can be eliminated if 
we restrict the image field of view to the uniform field region of the RF coil of the 
probe, which is about 0.7 times the radius of the coil from the center. But this 
would reduce the data points for correlation to a statistically insignificant 
number since the number of sectioned slices lying in the uniform field region is 
small. It is possible, however, to utilize the whole field of view if the probe 
response can be measured or predicted with respect to the sample position. In 
this work, we predicted the probe response by using half of the data points, Le., 
27 data points corresponding to the non-gate ends of the bars. Because probe 
response is desired for a uniform binder concentration, we weight-corrected the 
scaled image intensities corresponding to the reference weight chosen. Thus, 
we have 27 intensity values corresponding to different locations of a sample for 
a chosen reference weight. A fourth-degree polynomial fit of the data points 
was used to obtain the probe response function, shown in Fig. 3. The center of 
the RF coil is 3.3 mm from the edge of the bar and the coil extends up to 13.3 
mm in bar length. The probe response function shows an edge effect in the 
beginning, which is an artifact of the image reconstruction technique. The 
uniform field region is up to about 9 mm long in the bar, after which the intensity 
decreases almost linearly with length. The scaled image intensities of the bars 
were thus corrected for the probe response variation. 

Figure 4 compares the NMR predicted weights of the organics and actual 
measured weights with respect to distance from each end of the bars. A fairly 
good correlation between the NMR and gravimetric data is seen for all the test 
bars. To determine the overall correlation coefficient, we plotted all 57 pairs of 
data in the form of a scatter plot (Fig. 5). A linear regression of the data passing 
through the origin was determined. If the error bar for the regression fit is 
chosen at one standard deviation from the fitted line, the corresponding error in 
the NMR data is k 0.5 wt. %. For this case, 67% of the data are within the 
correlation band. Calculation of the correlation coefficient for the entire data set 
gives a value of about 0.1. This is a rather low value and is due not to poor 
correlation between the data sets but to poor signal-to-noise ratio and narrow 
spread of the data. When the NMR data were taken, we were limited in the 
amount of RF power that could be transmitted to the probe coils because of a 
problem with capacitor arcing. As a result, the signal-to-noise ratio of the 
measurement was low, and the correlation coefficient turned out to be low. The 
problem has since been rectified, and we believe that our newer images would 
show a higher correlation coefficient. 

equated to the average weight o 1 the organics in the corresponding section of 

tus of Milestones 

We have been dela ed on some milestones because the slip-casting 
subcontract to the i arrett Ceramic Components Division of Allied-Signal 
Aerospace Corporation has not been finalized. 
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Powder C?KYfCICk?fiZcYtiOn 
A. C. Young (Oak Ridge National Laboratory) 

Q&iective/scooe 

The objectives of this task are to (1) identify those aspects of the chemistry and 
physics of a ceramic powder/solvent interface that control processing, (2) develop 
standard methods of analysis for item 1, and (3)  develop procedures for writing 
specifications for ceramic powders to include any methods of analysis developed in this 
project I 

Technical p r o m  

Initial studies on two ceramic powders, RCHP-DBM alumina and Ube E-10 silicon 
nitride, using inverse gas-solid chromatography have been completed. The experimental 
results indicated that the surface characteristics of each powder changed after heat 
treatment in a variety of atmospheres. The shift in elution temperature and change in peak 
geometry of chemicals which were used to probe the ceramic surfaces were the basis of 
judgment. 

Both powders were first isopressed at 40 to 50 MPa (6ooo to 7000 psi) and screened to 
-40/+100 mesh for alumina and -100/+200 mesh for silicon nitride. Heat treatments of the 
screened powders were done at 800°C for 6 h in various atmospheres: air, Ar-4% H2, N2-4% 
H2, and N2. Once the powders were prepared, the experiment was performed with a 
Hewlett Packard gas-solid chromatograph (GSC) equipped with a flame ionized detector 
(FID). Packed columns which held the ceramic powder during testing were made of 
stainless steel tubing with 0.6 cm (0.25 in.) O.D. and 25.4 to 30.5 cm (10 to 12 in.) in length. 

Table 1 lists the elution temperatures of probe chemicals for silicon nitride and 
alumina, respectively; the chemicals are listed in the order of injection. For each probe, the 
injection contained 2 pL of solution made of 50 pL solute in 10 mL of carbon disulfide. The 
packed column was first conditioned at 350°C for 2 h under the He carrier gas. After a 2-min 
soaking at 60°C, the oven temperature was increased at 8OC/min to 3oQ°C and then allowed 
to soak for 4 min before being cooled down to 6CPC. 

The results in Table 1 indicate that the surface characteristics of these silicon nitride 
powders are different from one another. For example, the as-received powder was the 
only one that reacted weakly with Lewis base pyridine and ketones. On the other hand, all 
silicon nitrides except the air heat-treated one have similar elution temperatures for straight 
aliphatics; this implies a change of surface activity due to oxidization. The differences of 
the powder surfaces treated with Ar-4% H2, Nz4% H2, or N2 are real but subtle. The 
N2-treated powder is more polar and acidic than the other two. showing stronger interaction 
with polarizable compounds (benzene. toluene,and xylene) and with Lewis base ether. 

Fourier transform infrared spectroscopy (FTIR) spectra indicated that the surface 
layers of these ceramic particles were saturated with hydroxyls. The as-received alumina 
contained a relatively large amount of hydroxyl groups and a smaller amount was 
detected after calcination at 800°C for 6 h. The extent of dehydration during heating is not 
known since reduction in hydroxyl concentration may be due to powder coarsening at high 
temperature and rehydration of alumina can take place in a short time after cooling. For 
silicon nitride, the existence of hydroxyls and linear hydrocarbons on the as-received 
powder was revealed by the FTIR spectrum. Silicon nitride powders heat treated in N2, 
N2-4% H2, and Ar-4% H2 gave similar spectra with two distinctive peaks (wavenumber 3375 
cm-1 and 3750 cm-1). However, the 3375 cm-1 peak disappeared when calcination was 
carried out in air. 
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Table 1, Elution temperatures of probe chemicals for Si3NA powders (“(2) 

& O b  m, m. L m, 
chemicals As received 6 h/Air 6 h/Ar-H2 6 h/N&j 6 h/N2 

Carbon disulfide 

Benzene 
Toluene 

Noncrne 
Decane 
Undecune 
Dodecane 

Xylene 

Acetone 
Methyl-ethyl ketone 
Methyl-isobutyl ketone 

Ether 

Benzene 

Pyridine 

Pyridine 

Benzene 

Water  

a 
95 
117 

127 
145 
161 
177 

136 

75 
60 

153 
1 67 
187 

141 

97 

2% 

E 
NE 
N 
PE 

263 

98 

NE 

CQ 

97 
115 

104 
121 
137 
15’1 

138 

a 
CB 

192 
NE 
NE 

163 

93 

E 

&E 
bE 
NE 
N 

NE 

91 

PE 

Additional studies using a scanning electron microscope with X-ray function 
(SEM/X-ray) and electron spectroscopy for chemical analysis (ESCA) on the powders will 
be carried out. An open literature report is being prepared to sumrnariie the results. 

On schedule. 
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Spectroscopic Characterizatjm 
M. A .  Anderson (University o f  Wisconsin - Madison) 

Objective/scope 

This project is designed to fulfill two primary objectives: 
1. characterization of the aqueous surface chemistry of silicon nitride, 

2. spectroscopic characterization of a ueous suspensions of silicon nitride. 

which also requires the development of a standard for mobility measurements 
and participation in a round-robin characterization of this standard; and 

Technical progress 

Our efforts during this period were focused primarily on the preparation of 
an internal standard for use by all participants in the round robin mobility study. 
Three materials have been considered for use as internal standards. Red 
blood cells were eliminated because (1) their reported mobility values depend 
greatly on the buffer used to prepare the suspension and (2) the lifetime of 
these suspensions is relatively short. Several olystyrene latex suspensions 
have been tested with mixed results. Other participants will continue to 
characterize selected latex systems, but all latex systems suffer from the 
problem that they do not behave like ceramic materials when dispersed in 
water (e.g., the mobility of a latex does not vary with pH in aqueous 
suspensions except over a limited range of pH values). Consequently, we 

ed the use of phosphated goethite (a-FeQOH) as a standard. Besides 
ceramic material itself, a separate study of phosphate adsorption on 

goethite conducted by Dr. Tejedor indicated that mobility measurements on this 
material correlated well with separate spectroscopic and adsorption isotherm 
measurements.' Thus, phosphated goethite may serve as an absolute mobility 
standard under certain conditions. 

We have prepared two separate sets of aqueous suspensions of 
phosphated goethite at different pH values for round robin evaluation. The first 
set (Goethite 1) were prepared at pH 4.5, 5.1 and 6.0 in 0.01 M NaCl at a 
solid concentration of 1 g goethite/L. These conditions were chosen to mimic 
conditions described in ref. 1, and mobilities measured initially for these 
suspensions agreed well (within 0.2E-9 m'N-sec) with mobilities reported in ref. 
1. Acidic suspensions were used in order to minimize pH drifts caused by CO, 
adsorption. Studies on Goethite 1 were conducted during October and 
November 1989. Based on these results, a more rigorous study was designed 
(Goethite 2) which incorporated suspensions at pH 3.5, 4.4, 5.2, 6.1 and 7.0 in 
0.01 M KNO, at a solid concentration of 0.25 g/L. Since Goethite 2 was still 
being conducted in April 1990, results from this study will be presented in the 
next report. 
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Sample ~ r ~ ~ ~ r a t i ~ ~  (Goethite 1) 
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4-1.75, 60.2 and -1.25E-8 m*/v-see, as 
Ths goethite used was a concent 

condwctivity and stared as an 
reparation. Although this 

used in ref. 1 

entration of 157 g/L at negligible ionic: 
concentration of 1 g/h in 0.01 N NaCI, 

. (NaCI was used the inert electsolytc 

oresis measurements, the Goethite 1 

any IR abssrp 
at 30 g solicls/L for F 

order to check on tier mobility 

1. In three 125 mL plastic containers, mix 6.3 mL of the cancentsated 
ension and 27.0 rnl. of 6.0124 N NaCl (72.5 rng solid diluted lo 100 mL) to 
33.3 mL of a suspension with 30 g solid/& in 0 
2. Adjust pH in each container to withi e desired value 

with HCI (initial pM is about 8.4 after mixing, requiri .% and 1.8 mk 
sf 0.11 N HC1 for reaching the appropriate pH); 

overnight in shaker at 25 C; 
the next day and adjust if necessary (slight up 

5. Add 1.0 ml. of' 0.1 M NaH,PO,.H,B (138 mg undried sollid diluted to 
nit, was obsewed, as expected); 

10 mL); 
1 hr in shaker; 
(pH rose 4 80 4.5 units in all samples an required addition 

of 1.25 to 1.5 mL sf Q , d  N HCI to return to desired value); 
8. Equilibrate overnight in shakes at 25 C; 
9. Check pH and adjust if needed (a small increase in pH was noted and 

n of 25 uL of 0.1 N HCI); 
to 1 b with 8 solution of 0.01 N NaCl (584.5 mg solid 

to the desired bl (sdutisn pW before adjustment was 

11. Transfer samples to 1 b plastic bottles for stor 
about 6.0); 
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All plasticware used in sample preparation had been washed with a non- 
phosphate detergent, rinsed several times with deionized water, soaked over- 
night with 10% by volume nitric acid, rinsed several times with deionized water, 
soaked overnight with deionized water, and rinsed several times with deionized 
water before use. All samples were stored at room temperature. Subsamples 
distributed to participants were obtained by shaking the sample container and 
pouring out 200 mL of suspension into washed plastic bottles. 

Results (Goethite 1) 

Sample preparation was completed on 9/25/89, and initial measurements 
were obtained on 9/28/89. At this time pH values were measured as 4.36, 
5.15 and 6.05. These values provide the basis for designating the samples as 
"Nominal pH" 4.4, 5.1 and 6.1. Table 1 lists the measurements obtained for 
each sample. Values of pH were obtained in stirred samples, except when two 
values are separated by a slash. In this case, the first value listed was 
obtained in a stirred sample, while the second value was obtained in a 
quiescent sample. Reported mobility values are averages of several measure- 
ments. A typical protocol for measuring mobility was: 

1. Flush measurement cell with sample at least Iwice; 
2. Measure mobility; 
3, Let sample stand in cell for two minutes; 
4. Repeat mobility measurement; 
5. Let sample stand in cell another two minutes; 
6. Repeat mobility measurement; 
7. Load cell with fresh sample at same pH; 
8. Repeat steps 2 - 6; 
9. Wash measurement cell with deionized water or 0.01 N NaCI; 
10. Repeat steps 2 - 8 for sample at different pH. 

All University of Wisconsin (UW-M) measurements were obtained on 
samples taken from the 1 L stock containers, as were the first set of Rutgers 
(RU) measurements. All other measurements were taken using subsamples 
which had been dispensed into smaller plastic battles. 

Discussion (Goethite 1) 

Agreement between UW-M and RU for the mobility measurements was 
good, although measurements at Penn State (PSU) and Oak Ridge (ORNL) 
were consistently low and high, respectively. This agreement is close enough 
to indicate that phosphated goethite may serve as an internal mobility standard 
for the round-robin. Measured values of pH agreed to within 0.2 pH units at all 
sites, which is not very good. However, these measurements may have been 
affected by sample aging. Several points will be discussed individually. 

1.) Variations in sample properties aver time. 
2.) Suspension instability. 
3.) Variations in pH measurements. 
4.) Instrumentation problems. 
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nd robin mobility measurements (times 1E8 
rn2/v-sec) obtaine for Goethite 1 rnobih 

Nominal 
Site ._ 

4.4 912 
1 8/66 
1 Q/07 
1 0/27 
11/18 
1111 8 
11/19 

5.1 9/2 
1 Q/Q6 
18/07 
18/27 
11/18 
11/18 
11/19 

6.1 9/28 
1 0/Q 
1 Q/O7 
18/27 
11/18 
11/18 
11/19 

UW-M 
RU 

PSIJ 
uw-M 
L9 
ORNL 
RU 

UW-M 
RU 

PSU 
UW-M 
UW-M 
URNL 
RU 

UW-M 
RU 

PSU 
UW-M 
IJW-M 
QRNL 
RU 

4.36 

4.42 
4.49/4.50 

4.4s 
4.30.M.60 
4.33435 

5.15 

5.29 
5.4415.27 

6.04 
5.0615.25 
5,15/5.17 

605 

6,lQ 
6.13/6.05 

6.59 
5.80/5.94 
6.09*/6.05 

f 1.75 
1- 1.1 
1- 1.87 
+ 1.67 
+ 2.30 
-i 1.89 

+ 833  
+ 0.2 
- 0. 
+- 0.58 
-b Q.33 
+ 1.09 
+ 8.51 

- 1.37 
- 1.25 
- 1.6 
- 1.18 
- 1.31 
- 0.53 
- 1.26 

0.10 

Q. 09 
8.0% 
0,210 

8. 02 

0.06 
0.05 
0.16 

0,06 

0,03 
Q,83 
0.12 

* A stable pW reading was not obtained. The measured values varied between 
6.03 and til$* 

(1) Sample Variation 

Previous experience indi 

exe3 Some of ions in measured properties, both pH and 
ty, may be atb 
Mobility measurements for the low pH sarnpl 

Rutgers may be exhibiting a slight increase over i 
are small enough that they may simply bs due to measurement 
errors. The most recent UW-M measurement also does not fit this seenari 
the mobility had decreased to its original value. However, Dr. Tejedor has also 

-term (over a period of several 
srption on goethite is rather weeks) kinetics ~f p 

the complicated kinetic behavior sf these systems. 
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observed what appear to be periodic variations in mobility values for 
phosphated goethite samples as they age. If the range of these variations is 
limited to 0.2E-8 m'V-sec, then this material may serve as a mobility standard 
even if it displays complex kinetic behavior on aging. One advantage of this 
material is that its pH remained relatively canstant, except at PSU. 

Mobility values for the high pW sample also displayed somewhat similar 
behavior but complicated by a significant increase in pH at some point in the 
aging process. This increase was noted at both PSU and UW-M, although not 
at the other sites. In order for mobility to remain nearly constant while pH 
increased, as observed at UW-M, phosphate would have to desorb from the 
solid. 

A possible driving force for phosphate desorption could be adsorption of 
p h ~ ~ ~ ~ a t ~  on the walls of the container. Afthough the surface area of the 
goethite is ca 1000 times larger than the area of the walls of the container, any 
micraporosity, imperfections in the wall structure or leaching into the container 
could affect the system. One possible approach to minimize the effects of the 
container is to expose them to a phosphate solution before usin 
containers in phosphate adsorption studies. 

A second possible reason for phosphate desorption could be competition 
between phosphate and either CQ, or bicarbonate, depending on the system 
pW, for adsorption sites on the goethite. There;. are two reasons for d isc~~nt ing 
this hypothesis. (1) Phosphate and CO, d~ not adsorb on the same site, so no 
competition would be expected. (2) If phosphate and bicarbonate are 
adsorbing on the same site, phosphate would be expected to adsorb much 
more strongly because of its strong chemical bonding. TRus, phosphate should 
outcornpete bicarbonate. However, it should be noted that the pH increase was 
observed at PSU only after the sample had been left open to air, while the pl-l 
increase at UW-M was obtained after the 1 L sa ple bottle had been opened 
several times to dispense subsarnples. Samples at the other locations would 
have had less contact with air. Exposure to some component of air may affect 
the aging processes occurring in these samples. 

The intermediate pH sample displayed larger variations in mobility as well 
as a fairly large pH rise, again observed only at UW-M and PSU. This rise in 
pH should have the same causes as the rise discussed above, while the 
variation in mobility values is not surprising and will be discussed next. 

(2) Suspension Instability 

When the samples were prepared, it was thought that the low and high 
pH samples would be stable suspensions with positive and negative mobilities, 
respectively. Based on our previous experience, these samples were expected 
to provide more reproducible mobility measurements than the sample at inter- 
mediate pH. The intermediate pH sample was prepared simply as a check on 
the behavior of a sample with a low mobility. 

It was rather surprising to find that the intermediate pH samples measured 
at UW-M gave quite reproducible results during any one set of measurements, 
with reproducibility as good as or better than the reproducibility obtained for 
samples with higher mobilities which should have been more stable. There did 
not 'appear to be any problems due to sample settling during the UW-M 
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measurements. However, ail other sites did indicate that sample settling was a 
significant proble for all the samples. 

(3) Variations in pW Measurements 

Differences in pH values H Lenits between stirred and 
quiescent systems were obse and OWNL. These 

nts were ~~~o~~~~ in order to 
pH in concentrated suspensio owing the particles Its settle 

measuring the pw of t iescent supernatant. It n 
krrements in stirred sys are more reliable. Thus, 

sions can be performed 
f the $ ~ ~ ~ ~ ~ ~ t a n t ,  and 

measurements in concentrated 
sisn, pouring off a s 
matant: while stirring. 

There was also some variation in pH measurements 
groups for the same sample. However, it is difficult to se 

aging from variations due to differences in me 
mentation. It is recornme ups use the same model 
de (Orion Mods6 8172BN combination pH electrode). 

orled herein, agreement To wilhin 0.2 units far pH 

(4) I nst r urnentat i on Problems 

If we accept that the good agreement in ~0~~~~~ values be 
and UW-M indicates that these values are the "true" values for t 

e apparent with both the BRNL and PSU 
ents. The PSU inst han ""true", with the 
ancy being worst at ple settling problems 

would be most acute. On the instrument consi 
curring at the 
the sample in 

was severe en process. If the next 
may be better 

Sample ~ r ~ ~ ~ r a t ~ o ~  (Goethite 2) 

hite 1 mobility round-robin prove very useful in indicating where 
exist. As a result, it was decided ta proceed with 
ting several changes: 

a) prepare phosphated g thite samples at the same phcasp 
as used in Goethite 1 but at fi es (3.5, 4.4, 5.2, 6.1 and 7.8); 

b) prewash sa 
e) prepare 1 L 

a ~~~~~~~~~ sokltion bsfcsse use; 
ach ~ ~ ~ j ~ i ~ ~ ~ t ~  split among five 258 rnL 

bottles; 
d) change the inert electroi e from 0.01 M NaCl to 0.01 M KNO,; 
e) lower the solid c ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  to 0.25 g/L. 
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Samples at five different pH values would be prepared in order to better 
differentiate random errors in mobility measurements from systematic errors 
which might indicate some systematic bias in an instrument. This procedure 
would also improve the measurement statistics and better define the isoelectric 
point. By splitting the samples among five separate sealed bottles, aging due 
to contact with air should be minimized. Also, it will be possibie to coordinate 
the timing of the m e ~ ~ u ~ ~ ~ e ~ t s ,  as was done for the last measurements in 
Goethite 1. 

The actual steps in the procedure were: 

1. To five pre-cleaned 4 L bottles, 
MH,PO, solution (2.27 $250 mL), and 4. 

2. Add appropriate amounts of aci QH) tQ obtain 
solutions of pM 3.5, 4.4, 5.2, 8.1 and 7.6; 

3. After allowing the betties to soak for at least two days, pour the 
conditioning solutions into the pre-cleaned 250 mL sample battles; 

4. In the conditioned 4 h bottks, make up the same solution as in step 1 
but also add 6.35 rnL of concentrated goethite suspension; 

5. Again add acid or base as needed Ba obtain solutions at pH 3.5, 4.4, 
5.2, 6.1 and 7.0; 

E;. After the 250 rnL sample battles have been conditioned for 
two days, replace the conditioning solution with suspension of the sa 

water, 1.5 rnL of 

cap the bottle. 

Because of the sample size, over 
not performed. Several additions of a 
conditioning and suspension pH to the desired values. During delivery of the 
concentrated stock goethite sion in step 4 above, a noticeable a 
suspension stuck to the deliv pette (estimated at about 5% of the total 
solid). Thus, the actual solid erstration was somewhat less than 0.25 g/L, 
and the phosphate loading was corr ingly higher than 100 pmol/g. 
Although this problem shoul asured isoelectric point for these 
saiasples belaw the value re the difference in behavior should 
not be significant for the purposes of the round robin. Although sonication of 
the suspensi~ns night be helpful in breaki g up larger particle aggregates and 
agglomerates, thereby giving more reproducible suspension behavior, sonication 
of these samples was not perf~rmed because the necessary apparatus was not 
available. 

Samples were received by all participants at the beginning of March 1990 
and round robin measurements were scheduled to be taken on or near March 

tat shaking of the suspensions was 
or base were needed to adjust the 

and 31 as we31 as April 7, with one sample held in reserve. All 
ants were requested to measure the sample pH and mobility of as 

received samples, allhaugh the actual measurement protocol (eg. , equilibration 
time for pH measurements and number of samples measured for mobility 
measurements) was not specified. These samples were then sonicated (use of 

ath or probe sonicator and a sonication time were not specified), and pH 
and mobility measurements were repeated. 
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esults and Discussion (Goethite 2) 

Agreement ~~~~~ pH values was quite g 

~1 in the samples which w Id acidify them. Generally, the UW 

at pM 3.5 and 4.4, but 
er differences eared as the pH increas 
units being f l O  for the pH 7.0 samples. variation is likely due ts 

higher had a higher measured pH than the other 
isate that shaking sd the  samples as they were shipped 

to other groups ~~~~~~~~~~~ considerabk GO,. Samples 
during this period. Even at UW, absorption of CO, was 

measured pH 6.8 dur 
ple had been adjusted to pH 7.1 before ski 

the asuod robin. 
mobility values was reasonable, generally within 0-2 to 

, although larger differences wouBd expedcd at higher pE-l 
depends on pk-4 far oxide svspevsi ~ and pH variations were 

1-9 values), The largest variations mQbiSiEy occurred for the 
which are near or at the isoelectric point for this materia!. 

d tine r~ussid robin, V V ~  S L P S ~ L X ~ ~ ~  that the diff~ent st%Res of 
aggregatian present near the isoc!ectrk point w ~ ~ i l d  make iiiobiMy 
measurements on these samples the moat problematic, Oar expectations have 
been fu I fi I I ed . 

In spite of the 
for this material fa! 
goad as coesld be expected for an individual rescaircber reparting a value for an 
isoclecfric point. Thus, meas~arermn? of isoelectric points appears to be a valid 
characterization technique for 

Alfbaugh sonication did cause changes in measured prapeaies among tthe 
different groups, there does not appear to be 8 general effect which can be 
noted at this time Differences in pH rneasearernsnt Eechniqms did riot appeah 

ernerst differences, the measured isoelectric points 
n pW 4.9 and 5.4. T'hss agrssment is almost as 

aterials which Ulisphy aae. 

to be significaxPa either.. 

1. M.1. Tejedor-Tsjedor and M.A. Anderson, "Protanation of Phssphots or1 
the Surface of Gsothite As S M i e  by CIR-FTIW and Electrophoretic Mobility," 

602-11 (19W). 
J. Atkinson, A.M. Posner and J.P. Quirk, "'Crystal Nucleation in 
ions and Hydroxide Gels," J. I~SKJ. Nud. Chem. 36, 23741-81 

. M.A. AndWSosA, M.1. T ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~  and R.R. Standsah, "Influence of 
etics of Phosphate by Goethite," Envjmra. Sct 

Tecknol. 19(7), 632-7 (19 

1 , Complete round robin characterization of "benchmark" eollaici. 
completion: May 31, 19 . On schedule, but may be delaye 
3" study is needed. 
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2. Complete initial round robin mobility testing of silicon nitride. Expected 

3. Complete round robin mobility testing of silicon nitride. Expected 

4. Complete peak assignments for CIR-FTIR spectra of aqueous 

completion: Nov. 3Q, 1990. On schedule. 

completion: May 31, 1991. On schedule. 

suspensions of silicon nitride. Expected completion: Nov. 30, 1991. On 
schedule. 

Publications 

None. 
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I Surf .- ace dldso_?.g~.~g 
J ,  1-1. Adair and A .  Rabinovich (Pennsylvania State University) 

This project represents a coordinated effort among ORNL and three 
univwsity laboratories ( BS Elements 3.5.1.7, 3.5.1.8, 3.1.5.9, and 
3,5.2.0>, The purpose o f  this project ( BS 3.1.5.9) is tu study t h e  
surface chemical interaction of si1 icon nitride powders in aqueous arid 
nonaqueous environnients and t o  study surface c h ~ m i c a l  modification of 
material ,  and ,  i n  particular to rnnderstand the ac id -base  nature s f  the  
silicon nitride - solvent interface. 

Background 

A s  a heat-resistant material, silicon nitride ha< applications in 
ceramic engines3 h e a t  exchangers, turbine bli ades, and high frequency 
combust ion  crucibles I 

for silicon nitride require a range o f  fo rming  operations to fabricate the 
speci fi c components. 
range o f  shapes for silicon nitride components require t h e  use of organic 
additives. F o r  example, precombustion chambers f o r  diesel engines and 
turbine blades a.re usua l ly  injection molded using highly filled thermoplas- 
t i c  polymers whilc tubular h e a t  exchangers are extruded with less polymer 
as binder and usually the b inder  is signiricantly different in terms o f  
functional groups and properties thari t h o s e  polymers used for injection 
molding. 

Ceramic processing of t en  involves the suspension o f  ceramic powders in 
an organic solvent rather than water  to proniote separation or dispers ion o f  
t h e  ceramic particles during forming o p e r a t i o n s .  
solvents i s  particularly impor tan t  i n  the processing o f  r ionoxide ceramics 
such as silicon carbide, silicon nitride, and alu incm nitride because 
these compounds are subject t o  reactions with w a t  r to farm oxides or 
hydroxides surface groups or, in the case o f  aluminuiii nitride, uniform 
transformation t o  the hydroxide. Yet little fundamental data exist oc1 the 
interaction o f  ceramic particle surfaces w’i t h  the organic species in 
organic  solvents. Furthermore, the role t h a t  t h e  surface composition of  
t h e  ceramic particle plays in the d i s p e r s i o n  and interaction o f  particles 
in solvents is not e l1  established. The current study is designed to 
determine the nature o f  the surface interactions o f  silicon nitride with 
organic sol vents and sol u t e s .  

The variety o f  current and potential appl  icat.ions 

Mast o f  the forming processes required to ach ieve  the  

The USE o f  nonaqueous 

Approach 

There are four  participants in the overall project: OR 

The Penn S t a t e  project i s  composed of tMo distinct elements: 

A round robin characterization o f  electrophoretic rnobil ity and acid- 
base character in aqueous suspension ta be conducted by a l l  
participants. 

universities, Penn State, University o f  Wisconsin, and Rutyers University. 

1. 
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2. Special projects at Penn State: 

The Penn State workplan is based on five tasks: Task 1 to 
participate in round-robin particle electrophoretic mobility measure- 
ments, Task 2 t o  determine the nature of reactive sites on the silicon 
nitride surface, Task 3 to modify the chemistry of the silicon nitride 
interface using organic species, Task 4 to determine the rheological 
and dispersion properties o f  the nonaqueous silicon nitride suspen- 
sions, and Task 5 to ensure transfer technology to ORNL via meetings 
and reports. Each task is discussed in detail below. 

Technical proqress 

FY 1989 

Round robin - Electrophoresis - Goethite standards prepared at 
Wisconsin were evaluated as part of the Penn State participation in the 
round robin. 

Reactions at the Silicon Nitride - Solution Interface - A study was 
conducted to determine the extent of aqueous reactions at the silicon 
nitride-water interface. 
required to stabilize reactions at the interface as indicated by Ph and 
particle electrophoresis measurements. A semiautomatic titrator was also 
purchased and set up to utilize acid-base titrations to study the silicon 
nitride-solvent interface. A particular emphasis of this work will be on 
the nonaqueous potentiometric and conductometric titration to determine the 
strength of acid and base sites on the silicon nitride surface. 

It was demonstrated that up to 27 days are 

FY 1990 

Round robin - Electrophoresis and pH measurements - The round robin 
electrophoresis on the goethite standards prepared at Wisconsin indicated 
several interesting features. The isoelectric points determined at each o f  
the participants were similar, but measured pH values displayed consider- 
able scatter. The suspected influence of dissolved CO? and adducts and 
methods to overcome the effect o f  these dissolved species are currently 
under investigation at Penn State. 

Reactions at the silicon nitride - solution interface - The use o f  
potentiometric titrations in nonaqueous solvents indicates that there are 
possibly several different kinds of acid and base sites on the silicon 
nitride depending on the prior environmental history of the powder. The 
results are gen’erally consistent with potentiometric titrations used to 
evaluate the silicon dioxide surface. Future work will focus on further 
potentiometric as well as conductometric titrations on silicon nitride as 
well as model systems such as silicon dioxide. 

FY 1991 

Round robin - The first test o f  the silicon nitride powders will be 
completed and evaluated. A second round of tests on silicon nitride will 
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be performed, i f  necessary. The f i n a l ,  approved test procedure will be 
written. Industrial participation will Re invited, 

&actions the silicon nitride - solution Interface - The strengths 
o f  the acid and base sites at t h e  silicon nitride surface will be e s t i m a t e d  
based on cal CUI ate re1 a t i  ve bond s t r e n g t h s  and the nonaqueous t i  trat. i ons  
The sur face  o f  s i l i c o n  nitride will be modified, using metal organic 
coatings selected to ensure both  dispersion and i n h i b i t i o n  o f  oxidation 
reactions. 

The program i s  on schedule. 
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Sur face  Thermodynamics 
R .  E. R i m a n ,  D .  J .  S h a n e f i e l d ,  and J .-F.  Wang (Rutgers University) 

0 bject ive/sco pe 

The purpose of this effort is to (1) identify and characterize those aspects of 
the chemistry and physics of the ceramic powder and powder/solvent interface that 
control processing, (2) develop standard methods of analysis for item ( l ) ,  and (3) 
develap procedures for writing specifications for ceramic powders to include any 
methods of analysis developed in this project. 

Technical proaress 

Microelectrophoresis is an important method for measuring surface 
properties of colloidal materials. In order to obtain reliable measurements, a good 
reference colloid must be chosen first, and both the behavior of the reference under 
a variety of measurement conditions and instrumental factors must be established. 
A good reference colloid should exhibit (a) little sedimentation and agglomeration 
over the course of the microelectrophoresis experiment, (b) a surface potential as 
insensitive to pH as possible, (c) commercial availability in a highly pure and 
reproducible form, and (d) resistance to environmental factors that could change its 
properties upon storage. Polystyrene latex fulfills most of the criteria cited above 
(except possibly (d)). Time-dependent, solids-loading and electrolyte concentration 
effects are determined below in order to establish reproducible referencing 
conditions. Using these referencing conditions, surface properties of silicon nitride 
as a function of aging time and atmosphere are studied. 

Expe rim en tal 

All chemicals other than those cited below were purchased from Aldrich 
Chemical Company, Inc. (Milwaukee, WI), were ACS reagent grade or better, and 
were used without further purification. Deionized water with a resistivity of 18 
Mncm filtered by a 0.22 pm membrane was obtained with a Milli-Q Water System 
(Millipore Corporation, Bedford, MA). Nitrogen with an oxygen content of less than 
5 ppm was obtained from Matheson Gas Products (East Rutherford, NJ). Sulfate 
group-stabilized 0.5 pm polystyrene latex was purchased from Polyscienees, Inc., 
Lot 81 688 (Warrington, PA); Interfacial Dynamics Corporation (Portland, OR); and 
Sigma Chemical Company, Lot 98F0460 (St. Louis, MO). The former two were 
surfactant-free dispersions while the latter one contained 0.1-0.5 wt% surfactant. 
Silicon nitride powder (UBE SN-E10) was obtained from UBE Industries, Inc., Lot 
A810542 (New York, NY). Suspensions of polystyrene latex were prepared by 
diluting a concentrated commercial dispersion into a desired volume fraction with 



e Ject ro iyte solu ti er was prepared by 
dispersing the p Suspension pH was 
adjusted by addition of either HN03 or MOH solution, after which suspensions were 
stored in sealable Falcon pclypropylene containers (Amer!can Scientific Products, 
Edison, NJ). 

Prior to characterization, each suspension was divided into two g r~ups  fer 
electrophoretic mobility, p, and pH measurements. A Srinkman 686 Titroprocesssr 
with Metrohm (Switzerland) with Ag/AgCI double junction electrodes, 
using pH 4.00, 9.80, and 10.00 buffers, was used for pH measurements. 
Zetasizer II with a ic field strength sf 15 

sample of the reference colloid was intrad into the cell and allowed to 

measurement. p and pH measurements were performed simultaneously at 25°C far 
each sample. At least seven measurements were made and subsequently 
averaged together to obtain each p. data point, except fur time effect studies, which 
utilized a single measurement per data point. 

The suspension of silicon nitride 
er in solutian using an ultrasonic b 

alvern System 47 carrelator at an ele 
Vlcrn was use for microelec: horesis, Since econditioning the 
microelectrophoresis cell is important to obta repsoducible measurements, a 

uilibsate fsr abaut 3 min before a second sample was intra 

Resuks and discussion 

Of the three latexes describe above, the Polysciences latex was selected as 
a reference because it dis a high zeta potential (5-4100 mV) and its mobility 
was the least sensitive to changes in pH for a given electrolyte concentration, For 
instance, when a 0.01 M KNQ3 electrolyte was employed over a pH range of 5.5 to 
10,s (Figure la), p fell within the rang@ af (7.7110.05)x10-8 rn2/Vs. In contrast, for 
the latexes manufactured by Interfacial Dynamics and Sigma, p, varied over the 

3 4 5 6 7 8 9 1 0 1 1 1 2  
PH 

Figure 1. A 0.01 vol% polystyrene latex in 0.01 M KM03 solution: 
(a) mobility as a function of pH 
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ranges of (6.8Ifr0.09) and (7.30+0.25)~1 0-8 mWs,  respectively, over the same pH 
range. 

While initial measurements for identifying sample-oriented effects made this 
colloid appear optimum as a reference material, additional measurements were 
necessary to verify the operation of the microelectrophoresis equipment. The 
condition of the cell and the associated optics can be examined by using the 
reference colloid to check the stationary layer positions of the cell. This was 
accomplished by varying solutian pH to vary the eledro-osmotic velocity’ of the 
suspending solution, Using the intersection of two or more cell profiles yielded 
experimental stationary layer positions within 5 pm of the position determined from 
first principles (Figure 1 b). The symmetrical p profiles also show that there are no 
dimensional asymmetries present. The steepness of the p profile increases with 
pH; thus, when the stationary layer position is not properly located, p is more 
subject to instrumental error (Figure l b ) .  

Assuming the instrument is o erating properly, obtaining reliable p values for 
the reference calioid also depends on the sample preparation conditions. First, our 
studies revealed that a solids loading greater than 0.005 vol% was required before 
a constant p could be obtained (Figure 2). Using different instrumentation (Pen 
Kern 3000), this has also been found for calcite powders*. A decrease in the 
absolute value of p has been attributed to hydrodynamic interactions3 and colloidal 
phenomena such as double layer compression. In this experiment, however, the 
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Figure 2. Electrophoretic mobility as a function af solids loading: (a) latex (b) Si3N4 

absoluts value of p was found to increase. This difference could have been caused 
by insufficient particle population in the sampling volume far laser Doppler 
velocimetry. Seco the mobility was found to vary with the time elapsed after 
introducing t he  sa into the microelectrophoresis ce81, which also varied with the 
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type and concentration of electrolyte (Figure 3). Therefore, all the measurements 
were performed immediately after injection into the conditioned sample cell (-2s). 
This overall approach led to the collection of reproducible p data. For instance, in a 
pH range of 5.5 to 10.5 and under the conditions summarized in Figure l a ,  the 
average p taken from p plateaus measured 6 months apart differed by as little as 
3.4~1 0-9 m2/Vs. 

After using the above reference colloid to check our instrument, p studies on 
silicon nitride were condticted. In general, neither time dependency nor electrolyte 
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while aging in the other two closed systems did not. At aging times greater than 3 
days, the behaviors of different aging enviranments appear to converge (Figures 4c 
& 46). However, at these long aging times, at any pH value below the IEP, the 
magnitude of p is greater than at shorter times regardless of the aging environment. 
The above results can be interpreted in terms of silicon nitride surface chemistry 
and its chemical interaction with water. This work will be presented in a future 
publication. 

2 3 4 5 6 7 8 9 1 0 1 1 1 2  
PH 

Figure 4 (Cont.). (c) 7 days (d) 30 days 
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Conclusion 

Based on criteria cited earlier, polystyrene latex has been identified as a 
good reference colloid for establishing the proper operation of a 
microelectrophoresis apparatus. However, the effects of solids loading, electrolyte 
concentration, and time an p must be determined before reference p values can 
be established for the colloid. Similar studies should be undertaken when 
examining any unknown material. When this is done, Isng-term time-dependent 
studies can be accomplished with minimal experimental error. 

Milestone 351 7Q2---Csmplete round robin mobility testing sf "benchmarkB5 
colloid---is expected to be ~~~~1~~~~ before the next Progress Meeting. 

P u bl icat ions 

J.-F. Wang, R. E. Wiman, and D. J. Shanefield, "Reliable Electrokinetic 
Characterization Procedures for Ceramic Powders,'9 Presented at Materials 
Research Society Meeting, Sari Francisco, Calif., April 16, 199 
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4 . 0  TECHNOLOGY TRANSFER 

4 . 1  TECHNOLOGY TRANSFER 

4 . 1  1. ITchnqlpq~ Transfer  

Techno7aqv T m ~ s f e r  
D. R .  Johnson (Oak flielge National Laboratory) 

Techno1 ogy t r a n s f e r  i n  t h e  Ceramic Techno1 rsgy Pro jec t  i s accarnpl i shed 
by a number o f  iiiechanisms including the f o l l o  

Trade Shows - A por t ab le  d i sp l ay  desc r ib ing  the program has been 
b u i l t '  and has been used a t  niimerous na t iona l  and i n t e r n a t i o n a l  t r a d e  shnvs 
and tecb-ini cal mecti ngs . 

~ _ _ _ _ .  Newslet ter  - A Ceramic Technology Newsletter i s  pub1 ished w g u l a r l y  
and sent; t o  a l a r g e  d i s t r i b u t i o n .  

k p r t s  - Semiannual t echnica l  reports, which inc lude  c o n t r i b u t  ions 
by a l l  p a r t i c i p a n t s  i n  t he  programl are PUS-1 ished and sen t  t o  a l a r g e  
d i s t r i b u t i o n .  I n f o r m 1  bimonthly managerrlent and technica l  r e p o r t s  a r e  
d i s t r i b u t e d  t o  t h e  p a r t i c i p a n t s  in  the program. Open-1 i t e r a t u r e  r e p o r t s  
a r e  r e q u i r e d  o f  a l l  research  and developnient p a r t i c i p a n t s ,  

Di rec t  Asgj..s.Lance - D i r e c t  a s s i s t a n c e  i s  provided t o  subcont rac tors  
i n  t h e  program v i a  access  t o  u n i q u e .  c h a r a c t e r i z a t i o n  and testing f a c i l i t i e s  
a t  ttic Oak Ridge National Laboratory.  

t o  t h e  ceramics community. 
I W o r k s h 2 1  . . . . .- - Topical workshops a r e  held on s u b j e c t s  o f  v i t a l  concern 

In t e rna t iona l  _. . . . . . . .. . C o o p e r a u n .  - ' t h i s  prsgrain i s  a c t i v e l y  involved i n  and 
suppoa. t . iv@ o f  t h e  coopera t ive  work besng done by researchers in West 
Gerrnany, Sweden, and the United S t a t e s  under at] agreement w i t h  t he  
In t e rna t iona l  Energy Agency. That work, u l t ima te ly  aimed a t  development o f  
i n t e r n a t i o n a l  s tandards  inc ludes  phys ica l ,  morphological,  arid 
microstructural characteri z a k i  on of  ceramic powders and dense ceramic 
bodies ,  and mechanical c h a r a c t e r i z a t i o n  o f  dense ceramics ,  J apan  i s  
expected  t o  p a r t i c i p a t e  in  Subtask 5, a new po der c h a r a c t e r i z a t i o n  
research subtask .  
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IEA Annex I1 Manaaemenf 
V. J. Tennery (Oak Ridge National Laboratory) 

The purpose of this task is to organize, assist, and facilitate international research 
cooperation on the characteriiation of advanced structural ceramic materials. A major 
objective of this research is the evolulion of measurement standards. This task, which is 
managed in the United States by ORNL.. now includes a formal IEA Annex agreement 
identified as Annex II between the United States, the Federal Republic of Germany, 
Sweden, and Japan. The original annex included four subtasks, including: (1) information 
exchange, (2) ceramic powder characterizcrtion, (3) ceramic chemical and physical 
characterization, and (4) ceramic mechanical propedy measurements. In the United 
States, a total of 13 industrial and government laboratories have participated and 
contributed their resources to this research. The research in Subtasks 2,3, and 4 is now 
completed. The last report to be published is for Subtask 2, and the master copy was 
received at ORNL from National Institute of Standards and Technology (NIST) on March 18. 
The new mechanical strength research is included in a new Subtask 5, while new ceramic 
powder characterization research is included in a new Subtask 6. An Executive Committee 
meeting was held on October 24 in Dearborn, Michigan, at which the research plans for 
Germany, Sweden, and the United States were adopted and that of Japan far Subtask 5 was 
adopted contingent upon Japan providing a research plan on powders for Subtask 6. We 
received notification from Japan on December 22 that Japan would be participating in 
Subtask 6. We also received the names of the tentative technical leaders in Japan for both 
Subtasks 5 and 6 during December. For Subtask 5, the United States has selected GN-10 
silicon nitride for the research to be conducted on mechanical properties. The next 
Executive Committee meeting is now scheduled to be held in Italy in June. A formal E A  
audit of our Annex II research was conducted recently, with Mr. T. Ohji of the Government 
Industrial Research Institute, Nagoya, Japan, being the  program reviewer. A detailed 
review was conducted at ORNL by Mr. Ohji on October 20. Prior to the meeting, 
Dr. V. J. Tennery was required to complete an extensive questionnaire on the research 
participation of industrial research laboratories. The final report on the project which was 
submitted to the IEA in Paris, France, was very favorable. 

Subtask 2 - Cerclm ic Powder Cha ra@te<bation--A verbal report was received from 
NIST regarding status of the data analysis repon" on ceramic powders on November 30. It 
was expected that the report would be received at ORNL for publication by the end of 
December. 

from NIST on January 22 in the form of mats ready for reproduction. The report niimbered 
569 pages. Suggestions were provided to NET for shortening the report, and NET agreed to 
revise the report. Additional mats and the original camera-ready copy were returned to 
NlSr on February 2. 

from NlST on March 19. The report is scheduled for publication by the end of April. 

The final report on ceramic powder characterization and analysis was received 

The final report on ceramic powder characterization and analysis was received 

This completes all research activity far Subtask 2. 

&Mask 3 - Ceramic Chemical a nd Structural Charocte rivation--We received 
preliminary copies of the report (Subtask 3) from reproduction at ORNL on October 18. This 
report concerns chemical and structural characterization of the sintered ceramics studied 
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in Subtask 4. Final copies of the report were received from reproduction on November 10. 
The copies were mailed with the Subtask 4 report on December 8. 

Copies of the report entitled "Characterhation of Sintered ilicisn Nitride and Silicon 
Carbide Structural Ceramics," prepared by Mr. M. E. Hatc er of KemaNord Inderstrikemi in 
Sweden and printed at QRNL, were distributed to call participants on December 8. 

This completes all research activity for Subtask 3. 

--A final copy of a report prepared iii 
Germany, entitled "Analysis of Error Sources in Four Point Flexure Stren~th Meas~~rements of 
Structural Ceramics," by A. BrOckner-Foit, K.  Wofacker, and D. Mum of the KFA, Univarsit6t 
Karlsruhe and printed at ORNL, was provided to us at the Executive Committee meetin9 QII 

Qctobei 24. This report was placed upon imats and was sent to reproduction November 1 1, 
1889. The finished reports were received from reproduction on December 1 ,  1989. They 
were sent to the participcllrsts in the United States and to the  representatives for distribution in 
Germany a n d  Sweden on December 8. 

The distribution of this repat concludes all of t he  research work planned in this 
subtask. 

L-mia;s--On O~tOber 2, V J. Tennew 
sent a I 
developments in the annex. On October 11, Q copy of communication f r c m  
Mr. A. Chesrzes, USDOE, to M r  Soichi Nagamotsu, Director far Developmenl Program, 
Moonlight Project Promotion Office of Ministry of lnternafionel Trade a n d  Industry (MITI) in 
Japan, was received regarding details of sosearch plans and in reply to certain coiicerns 
regarding funding sf the research from the Japanese side. A formal communication was 
provided ts the IEA in Paris by h. Boesch, and received at ORNL on October 16, 1988. 
regarding research content of t he  ne  

Speciatties, In@ Machine ecimens were schedclled for shipment on December 4. We 
sent an additional three to Bornas in late November These plates provide %he 458 
flexure specimens required for this research in the United States, in addition to t h e  archive 
specimens. The purchase order for the rods from which tensile specimens of GN-10 silicon 
nitride will be prepared was placed, with tile first partial delivery made in mid-December. 
Including shipments received o n  Deccrnbci 20, 1389, and .lunuary 29, 15Q0, we received the 
entire complement of Bh8 nuchined GN-10 flexure bass from Bornas. These specimens are 
being used for the fle 
Dimensioning I repac 
total of 30 Geis  will b 
temperature by 9 U.S. laboratories and QRNL Randomizing of the  hY58 flexcm bars af GN-10 
silicon nitridie was completed in March, and t h e  specimen sets far the room temperature 
and high-temperature strength measurernents were prepared for distribution. Final checks 
on the steel roam-temperature flexure fixtures were completed and the fixtures packed for 
shipment to the nine pafticipating Eaboratoiies (in addition to ORNL] On March 8, letters 
were sent to all U.S. participants, with a description of the status of the flexure fixtures and 
specimens On March 30, instructions for use of the flexure fixtures and Q request for a time 
schedule for the measurements were sent to all US. participating laboratories. 

specimens to be provided to Germany and Sweden. and perhaps Japan will start in April 
and is planned to be completed by the end of August. In additiong on December 28, we 
received a partial shipment of GN-10 Si3N4 cylindrical rods (47 of 150) from Garrett Ceramic 
Components Division. On February 23, we received 85 of the 1Qo iod 
preparation of the  tensile specimens. On March 22, we were author 

raviding information on the rece~it 

Eight plutes of GN- ere sent for machining on October 13 to Bornas Machine 

strength measurcnwnts being conducted in this subtask. 
g. and randomking of the 568 speclfnens were comysl&ed 
d at room temperature and I5 bars will be tested at high 

A 

Machiring of the tensile specimens to he used in the United States plus the five 
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additional .XI rod blanks of GN-10 for this purpose. On March 29, we received the final 
shipment of 18 rod blanks of the initial order of 160 for tensile specimen preparation. Based 
upon the conclusions of an industrial workshop meeting on tensile testing of structural 
ceramics held on March 5 in the HTML at QRNL, and a consensus of the U.S. industrial 
participants in this subtask, it was decided to include a critical comparison of the tensile 
strengths measured using both straight and tapered collet grips and specimens. 

A formal IEA audit of QUI Annex I I  research was conducted during this period, with 
Mr. T. Ohji of the Government Industrial Research Institute, Nagoya, being the program 
reviewer. A detailed review WQS conducted CA ORNL by Mr. Ohji on October 20. Prior to the 
meeting, V. J. Tennery was required to complete an extensive questionnaire on the 
research participation of industrial research laboratories. 

V. J. Tennery presented a summary of research plans for Germany, Sweden, Japan, 
and the United States to the Executive Committee on October 24. Representatives of each 
country then elaborated on their planning for the research participation in this new subtask. 
The Executive Carnmittee agreed that if Japan will agree to also participate in Subtask 6 on 
ceramic powders, then Japan will become a participating member of Annex I I .  It was 
agreed that this detail would be resolved by the end of calendar year 1989. 

Maastricht were received. 

approximately the end of calendar year 1991, 

On March 23, the final minutes of the Executive Committee meeting fromi June 1989 in 

The following scheduled events have been selected to complete this research by 

1. 

2" 

3. 

Initiate sfrain gauged flexural specimen strength measurements in participating 
industrial laboratories. by April 30. 1 
Complete flexure strength measurements in U.S. laboratories by January 31 1991, 
Complete tensile strength measurements in US. laboratories by September 30. 1991. 
Complete data analysis and preparation of repod draft of research results on 
Mechanical Properties af Ceramics by December 31, 1991. 

su --On October 12, a 
proposed description of the new research to be conducted an ceramic powders in this 
new subtask was received from Dr. S. Malghan of NIST. 

Dr. S. Msu reviewed the research plans for this subtask at the Executive Committee 
meeting on October 24. 

Plans were completed for Dr. S.  Malghan and Dr. S. Hsu to visit Japan in February to 
finalize the ceramic powder CharaCtefizatiOn plans with our Japanese colleagues. 

The following scheduled events have been selected to complete this research by 
approximately the end of calendar year 1991. 

1. 

2. 

Complete 25% of data compilation for five ceramic powders ut NIST, and stad data 
analysis by March 30, 1991. 
Complete powder data analysis, at NIST, by December 31, 1991, including 
preparation of repot3 draft. 

at.u of milestones 

The milestone is on schedule. 

A, Bruckner-Foit, K. Hofacker, and D. Mum, "Analysis of Error Sources in Four Point FlexiJre 
Strength Measurements of Structural Ceramics," IEA Report, ORNL, December 1989. 



503 

M. E. Hatcher, "Characterization of Sintered Silicon Nitride and Silicon Carbide Structural 
Ceramics," IEA Report, ORNL, October 1989. 

M. K, Ferber and V. J. Tennery, "Fractographic Study of a Silicon Nitride Ceramic," 
Euro-Ceramics, Val. 3, Engineering Ceramics, pp. 3,120-3.125, Elsevier Applied Science, New 
York, 11989. 
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Standard R e f e r e n c e  M a t e r i a l s  
S .  G .  Malghan, L. S .  T,um, D. B. Minor, J. F. Kelly, and J. P. CIine 
(National Institute of Standards and Technology) 

Obiective/Scove 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use o f  ceramics 
in advanced engines depends on the development of reliable materials 
that will withstand high, rapidly varying thermal stress loads. 
Improvement in the characterization of ceramic starting powders is a 
critical factor in achieving reliable cerarnjc materials for engine 
applications. The production and utilization of such powders require 
characterization methods and property standards for quality assurance. 

The objectives of the NIST program axe (1) to assist with the 
division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of powders; and ( 3 )  to conduct statistical assessment, 
analysis and modeling of round-robin data. This program is directed 
toward a critical assessment of powder characterization methodology 
and toward  establishment of a basis for the evaluation of fine powder 
precursors for ceramic processing. This work will examine and compare 
by a variety of statistical means the various measurement 
methodologies employed in the round-robin and the correlations among 
the various parameters and characteristics evaluated. The results of 
the round-robin are expected to provide the basis for identifying 
measurements for which Standard Reference Materials are needed and to 
provide property and statistical data which will serve the development 
of  internationally accepted standards. 

Technical Provress 

The technical progress covered in this report includes 
descriptions of work on preparation of final report on IEA Annex I1 
Subtask 2 activities, start-up activities of  Subtask 6 ,  and 
preparation of samples for interlaboratory comparison study. 

Final ReDort on Subtask 2 Activities. The final report containing 
data, technical analysis, procedures, statistical analysis of data, 
and recommendations was sent to O W L  for publication in March 1990. 
The copies of this report will be sent to participants of Subtask 2 in 
May 1990. 

Subtask 6 Start-ug. The Subtask 6 start-up activities are 
primarily devoted to define: 1) technical scope in terms of  powder 
properties to be studied; 2) inclusi-on of powders; 3 )  inclusion o f  
Japan as a participating country 4 )  tightening o f  procedures 5) 
preparation of samples for the interlaboratory study. 
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Powder Properties. Based on the recommendations of  Subtask 2 , 

study and subsequent discussions with the participants, a technical 
plan was developed. The properties to be studied in Subtask 6 are 
divided into 3 groups - -  physical, bulk chemical and surface chemical 
properties. A total of 26 properties are included for measurement. 
The physical and bulk chemical measurements will be carried out us ing  
tightened procedures; whereas, the surface chemical measurements will 
be obtained using the procedures of  participants choice. The overall 
purpose of the Subtask 6 (Group 1 and 2) is ta determine variability 
in the method of  powder analysis with respect to the laboratory, when 
all the labs. are following the same procedure. The properties in the 
Group 3 are considered to be of exploratory nature. 

Inclusion o f  Powders. Following the discussions with 
participants, five powders are included in this study: 

1. Silicon nitride, Ube SNE-10 
2. Silicon carbide, Starck 
3 .  Zirconia - 4% Yttria, TOSOH 
4 .  Silicon nitride, Starck LC-10 
5. Aluminum nitride, Dow 

The first two powders are considered to be primary; while the 
remaining are optional. 
plus one of the optional powders. 

The participants will analyze primary powders  

Japan's Participation. In March 1990, Japan joined the Subtask 6 
program as a fourth participant. Fourteen participants have elected 
to join from Japan. 
companies and national labs. With the inclusion of Japan the total 
number of participants in Subtask 6 has increased to 4 4 .  

The list includes most of  the major ceramic 

TiKhtening of Procedures. This activity has been in progress 
since December 1989. The first step was to collect procedures from 
all the participants. The cornpil.ed procedures were studied by the 
participants. Finally, for each method, a recommended procedure 
(incorporating technical improvements) was developed by the 
participants. The same process was carried out in each o f  the 
participating countries. Currently, these procedures are subjected to 
ruggedness testing. 

Preparation of S a m p h .  The preparation of  powder samples for the 
interlaboratory comparison study has begun. Of the five powders, we 
have only one powder for which, a sufficient number of samples are 
available. The remaining powders are ready for splitting. All the 
necessary equipment is being prepared to start the powder blending and 
splitting process. 

Status of Milestones 

On target 



Pub 1 i c a t ions 

1 .  S .  G .  Malghan, .4. L. Dragoo, S .  M .  Hsu, H .  Hausner, K .  Pompe, 
"Physical and Chemical Charac te r iza t ion  o f  Ceramic Powders i n  an 
Interrrat ional  In te r labora tory  Comparison Program" Accepted f o r  
pub l i ca t ion  i n  the proceedings of World Ceramics Congress, 7th 
C I M T E C ,  June 1990. 

2 .  S .  M .  H s u ,  A .  L .  Dragoo, H .  Hausner, R .  Fompe, S .  G .  Malghan, 
"Character izat ion of Cerarnic Powders-IEA/Annex I1 Subtask ? - F i n a l  
Report".  To  be Published by DOE-OWL,  May 1990.  

-- V i s i t s  

S .  M. Hsu and S .  G .  Malghan v i s i t e d  Japan i n  February 1990 t o  a s s i s t  
Japan i n  jo in ing  the I E A  Subtask 6 a c t i v i t y .  
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