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The Ceramic Technology F o r  Advanced Heat Engines Project was developed 

and Renewable Energy. T h i s  ro jec t ,  p a r t  o f  t h e  DTS’s 
rtment o f  Energy’s Office o f  ~ ~ ~ ~ ~ p ~ ~ t ~ t ~ o ~  Systems (OTS) in 

teri  a1 s Devel o ~ m e ~ t  Program, s  lo^^^ t o  meet the  ceramic 
requirements o f  t h e  OTS’s au t  o t i  ve technol ogy programs. 
cant accompl i shm t s  i n  ~ a ~ r j c ~ t i ~ ~  ceramic co 

o f  Energy ( D O E ) ,  t icma1 A e r ~ ~ ~ ~ t ~ ~ ~  and Spac 
~ e ~ a r ~ ~ ~ ~ ~  o f  D nse QrsoD) advanced heat eng 

provided evidence t h a t  t h e  operation s f  cerarnjc 
ekry-iwe ~ ~ v i ~ ~ ~ ~ ~ ~ t ~  j s  feas ib le .  $lo r ~ ~ r a ~ s  have a l s o  

onstrated tha t  additional researc materl al s and processl i  ng 
eloprnent, des ign  methodology, and nd 3 i f e  p r e d i c t i o n  before 
tastry will Rave a s u f f i c i e n t .  tech  from which t o  produce 
i a b l e  cost-effective ceramic eng-i 

d w i t h  extensive input 
p l a n  was updated t h r o u  

s ~~~~~~~~ i a1 1 y + 

An assessment o f  weeds was completed, an a f i v e  year project p l a n  was 

pplication i n  advanced 
nc4 udes determi n-i ng the 
ocesses f o r  f’abricati ng 

increased re; iability, and 

bility. ~~~~~~~~~ t h i s  i s  a 
s t ructural  cerarni cs for adva 
bearings and attachments, and z 
applications i n  these engines, als  t echno logy  i s  be ing  
developed i n  parallel and close e ongoing DOE and 
industry prrsof o f  concept engin s, To faclil itate t h e  
rapiid t r ans fe r  o t h i s  technol ogy 
the  work i s  bein done i n  the cer  

UP’I i ver s i t i es 
aborator ies ,  %s 

according t o  the following W 
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This  r e p o r t  inc ludes c o n t r i b u t i o n s  from a l l  c u r r e n t l y  a c t i v e  p r o j e c t  
p a r t i c i p a n t s .  
breakdown s t r u c t u r e  o u t l i n e .  

The con t r i bu t i ons  are arranged according t o  the  work 



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

Object i ve/scooe 

This task includes the technical management o f  the project in 
accordance with the project plans and management plan approved by the 
Department of Energy (DOE) Oak Ridge Operations Office (ORO) and the Office 
of Transportation Technologies. This task includes preparation o f  annual 
field task proposals, initiation and management o f  subcontracts and 
interagency agreements, and management o f  ORNL technical tasks. Monthly 
management reports and bimonthly reports are provided to DOE; highlights 
and semiannual technical reports are provided to DOE and program 
participants. In addition. the program i s  coordinated with interfacing 
programs sponsored by other DOE offices and federal agencies, including the 
National Aeronautics and Space Administration (NASA) and the Department o f  
Defense (DoD). 
bimonthly DOE and NASA joint management meetings, annual interagency heat 
engine ceramics coordination meetings, DOE contractor coordination 
meetings, and DOE Energy Materials Coordinating Committee (EMaCC) meetings, 
as well as special coordination meetings. 

This coordination is accomplished by participation in 
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1 . O  MATERIALS AND PROCESSING 

INTRODUCTION 

This porton o f  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 sub- 
element currently includes work activities on green state ceramic fabri - 
cation, characterization, and densification and on structural, mechanical, 
and physical properties of these ceramics. Research conducted within the 
Ceramic Composites subelement currently includes silicon nitride and 
oxide-based composites, which, i n  addition to the work activities cited 
for Mono1 ithics, include fiber synthesis and characterization. Research 
conducted in the Thermal and Wear Coatings subelement i s  currently limited 
to oxide-base coatings and involves coating synthesis, characterization, 
and determination of the mechanical and physical properties o f  the 
coatings. Research conducted in the Joining subelement currently includes 
studies o f  processes t o  produce strong, stable joints between zirconia 
ceramics and iron-base alloys, as well as Si,N,- and SiC-to-metal joints, 
and SiC-to-Sic and Si,N,-to-Si,N, joints. 

A major objective of the research in the Materials and Processing 
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 mate- 
rials, and the resultant microstructures and physical and mechanical 
properties of the ceramic materials. Success i n  meeting this objective 
will provide U . S .  companies with new or improved ways for producing 
economical, highly re1 iable ceramic components for advanced heat engines. 

It contains four subelements: 





1.1.1 silicon Carbide 

The purpose of this work is to c ~ ~ t ~ ~ ~ e  the investigation af the 
turbomilling process as a means of improved processing far Sic whisker- 
ceramic matrix composites and dispersion sf atrix powders 
composite processing. 

Technical prowess 

Phase !I  is divided into 4 major tasks: 

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

Task 4. Final Report 
roved dispersion of particulate matrices. 

Task 1. Beneficiafisn of Sic whiskers 

Task 1 was completed ahead of schedule as reported in the 
previous semi-annual report. 

~~~i~~ this repofling riod, the Lasentee 15 Scanning Laser 
icroscope was standardiz using 1 ~ r n  and 10 pan colored latex 

spheres, for measuring whisker !en@ 
and floc size as a function of pp-3 as 

lizing the Lasentec-150 fiber analyzer, was cclnstr 

distributions as 
of Task 3. Aka, a 

as part of Task 
2. It is anticipated thata, once consistent ~ e ~ ~ ~ r ~ ~ ~ ~ ~ s  are obtained, this 
~ ~ s ~ ~ ~ ~ ~ ~ n ~  will enable the in-situ easurernent of ~~~~~~r aspect ratio or 
particle size reduction, during ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ ~ .  To date, the results obtained 
are not c~~~~~~~~~ with those obtained on standard slurries lisi 

mber, designed far in-situ 1 

rbumilling. An adjustable 
KI the pyrex flow chamber in the proper 
er window, was constructed and installe 

rex, vertical flow chamber, designed for rneasurin sker lengths 

. ~ ~ ~ i ~ ~ ~ n a l  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n s  were 

...... 
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present with the earlier setup prohibited stable readings. Due to 
unforseen delays in accomplishing this task, a no-cost extension has been 
granted. This milestone has been rescheduled for completion by 4/30/91. 

Task 3. Improved dispersion of particulate matrices. 

Task 3 has been altered to focus on the effect of temperature, 
ersant and pH on the flocculation/dispersion behavior of the AI,O, and 

S,N, matrix materials to determine optimum conditions for turbomilling 
and pressure filtration of the monolithic matrix, prior to the addition of 
SiCw'. In addition, some effort for Task 3 has been redirected to 
determining the feasibility of producing P-Si,N, "seed" with a controlled 
morphology for enhancing the formation of toughened microstructures. 
Once developed, this P-Si3N, seed is to be dispersed in a chosen Si,N, 
matrix by turbomilling. 

For this task the Lasentec 150 is being used to measure the effect 
of pH on the floc size and settling rate for various Al,Q, and Si,& matrix 
slurries. The materials presently being studied are: 

AI,O, Matrix Ceralox 0.5 AF (agglomerate free) 
with and without MgO 

Reynolds RCHP-DBM without Mg6 

Si,N, Matrix Starck LC-ION Si3N, 

LC-12SX Si,N, 

UBE E-10 Si,N, 

Starck high-purity Y,O, 

Flocculation behavior is being analyzed as a function of solids content 
over the pH range of 2 to 12. Based on preliminary flocculatian behavior, 
the zeta potential, as a function of pH for the same materials, is also being 
measured for the pl-l range of 2 to 11. Typical results of floc size (given 
as number of particle diameters) vs. pH are given in Figures 1 through 5, 
while results of zeta potential as a function of pH for the Si,N, powders are 
given in Figures 6 through 8. 

' For this work Grade 1 silicon carbide whiskers from the former 
American Matrix Inc. (AMI) were used. The AMI whisker technology 
and equipment has recently been purchased by Advanced Refractories 
Technologies, Buffalo, NY. 



osite containin 
C8aPse s icw fraction. 
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Also as part of Task 3, the effect of temperature on turbornilling 
conditions and viscosity of the resulting slurries was observed for 
A2Y6-Si3N,, and the effect of solids content and aging on the floc size and 
pH of Starck LC-lON, SiJ, was also measured. 

During the summer months, the cooling water for the turbomill is 
much higher than in the winter months (35'C and 17OC, respectively), so 
as expected, the viscosities for slurries processing in the turbomill could 
vary considerably. Characteristically, when turbomilling typical 25-35 vol.% 

observed to decrease during the initial 38 min of turbomilling and then 
remain relatively constant until the end of the run. This behavior is 
believed to correspond with the point when all of the powder 

lomerates have been completely dispersed. Recently with the higher 
cooling water temperature (35'C), for the same solids loadings, the torque 
and H.P. have been observed to initially decrease to a much higher value 
than observed at the cooler temperatures, and then slightly increased until 
the end of the run. These results justify the purchase of a captive water 
cooling system when such resources become available. A more detailed 
study of this behavior has been initiated. 

The effect of aging on the pH and floc size was determined far 
Starck LC-1ON Si,N, powder for turbomilled and ball milled low solids 
content (5 vol.%) slurries. For the ball milled slurry the pH was 5.1 and 
the floc size 7.25 pm compared to a pH of 8.3 and floc size of 1.5 prn for 
the turbomilled slurry. After aging for 48 hours, the ball milled slurry was 
the about the same, while the turbomilled slurry had a pH of 7.8 and a floc 
size of 6.9 pm. This would indicate that possibly some silicic acid is 
forming from a reaction with the water and the higher surface area Si,N, 
powder produced during the turbomilling process. Currently, turbomilled 
slurries of Ceralox AI,C),, Starck LC-1ON Si3N4 and LC-12SX Si3N4 with 
higher solids loadings are being investigated for aging effects on pH, floc 
size and viscosity. 

Increasing the solids content for turbomilled slurries of A2VG-Si3N4, 
using Starck LC-12SX Si3N4 powder, from 30 vol.% to 33 Val.% was found 
to nearly double the slurry viscosity, from 37 to 70 cp, respectively. Aging 
for 24 hours, turnin the slurry slowly on a mill rack, was found to only 
slightly decrease the viscosity. Entrapped air was found to present a 
major problem far these higher solids content slurries and deairing 
techniques were developed. Filter cakes cast from deaired slurries were 
void of surface pin holes, which were previously observed in high-solids 
content slurries which were not deaired. 

slurries, cantaining Starck LG l2SX Si,N,, Ceralox AF AI,O, and Starck MP 
Y,O,, were processed by turbomilling to compare the effect of using 
dispersants and binders with pH control only. Following turbomilling for 

rries at temperatures below about 25%, the torque and M.P. are 

Similar to the previous study using WBE E-IO Si,N,, A2Y6 Si,N4 
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Figure 4. Floc Size vs. pH for 
UBE E-10 Silicon Nitride 



17 

Figure 5. 



60.00 

40.0Q 

20.00 

0.00 

-26.00 
cs 
Q> 

-+J 

-40.00 

Figure 6. Zeta Potential vs. pH for 
Starek LC- 10 Silicon Nitride 





20 

n > 
E 

Figure 8. Zeta Potential vs. pH far 
UBE E-IO Silicon Nitride 



21 

1.1.2 Silicon Nitride 

S i n t e r e d  Silicon Nitride 
J, Mangels (Ceradyne I n c . ) ,  G. E. Gazza ( A m y  .Haterials Technology 
Laboratory ) 

Bbiective/ScoDe 
The program is concentrating on sintering compositions in the 

Si3N4-Y203-SiO2 system usinq a two-step sintering method where the 
nitrogen gas pressure is raised to 7-8 MPa during the second step of the 
process. During the sintering,dissociation reactions are suppressed by 
the use of high nitrogen pressure and cover powder of suitable 
composition over the specimen. Variables i n  t h e  program include the 
sintering process parameters, source o f  starting powders, milling media 
and time, and specimen composition. Resuitant properties determined are 
room temperature modulus of rupture, high temperature stress-rupture, 
oxidation resistance, and fracture toughness. Successful. densification 
sf selected compositions with suitable properties will lead to 
the fabrication of components for engine testing. 

Technical Prowess  

primarily concentrated on establishing a contract to transition the 
program to industry f o r  %ale-up, data base generation, and fabrication 
of compoments for engine testing, 

generation and evaluation of a silicon nitride-yttria-silica base 
composition containing molybdenum carbide ta be transitisncd from M!I% to 
commercial prototype components in a turbine test engine. The contract 
is a 24 month effort divided into two incrementally funded tasks. Task 
I w i l l  focus on powder processing, densification, mechanical testing, 
and characterization. If satisfactory results  are obtained in Task I, 
the next step, %ask 11, involves the processing, evaluation, and 
fabrication of selected ceramic components f a r  evaluation in a gas 
turbine development program. 

procedures and generate a data base %OS silicon nitride having a general 
co~tposition o‘E 85.8m/o si ~J~-~e .73 rn /”o  Y 6) -9.47m/cp si0 containing ~ . . ~ m , i o  

The baseline process process, s8o n in detail 3n Table I, 
?%Slves mixing the raw materials in an ttrit;or mill using water as the 
f l u i d  vehicle. 
flowing powder, agglomerated mixture o f  the starting ingredients 

Funding f o r  the in-house program ended in April 1990. E f f o r t s  were 

Ceradyne, Inc. was selected to carry out a scale-up and data base 

The specific objective of Task 1 is to scale-up/optimize process 

. 
The resulting slurry w i l l  be spray dried to EQm a free 

ether with a pressing binder .  This powder will be isostatically 
ssed into a compact and then sintered under a combination of 

temperature and pressure. Components will be machined to near net shape 
using *wqreengl machining techniques. The final component eometries will 
be obtained by diamond qrinding. 

Raw Material Characterization 

This powder is a high purity, high surface a3e 
chemical precursors. 
alpha Si.  N phase (395%) and has a relatively low oxygen content 
(<1,3%) .$& characterization results are shown in ~ a b ~ e  11: with the 
actual results being compared to the Ube specifications, 

Silicon Nitride Powder: The baseline Si F3 powder is Ube S N - 1 0 . .  
powder produced from 

The powder is composed of a high percentage of 
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Yttrium oxide Powder: The baseline powder is Hermann C. Starck 
Grads Std. TRhis powder has a 99.9% purity level with a surface area of 
11 m /g. Table I11 compares actual results obtained at Ceradyne with 
Starck specifications. 

Silica Powder: The baseline silica powder is catp-si1 produced by 
Cabot Corp. This powder has a surface area of 197 m / g  and a high 
purity level. Characterization results are shown in Table IV. 

Molybdenum Carbide Powder: The baseline powder is Johnson Matthey's 
-325 mesh grade. As such, the powder is considered too coarse, as is, 
for use as a sintering additive in this program. The powder was 
processed by sedimentation to remove the coarse fraction, resulting in a 
powder having a maximum particle size of 3 micrometers. The treated 
powder will be used as the baseline powder in all Matrix I experiments. 
Characterization results are presented in table V. 

Mo2C Powder Sedimentation Procedure 
The as-received, -325 mesh Mo2C powder was mixed with isopropyl 

alcohol (IPA) in a ratio of 30g of powder to 506 ml of I P A .  This slurry 
was mixed and allowed to settle for 15 minutes. The supernate was 
decanted from the sediment. The supernate was was filtered through a 
glass filter to remove the 1PA.The resulting powder was characterized to 
have a median particle size of 1.5um and a maximum particle size of 3 
Urn. 

Matrix I Experimental Design 

which are thought to control densification. The principal objective of 
this set of experiments is to define a set o f  parameters which will 
result in sintered densities of >99%. Matrix I is an experimental 
design consisting of a Taguchi L8 orthogonal array in which f o u r  
processing variables will be investigated at two levels. The 
experimental design is shown in Table VI. The experimental responses 
will be: (1) density (2) hardness ( 3 )  fracture toughness. Additionally, 
the phase composition will be determined. Additional experiments are 
planned during the course of Matrix 1. 
characterized. The pressure-"green" density relationship will be 
determined for the PVA/PEG binder system. The ttgreen89 machining 
characteristics of the isopressed compacts will be determined both after 
isopressing and after presintering. 

The purpose of Matrix I is to investigate the processing parameters 

The spray dried powder will be 
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TABLE I 

Solid State Processing of Silicon Nitride 
Baseline Process 

Process Sequence Baseline Process Variables 

Raw materials 

Composition 

Mixing 

Spray Drying 

Isostatic Pressing 

Binder Removal 

Pre-Sinter 

Green Machining 

Sintering 

Si N4-- Ube SNlO 
Y d3 -- Starck Grade Std. 
s20 -- Cab-0-Si1 
MoZ8 -- Johnson Matthey 
Si N -- 8 4 . 8 0  m / o  
Y d345-- 4 . 7 3  m / a  
s20 -- 9.47  m / o  
M o 2  8 -- 1.00 m/o 
Attritor Mill 
Si3N Milling Media 
Fluid: DI Water 
Solids Content: 60 w/o  
Time: 1 hr .  

Viscosity <300 cps 
Solids Content: 60 w / o  
Temperature: 240C 
Atomizer Speed: 15,000 rpm 

Binder Composition: PVA - 2w/o 

Pressure: 172 MPa 
PEG - ~ W / O  

Atmosphere: Air 
Temperature: 480C 

Atmosphere: Argon 
Temperature: 1050C 

Atmosphere: Nitrogen 
Temperature: 1950C 
Time @ Pressure: 

Heating Rate: 

Cooling Rate: 

Packing Powder: Yes 

2 hrs. @ 0.7 MPa 
1 hr. @ 10.3 MPa 

425 C / h r  to 1650C! 
100 C/hr to max. temp. 

125 C/hr to 1200C 

Diamond Grinding 
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TABLE I1 

Silicon Nitride Powder Characteristic Results 

Ube Grade SN10 
Lot No. PO25889 

Property Ube Specification Ceradyne Values 

Purity 
N 
0 
C1 
Fe 
ca 
Al 

>38 % 
< 1 . 3  % 
<lo0 ppm 
<loo ppm 
<50 ppm 
<50 ppm 

1.29 % 

<10 ppm 
3 0  PPm 
2 3  PPm 

Phase Composition: Alpha Si3N4--95% Beta Si3N4--5% 

Surface Area--11.5 sq.m/g 

Average Particle Size-- 1.2 microns 

TABLE 111 

Yttrium oxide Powder Characterization Results 
Hermann C. Starck Grade Std. 

Property W.C.Starck Specification Ceradyne Values 

Chem.Comp. 
Y203 

P u r i t y  
C 
Fe 
Ca 
Si 

> 9 9 . 9 %  

Surface Area 7-11 sq.m/g 

Avg. Part.Size 1.5-4 urn 

b Si02 
Bulk D e n s i t y  
Surface Area 
pH in water 
LO1 

TABLE IV 

Si02 Powder Characterization 
Cab-0-Si1 (Charact. by vendor) 

>99.8% 
2.3 lb/cu.ft. 
197 sq.m/g 

4 .O 
<2.0% 

10.6 sq.m/g 

1.93 um 



TABLE V 

Condition 

As received 

After sediment. 

Col. # 

1 
2 
3 
4 
5 
6 
7 

Trial No. 

1 
2 
3 
4 
5 
6 
7 
8 

Mo2C Powder Characterization Results 
Johnson Matthey Grade -325 

Percent Median Part. Size Max. Part. S i z e  

10.45 um 50 um 3 0% 

1.5 um 3 um 

TABLE VI 

Matrix I Experimental Design 

Factor Level -1 

Sintering Temp. 1950C 
time @ Temp.& Low Press. 5 hr. 
Temp. - time Interaction 
Mo2C Amount lm/o 
Mo2C - Temp. Interaction 
time - Mo2C Interaction 
Pre-sinter Process Yes 

Column No. 
1 2 3 4 5 

1 1 1 1 1 
1 1 1 2 2 
1 2 2 1 1 
1 2 2 2 2 
2 1 2 1 2 
2 1 2 2 1 
2 2 1 1 2 
2 2 1 2 1 

Experimental Responses: 
Density 
Hardness 
Fracture Toughness 

Established Milestones 

Level-2 

1875C 
2. hr. 

Qm/ o 

No 

6 7 

1 1 
2 2 
2 2 
1 1 
1 2 
2 1 
2 1 
1 2 

(A)  Establish powder processing approach for preparing selected 
composition. Determine preferred sintering conditions. Generate data 
base fo r  room temperature and high temperature properties. 

J u l y  1991 

(B) Fabricate, inspect, and make components available fo r  engine testing 
in a gas turbine ceramic component development/evaluation program. 

J u l y  1992 
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flicrowave Sinterinq o f  S i l i c o n  N i t r i d e  
1. N. Tiegs, J .  0. Kiggans, M. K. Ferber, and H. 0.  Kimrey 
(Oak Ridge National Laboratory) 

Object i ve/scot>e 

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

The first ap- 

The second approach deals with using 

Technical Droqress 

Sintering of silicon nitride 

A series of samples were fabricated to investigate the effects of 
alternative coupling methods to improve sintering of the SiiN, materials i n  
the microwave. Previous sintering results had shown a significant coupling 
effect at approximately 1300°C, which was attributed t o  the formation of 
y t t r i um-a luminum-s i l i ca te  glass. 
phase would improve the coupling uniformity in the microwave from room 
temperature, samples were presintered in a conventional furnace t o  1350°C 
prior to microwave sintering. 

To test if the formation of the glass 

The results are summarized in Table 1. 

Table 1. Summary of results on sintering o f  silicon n i t r i d e  in the 
microwave and conventional furnaces 

Heating ("C/h) Sintered density Specimen additives 
(wt % ) a  Conventional Microwave (g/cm3) (% T.D.P) 

9% Y203-3% Al2O3 1750/1 - 3.082 92.6 

9% Y203-3% Al2O3 1725/1 3.197 96.0 
9% Y20,-3% A120, 1350/1 1725/1 3.134 94.1 

11% La,0,-3% A120, 1750/1 3.308 97.3 
11% La20,-3% A120, - 1725/1 3.326 97.8 
11% La,0,-3% A120, 1350/1 1725/1 3.313 97.4 

aMatrix is silicon nitride (Grade Ube E10). 
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As shown, very little difference was observed for the samples that under- 
went a presintering step. ualitatively, the presintered materials ap- 
peared to have fewer cracks, however, the microwave power required t o  heat 
the presintered and the as-fabricated samples was essentially identical at 
temperatures t1000"C. At approximately 1300"C, the presintered specimens 
experienced a significantly stronger coup1 ing effect than the as-fabricated 
materials. Additional sintering runs are being performed to test the 
effect o f  coatings on improving heating homogeneity. 

Microstructure development 

As reported previously, an annealing study was performed to investi- 
gate microstructural development o f  silicon nitride in a microwave furnace. 
Samples o f  Si,N,-4% Y,O, and Si3fl,-6% Y,O,-2% Al,O, were hot-pressed to full 
density and annealed both by microwave and conventional heating at 1200, 

Initial results showed increased enhanced grain growth for the m i c r o -  
wave sintered samples at temperatures significantly lower than abserved 
with conventional heating (>300"C). Photomicrographs o f  fracture surfaces 

essentially atmospheric - -16 psi. 
samples i s  readily evident. However, it was a l s o  noted that the microwave 
annealed specimens had higher weight losses due to microwave coupling t o  
the grain boundary phases and volatilization o f  the grain boundary phases.  

ement in the high-tle perature creep rate at 250 N l a  at 1370°C for. 
4% Y,O, annealed a t  
ted material to 3 , 3  1 0 - 9 / s  for the microwave annealed material 

, and 1500°C for times o f  10 and 20 h. 

,-4% Y Q2 annealed at 1400°C for 20 h. and Si,N,-6% Y,Q, -2% Al,Q, 
at 1260 C for 20 h are shown in Figs .  1 and 2. Gas pressure was 

Grain growth for the microwave annealed 

00°C for 20 h from -5 x 1 D - / s  f o r  the 

has a l s o  been observed. 
AI ,O, annealed 

Further creep testing of the Si,N,-6% 
3200°C for 20 h and other selected samples is 
initial analysis indicates that annealing con 

ructure, sintering aid content, and sinterin 
portant for improving properties as they are 

interdependent. 
Additional anne experiments have been performed on hot- 

isostatically-presse 
structural changes and improved creep resistance could be made in this 
material. Flexural test bars were an ealed a t  1400°C in t h e  2.45-GWz 
~ ~ ~ r ~ w a v ~  furnace f o r  20 h under 0.1 Pa (15 psi) nitrogen and packed i n  a 
S i  -Y,O,-SiG powder bed. The temperature was monitored by both a 
th uple and an optical pyrometer. The two measurements were w i t h i n  
20°C o f  each other during the anneal. Weight losses were t0.01 wt % and 
the bars showed only a s l i g h t  change in color. 

Initial fatigue testing has given encouraging results for the micro- 
wave annealed materials. ?he results o f  a test at constant stress showed 
the microwave annealed specimen t o  have significantly better fatigue res i s -  
tance as compared t o  the unannealed material (Fig. 3 ) .  The unannealed 
specimen failed after about 130 h at 296 MPa, while the microwave annealed 
specimen survived the 200 h test time. 
microwave annealed sample also had improved fatigue resistance (Fig. 4 ) .  
After both fatigue tests, the microwave annealed specimens were fast 
fractured at the end o f  the test time. Surprisingly, the flexural strength 

,-4% Y,Q, (Norton NT-1541 to determine i f  nicro- 

In a stepped-stress test, the 
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TO15526 

TO15237 

Fig. 1 .  Photo icrographs of fracture sur- 

(a) As-fabricated, (b) microwave anneal. 
faces from Si3N,-4% Y,O, annealed a t  1400°C for  
20 h. 
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Fig.  2. 
faces from Si,N,-S% Y 0 -2% AI$, annealed at 
1200°C for 20 h. 
wave anneal. 

Photomicrographs o f  fracture sur- 

(af is-fabrlcated, (b) micro- 
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ORNL-DWG 90-17115 

AS-AS FABRICATED 
MA-MICROWAVE ANNEALED 

120 200 0 40 80 

"BE (h) 

Fig. 3. Interrupted fatigue testing on 
Si Ns-4%Y,0, (Norton NT-154). Test temperature was 
1390 C and the stress was 296MPa. 
microwave annealed at 1400°C for 20h in the 2.45-GHz 
furnace. 

Specimens were 

300 

2x3 

100 

50 

-STRESS (M 

400 

-E 
300 3 

2 
4 

200 

AEAS FABRICATED 
MA-MICROWAVE ANNEALED 100 

0 100 150 200 250 300 0 50 
TIME (h) 

Fig. 4 .  
Y,O, (Norton NT-154). Test temperature was 1370°C. Speci- 
mens were microwave annealed at 1400°C f o r  20h in the 
2.45-GHz furnace. 

Stepped stress fatigue testing on Si,N,-4% 
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of those specimens was higher than as-fabricated material (Fig. 5) .  Since 
the as-fabricated and the microwave annealed samples showed the same creep 
rates during the testing, the creep damage is  probably the same i n  each 
type of sample. Therefore, the improvement in fatigue resistance i s  m o s t  

ORNL-DWG 90-17117 
800 

o t -  

- T - l - [ - - - ? n - - 7 T - T  

AS-AS FABRICATED 
MA-MICROWAVE ANNEALED 
FF-FAST FRACTURE 
IF-INTER R UI'TED FATIGUE 
SS-STEPPED STRESS 

AF-FF MA-FF 

Fils. 5. Fast fracture f 

MA-IF MA-SS 

.... L 

exural strength of Si,N,-4% 
Y,O, (Norton NT-154) a t  137Q*C. 
as-fabricated specimens and the microwave tes t  specimens 
after the  fatigue testing shown i n  Figs.1 and 2. 

Materials tested included 

likely due to microstructural changes in the microwaved materials. 
TEM analyses are underway to determine the effect of the microwave anneal 
on the microstructure of the S i  N -4% Y,O,. 
the Si3N,-4% Y,O, (Norton NT-154q bave been performed with the following 
conditions (temperature/time): 140OoC/10 h, 120OoC/20 h ,  and 14Q0°C/10 
h-120O0C/10 h. 

SEM and 

Additional microwave anneals on 

fatigue testing i s  in progress. 

New microwave furnace 

The new microwave furnace has been tested and is now in operation on a 
daily basis. 
facil ity. 

Results in this report were performed i n  the new furnace 

Reaction-bonded silicon nitride 

A series o f  Si-Si,N, mixtures with additions o f  Y20, and A1 0 (to make 
a final 6 wt%-2 wt% addition, respectively) were nitrlded in a $ 4 i  cycle t o  
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1340°C and sintered at 1750°C for 30 min i n  the 2.45-GHm furnace. 
results are summarized in Table 2 .  As shown, significant nitridation 
occurred for the specimens with >30% Si,N,. 
TM-98 samples is comparable to densities achieved with 100% initial Si,N,, 
whereas those far the higher Si additions were significantly lower. 
However, because o f  the S i  additions, the coupling to the materials at low 
temperatures was much improved and essentially crack-free samples were 
obtained. 

The 

The sintered density of the 

Table 2. Summary o f  results on sintered reactisn-bonded silicon nitride 
with 6 w t %  Y 0 2 wt% A I  0, additions at 1750°C f o r  30 min ' Yn 2.45-Gtfi microwave furnace 

Specimen S i/S i jN4 Si Weight S i  reacted Sintered density - 
number ratio (wt %) gain ( w t % )  (%I (g/cm3) (% T.D.) 

VM - 95 90 57.8 87 N.D. N.D. 
TM-96 70 63.4 96 2.60 79.8 
TM-97 50 63.1 95 2.50 76 .7  

TM - 98 10 65+0 98 2.91 
1__1- 

To observe the effect of temperature on nitridation kinetics, a series 
of silicon compacts were heated in conventional and microwave (2.45-GHz) 
furnaces. The samples differed from previous nitridation experiments i n  
that the sample size was approximately 10-12 grams. 
heated at 3"C/min to 800°C and then l"C/min t o  the final temperature and 
held for 1 h .  The results are summarized in Fig. 6. As shown, the 

The samples w e r e  

ORNL-DWG 90-17118 
100 -I 

h Microwave Heating c 8 8 -  Conditions 

C Si 299.95 %, 3 pm Ave. Diarn. .- 0 10-1 2 g Sample Size 
0 Nitrogen, Heat Rate=l " C h i n  rn 60- 
0)  1 hour at temperature E 

c1 

c 
0 .= i o  
Q Conventional E 
z 20 
L 0- 

0 
800 900 1000 1100 1200 1300 1400 

Temperature ("C) 

Fig. 6. Summary o f  results on the ef-  
fect of  temperature on nitridation kinetics 
o f  silicon. 
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microwave-heated samples showed significant nitridation at relatively l ow 
temperatures. 
with a thermocouple placed in a hole in the specimen and it may be poss ib le  
that there i s  a thermal gradient within the specimen. However, in these 
small samples the gradient should be small. Additional testing is being 
performed. 

The temperature o f  the microwave-heated samples i s  measured 

Status of milestones 

Milestone 112402 was completed. 

Milestone 1112403, "Draft open-literature report on feasibility of 
sintering candidate advanced gas turbine materials," was completed. 

Pub1 ications 

T.  N. Tiegs, 3 .  0.  Kiggans, and H. E). Kimrey, "Microwave Processing o f  
S i  N4," to be published in proceedings o f  Materials Research Society S p r i n g  
11940 Meeting, SanFrancisco, California. This report satisfies the require- 
ments for completion of Milestone 112402. 

A draft report entitled, "Microwave Sintering of  Silicon Nitr 
written. This report satisfies the requirements for completion of  
Milestone 112403: Draft open-literature report on feasibility of s 
candidate advanced gas turbine materials. An abstract summarizinq 

de, I' was 

ntering 
the 

results o f  this work has been submitted to the American Ceramic Society for 
presentation at the 15th Annual Meeting on Composites and Advanced Ceramics 
to be held in Cocoa Beach, Florida, in January, 1991. The paper will 
appear in the proceedings o f  that conference. 



Silicon Nitride Milling Characterization 
S. G. Malghan, L.-S. H .  Lum and D. B .  Minor 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

Currently, the starting materials in the manufacture of silicon 
nitride ceramic components are fine powders. These fine sized powders 
tend to form agglomerates due to van der Waals attractive forces. For 
improved reliability in the manufacture of ceramic components, the 
agglomerates in the powders should be eliminated since they form 
defects. In addition, the powders should have an appropriate range of  
size distribution and specific surface area for achieving a near- 
theoretical density of the ceramic after densification. These factors 
necessitate the use of powder milling as one of the major powder 
processing unit operations. Therefore, 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 tnills. 

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, arid (2) 
demonstrate the use of high energy attrition milling for silicon 
nitride powder processing, by developing measurement techniques and 
data Q ~ I  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 f o r  physical and 
surface chemical characterization of  powders and slurries involved in 
the milling process. 

This  

Technical Progress 

During the past six months, the primary effort was directed 
towards experimental research on milling of a closely sized silicon 
nitride powder. A series of  statistically designed experiments was 
conducted to develop interrelationships between the parameters of high 
energy agitation milling. 
measured. 

A large number of response variables were 

ExDerimental Desipn. The primary milling parameters included in 
this design are mill speed (2000 rpm and 2800 rpm), feed rate (240 
cc/min and 480 cc/min), volumetric loading of powder in the slurry 
(34% v/v and 44% v/v). The remaining parameters (surfactant 
concentration, slurry ultrasonication, media size, and powder feed 
size) were held constant. In order to develop the interrelationship 
between the powder feed size and media size, these parameters were 
fixed at d,, = 1.0 micron (UBE SNE-3 powder) and 2.0m diameter, 
respectively. 



These experiments are conducted as a 23 factorial design with an 
objective to expand the design as new parameters are identified. 
first expansion will be in terms powder feed size distribution and 
media size. 

The 

Effect of Milline, Parameters. In the high energy agitation 
milling of SNE-3 powder in an aqueous environment with 2 . 0 ~  diameter 
media, the milling kinetics are slower than that of milling a 50/50 
mixture of SNE-3 and SNE-5. The observed decrease in the milling 
kinetics with the SNE-3 powder is most likely related to a smaller 
ratio of media size to mean particle size and a low packing density of 
the SNE-3 particles. 
could have helped in the increased particle loading of the suspension 
and higher ratio of media to mean particle size. 
expected to enhance the milling kinetics. 

that mill speed has a strong effect on the milling kinetics. 
powder loading in the slurry appears to decrease the milling rate. 
The milling rate was evaluated by the measurement of particle size 
distribution and specific surface area. 
distribution of as-milled (not dried) powder was measured using Horiba 
LA-SO0 (laser diffraction); while the specific surface area of dry 
powder samples was measured with a multipoint BET apparatus. 
addition, the power (current and total watts) drawn by the mill was 
measured as a function of milling time. 
be used to assess the milling rate model. 

v/v loading of powder) and Fig. lb (34% v/v loading of powder). These 
data, irrespective of the powder loading, indicate that there is a 
steady decrease of power drawn as a function of milling time. 
type of power decrease is probably related to a decrease in the 
resistance to flow of slurry. 
deagglomeration, it attains lower viscosity and hence offers lower 
resistance to flow. 

The increase of specific surface area as a function of milling 
time is shown in Fig. 2a (44% v/v loading of powder) and Fig. 2b (34% 
v/v loading of powder). As expected, the specific surface area 
increases linearly with milling time. A t  either powder loading, the 
rate of increase of specific surface area is slightly higher at 2800 
rpm than at 2000 rpm mill rotor speed. In general, under the set of 
variables studied SO far, the milling kinetics are fairly slow. The 
highest rate of milling is expected at a high rotor speed and an 
optimum ratio of feed particles size to media size. 

begin testing the milling model. In addition, detailed analysts of 
the surface chemistry of  the milled powders will be conducted, 

The presence of finer size particles in SNE-5 

Both factors are 

Based on the partially completed experimental design it appears 
"he 

The particle size 

In 

The power data are going to 

The data on power drawn by the mill is presented in Fig. la (44% 

This 

A s  the slurry undergoes 

In the next three months we plan to complete the milling tests and 

Status of Milestones 

Slightly behind due to expanded experimental design. 
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Pub 1 ic at i on 

S, G .  Malghan, D. B .  Minor and L.-S. H. Lum, "Silicon Nitride Powder 
Milling Kinetics in a High Energy Agitation Ball Mill" Accepted for 
publication by Powder Technology, October 1990. 
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Figure 1. Power drawn by the mill as a function of milling time of 
SNE-3 powder s l u r r y  milled in water at a) 44% v/v and 
b )  34% v/v. 
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Figure 2. Increase of specific surface area as a function of milling 
time of SNE-3 powder slurry in water at a) 44% v/v  and 



39 

1.1.4 Processing of Monolithics 

Improved Processing 
V. K. Pujari, K. E. Amin, P. H. Tewari, C. A. Willkens, N. I. Paille, 
G. A .  Rossi, R. D. Creehan, M. R. Foley, and L. C. Sales (Norton 
Company) 

OBJECTIVE/SCOPE 

The goals of the program are to develop and demonstrate significant 
improvements in processing methods, process controls, and nondestructive 
evaluation ( N D E )  which can be commercially implemented to produce high- 
reliability silicon nitride components for advanced heat engine 
applications at temperatures to 137OOC. Achievement of this goal shall 
be sought by: 

- The use of silicon nitride - 4 %  yttria composition 
which is consolidated by glass encapsulated HIP'ping. - The generation of baseline data from an initial process 
route involving injection molding. - Fabrication of tensile test bars by colloidal techniques - 
injection molding and colloidal consolidation. - Identification of (critical) flaw populations through 
NDE and fractographic analysis. - Correlation of measured tensile strength with flaw popu- 
lations and process parameters. - Minimization of these flaws through innovative improve- 
ments in process methods and controls. 

The quantitative program goals are: 1) mean RT tensile strength of 
900 MPa and Weibull Modulus o f  20, 2 )  mean 1370°C fast fracture tensile 
strength oE 500 MPa, and 3) mean 1230OC tensile stress rupture life of 
100 hours at 350 MPa. 

TECHNICAL PROGRESS 

The technical progress against the major tasks is described, The 
major tasks are: 1) Material Selection and Characterization, 
2) Material Processing and Process Control, 3 )  Development and Applica- 
tion of NDE, 4 )  Property Testing and Microstructural Eval.uation, 5) 
Reporting, and 6) Quality Assurance. 

"Research sponsored by the U.S. Department of Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office of Transporta- 
tion Systems, as part of the Ceramic Technology f o r  Advanced Heat 
Engines Project o f  the Advanced Materials Development Program, under 
Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc., 
Work Breakdown Sub-Element 1.1.4.1." 



During this period, inajor effort was directed towards: 1) t h e  
development of baseline data (Milestone # 5 ,  Task 1. 2 )  using the initial 
px-ocess route ( IPfz) o f  injection molding which involved microfocus X-ray 
and dye penetrant examination o f  all molded tensile bars and rooiil 
temperature and high temperature tensile testing, 2) mold design and 
injection molding of MLP (machined from large piece) bars, 3) p r p s s u r e  
c:asting of crack-free tensile bars through binder development antl mold 
design modifications, 4 )  establishment of detection capabilitjes of 
ii1icrofocus X-ray, dye penetrant techniques, and film digiti zation 
techniques, 5) development of tensile bar NDE and fractography flaw 
population data correlation methods , and 6) cornpari son of mechanical 
properties o f  co-milled (C-Series) and precipi t;ated (W-Series) powder 
batches. 

i) Powder P r o c e s s  inq 

AC~EQUS milled suspensions were prepared using two different 
.techniques. In the W-Ser.i.es suspension, after milling the sili.con 
nitride powder, yttri.a was added by precipitation from a salt s o l i . i t i o n .  
In the case of C-Series, both silicon nitride and yttria powder a r e  co- 
milled. 

Four large batches were made to fnllow-up on .the encouraging casting 
r e s i - t b t s  f o r  small rods Prom batch WOO9. Batches WO11, W012 antl W013 
were made i.n a manner similar to W009, but with improvements made in the 
mixing conditions (luring precipitat..icin that lessened the occurrence of 
yttrium-rich agglomerates. Problems with long% t.udi.nal cracking were 
encountered on drying the larger cast rods as discussed below. 
Subsequently, it was shown that the yttrium-rich regions were caused by 
a high concentration of the salt used as the sintering aid. By 
controlling the salt concentration, the yttrium-rich regions have been 
eliminated in Skg batches (WOl6). A modified process for precipitation 
is being eva lwted  f o r  the 28kg batches. 

A water ca-milled process (C-Series) was developed paral le l .  to the 
precipitated process (W-Series) . Four 28kg batches were prepared ( C 0 0 2 -  
COO5) far casting and injection mol.ding studies. The @-Series powder 
has shown a lower oxygen content than the W-Series, since there is less 
potential f o r  hydrothermal oxidation. Problems encountered with foaming 
and partial hydration of the yttria were solved using appropriate 
surfactants. The slurries were concentrated to > 7 0 %  solids content. 

Properties of CIP'ped/HIP ped t i . les  prepared from each batch are 
discussed under Task 4. Fracture origin analysis indicates that 
failure is m o s t  frequently from very "subt le1Q low density agglomerates, 
which may he  related to the powder drying step. 

ii) Colloidal Consolidation 

a. S l i p  Formulation/Characteri-za~ion 

The objective of this sub-task is ta develop an aqueous suspension 
suitable f o r  pressure casting of crack-free NSF (Net Shape Formed) 
tensile bars. 



Before casting, every slip was characterized for its rheological 
properties using the Bohlin rheometer to obtain the viscosity versus 
shear rate curve. A typical curve is shown in Figure 1 f o r  a slurry of 
the W-Series and in Figure 2 for a slurry o f  the C-Series. 

During this study, it was found that the rheological properties were 
fairly consistent from batch to batch of the same series. Furthermore, 
no significant changes in viscosity were found for the same slurry upon 
aging when the slurry was kept rolling in plastic containers at room 
temperature. 

Measurement and control of p H  was done routinely since slight p H  
changes significantly affect the degree of flocculation and, therefore, 
viscosity. The optimum pH was found to be about 9.5 

The suspensions were also analyzed f o r  the presence of agglomerates. 
SEM examination of the fracture surfaces of tensile bars which had 
cracked during drying revealed the presence of agglomerates. In order 
to detect their presence in the slurry, the Hengman instrument was 
routinely used. This simple instrument, commonly used in the paint 
industry, consists of a thick steel plate with two polished rectangular 
lanes, about 2 cm wide and 16 cm long. Each lane is 100 pm deep at one 
end and tapers to zero depth at the other. A few drops of the slurry 
are placed at the 100 urn deep end and the liquid is slowly squeezed 
towards the other end with a steel blade. In so doing, the thickness of 
the slurry gradually decreases to zero. If agglomerates are present, 
they are dragged by the blade and form a visible streak. This instru- 
ment was very useful not only for the routine examinations and for the 
quality control of the slurry, but also for the screening of binders. 
The relative efficacy o f  a binder was judged by observing the cracking 
occurring during drying, i.e. slurries with the best binders did not 
crack during drying. 

Binders were screened for the purpose of solving the cracking 
problem discussed later. Of all the binders tested, 1313 was the best, 
confirming the results previously obtained. 

Binders were added to slurries o f  both W and C-Series to try to 
enhance the yield of dry, uncracked tensile bars. It was found that the 
binder was more useful for lower solids loading and for the bars cast 
with the C slurries. These bars had a tendency to crack right after 
removal from the plastic mold when no binder was present. 

Using the slurry W-013, a matrix of experiments was designed and 
conducted with the purpose of finding the best combination of binder, 
surfactant and pH. Short rods were cast and their density and dry 
strength were measured. The best combination was the binder B13, pH = 
9.5 and no surfactant. This combination was then chosen for subsequent 
experiments. 

b. Pressure Castincr of Tensile Bars 

Before casting, the suspension was characterized f o r  pH and 
viscosity, ultrasonicated, de-aired and fed to the split plaster mold. 
Typically, the slurry was fed to both ends of the mold, corresponding to 
the buttonheads of the specimen. The typical casting time was 30-40 
minutes. 

Bars cast from a given slurry had, in general, consistent weight. 
For example, using the same slurry, 89 bars were cast over a period of 
six days. The difference between the average weights found during the 



f i rs t  and l a s t  days  was 1 . 2 % .  T h i s  r e s u l t  cou ld  n o t  have been obta ined  
had t h e  s l u r r y  been u n s t a b l e .  

e. m h n g  Pro)l?lem and i t s  Solu&o.n 

I r r e s p e c t i v e  of t h e  t y p e  of s l u r r y  used  f o r  c a s t i n g  (whether  W o r  
C )  , a longi t ixt l inal  c r a c k  a lmost  a lways appeared  on t h e  bar  upon d r y i n g .  
O v e r a l l ,  more c r a c k i n g  occur red  i n  t he  b a r s  cas t  from the  C s l u r r i e s .  
A l m o s t  a lways ,  the c r a c k  foll.owed t h e  p a r t i n g  l i n e .  A t  f i rs t  it was not  
c l e a r  whether  khe c r a c k i n g  w a s  due to s t r a i n  r ecove ry  (wi thou t  water  
l o s s )  o r  t o  dryi.ng. I t  was l a t e r  found t h a t  Crying w a s  t h e  main cause ,  
s i n c e  bars k e p t  i n  sealed p l a s t i c  bags i n  s a t u r a t e d  c o n d i t i o n s  never 
c racked .  

Attempts  t o  s o l v e  the c r a c k i n g  problem by d r y i n g  i n  c o n t r o l l e d  
humidi ty  c o n d i t i o n s  u s i n g  a programmed c a n . t r o l l e d  humidi ty  oven were 
unsuccessful .  e This w a s  found t o  merely d e l a y  the  c r a c k i n g  e v e n t .  

Among ,the p o s s i b l e  c a u s e s  f o r  c r a c k i n g ,  agglamerates and d e n s i t y  
g r a d i e n t s  w e r e  cons ide red  most l i k e l y .  However, i t  w a s  found t h a t  
c r a c k i n g  occur red  a l s o  when agglomera tes  were a b s e n t  and when d e n s i t y  
d i f f e r e n c e s  lower t h a n  1% e x i s t x d  between bu t tonhead ,  shank and ga.uye i n  
cracked b a r s  d r ied  and a i r - f i r e d  a t  6 Q O ° C .  I t  was also found . tha t  a 
h i g h e r  packing d e n s i t y  i n  t h e  wet b a r  d i d  n o t  r educe  c r a c k i n g ,  Bars 
from the C - S e r i e s ,  w i t h  packing d e n s i t i e s  o f  a h o u t  2 4 / c m 3  cracked more 
o f t e n  t h a n  t h o s e  of t-he W-Series, w i t h  t y p i c a l  packing  d e n s i t y  of 1.*7 

Recently, i t  w a s  demonst ra ted  a t  the U n i v e r s i t y  of Washington i n  
P r o f e s s o r  Aksay's l a b o r a t o r y ,  t h a t  i n  wet bu t tonhead  region of p r e s s u r e  
c a s t  bars ,  d e n s i t y  g r a d i e n t s  e x i s t  a c r o s s  t h e  diameter ( s e e  Figure  3 ) .  
T h e  t echn ique  used  for t h i s  a n a l y s i s  was gamma r a y  dens i tome t ry .  I t  is ,  
t h e r e f o r e  , p o s s i b l e  t h a t  l o c a l i z e d  d e n s i t y  gradients cause d i f f e r e n t i a l  
stress bui ld-up  d u r i n g  t h e  f i rs t  stdye of d r y i n g ,  which, i.n t u r n ,  
t r i g g e r s  the crack format ion .  

I n  o r d e r  t o  s o l v e  t h e  c r a c k i n g  problem, f r eeze -d ry ing  was a l s a  
a t t empted  using two d i f f e r e n t  methods. With t h e  first method, t h e  as-- 
c a s t  bar w a s  f r o z e n  and freeze-dr ied,  With t h e  second method, the  
s o n i c a t e d ,  de -a i r ed  s l u r r y  was poured i n t o  a s p l i t  rubbe r  mold, which 
was f r o z e n .  The f r o z e n  bar was e x t r a c t e d  from the mold and f r eeze -  
d r i e d .  Bo th  methods w e r e  u n s u c c e s s f u l  and v i r t u a l l y  a l l  b a r s  were found 
c racked  af t.er f r eeze -d ry ing .  

F i n a l l y  I t h e  mold d e s i g n  f e a t u r e s  w e r e  examined c a r e f u l l y .  The  
c r a c k i n g  probl-em was ultimately s o l v e d  by r educ ing  t h e  porous  s u r f a c e  of 
t h e  p l a s t e r  mold and ,  t h e r e f o r e ,  t h e  c a s t i n g  p a t t e r n .  The d e s i g n  of the 
mold w a s  a l s o  s l i g h t l y  modi f ied  by r e l o c a t i n g  the  gates.  A f t e r  t h e s e  
changes,  b a r s  with c o n s i s t e n t l y  h i g h e r  weight  were p r e s s u r e  c a s t  us ing  
the COO3 and COO4 s l u r r i e s .  These bars w e r e  d r i e d  i n  a i r  w i t h  no 
c r a c k i n g  and close t o  1 0 0 %  y i e l d  w a s  ach ieved .  

cJ/ cm3.  

iii. mge.tion Moldinq 

A .  I n j e c t i o n  Moldinq of N S F  Bars  f o r  a a s e l i n e  T e n s i l e  I3aX-z 
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a. Mold Desiqn 

As described in the previous semi-annual report, three distinct gate 
designs were evaluated ("Gl", "GZ", and "G3") , with design "G3" (end 
gate) selected for the baseline NSF specimens. The original die cavity 
produced an undersize NSF bar (20% in linear dimensions) which was used 
in the preliminary unit operation developments. The final baseline bars  
were molded in a double cavity die with cavity volume 1.84 times the 
undersized bar volume. 

b. Moldincr Process ODtimization and Control 

Five molding batches were consumed in the iteration, with the last 
of these (Batch "E" - 32kg) used for the full size bars representing the 
baseline data. Mold design and molding parameters were optimized 
relative to bar quality measured in terms of weight, dimensions and 
roundness. Microfocus X-ray radiography was used to generate prelimi- 
nary control information for the molding parameters. Using the 
optimized mold design and molding parameters, all baseline NSF bars were 
molded. 

c. Dewaxinq 

A dewaxing procedure was developed for the small NSF bars which 
provided a yield level of 85%. The procedure specified time, tempera- 
ture, pressure and atmosphere parameters. This procedure was found 
inappropriate for the full size bars, giving low yields. Parameter 
experimentation, improvement in temperature control within the furnace 
using additional thermocouples and proper fixturing procedure using 
custom designed setter plates resulted in a procedure giving a yield 
level of 86% for the baseline bars. However, occasional cracking near 
the buttonhead radius (transition between shank and buttonhead) was 
observed (by dye penetrant technique on densified bars) as described in 
Task 3. This is suspected to be caused by molding related residual 
stresses due to the sharp transition in the cross-section of the bar 
causing premature buttonhead failures during testing (Task. 4 ) .  Slight 
modifications in the mold to incorporate gradual transition in the 
cross-section near the buttonhead is expected to alleviate this problem. 

B. Iniection Moldins of "MLP1* Bars 

a. Mold Desisn 

Preliminary testing was done in an MLP shape mold to determine the 
required molding parameters for this shape. This test pointed out some 
problems in molding the part, specifically in the transition area 
between the thick center section and the shank ends. Cracking in this 
area during molding was evident. The mold has been redesigned and 
modified with a tapered transition area to replace the earlier sharp  
transition. 



b. Moldinq 

A seven kilogram batch was prepared for the molding of MLP shapes. 
The technique for preparing this batch was modified from that normally 
used in an attempt to reduce the occurrence of metallic inclusions. 
This technique does have a drawback in that the material loaded into the 
molding machine does not feed as well or as uniformly as the standard 

material. This led to some problems during molding caused by a very 
slow and erratic melting of the material. 

A total of eight MLP samples were molded with an average weight of 
539.9 g and a standard deviation o f  4 4 %  Figure 4 is a photo of an MLP 
saliiple as molded. All samples were submitted for microf ocus X-ray and 
one sample each for NMR and ultrasonic evaluation. Following these 
tests, samples  will be dewaxed and HIP'ped. 

All sample materials were hot isostatically pressed using a 
proprietary experimental process cycle previously developed by Norton 
ftsr silicon nitride-.a% yttria compositions. During the performance 
period, a total of twenty-four HIP runs were made. ihese firings 
comprised of eighteen tensile rod runs and six test tile r u n s  f o r  powder 
qualificati-on and testing. Of the eighteen tensile rad runs, twelve o f  
these were used f o r  densifying the Stage 1 baseline bJSF samples from the 
first process iteration, Of the remaining runs, four tensile rod 
firings were used for either experimental purposes OK f o r  densifying NDE 
tensile rod standards and two tensile rod firings were made far 
densifying prot-otype pressure cast tensile rods. 

II 

b, Ten.sile Rod Yie ld  

Due to several f a c t o r s ,  the tensile rod yield from the H I P  was 
reduced from the  nearly 100% yields which had been previously achieved. 
Just prior t~ the first baseline iteration, the k e n s i l e  rod design was 
changed. Increase in tensile rod dimensions required modification o f  
fixturing designs and packing arrangements which had been previously 
developed f o r  a srnallcr rod geometry. 

This change in N S F  specimen dimension also introduced subtle 
problems in yreen  forming  which had a significant, though indirect, 
influence on HIP yield. of the total inventory of tensile rods 
submitted f o r  HIP'ping, approxixately 75% were densified intact and 
nearly 50% achieved theoretical density. It should be noted that the 
overall HIP yields were heavily biased by the initial development runs 
where entire r u n s  w e r e  lost. Subsequent runs routinely provided between 
8 0  to 100% yields. Based on run-out iiieasurements made initially on all 
green tensile rods and densified intact tensile rods, no detectable H T P -  
induced warpage was produc:etl during densification. 



c. HIP Process ExDeriments 

During the performance period, a number of experimental modifica- 
tions in pre- and post-HIP treatments and HIP firing cycle were evalu- 
ated. Both alcohol milled and water milled powders were subjected to a 
standard process cycle, a modified presinter-HIP cycle, a recrystalliza- 
tion treatment, and an oxidation annealing treatment. The results of 
this study are presented in Table 1 where room temperature fracture 
toughness, room temperature and high temperature (1370' C) flexure 
strength, and stress rupture lifetimes are reported for each condition. 
The results of this study indicate no significant improvement in 
properties. 

d. HIP Reaction Layers 

During glass encapsulated HIP'ping of silicon nitride-yttria 
compositions, a surface reaction layer is typically Eormed on surfaces 
of samples. This layer is typically observed optically at low magnifi- 
cation in dark field due to contrast of the lighter surface layer with 
the darker bulk sample. For standard compositions, the optically 
detectable reaction layer extends between 5 to 30 mils into the sample. 

Typically, these reaction layer compositions are silica rich and 
yttria deficient with a higher oxygen, boron, sodium and calcium 
content than the bulk material due to reaction with the glass. X-ray 
diffraction characterization of surface and bulk samples indicate that 
the surface reaction layer is typically higher in alpha-Si3N4 and the 
silicon oxynitride (Si2N20) than bulk material with alpha contents 
typically varying between 1 to 20% and silicon oxynitride generally 
under 15%. For fixed initial oxygen content in green components, the 
reaction layer thickness and composition is essentially constant. 

While physical and chemical evidence of the surface reaction layer 
-. is readily obtained, it is not known to date whether the reaction layer 
is advantageous, benign or damaging from a mechanical property perspec- 
tive. There is limited evidence which indicates that the presence of 
the surface reaction layer is desirable €or improved toughness. There 
is also evidence, as documented in this report (TASK 4 ) ,  which suggests 
that high alpha-Si3N4 content, as found within the reaction layer, leads 
to lower room temperature and high temperature strength. Due to the 
unresolved uncertainty in influence of the reaction layer om mechanical 
properties, all specimens which have been tested to date have a minimum 
of 50 mils machined from as-HIP'ped surfaces in order to remove the 
reaction layer. 

V. Machininq 

Injection molded, HIP'ped NSF bars were final machined by diamond 
grinding, inspected and delivered to the mechanical test Lab for tensile 
testing. Additionally, 3 0  tensile bars were finish machined and 
delivered to ORNL. An SOP for inspecting machined bars was established 
for the prescribed dimensional tolerances, surface finish (0.4 urn Ra.), 
and concentricity (-+ 0.00508 mm) . The radius at the shank/buttonhead 
transition is given special attention relative to gripping requirements. 



Vi. Process Control and Optimization 

a. Powder PreDaration 

Statistical Process Control (SPC) chart which are being maintained 
on performance variables in the powder preparation unit operations 
indicate the following: 

1. Oxygen content in the co-milled final powders are 
closer to specified values than in the precipitated powders and appear 
to have less variability, (See Figures 5 and 6.) 

2. Yttria content in the precipitated batches are variable from 
batch to batch, but have smaller deviations within batches (Figure 7). 
This dispersion within batches appears to have improved with each 
successive batch. In the case of co-milled powders, the variability in 
the latter batches has increased (Figure 8). 

3 .  The surface area of the final powder as in the case of 
yttria content appears to have large variability from batch to batch, 
and less variability within a batch for precipitated powders (Figure 9). 
This is consistent with the variability in ytfria content. Similarly, 
the surface area of the co-milled powders followed the variability of 
the yttria content (Figure 10). 

Procedures are currently underway to determine the cause of the 
variability in yttria values, and to introduce a homogenizing step in 
the process. 

b. Iniection Moldinq 

in the development of SPC charts, "on-line" variables are continual- 
ly being evaluated, so as to arrive at some easily measured parameter 
that can be correlated to an actual performance measure. One of these 
"on--l. inept variables is the weight of the injection-molded tensile rod, 
A proposed hyp0thesi.s was that the weight of the tensile rod was 
inversely proportional to the volume of voids (detected using microfocus 
radiography) . 

A s  a by-product of an experiment to reduce voids by varying 
i n j  ection-molding parameters weights of tensile rods were recorded as 
molded. An NDE technique was then used to examine the green tensile 
specimens for voids (and other flaws such as cracks, inclusions). The 
total volume of voids thus detected was plotted against the weight of 
the rods. A regression analysis showed no correlation between weights 
and the volume of voids. Reasons suggested for this (and verified to a 
certain extent) were that changes in some injection molding control 
variables affect the density of the material, and thus any relationship 
between weight and void volume is overshadowed by density variations. 

The recording of weights and voids was repeated for the baseline 
iteration (Initial Process Route) with molding controls kept constant. 
There appears to be a good correlation between the weights of rods 
molded and the void volume detected by NDE Figure 11. This could mean 
that the weights can be used as an on-line control variable to monitor 
the process. 



TASK 3 :  DEVELOPMENT AND APPLICATIONS OF NDE 

A. In-House NDE 

i) Reference Samgles 

The milestone on preparing appropriate samples of Si3N4 with known 
seeded defects/flaws and computing detection sensitivity of microfocus 
radiography/dye penetrant w a s  completed. 

Inclusions (Fe) were seeded in cylindrical rods (both green, 
presintered, and HIP'ped) with size range 20 to 200 ,an. Samples with 
simulated voids were made with seeded PMMA in the size range of 20 to 
200 p n .  Rods with density gradients were prepared with both density 
variations as high as 16% within individual rods as well a5 from rod to 
rod. Agglomerates were seeded in both loose powder pack as well as in 
Si3N4 slips. 

Probability of detection (POD) at confidence levels of G = 9 5 %  was 
determined using the above seeded reference samples. In the green 
state, the minimum size of Fe particles detected using microfocus film 
radiography was better than 0.3% of the sample thickness (20 ,m in thin 
sections). A 2% thickness sensitivity was achieved for lower bound 
probability of detection ( > g o % ) .  In samples with PMMA simulated voids, 
minimum size detected was 2 %  (100 con) of sample thickness. A thickness 
sensitivity of 5% was attained at POD >95% at G = 95%. In as HIP'ped 
samples, probability of detection of Fe is 97% at G = 9 5 %  for thickness 
sensitivity of > 2 . 4 % .  No PMMA particles w e r e  detected in HIP'ped 
specimens as all voids were healed during densification. 

Experimental design was adopted to optimize the film exposure 
conditions so maximum contrast can be achieved to help improve detection 
sensitivity for the above defects. It was found that the use o f  no 
screens and medium speed films at particular values of excitation 
voltageffilament current gave the optimum contrast. The use of mating 
surfaces to both conform to the cylindrical shape and offset the 
thickness gradient was found to provide no beneficial effect on 
contrast and definition. Experimenting with a variety of anodes (Mo, 
Fe, W, Cu) did not provide practical advantages. 

SOP were developed to detect cracks using fluorescent dye penetrant 
on reference samples with known cracks, introduced using Vicker indenta- 
tion technique. Using oil base penetrants with different sensitivities, 
cracks as small as 18 urn (length) were detected. This procedure is 
being used routinely to monitor the effect o f  machining on tensile bars. 

ii. Process Monitorinq 

Microfocus radiography was instrumental in monitoring the quality of 
tensile bars (made by both the injection molding and pressure casting 
techniques) in as-molded/cast , pre-sintered and HIP' ped states. An 
example of the defect population measured in such samples is shown in 
Figure 12. Microfocus technique was a l s o  successfully utilized to 
monitor contaminants in raw powder, compounded material (injection 
molding) and colloidal slips. 



iii. Film Dixiiization 

The milestone on installing and implementing film digiti- 
zation capability to quantify flaw populations in tensile bars was 
success€ully completed with the help of Argonne National Laboratory. 

The film digitization set-up consists essentially of a high 
reso7.ution CCD camera (1024 x 1624) , a frame grabber board (1280 x 
1024) , high resolution monitor and graphics board, computer hardware and 
software to provide various contrast enhancements, filtering, s i z e  
analysis and density analysis (optical). 

A n  exanple of improved defect detection and the reliability of 
defect counting is shown in Figure 13. 

iv. Flaw PoDulation Data ..Analvsis 

The milestone on developing techniques for definition of multiple 
flaw populations and establishing methods to quantify such popul.ation 
from both NDE and fractography data was accomplished. The effort may be 
detailed as follows: 

A computer program was written by Professor K. Jakus (University of 
Massachusetts) using BBN & Associates R S 1  RPL procedure to do the 
following: 

1. Allow input of fracture strength data from testing o f  
both green and dense specimens. 

2. Allow input of optical/SEM fractography data ( i. e. location, 
s i z e ,  and type of flaw origin). 

3. Compute probability of failure for both uncensored and 
censored data according to flaw type (volume I surf ace , buttonhead and 
unknown) using t h e  formulas in Appendix A. 

4. Compute riaeibull modulus using both least squares fit and 
maximum likelihood techniques and plot the resulting distributions. 

5. Compute flaw density data (number of flaws per unit volume 
at a given strength) using appropriate fit functions (spline fit and 
both quadratic and cubic functions). 

6. P l o t  flaw distribution versus strength data at various 
processing steps. 

The above procedure was applied to data from baseline iteration of 
injection molding. Figure 14 shows the probability of failure versus 
fracture strength of HI?' ped/machined S i 3 N 4  a5 separated for volume and 
sur face  flaws as well as buttonhead failures using censored probability 
o f  failure computations (Appendix A). Strength separation here clearly 
shows the dependence of Weibull Modulus, m, (slope of plot) on the t-ype 
of flaw population. For volume flaws, m = 6 . 8 5 ;  for surface flaws, m = 
1.20, and f o r  but.tonhead failures, m = 5.14. 
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B. Subcontractors 

i) Precision Acoustic Devices (PADL 

PAD has been engaged in ultrasonic technique development, mainly 
focusing on developing novel transducers (using air as couplant), PVDF- 
type transducers with a mating surface and a buffer rod and spherically 
focused transducers. In addition, scanning techniques (hardware/softwa- 
re) have been developed for inspecting cylindrical samples. The proce- 
dure was also developed to image defects in green bars (both pressure 
cast and injection molded) using both urethane coating and plastic 
vacuum bagging. An example of C-scan obtained from such techniques is 
shown in Figure 15. The PVDF transducers were evaluated first on flat 
samples with around 5 0  pm seeded WC particles. The data shows very h igh  
transducer sensitivity; i.e. ability to detect smaller size inclusions 
around 10pm.[21 cylindrical samples are presently being evaluated using 
those PVDF-type transducers. 

Surface wave acoustics technique (50 MHz pulse mode with an F0.85 
transducer) was successfully tried to evaluate the integrity oi the 
surface of HLP'ped/machined Si3Nk tensile rods. Scans provide data on 
cracks and other surface machining contours as illustrated in Figure 16, 
Work is continuing to optimize this approach. 

ii) Arsonne National Laboratories 

ANL has been concentrating mainly on technique development in both 
computed tomography and nuclear magnetic resonance imaging/spectroscopy. 

1. Computed TomoqraDhy 

The 3D image reconstruction code was rewritten to compute 512x512 
sections instead of 256x256 and, therefore, achieve higher resolution. 
Proper system configuration for optimizing density sensitivity was 
established. Full eight-bit dynamic range of the frame grabber, 256 
grey level scale was achieved by electronics modification. It w a s  also 
found that the presence of a lead mask at the face of the image 
intensifier, as well as the use of appropriate collimation at the 
source, gives measurably improved results. Figure 17 shows examples of 
CT sections collected on both injection molded and pressure cast tensile 
samples. In the pressure cast sample, a very low density region can be 
observed in the section which happens to be from the middle o f  the gauge 
length. 

2. NMR SDectroscoDy 

Work on quantification of surfactant distribution on powder versus 
solution (slip) is continuing. 

Proton spectra of both compounded, pelletized and injection molded 
Si3N4 samples were obtained, Figure 18. The molded sample shows a 
downfield shift (increasing ppm) of the observed resonance. Additional- 
ly, the full width at half maximum o f  the resonance increased from 
approximately 600 Hz in the compounded material to approximately 1300 H z  
in the molded specimen. Origin o f  such changes is being investigated as 



related to binder chemical and physical changes (using solid state C-NMR 
and I1 relaxation). The changes in binder affects viscosity and 
moldability of the mix. 

3 .  mIrnaqing 

Proton (1W) studies were conducted on the pure binder in an attempt 
to define optimum conditions for imaging its distribution in inj etrtion 
molded samples. 'The binder was identified as consisting primarily of 
aliphatic carbons (czhemical shifts 15-40 ppm) with a small amount of 
carbons that are either quaternary or bonded to azine functionalities 
(approximately 48 ppn) and carboxylic acid groups at 181 ppm. 

TASK 4 : .PROPERTY TESTING AND MICROSTRWCTUPJ3L EVALUA'l ' l .00 

i) I n i  ection Molded Specimens from Initial. ..process Re-gte-BaseliAX 
Data 

a. &om Temperature Fast...Fractu~ 

Fast fracture tensile testing was performed on 4 9  specimens at room 
temperature, resulting in 26 gauge failures and 2 3  buttonliead failures. 
The strength f o r  t h e  specimens which failed at the buttonhead was 
calculated as the stress in the gauge section at the point of buttonhead 
failure. The data is summarized i n  Table 2. Optical and/or electron 
microscopy was performed on all fracture surfaces. All 2 3  buttonhead 
failures were from pre-existing surface cracks due to the forming 
process. A s  discussed above, these flaws s d e r e  detected using the dye 
penetrant technique e 

Table 3 outlines the fractography data for all 26 gauge failures. 
The same strength Limiting flaws if detected by microfocus X-ray (NDE) 
are also noted. Inclusions were B i t h e x  Fe, Ti, A l ,  Cr, Zr, Ni or a 
combination of these. The size of the flaw w.as measured from an SEM 
micrograph as the largest measured dimension. On a few specimens, it 
was difficult t t z  measure or find the strength limiting f l a w .  The 
Weibull Modulus of the strength data was found equal to 3.3 for gauge 
failures and 4.3 for all data. A l s o  included in Table 2 are data f o r  35 
flexure specimens machined from five tensile rods and tested at room 
temperature. A s  expected I thc. measured flexure streqths are higher 
than those of tensile specimens. 

Fracture toughness measurements performed on four flexure bars 
machined from tensile rods, by an indentation and fracture technique, 
resulted in an average value of 5 . 3 5  0 . 0 3 7  MPa.mD*5.  

b . .E 1 ev a t t 3 d L i e . m ~  e r a tu r e .--Fast F r a  ct-uce 

Fast fracture tensile testing was performed on 15 specimens at 
1370'C in air and the data are summarized j.n Table 4 .  

There were only two buttonhead failures caused by pre-existing 
surface cracks introduced probably during forming. Optical and/or 
electron microscopy was performed on all fracture surfaces and is 
outl . ined in Table 5. Seven of the remaining 13 specimens failed due to 
SCG (Slow Crack Growth) at stresses below 140 MPa, while the remaining 
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six failed at stress in excess of 250 MPa. Also included in Table 4 is 
data for 14 flexure specimens machined from five tensile rods and tested 
at 137OOC. As expected, the strengths are greater in flexure than in 
tension. 

C. Stress RuDture Testing 

Tensile stress rupture tests were performed on five specimens at 
123OoC in air at an applied stress level o f  350 MPa. The times to 
failure were 0, 2, 5, and 20 minutes, with one specimen failing during 
loading at a gauge stress of 278 MPa. The fractography results are 
summarized in Table 6 .  All specimens failed in a fast fracture mode as 
opposed to slow crack growth. This may be explained by considering t h e  
fact that the average strengths at room temperature and 137OoC are 454 
and 204 MPa, respectively. These data suggest that the applied stress 
of 350 MPa is very close to the fast fracture strength of t h i s  material 
at 123OOC. Flexure stress rupture tests were also performed on four 
specimens machined from tensile rods with one €ailing immediately and 
three surviving 200 hours before test termination. 

ii) ComDarison of AaUeQUS Milled Powders 

The mechanical properties of eight ( 8 )  aqueous milled batches 
processed by two techniques were evaluated using flexure specimens 
(machined from CIP’ped and HLP’ped tiles) per MIL STD 1942 (MR) B. As 
mentioned in TASK 2, powder processed from these two techniques are 
designated as precipitated (W-Series) and co-milled (C-Series). The 
mechanical property data from these powder batches are summarized in 
Table 7. As obvious from Table 7, the strengths of several batches 
exceed 900 and 5 0 0  MPa for room temperature and 137OoC test condition, 
respectively. The fracture toughness values are similar for all 
batches, ranging between 5.9 and 6 . 4  MPa.m”. Stress rupture tests at 
1373O0C/3O0 MPa were performed on test bars, both from W-Series and C- 
Series batches. Only 20% of the W-Series specimens survived 200 hours, 
while 5 4 %  of the C-Series specimens survived the 200 hours. 

Due to the overall high strength values, the flaw origins in the 
flexure bars tend to be small and mostly related to large grain, 
agglomerates or porous regions. A limited number of ferrous inclusions 
were also observed in the W-Series (11%) and e-Series (7%) test 
specimens. 

A s  mentioned before, flexure specimens are machined from HIP‘ped 
tiles measuring 63.5mm x 63.5mm x 6.4mm. Using a tracking system, each 
flexure bar was identified by the tile it was machined from and t h e  
position of the tile in the HIP. Within a specific batch and HIP run, 
a tile-to-tile variation was measured by mechanical testing. Figure 19 
is a plot of strength versus tile number for the C-Series batches one 
through four. Five separate HIP runs were made to produce a l l  
27 tiles. The most pronounced differences are seen in HIP-3 (Batch 
C002) and HIP-5 ( C 0 0 4 ) .  The mean strength differences between these 
tiles is statistically significant. Thorough chemical analyses are 
always performed at various stages of the processing as part of the SOP 
prior to HIP’ping. Subsequent to HIP’ping, properties such as grain 
size morphology and crystal structure are also measured, but on a 
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limited basis. Table 8 summarizes the XRD data from four specimens 
taken from separate batches and the Alpha: Beta ratio indicating that 
each saw different HIP conditions. It is critical for both reliability 
and reproducibility reasons that the HIP be monitored more closely. 
Further post-HIP analyses are being perfoPmed to gain  insight and to 
h e l p  develop a cause-effect relationship. 
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STATUS OF MILESTONES 

All milestones are on schedule. 

COMMUNICATIONS/VISITS/TR?iVEL 

o K. E. Amin visited Argonne National Laboratory, May 22, 1990 to 
review progress towards NMRS/NMRI and CT effort. 

o K. E. Amin visited Precision Acoustic Devices Company on May 23, 
and 2 4 ,  1990 to review progress in ultrasonic effort. 

o D. M. Tracey, V. K. Pujari, K. E. Amin, P. H. Tewari and 
R. H. Licht visited ORNL, Oak Ridge, Tennessee for semi-annual 
project review, July 2 0 ,  1990. 

o K. E. Amin visited Argonne National Laboratory to review progress 
and to deliver reference samples with density gradients and 
pressure cast tensile bars made from different mold designs. 

o V. K. Pujari and G. A. Rossi vis i ted  Professor I. Aksay at the 
University of Washington to evaluate density gradients in green 
pressure cast tensile bars using gamma-ray densitometer. 

PROBLEMS ENCOUNTERED 

None. 

PUBLICATIONS 

o K. E. Amin presented a paper titled, ''Characterization of Pro- 
cessing Defects in Ceramics Using Microfocus Radiography", at 
the 92nd ACS Annual Meeting, Dallas, Texas, April 22, 1990. 

o K. E. Amin presented a paper titled, "The Use of Film Digitiza- 
tion Technology for Improving the Detection and Mapping of 
Defects in Ceramics", at the ASNT/ACS Conference on NDE of 
Modern Ceramics, Columbus, Ohio, J u l y  9, 1990. 

. . . . . , . . . . , . , , . . , . . . , . . ...... . . . . . . . . .,. . . . , . . . . . , . . . . 
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Appendix R 

Failure Probability Computations 

I - UncensoreB. data: 

where i : sample ranking  (from lowes t  s t r e n g t h  to 
h i g h e s t  s t r e n g t h )  

J : t o t a l  if samples i n  a l o t  

I1 - Censored data: 

J, : # remaining a f t e r  censo r ing  



Table 1. EXPERIMENTAL PROCESSING STUDY (PRESINTER, HIP & POST TREATMENTS) 

POWDER PROCESSING 
BATCH ROUTE 

1370'C @ 300 MPa 
STRESS RUPTURE LIFE 1 

RTFF (MPa) HTFF (MPa) ( h r s )  R. T. KIc (MPa. m' ) 

woo9 

woo9 

woo9 

woo9 

coo1 

coo1 

coo 1 

coo1 

STANDARD CYCLE 

MODIFIED PRESINTER/HIP 

MODIFIED PRESINTER/HIP 
& CRYSTALLIZATION ANNEAL 

MODIFIED PRESINTER/HIP 
& CRYSTALLIZATION ANNEAL 
Ei OXIDATION ANNEAL 

STANDARD CYCLE 

MODIFIED PRESINTER/HIP 

MODIFIED PRESINTER/HIP 
& CRYSTALLIZATION ANNEAL 

MODIFIED PRESINTER/HIP 

Li OXIDATION ANNEAL 
& CRYSTALLIZATION ANNEAL 

6.40 

5.80 ( 2 )  

6.07 (2) 

6.09 

6.42 

6.30 (2) 

5.95 (2 )  

6 . 2 2  

> 200 ( 2 )  
5 3  

57 
127 

65 

69 

N/A 

138 

33 
76 

26 
3 5  

N/A 

999 584 

892 4 62 

689 555 

9 8 1  558 

1027 556 

819 482 

885 

1040 

551 

575 
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TABLE 3 :  Room Temperature Fracroqrapny Cata on 
I n j e c t i o n  Molded Tensile S p e c i  -ns ...- 

* I = I N C L U S I O N ;  A = A G G i O M E m T E ;  P=PORE OR PORE CLUSTER; L ' = C m C K ;  
L. G . =LARGE G R A I N S  

(1) R E G I O N  OF ACICULAR G I t A I N S  V O I D  OF G I U I N  BOUNDARY PHASE 
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TABLE 5 :  1370aC T r x t o q r a p h y  Data 
In] e c t i c n  Xolded T e n s i l e  

on 
S pei: i m e n s  

I 

* SCG=SLOW CRACK GROWTH; P=PORE; C=CRACK; AzAGGLOMERATE 
I=INCLUSION 

......... ........ .................... ............... ,. ...... ................. ~ 
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TABLE 6 :  Stress R u p t u r e  F r a c t o a r a p n y  01: 
InJectlon Molded ' r ens i ig  Specinens 

FWW TYPE* FLAW S I Z E  
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TABLE 7 

COMPARISON OF MECHANICAL PROPERTIES RESULTING FROM 
AQUEOUS MILLED POWDERS PROCESSED BY Two DIFFERENT 
TECHNIQUES 

STRENGTH (MPA) 
M = W E I W L L  MODULUS 

NOTE: THE WEIBULL MODULUS I S  ONLY REPORTED I N  SAMPLE SETS OF d o  SPECIMENS 
OTHERUISE THE STANDARD D E V I A T I O N  I S  REPORTED. 

*CONTROLLED FLAU TECHNIQUE 
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TABLE 8 

QUANTITATIVE POWDER XRD DATA FROM FOUR BATCHES OF 
MIP'PED SILICON NITRIDE 
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Figure 1 2. Defect populntion in S i3N4  tensile samples 
( molded as measured from microfocus fi lm radiographs. 
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Weibull plot of strength, S, data after separation for samples 
process using injection molding route (Iteration 1 ) .  



I 
C-SCrn With W 8 X  86 

corplrnt 
C-Scan with no wax 

0 

- _ ,  - _ -  
- 1  



Smrfrrm Ware Images of machined Si3NJ teuile bar9 
trkem at 50 MEr I F0.859 rhowing both rmrll crrckr 
sad grinUng mrrhr. Each pic-re ir 650x200 pixelr, 
each pixel remolmtion ir 24 u. To the right ir 
a pictrre of the rcamming hardware. 



FIGURE 17 

a 

5 

One millimeter thick X- Bay CT images of both injection 
melded ( b and prerrrre cart (. 8 ) Si3N4 s8mplere The 
injectfan molded tomo#rrrpl shew8 the prrrance of hiah dearity 
incirrioas. The prerrure c8rt rection reveals the m8j.r cr8ck ( at 
the partitian line ) rrIoa8 with some relions of Iewcr density th in  
the mrrtrir. The rectionr were t 8 h n  at dlrf went m8#aif icrtionse 

U 
U 



78 

FIGURE 18 

1 
aO.0 ao.0 40.0 2 0 . 0  0 PPI4 0 -2d.O -40.0 -60 .0  -bb.O 

m O . 0  W.0 40.0 aO.0 0 . 0  mr 4 0 . 0  4 . b  4 0 . 0  4 . 0  

00.0 60.0 40.0 20.0 0 . 0  cp* -10 .0  -40.0 -60.0 -90.0 

Static proton (1H) NMR spectra of (a) compounded, (b) peletized. 
and (c) molded ceramic binder mixtures. The spectra were 
acquired using a Bloch decay experiment on the Bruker CXP-100 
spectrometer at amblant temperature. 

JLII~-ALI~LISL 1990 
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Improved Process i nq 
R .  L. Beatty, R. A. Strehlow, 0. 0. Omatete (Oak Ridge National 
Laboratory) 

Ob.jective/scope 

To determine and develop the reliability of selected advanced ceramic 

Issues o f  

processing methods. 'This program i s  to be conducted on a scale that will 
permit the potential for manufacturing use of candidate processes to be 
evaluated. The emphasis o f  this program i s  on silicon nitride. 
practicality; safety, hygiene, and environmental issues; and in-process 
testing methods are to be addressed in addition to technical feasibility. 
The methodology includes selection of candidate processes and evaluation o f  
their range o f  applicability to various kinds of commercially available 
ceramic powders. 

Technical proqress 

I. Silicon nitride gelcasting and sintering 

Installation was completed of a specially designed controlled atmos- 
phere furnace obtained for silicon nitride sintering. 
successfully tested to 2300°C and to 1900°C at the full design nitrogen 
pressure of 0.2 MPa (2 atm). Graphite crucibles were siliconized in 
preparation for sintering studies. 
(100 atm) operation was acquired and is being installed. A cooperative 
research and development agreement was signed with Garrett Ceramic 
Components Division of Allied Signal Aerospace Co. This work is described 
bel ow. 

The furnace was 

A second furnace designed for 10 MPa 

11. Drying studies 

The purposes of drying studies are to minimize warpage of cast parts 
and to optimize the drying operation. 
dated and they shrink during drying as well as during sintering. 
extent of shrinkage from cast dimensions during drying decreases as the 
solids loading o f  the part increases. Typical values for alumina parts are 
3 to 4 lin % at 511 to 55 vol % loadings. 

Sialon and alumina specimens are compared in Fig. 1. The castings 
complete their shrinkage when about half of the moisture has been removed. 
A green density of about 68 vol % is estimated for the dried bodies at this 
point which occurs in about a day. Consequently, we believe that acceler- 
ated drying can be carried out effectively. 

Specimens of silicon nitride were dried at various relative humidities 
from 75 to 95%. As found earlier for alumina and as shown in Fig. 2, the 
drying rate decreases linearly with moisture content o f  the casting for all 
humidities. 
residual equilibrium moisture at the specified humidity. 

No constant rate drying period was observed for gelcast parts, and the 
drying behavior appeared to be the same for both silicon nitride and 
alumina. This gives assurance for the use of alumina data in further 
studies to refine drying procedures. 

Gelled parts are not fully consoli- 
The 

The moisture content at the final weight shows the expected 
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Fig. 1. Shrinkage o f  sialon and alumina 
compared. 

ORNL DWG 90-17105 

(-dX/dt) 

0.00 0.05 0.10 0.15 0.20 0 . 2 5  

Moisture Content (X) 

Fig. 2. Drying rate for silicon nitride 
gelcast plates as a function of moisture content 
at several relative humidities. Drying begins 
at the right on this p l o t ,  the rate falling 
1 inearly. 
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I I I. Envi ronmental , Safety, and Health Studies 
A series o f  experiments was conducted to verify the neutralization 

procedure used for wastes containing monomeric acrylamide. 
is based on the addition of sodium bisulfite t o  the double bond of 
acrylamide in the presence of peroxide: 

The procedure 

The resulting sulfonic acid is not considered hazardous. 
the reaction was found to be high, reducing the concentration of test 
samples from 0.7% t o  less than 10 ppm in 1 h and to less than 1 ppm (the 
limit of detection for the method) in 2 h (see Fig. 3 ) .  This level is 
deemed satisfactory for the waste handling procedure being used. 

The rate o f  

ORNL DWG 90-17106 

E, 
“ 3  

+ Persulphate alone 
4 Biisuifite alone 

0 100 200 3 
Minutes after adding reagents 

0 

F i g .  3 .  Neutralization o f  an 
aqueous acrylamide solution by ammonium 
persul f a t e  and by sodi urn b i  sul f i  t e  
separately and mixed. 



IV. Cooperative research agreement 

A CRADA (Cooperative Research And Development Agreement) was developed 
with Garret t  Ceramic Components Division of Allied-Signal Aerospace Co. I t  
c a l l s  f o r  ORNL t o  ge lcas t  several s i l i con  n i t r i d e  T-25 turbine ro tors  along 
with p la tes  t o  produce t e n s i l e  specimens. 
GN-10, from Garret t  i s  t o  be used along with molds supplied by t h a t  firm. 
Plates  t o  the ORNL specif icat ion will  be cas t  in order t o  produce t e n s i l e  
specimens. 

A subsequent s tep of the program c a l l s  fo r  Garret t  t o  sinter-HIP the 
cast ings and send them t o  ORNL f o r  t e s t ing .  The object ive o f  the program 
i s  t o  determine whether gelcast ing o f fe r s  s ign i f icant  advantage over other 
fabr icat ion methods t h a t  have been used by Garret t  in terms o f  the resu l -  
t a n t  mater ia ls  propert ies ,  p a r t  qua l i ty ,  and shape forming a b i l i t y .  

Thirteen molds have been received from Garrett  along w i t h  su f f i c i en t  
mater ia ls  f o r  the basic GN-10 formulation f o r  these molds. The GN-IO 
s i l i con  n i t r i d e  formulation was successfully ge lcas t .  
were cas t  along w i t h  three plates  fo r  t e n s i l e  t e s t  specimens. 
imperfections were observed tha t  were a t t r i bu ted  t o  inadequate oxygen re-  
moval from the mold pr ior  t o  cast ing.  A valve assembly has been designed 
and b u i l t  t o  permit evacuation and nitrogen flushing of molds i n  order t o  
remove oxygen. 

A proprietary formulation, 

Two 1 - 2 5  mold rotors  
Surface 
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The overall project objective is to develop and demonstrate a process for rcproducibly 
fabricating (by injection moldimig and HPing) a series of tensile specimens of PY6 silicon 
nitride with the following properties: 

Average tensile strength of 900 MPa at 25°C 
Average tensile strength of 500 MPa at 1370°C 
Weibull modulus of 20 in both instances. 

This will be accomplislied by determining the source(s) of failure-causing defects, and 
modifying and controlling the manufacturing process to minirruzs: their occurrence- All 
potential sources of defects will $e evaluated, from raw materials through individual 
powder processing and densification steps and finally through machining and surface 
finishing of the test specimen. 

Tech n i ca B I3 i P h 1 i P h tg 
An overall review of the prograni status is presented. At this point, all of the processing 
and testing components have been put in place, debugged, and are operating or operable. 
The silicon nitPide and yttria powders have k e n  received, characterized, and 
blended,/milled. Experiments designed to enhance their per€omance are underway. The 
new compounder is in-house and undergoing performance testing. Baseline material has 
been compounded with the currently used equipment, and molded into both ASCERA- 
and dogbone-shaped rods. A subcontract to design and build a new combination 
cornpounder/niolder i s  making excellent progress; construction is underway. The baseliris 
test specimens have been dewaxed and HIPed. Specimen machining parameters which 
result in minimal surface damage have k e n  determined; a machining contractor has been 
selected. Baseline H P e d  tensile rods have been machined into ensile test specimens, and 
testing initiated at GTE. Reproducible tensile testing procedures have been dcveloped and 
validated. Early restilts show a lower than cxpected tensilc strength, with failure in all 

cases arising at metallic inclusion defects. It is thought that this high level of metallic 
defects is due to a recent acceleration of wear in the compounder and/or injection molder, 
and efforts to minimize the presence of thesc inclusions have begun. X-ray microfocus 
examination techniques for defect detection have been quanlified, and the subcontract for 
design, development, and procurement of an ultrasonic examination system is in place and 
progressing well. A laser surface profilorneter has been installed and is operational. 
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Microfocus x-ray CAT-scanning evaluation of silicon nitride shapes has begun. Program 
personnel have been trained in the theory and application of Taguchi techniques, and 
experiments utilizing these methods, related to the improvement of each individual process 
step, are underway. In short, all of the tasks required to improve the injection-molding 
process for high quality silicon nitride components are active and on schedule. 

Task 1 - Material Select ion and Ch-hon 
SOLUBLE SURFACE SPECIES 
A brief evaluation was performed of the three additional 180 kg silicon nitride powder lots 
which were purchased for the program. Specifically, the IHF-soluble silicon and ammonia 
were determined (See previous semiannual report, for Oct. 1989 through March 1990, for 
procedures). Test specimens were also fabricated to assess the mechanical properties. 
Results of these tests are compared in Table 1 with the data obtained previously on 20 kg 
samples of the same lots. 

. .  

The data show a slight increase in the solubilized silicon but the amount may not be 
statistically significant. The increase in the dissolved ammonia is more appreciable and 
results in a Si:N molar ratio which is lower than that measured on the original 20 kg 
sample of each of the three lots. This implies an increase in the concentration of 
nitrogenous species on the powder surfaces and it is conceivable that, as the powder was 
stored for several months tightly sealed under nitrogen, either chemisorption or physical 
adsorption of the gas occurred. 

There is excellent reproducibility in the properties of the hot-pressed PY6 ceramics made 
from the three different powder lots (3,4,5) as well as in those made from a small sample 
(20 kg) and the remaining 180 kg of each material. Thus, these powders constitute a 
suitable baseline material for the purposes of this program. 

AGEING BEHAVIOR 
An ageing study was initiated at the inception of the program to determine the shelf life of 
silicon nitride powder by monitoring the chemical changes occurring on its surface. 
Samples of the baseline powder were stored in desiccators in air and argon under "wet" 
and "dry" conditions. The powder is stored in open trays over water for the "wet" 
exposure and over anhydrous calcium sulfate for the " d t ~ ' ~  one. Results bbtained upon 
subjecting these powders to the standard HF treatment to obtain the soluble silicon and 
ammonia after 139 and 257 days of such storage are given in Table 2. 

The 257-day exposure data show little change in the amount of dissolved Si under the four 
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storage conditions but the amount of dissolved m o n i a  has increased by a b u t  a factor of 
~ W Q  between the measurements. Thus, the molar ratio of Si:N decreased in all cases 
implying that the surface of the powders contains more soluble nitrogen now than during 
the intermediate test. The more oxygenated surface, as indicated by a higher Si:N ratio, 
prevails under wet e x p s u ~  conditions md more so in wet air than in wet argon, both 

plausible and anticipated oksewations. An itateresting phenomenon is that the swface 
sohbility of these powder samples, as determined by this experiment, is now quite 
comparable to that of the initial materid, more so than at the earlier stage. This implies that 
silicon nitilde powder is a stable material with a good shelf-life which does not deteriorate 
gradually. The occasional whiff of ammonia experiencd upon opening containers 
holding powders made by ammonia-related synthesis routes is probably caused by 
reaction residues rather than by decomposition products. 

Y T m A  SOLUBLlTY 
Characterization of the silicon nitride materials was extended to the determination of the 
dilute acid solubility of the yrtria sintering aid present. to the extent of 6 wlo in the PY6 

dation. Yttria solubility was measured in 0.03M HC1, a sufficiently dilute acid 
concentration to pearnit easy and accurate determination, both as a function of time at 
isothermal conditions (kQ.25"C) and as a function of temperature, The results obkxined in 
the evaluation of time-dependent solubility of (a) pure yteria, (b) a simple mixture of 6 w/o 
yttfia and 94 w/o silicon nitride and (c) a milled PY6 formulation, are given in 'Table 3. It 
is apparent that the dissolution of pure yttria at constant temperature proceeds more rapidly 
than that of yetnia present in PY6 or even in a simple mixture. The data for samples (a) and 
(b) are plotted in Fig.1. This is a suprising and unexpected finding, particulxly ill: view of 
the fact that the yttria used in all experiments was the same baseline material. 'There 
appears to be no obvious plausible reason why yrtria treated by dilute acid in the presence 
of silicon nitride should dissolve at a measurably slower rate than grttria alone under 
identical circumstances. The explanation of this puzzling phenomenon is being sought in 
continued experiments. The greater solubility of yttria in the PY6 material in the later 
stages of the experiment in comparison with die mixed sample may be a consequence of its 
increased surface area as a result of milling. This i s  based on the assumption that the 

dissolution occurs at the surface of the particles at a rate roportional to the instan!.aneous 
1 surfacearea . 

The dissolution kinetics of yttrium oxide follow a cubic rate law which features an initial 
rapid dissolution rak followed by a gradually decreasing rate as the surface area of the 
parkles decreases. The rate-detemining step involves reaction at the panicle surface (lm. 
cit.). This type of behavior is frequently described on the basis of the "shrinking core" 
rnodel. Its applicability in this case i s  demonstrated in Fig. 2 in which the experimental 



data are compared with the calculated ones; the fit i s  excellent. The predicted perm 
dissolved ymia was calculated from the actual particle size distribution data obtkhed for 

used by Segal and Sellers. This 
in Fig. 3 (C, is the concentration 
concentration dter all the oxide has been disscdved) but the kinetics of the reaction are 
slower as discussed above. 

s basdine pwder; it did not asslime an average value for the initid particle 
s also applicable to the PU ~ o ~ ~ ~ l a ~ o 1 ~  as shown 
rn in the acid solution at time t while C, is its 

ie  oxidation resistmce of hot-presse 
silicon nitride powder which were Rein 

were heated in static air at and 13'70°C. The ~ a ~ ~ ~ ~ ~ e  weight was 
regular time intervals (50 n) ~ ~ ~ o t i ~ ~ ~ u t  the exposure time sf 
samples were placed on thin platinum wires to allow air access to the to 

Sectisns of pcalished 
OR bars were ~~~~~~-~~~ so that the measured accurately and 

the specimens, e results of these ~ x ~ ~ ~ t i ~ ~  tests are given in Ta 

S ~ Q W  no difference in oxidation kesistmce for the six materials at either of the 
two test temperatures. They are connpzixable to those obtained on the best silicon nitride 
ceranGcs designed for high temperatwe applications md consistent -with previous 
evaluations of the same material grade. 'X'he oxidation resistance sf  this materid is 
appropriate for the temperature range of the pmgrdrn. 

POWDER MODIFICATION: 
This phase of the program has as its objective the assessment of the effect of modification 
of the powder surface on the properties of the resulting Y6 ceramics. The baseline 
silicon ninide powder lot was used in all the experiments described below and all modified 
materials are compared against this unniodified powder processed in the identical manner. 



The sample designations and their treatments are as follows: 
Powder 0: Baseline unmodified powder. 
Powder A: Powder heated to effect thermal oxidation. 
Powder B: Powder digested in HN03 to effect chemical oxidation. 

Powder C: Powder digested in H202 for identical reasons. 

Powder D: Powder slurried in water and sbirred continously for 10 days at room 
temperature. The ptf of this slurry increased from an initial value of 
5.8 to an endpoint of 7.8. 

assess the effect of removing an oxygenated layer from the surface 
of the silicon nitride. 

Powder E: Powder slurried in HF solution. The purpose of this experiment i s  bo 

The wet-treated powders were filtered, washed, dried and then evaluated together with the 
baseline and heat-treated powders by procedures described in the previous report. A 
summary of the evaluation of these powders is presented in the upper portion of Table 5. 
The surfxe area of the heat-treated powder decreased somewhat, which was expected 
because particle coalescence and necking could occur. The decrease in the surface area of 
the HF-treated powder could be caused by the dissolution of very fine silicon nitride 
particles. The increase in the surface area of the C and D pwclers i s  difficult to explain; it 
may be duc to either chemical dissolution of fused/hard agglomerates or to increased 
contouring of the particle surface by etching, neither a very plausible event. The total 
oxygen content almost doubled in the A powder, but decreased somewhat in the 
chemically treated powders indicating that the intended chemical oxidation is ineffective, 
and decreased substantially in powder E because the oxygenated layer was dissolved by 
the hydrofluoric acid, These trends appear even clearer in the results of the Si solubility 
determination which are indicative of surface oxygen concentration. 

The soluble nitrogen content and the resultant Si:N ratio also attest to the changes an  the 
powder surfaces. The thennally oxidized powder has only a fraction of the soluble 
nitrogen on its surface as compared to the control sample and therefore the Si:N ratio is 
very high. Apparently, the silicon oxynieride surface layer was oxidized to silica as 
indicated by the large amount of dissolved Si. The two chemically treated powders have a 
higher Si:N ratio than the control due to the lower soluble nitrogen content. It appears as 
if this treatnient reduced the nitrogenated surface layer. Sample D is most coniparable to 
the control and this is to be expected because it did receive the mildest treatment. The 
amounts of dissolved Si and N as well as the Si:N ratio are lowest in Powder E; this 
implies that the hydrofluoric acid treatment resulted in the most inert surface. 



oint values are consistent with the surface analytical results. Generally, 
rn expectations in that the 
to that s f  silica, md ~ r 7 e  

y oxidized powder has a 
ta which indicate that the 

ce oxygen content while the E P  Y W S  Of the Other s;lmPk% %e 
wder sudace consists primarily of silica. The KE;-treated powder has a high value 

in between these two extremes. 

powder surfaces on the 
ics was assessed by evaluating the flexural strength and 
t-pressed PY6 ~ ~ a t e ~ ~ a ~ s .  The resuits are sly arnzed in the lower portion 
data denionstrate an impmvement in flexural strength both at r 4 ~ m  and 

RT smngth of ceramics 
ent to that of the reference material; 
ngth of the IF-treated sample is 

elevated t ~ ~ ~ ~ ~ ~ a t ~  in the sample made fro 
through D is virtudl 

378°C is somewhat higher 
poorer. 

X-ray diffraction data for these dense materials show virtually complete conversion of the 
silicon nitride to &phase, with no other crystalline phases present. Reasons for the 
observed strengthening require further investigation. 
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The oxidation resistance of these ceramic samples was evaluated by monitoring their 
weight gain after prolonged heating in air at 1200OC and 13’70°C. The results show that 
the increase in weight of the thermally oxidized sample is about half that of the control 
specimen at both of the test temperatures and it is smaller than that of any of the other 
materials. The oxidation resistance of the HF-treated sample is by far the poorest of the 

sample set but this may be partially caused by residual fluorine traces. The other samples 
display equivalent behavior to that of the control material. at 1200°C and are somewhat 
more oxidation-resistant at 13’90°C. 

In view of these encouraging results a ‘I’aguchi L18 matrix study has been designed and is 
being implemented t o  &fine the optimum conditions for the modification of the powder 
surface. Two different powder lots are being used as a noise factor and the modified 
powders are being hot-pressed and hat isostatically pressed. l’he sample attributes to be 
evaluated will be density, flexural strength and oxidation resistance. Full characterization 
of the powders will be undertaken to confirm any observed correlation trends. 

This srudy was extended to include thee new, recently arrived powder lots. The 
properties of the PY6 ceramics hot-pressed from these as well as from untreated powders 
are summarized in Table 6. These results demonstrate clearly the benefits of the treatment 
of the powders which, in all four powder lots tested, results in an improvement of the 
flexural strength of the ceramics, particularly at 1370°C where the strength increase 
exceeds 30% in all cases. Electron as well as x-ray diffraction studies arid electron 
inicroscopy examinations are now underway to characterize the nature of the intergranular 
phase in these materials. 

CHEMICAL INCORPORATION OF SINTERING ADDITIVES: 
A study of the effects of chemical incorporation of the yttrium oxide sintering aid has been 
initiated. Two approaches were used in the exploratory experiments, one based on yttrium 
nitrate and the other on yttrium hydroxide additions. In both cases the starting reagent was 
a solution of the program’s baseline yttrium oxide powder in nitric acid which was added 
to the silicon nitride powder in the amount necessary to effect a PY6 formulation, i.e.. 6 
w/o yttria. In the hydroxide route, ammonium hydroxide was added dropwise to the 
stirred slurry to precipitate the yttrium hydroxide. The slurry was filtered, washed, dried, 
and then heated at 600°C for 6 hours to convert the hydroxide to the oxide. Conversion 
was complete under these conditions as indicated by TGA data. In the case of nitrate 
addition, the silicon nitride/yt@ium nitrate slurry was evaporated to dryness and then also 
heated ai 600°C for 6 hours to convert the nitrate to the oxide as confmed by TGA 
results. The resulting powders were split in half, one of which was sieved and hot- 
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pressed as is while the other was subjected to the standard processing cycle prior to hot- 
pressing. A s u m a f y  of the data for these materials is presented in Table 7. 

Results of the flexural strength detennination show that incorporation of the sintering aid 
by a chemical mute, as implemented in these experiments, offers no clear advantage. The 
data indicate that in this set the nitrate route produces stronger cer(um3ics than the hydroxide 
one and that, as expected, the milled powders result in better materials than the unmilled 
ones. It is interesting to note that the strength of the billet made from tlixe unmilled nitrate 
p w d e r  is about equivalent to that made from the standard material although the specimen 
had an inhomogeneous appearance; that made from he  processed niaate powder is 
somewhat better, 'This result, if confirmed, would permit reduction in the powder 
processing time, an advantage anticipated from the chet%licd binder incorporation. 
Additional means of chemical binder inc ration are k i n g  evaluated. 

'Task 2 - Material RQcessiny and Process Control 
'This task has two major t 
controlling the injection 

st is to develop and apply appropriate techniques for 

recess control (SPC) so as to minimize the 
rwesses for the chosen silicon nitride 

sition and shapes throug 
fects. The second tJiamst is to innprove eac vidual process step aid 

incorpusate these improvements into the overall process. 

The task is divided into several subtasks detailed below. he first three subtasks (Design, 
Fabrication) &d with establishment of a baseline dataset for currently prepared materials. 
This work entails ~~~~~~t~~~ of three sets of tensile rods, two machined from a mar-net- 

fcmn and one from a large cross-section piwe. Following specimens ;re to be 
form which is very close to net shapc, 
subtask involves d ~ ~ e ~ ~ ~ ~ e n t  of a datab 

machining and material 
ntain records of 

materials, fabrication data, an characterization data. 

DESIGN: NSF SPECIMENS 
Two types of ~ ~ t ~ ~ ~ h ~ ~ d  specimen are currently being machined from a simple injection- 
molded "dogbone" shape: long and short, for high temperature and ambient t e m p e ~ a ~ r e  
tests, ~slpectively. The gauge sections are geometrically identical with stressed volumes 
of 1.1 cc, but the shorter overall length of the room temperature specimen allows higher 
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hbrication rate by enhancing HIP throughput. Short specimens are being tested at C X E  
and have k e n  sent to ORNL for ambient teniperatwe tensile testing. The longer 
specimens have been sent to University of Dayton for elevated tempemture testing. 

All of the above buttonhead specimens were picpared as simple "dogbsne" shaped .green 
preforms, shown schematically in Pipre 5(a). The majority of future specin~ieiis will be 
prepared in the NSF (Net-Shape-&mrmi$ configuration shown in Figure 5(b), utilizing a 
molding die expected to be received at GTE in October. This die is designed specifically 
to prevent as-rnoldecd components from beco rig stressed or cracking during freezing in 
the mold. The design principles upon which the die i s  based are described below. 

Injection molding or slip casting of cerarnic compnents occasionally requires the 
fabrication of components having a shape which restricts the natural tendency for these 
materials to sh.ri& slightly in the mold following forming. This resistance to shri 
builds up stresses in the co p n e n t  which can lead to degradation of material quality or 
complere component failure prior to removal. from the moki A design meth 

related to component sfnrinkage in the mold. 
d to modify slightly the shape of such C Q K T I ~ O ~ ~ ~ ~ S  so as to eliminate messes 

During fabrication in a solid metal mold by injection molding, the hot injected mix 
solidifies and cools in the mold prior to mold opening and part removal. Studies using 
siniplle shapes where shrinkage is unrestricted indicate that injectism molded silicorr nitride 
puts have a linear shrinkage on solidifica~on and coaling in the mold of 0.3 to 0.5%. 

It can be obsemcd that as the csmpnment tries to shr;nk towards its center of mass, the 
metal mold in die central portion of the sample will restrict this shrinkage, and a tensile 
stress will develop which will be highest in the thinnest cross section of the part. Tn some 
cases it beconies impossible to fabricate such samples since the tensile stresses dcvelopcd 
exceed the strength of the molded materid. This difficulty can be avercome by eaploying 
a simple design criterion which will insure that no  stricti ion occurs on shrinkage. 

After forming, the tensile rod attempts to shrink both radially and in length. The key to the 
present design concept is to set a spwificaeion for the rod based on the ratio of radial and 
length shrinkage, such that as it slirinks the angles de€ined by the slope from the gage 
region to the shank, and from the shank to the outer diameter of the buttonhead, are made 
sufficient to allow for unrestrained shrinkage, 

Tensile specimen preforms such as those in Figure 5(a) were iiijection molded using a 
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silicon nitride mix with a wax based binder system. Many of the samples were found to 
be fractured on mold opening, and other samples indicated internal cracks in the central 
region when examined by microfocus x-radiography. 

A mold was fabricated according to the above design principles (see Figure 5(b)) and the 
same silicon nitride/wax mix was molded. These samples all siwived the molding 
process and showed no indication of internal cracks of the type seen in the other sample 
configuration by x-radiography. Overall rwess yield was dramatically impmved. 

BASELINE TENSILE ROD DESIGN: MLP SPECIMENS 
A second deliverable aequiretnent is for tensile rods which are machined out of thick 
cross-section components. The design of these MEP{Made from Large part, Figwe S(cj) 
r o d s  was finalized after a review meeting at ORNL on July 13, 1990. Design of a 
molding tool for their fabrication has been completed, and it has been ordered, It is also 
expected to be at C3TE in October. 

BASELINE TENSEE ROD 
Early in the propam, 109 AS 
molded. A total of twenty-four (12 each) of these were examined by N 
machined into testable specimens. Nine of each were machined into te 
other three of each were cult into MOM test bars for generation sf  p ~ l i  
The data art: presented and discussed under Tasks 3 and 4. 

62 dogbone-style tensile rods were 

The machined tensile test rods received from ahe grinding sewice vendors were of the 
(high) quality, indicating that the initial gindiing parmeters have k e n  

successfully established   milestone 114312). During this perid, ehc tensile and failure 
analysis data were also collected (see Tasks 3 and 4). 

A-style tensile specimens caneinwes. At the 
time of this report, tensile rods were in preparation as shown in Table 8. Numerous other 
rads and shapes are also in various stages of preparai-inn as parts for experimental efftms 
aimed at characterizing and improving the process. 

DATABASE DEVEWPMENT 
The prototype database ut%zing Double Helix software has expanded f ~ ~ m  26 to 34 files 
with the addition of a database infonnarion file and 6 files dedicated to specific 
nondestructive testing methods. Figwe 6 is a diagram of the database smmure which 
gives file names and shows how the information flow parallels the ceramic processing 
stream. The file smcture is sufficiently flexible to accomnno&te data from &verse 
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experriments in addition to data generated during routine processing. Data entry, output 
m d  query foms have been designed for each file. The storage of real project data is in 
p r o p s s  and has already led to severd refinements in ilk smcturc and entry methods. A 
4-station network for accessing the database using Double Helix Multiuser software has 
ken installed, A Macintosh PIcx having an 80 Mw internal bard disk acts as the file server 
rand an Ehman 45 MB removable hard disk drive supplies backup capability. 

STATISTICAL EXPERWNTATIOIP: 
During May, p r s m n d  from Amlericani Supplicr Institute spent two weeks at GTE 
Ixabratories, instructing program personnel in the theory and application of Taguchi 
techniques, In ensuing months, experfmental matrices were set up in the areas of powder 
mdficadon, injection molding, HPirng, and machined component annealing. 
Experimental efforts ape undenvay on these, An experiment on niachining is c 
kitig discussed. Powder processing md compounding are the nx-taining process steps to 
be studied, and these experiments will be set up s m t i .  

LTQUrn PRocESs~No: 
Powders prepared during the initial milling study (previous semiannual report) have been 
densified by hot pressing and hot isostatic pressing. 

Hot pressing at 175OoC/3hrs gave high densiries for most powders; densities of 3.258 I-/- 

0.003 were typically achieved. Under these same conditions certain ball-milled powders 
did not yield good densities. Further attempts to densify these powders by hot pressing at 
1775OC/3hs did not give any irnprovernemt. Previous hot pressing at 17'50°C of PYS 
compositions ma& by this type of nilling has achieved high densities with lower weight 
losses of 6-9 wt% vs the current 10-12 wt%. One possible explanation for these results is 
that the sleeves used for the hot pressing process were new, and not the same geometry as 
those used previously. These possibly gave a looser fit for the r m .  More sleeves have 
k e n  ordered which are identical to the older sleeves, md selected hot pressings will be 
~pea ted  with these. It should also be noted that ~f the previously investigated PY6 made 
from this powder, the puticular lot used for these milling investigations is the only one 
which did not give consistently high densities in repeat hot pressing runs. MOR bars 
machined from high density hot pressed billets are currently being tested at room 
temperamre and B 3'90°C. 

Mot isostatic pressing gave high cknsities of 3.252 +/- 0.002 for all powders. Further 
HIP runs are planned. Selected billets densified by hot isostatic pressing will be machined 
to give bars for MOR testing. 
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MOLDING IMPROVEMENTS: BRUNEL UNIVERSiTY 
The objective of this portion of Task 2 is to develop and construct a combined 
compounder/molder. The machine is called the Mk.2, and it is based on a curreritly 
existing machine called the Mk. 1. The Mk. 1 molder was operated extensively during this 
period. The aim of this work is to formillate a design specification far the Nk. 2. 

The ASCERA tensile specimen mld  was received and mounted in the 
compounder/moldr+ Installation included mndification of the nozzle with an O-ring to 
provide for cavity evacuation. The mold appeared to be satisfactory with respect to cavity 
tiling and part fabrication. A new sprue bushing was fabricated with a larger taper to 
facilitate part removal. In addition, the range of the pressure transducer which 
accompanied the mold limited the inJection pressure to 4530 psi. A new higher range 
pressure trmsducer was installed. "fhe tool was ~ ~ o ~ ~ t e ~  in the Mk, 1, and test 
moldings nude al maximum injection pressure to test the tml's ability to preveni flashing. 
This had been an early problem with G E L ' S  ASCERA mold. No flashing occurred. 

The Mk, 1 was then completely disassembled, cleaned, and reassembled in preparation far 
elhe molding of the deliverable ASCERA Itensile spwimens, Very little 
observed as a result of operation with GTEs silicon nitride material. The only observable 
wear was on the screw flights of the twin-screw compounder. This is not unexpected as 
the screw flights of the k. 1 are fabricated of relatively soft nitrided steel, and metal to 
metal contact cannot be completely avoided. The observed wear is minim1 and the 
cornpounder remains completely operational. Espc%dly encouraging is the condition of 
the sleeve used on the injection cylinder. It has beera used for all Mk. 1 
past six months. There was; no observable damage related to the use of 
nitride material. This system has k e n  able to hold a cushion 
minimal leakage past the sleeve was found on disassembly. ~a~~~~~~ of t h m  sets of 
ASCERA tensile specimens will be conducted on the 
specimens and cavity evacuation test specimens. 

roughout its use and only a 

. 1. These will he baseline 

Representatives of Bmnel visited GTE Laboratories in March of 1990 and presented a 
progress report and design review far the proposed CW &&. 2 ~ ~ ~ ~ ~ u n d e r / n ~ ~ l ~ r .  The 
basic design was accepted, the purehasing process initiated, and construction begun. Jeff 
Neil of G E L  visited Brunel in June of 1990 to review progress. A schematic drawing of 
the machine is presented in Figure 7. 

A design for the connecting malaifold has been completed. The melt path is contained in 
thxe parts which are designed for ease of removal and cleaning. Temperature control is 
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through water circulation. The ability of this scheme to maintain the melt temperatures 
~qaired has been tested satisfactorily. Vendors have been identified and orders placed for 
fabrication of the connecting manifold. Quotes have been obtained and arrangements 
made for hardfacing of all cornpanents comprising the Mk. 2 melt path, The fabrication of 
the injection unit and the rexsriditioning of the 200 ton molder and clamp lanit are 
tmderway. The design of the injection pistons has been finalized. Each will consist of a 
screw-in end cap which will hold a sleeve in place over the forward portion of the piston 
shaft. The ciid cap will not contact the bmel wall. The seal arid piston alignment will be 
maintained by the sleeve. The extruder is in production and scheduled to be sent for 
hadfacing on August 20, 19 0. It is expected that the scheduled delivery of the Mk. 2 to 
Brunel can still be accoinplished in November. At this time, all promised deliveries 
remain consisten: with the original schedule calling for delivery of the Mk. 2 to G E L  by 
April 1, 1991. 

MICROSTMUCIW CONTROL: H P h g  
A study which utilizes Taguchi meth s has been designed to examine the HIP process. 
'The goal of the study is to identify the HIP corndirions which will lead to improved 
strength (at both 25°C and 1370°C) and Weibull modulus of the tensile rod material. An 
L12 X LA o ~ ~ ~ ~ ~ o ~ a ~  a m y  of experiments was laid out to examine ten control. factors (two 
levels each) and four noise factors (two leveels each) which are encountered during the H P  
procedure. Several factors which involve other processing steps (e.%. powder 
preparation, injection molding, etc.) will be held constant. The materials produced in each 
experiment will be evaluated for density and 25°C and 1370°C MOR strength. Based on 
these quality characteristics, the optimal EUP conditions will be selected and a con€iiation 
pun will be performed. 

To date, all of the test rods have k e n  injection molded and have gone through the binder 
removal stage. The €IIP experiments laid out in the L12 X XA array are underway. After 
each experiment is conducted, the MPed roils are k ing  iiiachined into MOR bars for 
ongoing strength measurements. The study is proceeding on schedule. 

OPTIMIZA'I[7ON OF DEFECT DETPECTABEJTY: 
Milestone 1 143 16 was completed, establishing the detectability limits for microfocus x- 
radiography of the program tees t specimens, as will be described below. 

Microfocus X-ray imaging parameters have been determined for radiography of tensile 
specimens. ?'he tensile specimen gage sections are being conmpreherisively imaged at 5X 
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Emphasis has bee11 placed on ~ ~ t i n ~ ~ z i ~ i g  and evaluating defect detectability for voids 

because their dettxtio laces the more s ngent ~ e ~ u ~ ~ ~ e ~ $ s  on the ~ a d i ~ ~ a ~ h i c  

ion of high dell 
has been rigorsirsly studied as a function of thickness sensitivity; 

iaiclusions (metal ~ o ~ i t ~ ~ n ~ t i o n ~  of similar 

however, at the smaller defect s i 7 ~ s  (SO mkxometers or less) the interaction of thickness 

sensitivity and ~ ~ o l ~ ~ i ~ ~  controls detectability. is i n t e ~ ~ c ~ ~ ~  will be investigatd as 
hy of the baseline tensile specimens progresses. 
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MODELLING HDI DETECTION SENSI"I'Y: 
Modelling of the X-ray imaging method was done to study the efficacy of microf(xus 
projection radiography for early-process monitoring of metallic contamination. A 
comparison of the calculated X-ray linear attenuation coefficients for the pertirient materials 
is shown in Figure I1 (top). The predominant metallic inclusioiis =re iron based alloys 
which cause significantly greater attenuation than the PY6 composition. The effective 
energy level is approximately 30 KeV at the accelerating potential used for radiography of 
the tensile specimens, providing excellent contrast for X-ray imaging, 

The number of H D T s  @igh density inclusions) detected in the asmolded material exceeded 
expectations based on NDE results from film radiography of the same components imaged 
in the dense state. The difference in radiographic density caused by a typical iron 
inclusion (100 micrometers) in an as-molded and dense specimen was modelled, and the 
results are shown in Figure 11 (bottom). The change in radiographic density between the 
iron inclusion in the as-molded and dense specimcn is insignificant. Attenuation is linea 
with density and varies with atomic number, Z ,  to the fourth or fifth p w e r  at the energy 
level employed for imaging. Therefore9 the apparent increase in sensitivity to HI31 

detection in the as-molded state is not due to the subject contrast alone. 

The composite image in Figure 12 shows the results of digital fractogxaphy of tested 
tensile specimens. Fractography was performed with the. aid of a machine-vision system 
capable of 4Ox optical magnification. Performing low-magnification fractography allows 
for comparison s f  fractographs and similarly digitized radiographs with a mutual image 
processing system. The fracture surfaces of the last 9 tensile specimens tested are shown 
with dimensions of the defects detected at the failure origin. Without exception, the tensile 
specimens failed at HDls. The full size view of one fracture surface is also shown with a 
corresponding backscatter image obtained with a scanning electron microscope. The 
fracture surfaces appeared to have a contiguous inclusion (black spot) at each failure 
origin; however, backscatter images revealed that during densification the inclusions 
interacted with the surrounding matrix, reducing the resultant radiographic contrast. This 
effect is consistent with increased €ID1 detection sensitivity in the as-molded specimens, 
and will be further investigated as the program continues, 

IN-PROCESS NDE: POWDER RADIOGRAPHY 
Microfocus film radiography has been employed to nondestructively evaluate milled 
powders for the baseline process. Three samples of milled PY6 powder were taken from 
each of the eight baseline batches and radiographed in uniform plastic vials (1 .Ox 1 .Ox4.Q 
cm). Additionally, two batches of powder having the same PY6 composition, but milled 
using an alternative method, were characterized in support of the Task 2 process 
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improvement effort. Qualitative and quantitative comparison of the processed materials 
revealed significant differences in the milled powder morphology; in particular, the amount 
of agglomeration varied. 

The images shown in Figure 13 were taken from radiogmphs of a unit volume of each 
powder batch. Baseline milled powders for batch 001 through 0138 are shown along with 
a sample of powder milked using an alternative rnetliod with and without screening. With 
the exception of sample 007, the nilled baseline powders bad a consistent appearance 
batch-to-batch With agglomeration present. The procedure for densification aid (Y203) 
addition was inadvertently changed for batch 007. The radiographic method showed that 
batch 007 samples had a more homogeneous appearance, relatively free of agglomeration. 

The radiographs also showed that the alternative milling method produced a markedly 
different morphology, appearing homogeneously mixed with no agglomeration compared 
on the same scale as the baseline milled powders. The composition of the alternatively 
milled powders was the same as the baseline. One of the three samples of unscreened 
~ ~ ~ a ~ v e l ~  milled ~ ~ w ~ r s  hid one large agglomerate. Miterials produced using the 
alternative nilling prwedure have exhi ited superior average strength and Weibull moduli 

is process improvement step is being investigated for incorporation into the 
baseline process. 

"he ~ a ~ ~ ~ a ~ h i ~  NDE technique for milled powders is being considered as an early- 
process monitoring method, requiring little sample prepahation and taking approximately 
one-half hour CK less for imaging, film developing, and irite retation. The radiographic 
technique c ~ ~ ~ p l ~ m e ~ t s  ~ a d ~ ~ ~ o n a l  particle size analysis, by addressing the extrinsic 
properties of powder ~ ~ ~ ~ o l o g ~  and ~ ~ ~ ~ o ~ ~ r ~ t i a n ~  which are depen 
On the factory flmr, sadiogaphs of vials of newly milled powders cou 
compxcd to a reference standard for acceptance; however, more ~ u ~ ~ t j t ~ r ~ v e  analysis 
methods m being investigated. 

age processing for radiograph ~ ~ ~ } ~ a ~ ~ c e ~ ~ n t  and mal. was employed to quantitatively 
resen tative inlages, displayed assess the degree of ~ ~ g ~ o ~ ~ a ~ ~ ~ ~ ~  in milled powders. 

in Figure 14, were taken from digitized ~ a d i ~ ~ ~ ~ ~ ~ ~ ~  of the unit vslunies of rnjlll.cd 
em The top image is a a irnensional grey level. map of the powder volume. 

age. "The input image is 
criminate agglomerates 

e grey level map ~ ~ ~ ~ s ~ ~ ~ ~ d  tu a g g l ~ ~ ~ ~ ~ t e ~ ,  which attenuate the X-rays 
~ ~ e ~ ~ r ~ ~ t ~ ~ l l ~ ,  resuiting in bright spots o n  the r ~ d ~ ~ ~ ~ ~ h ~ ~  
shown below. A "blob axialysis" routine was employed to 
based on size (pixel grey level threshold. The agglomerate indicadans were then 



automatically counted. 'Fhe e n t k  software sequence was performed in a few seco 

'The input parameters of the agglomerate size aid grey level threshold were held constant 

agg'nsmeration. 'The radiographs, which typically varied in film density, were n 
to approximately the same base brightness by adjusting the intensity of the illuminator 
backlighting the film while: measuring the average radiance over the total powder volume. 
In this way, an "agglomerate in x 'I (count) could be achieved for each powder batch. 
The data are displayed in Table 9. 

1 the batches of powder analyzed to allow batch-to-batch C ~ K ~ ~ W ~ S C X I  of the degree of 

'fie agglomerate index was calculated by averaging the ~ ~ ~ i n t  of agglomerate in&cations 
for three samples of each powder batch. The batches are ranked in Table 9 from lowest to 

highest in agglomeration. A qualitative visual assessment, based on one observer, is 
summamized for cornparkon. Visual ranking was difficult for batches ml to 006 and 008, 
kcause of the subtle difference in their degree of agglome~ation. The disrnepaancy 
between the agglomerate index and visual assessment for batch 007 was determined to be 
a result of agglomerates being falsely detected. Fake detection occurred kcause of 
nonuniform packing of the wder in the vial, In future tests, dl vials will be tapped for 
2 0  cycles with a tap density apparatus to attempt to nomalize. the powder packing. 

PHY OF BINDER CONSTITUENTS 
Fractogmphy and failure origin analysis of the baseline tensile specimens have shown that 
high density inclusions are the prevailing critical defect. Compositional tracing of Ithe 
constituent elements found at failure origins has implicated the processing machinery 
(compounder, granulator, and injection molder) as the major contributors to the metallic 
contamination. Work is in pro ss reduction of metallic contamination from 
this processing equipment (Task 2). 'mere have been elements located on the fracture 
surfaces which are not traceable to the processing machinery; for example, titanium has 
been detected. Titanium has also been found at the failme origins of GTE tefisile samples, 
manufactured similarly, and tested at other laboratories. In an effort to comprehensively 
trace failure origins to their sources, nondestructive evaluation has been performed on all 

incoming raw materials. 

High density inclusions were detected in 
material binder system. Microfocus real-time md film radiography were used to image the 

collected residue of screened wax. The composite image shown in Figure 15 displays a 
iograph and optical image of screening residue from a 5-kg batch of wax; the material 

was screened through a 60-mesh nylon screen. A large amount of organic fibrous residue 
was observed. The HDIs were clearly imaged as small bright spots on the radiograph. 

e paraffin wax that is used in the baseline 



101 

Fortuitously, the residue and IDIS were encased in a thin coating of wax which facilitated 
handling. 

Microfocus imaging readily detected the high density inclusions which provided exquisite 
contrast compared to the nylon screen, organic residue, and small mount  of solidified 
wax, The detected defects were mapped by pointers with the aid of real-time radiography. 
The machine-vision optical image in Figure 15 shows one inclusion, pointed to by the bent 
paper clip, trapped in the nylon mesh. Several of the I-IDIs had a milky white appearance, 
suggestive of titanium. oxide, while others appeased metallic. Some of each type were 
isolated for analysis. Electron probe micro-analysis of the inclusions revealed stainless 
steel (Fe, Cr, Ni), titanium, and silicon. 

Discussions with the manufacturer of the blended wax used in the ceramic binder system 
revealed that much of the contamination that has been observed m y  potentially be 
avoided. The manufacturer will investigate the possibility of contamination from their 
operations and mems to reduce it will be sought. Recently, the processing done at GTE 
has involved melting, screening, and forming the wax into slabs as feed material for 
compounding. An alternative is to purchase the wax as-blended in slabs. Lab samples of 
&e slabs and pe ets are expected shortly for screening tests and NE. 

The residue Q€ the screened wax also contained a large m o u n t  of organic fibroils material. 
The ~ n u f ~ c m r e r  felt this contamination was a result of the paper packaging. Zn the 
future, the blended wax will be supplied in plastic bags. 

A secotad screening experiment was conducted with a 4 
fibrous materid was Wdpped in the cokcted residue; however, no 

size, and would certainly be strength limiting flaws. The 

mesh screen. Additional small 

1s detected in the original screening were several h u n h d  micrometers in 
mesh screening operadm is 

paratican of the binder prior to cornpunding 
will he employed €or process monitoring. 

Is were detected. 

orated into the process, during 
anic powders. TheNDEnietI 

ss r n E :  TENSILE RODS 
r ~ d ~ o ~ ~ p h y  has bexn employed to nundesmc tively evaluate tensile specinsens 
m the baseline powder batches. All of the baseline tensile specimens were 

inspected in the as-molded and finished states. Real-time r a ~ ~ ~ ~ ~ ~ ~ y  employing image 
processing was used to screen the specirnens for gross bulk-defects. The tensile speeimcrn 
gage sections were ~ o ~ ~ r ~ h e ~ s i y e ~ y  radiographed wit a high-contrast film at 5X 
magnification in two orientations so that detected flaws could be characterized by type, 
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size, shape, and location. A multiple film technique was developed to image the tensile 
specimens' varying cross-sectional thickness in one exposwe. Two sheets of film having 
different speeds match 
simultaneously. 

to the cross-sectional thickness range were exposed 

Rcal-time radiography of the initial injection molded specimens revealed apparent 
longittidina). voids, indicative of mo1d packing problems. The W E  methud provided the 
characterization necessary to eliminate the packing problem with iterative adjustnient of 
molding par-meters and a subsequent mold design modification (changes in the gating). 

Microfocus film radiography OF as-molded teiisile specimens is highly sensitive to the 
detection of high density inclusions (HDIs) and is providing the data required to 

benchmark the baseline materials for metallic contamination. Representative results from 
the as-molded tensile specimen radiography are s u m r n h z d  in the graphs shown in Figure 
17. The probahihy density function plots show tgle number of HDIs detected in the gage 
sections of a number of tensile specimens fiom 3 baseline powder batches. For example, 
a total of 69 HDIs were detected within the gage sections of the 18 tensile specimens 
fabricated firom the 003 material, with 3 of the specimens having 8 I -DIs  in their gage 

characteristic needed to detennine the influence of process parameters and niodifications 
on controlling metallic contamination. 

uency of detectable 1 D l s  per gage volume is a critical feedback 

Microfocus radiography bas now k e n  performed on all of the HPed tensile rods 
described in Task 2. Twelve of these have been broken (see Task La), with all failures 
occurring at metallic inclusions. These failure locations will be compared to the 
radiographs to detennine whether the failure-causing defects were imaged. 

ULTRASONIC TESTING SYS'L'EM: 
The second enginering review of the ultrasonic inspection system specified by GTE14 for 
NDE of ceramics was conducted at Panametrics Tnc., Waltharn MA on 4/26/90. Ron 
Roberts, GTEL consultant on ultrasonic testing from the Ames L 
attended. The custom designed software for data acquisition and display of surface wave 
images and user interface was demonstrated. Several options concerning the final 
mechanical configuration of the system were presented and discussed. A pivoting stage 

and collet chucking device were incorporated in the final mechanical configuration of the 
rotational axis to facilitate precise alignment and gripping of the long and shon dogbone 
tensile specimens. A test of two possible hardcopy devices was conducted using 

atory NDECenter, 
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representative images. Progress is ahead of schedule with. an early October delivery date 
anticipated. Comprehensive testing of the completed system, and operatiorial training will 
be conducted at Panametrics Inc., Systems Division, in Ithaca, NY, prior to shipment. 

A discussion with W. A. Simpson, 9r. , of ORNL, has yielded a method of ensuring that 
surface wave images of defects are truly formed 
masking the ultrasonic transducer locally to prevent return of the first echo longitudinal 
wave. 

surface waves. The method involves 

M'ICROFOCXJS CAT-SCANNING DEVELOPMENT: 
Computer tomographic examination of ceramic components has been accomplished using 
the newly developed RTSISauerwein microfocus CT system The microfocus CT system 
employs a solid state linear array which is optically integrated into the projection 
r a ~ o ~ a ~ ~ y  G m m  Scope image intensifier, thereby providing conventional projection 
imaging with tomographic slices on demand, The enabling fearure of the system is the 
precision rotational axis alignment which GTE experience in microfocus CT development 
has shown to be essential. The reconstruction algorithms also compensate for beam 
hardening. A complete report on the NDE of baseline material tensile specimens and test 
phantoms has been received from the vendor. 

MATE= STRENGTH AND FRACTQGRAPHY 
Prelimin,ary MOR and tensile strength data were obtained kern Ped materials fabricated 
early in the program, as described under Task 2. MOR test results are presented in Table 
10 and on Figure 18, with comsponding tensile data in Tables 11 and 12. These data are 
fiom expriments aimed at setting up appropriate prwess parameters allowing  at^^^^ 
of the Baseline Materials, and should be considered as such. Baseline data will be 
reported next pwiod. 
The MOR data show the following: 1) at both ambient temperature md 1370°C, bars cut 
from the thinner ASCERA specinlens exhibit higher strength, 2) the Weibdl mocluli are 
near the average recently obtained for PYh, and 3) all strengths are lower than expected 
based on recent results obtained fox PY6 prepared for other programs. For instance, in the 

imens of PYd exhibit strengths of 
C). Reasons for the low strengths 

3 
ATT m , I-TPed injection 
over at ambient and over 

are being investigated. At the present, it is considered likely that these strengths reflect &e 
lack of experience base with this new type of silicon nitride powder. Also, the presence of 
a significant number of metallic inclusions at the fracture origins implies that a piece of &he 

processing equipment (compounder, injection molder) has recently deteriorated., 
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Additional specimens have been prepared and testing is continuing. 

Tensile strength data are shown iin Tables 11 and 12 for the cylindrical (ASCERA) and 
buttonhead specimens, respectively. All buttonhead specimens tested resulted in failure 
either within the gage section or at the transition region. Two of the nine cylindrical rods 
which failed very close to the grips were deemed mistrials and were not included in the 
final. results. The smngth data from the cylindrical specimens xe very low compared to 

the buttonhead specimen data, leading to suspicions that the cylindrkal test apparatus 
itself, or the design of the specimen and/or grip, is not providing inie values, The 
effective smssed volume of the two test specimens is nearly identical at about 1.1 cc. 
S m n g h  data from the buttonhead specimens is also lower than expected, but the tests 
yield an average strength (455 Mpa) which is consistent with Weibull scaling laws from 
the MOR data presented in Table 10. 

Subsequent to testing, fractograghy was performed on all tensile specimens (as shown in 
Task 3). Several techniques we= utilized to detennine the fracture origin location, 
geometry, size, and composition (metallic inclusions). The fractures were first inspected 
with optical ~ c t o s c o p y  to determine the location of failure. Next, the fracmrc origin was 
inspected with SEM using both backscatter and secondary electron imaging techniques, 
Secondary electron images highlight surface fea res of the fracture origin as shown in 
Figure 19. Backscatter electron images help determine the size, shape and distribution of 
high density inclusions as shown in Figure 20. If the fracture origin was thought to be a 
metallic inclusion, cornpositional information was obixind via EDX. Additionally, 
elemental x-ray dot maps were generated to illustrate the distribution of high density 
elements within the Si3N4 matrix as shown in Figwe 21. 

Fractography data for cylindrical rods are listed in Table 1 1. The fracture origins are a mix 
of porous regions, Fe-based inclusions, and Fe-Cr-Ni based inclusions. Fractography 
data for the buttonhead rods are shown in Table 12. As indicated, all of these failures 
have initiated at metallic inclusions, either Fe or Fe-Cr-Ni based. The x-ray dot maps and 
backscatter images indicate that the metallic contaminants do not exist as discrete flaws. 
Rather, small pockets of the metallic component are dispersed within the Si3N4 matfix in a 

localized region at the inclusion site, as shown in Figures 20 and 211. 

An effort is underway to relate the information obtained from fractographic and non- 
destructive examinations to identify the likely source of the inclusions in order to guide 
process improvement and control activities in Task 2. 
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Test specimens machined from rods listed in Table 8, designated Baseline Material, will be 
tested and reported on next period. 

PHYSICAL PRQPER'FIES QF BASELINE! MATERIAL: 
The phase composition, elastic moduli, and fracture toughness of the tensile rod Baseline 
Material have been characterized. MQR bars are currently being machined from Baseline 
tensile r d s  for further strength evaluation. The silicon nitride microstructure has been 
quantified via digital irnage analysis. Measuxment of the oxidation resistance of the same 
material i s  underway. 

Phase ComDosition 
Rased 011 quantitative X-ray diffraction analyses, the crystalline phase cornposition of the 

possible wxes of Si2N28 and cubic Y203. 
aselirze irijec tion-xnolded and I-liIPed tensile rod material is 1 % beta silicon n i ~ d e ,  with 

The elastic moduli were measured using ultrasonic wave velocities through samples which 
were sliced from tensile rads. The elastic properties and density (measured by 
Archimedes1 method) are listed in Table 13. 

Mechanical Prop~ties 

indentation fracture toughness ( 
Both the toughness and hardness values are typical of the standard GTE PUh. 

e fracture toughness; of the Baseline material i s  4.2H1.2 M P a v t ~ l / ~ ,  as measured by the 
method. The Knoop hardness is 13.3M.3 GPa. 

The strengths at 25°C d 1370OC will also be evaluated for ction-tnoldd and HIP 
tensile rod material. Machining of tensile rod ends into mili st;ui&rci si72 "A ' MOR 
bars is in progress, The bars will be ready fur testing during the next reponing yesid. 

ilicori nitride rnicmstructure, polished and etched 
sections of tensile rods were prepared and examined using a scanning electron microscope 
(SEM). "he SEM rt graphs, an example of which is s own in Figure 22, were 

age processing techniques, 

Statistical analyses were y>epfomed on he 

The microstxucmre is composed of a fine, relatively n:imaw grain size ~ ~ s ~ ~ u ~ i o ~ ~  The 

g i t j d  images to dete&ne the 
ution, average grain size, aspect ratios, etc., h r  a total of 447 silicon nitride grains. 



average and maximum aspect ratios are similar to the sm~dard GTE PY4. The most 
relevant data are listed in Table 14. 

The oxidation resistarice of the Baseline material at elevated tempematures is cumenfly k i n g  
measured, Test specimens which were machined from tensile rods are bcing exposed ~9 
air at both 1200OC and 1 37O0C for a totd of 500 hours, during which the weight change 
due to oxidation is measured. The tests are scheduled for completion in November. 

Successful establishment of a baseline machining technique for the buttonhead tensile test 
specimens constitutes accomplishment of Milestone #I 143 12. Milestone #I 14316 was 
completed, establishing the detectability limits for nricrofocus x-radiography of the 
program test specimens. Milestone #1143%1, submission of the first semiannual repon?, 
was also accomplished. Milestone #114305 (Develop design and fabrication tecchniquc for 
NSF specimens), scheduled for August, 1990, is complete. Milestone #I 14317 (Select 
sur€ace measurement parmeters relating to strength) has been delayed by about a month 
while specimens being utilized in a Taguchi methods experiment on machined surfaces are 
being prepared. These machined andor annealed specimens will serve as the specimens 
for the required Pnilestorie expe~mcnt. Ovesd1 execution of the remainder of the pi=ogra.rn 
is on schedule. 

4/3/90 - Representatives of Bninel University visited G E  Laboratories and presented a 
progress report and design review for the proposed G'LX Mk. 'E machine. 

4/10 - 11/90, D. Byme, J. Quinlan, atid A. Wu of AS1 visited G E  Laboratories and set 
up a schedule for instruction of GTE personnel in Taguchi techniques. 

5/2 - 11/96), A. Wu of AS1 instructed 6 l X  personnel in Taguchi techniques. 

6/90 - J. Neil visited the Bninel University to review their progress. 

6/26/90 - D. Cotter and W. Koenigsberg of GTE and R. Roberts of Iowa State Univ. 
visited Panametrics Inc., Waltham, MA to review progress on development and 
construction of the ultrasonic NDE equipment. 

7/13/90 - L. Bowen, D. Cotter, S. Natansohn, J. Neil, and A. Pasto visited ORNL for a 
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6-month program review. 

9/28/90 - Dr. R. Crimm, Head of Research and Development, of Sauerwein visited GTEL 
to discuss microfocus CAT-scanning results. - 
The injection molding dies for the Baseline ASCERA- and dogbone-type tensile test 
specimens had to be sent back to the manufacturer for rework several times, causing 
delays in the planned fabrication of baseline specimens. 

. .  w a r n s  and Prese- 
A. E. Pasto and S .  Natansohn, "Advanced Processing of High-Performance Silicon 

DeveloDment Contractor's Coordination Meeting, SAE P-230, April 1990. 
Nitride Ceramics", Pp. 197-206 in Proceedings of the 27th Automot ive Techno logy 

W. D. Koenigsberg and D. J. Cotter, "On the origin of Anomalous Shadows in 
Microfocus Projection Radiography", presented at the Conference on NDE of Modern 
Ceramics, Columbus, OH, July 1990. 

W. D. Koenigsberg and D. J. Cotter, "Maximum Contrast X-Ray Imaging of Ceramics", 
presented at the Sagamore Conference on Heat Engine Conference, Plymouth, MA, 
October 1990. 
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Table 1. Characteristics ob Silicon Nitride Pow 

UmPA 

3 
(20 kc!) 3,53+0.14 0.73f8.01 2.9 9856-95 56O-t-6 
(180 kg) 3.746-0.06 0.943-8.05 2 . 4  945k57 549+_9 

4 
(20 kg) 3.61-1-0.14 0.736-0.81 3.0 845:!:1 6 0  soot-10 
(180 kg) 3.7240.03 1.36kO.12 1.7 909+26 567r t l .Q 

5 

(28 kg) 3 "58.c0 "89 0.74+-0.08 3.0 935-t.75 54O-t-25 
(180 kg) 3.84jrQ.04 1.253:0.06 1.9 9366-51 5 6 4 k 1 6  

le 2. Characteristics of Aged Silicon Nitride ~ o ~ ~ ~ ~ §  

In i t ia l  
Dry Air-139 Days 

Wet Air-139 Days 

Dry Argon -139 Days 

Wet Argon -139 Bays 

257 Days 

257 Bays 

257 Days 

257 Days 

Soluble si 

4.7t-0.19 
4.9+0.06 
5.0+-0.01 
4.9k0.2 
4.6+0.1 
5 .Q+Q.2 
4.4k0.3 
4.6k0.1 

Soliiable N H 3  

0.653:O.lO 
8.62+0.07 
1.2 :!:0.2 
6.27k0.97 

0.6 kO.2 

8 " 4  9:f 0.0 4 
Q.85fQ,13 
0.35kO.04 
0.7 I-0.2 

4.3 
4 . 6  
2.5 
1 1  
4 . 9  
5.6 
3 .6  
7.6 
4.0 
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Time 
Itnin) 

1 
3 
5 

10 
15 
20 
30 
45 
60 
90 
120 
180 
21 0 
290 

Table 3. Solubility of Yttria as a Function of Time 

P u r e  y m  
1 1.4 
23.5 
33.5 
50.8 
62.3 
69.2 
82.9 
88.9 
92.9 
100 

wlo Yttria Dissolved 
-y-LQX~$b--- py6 

8.3 
14.6 
19.2 
26.0 
30.1 23.3 

42.0 
51.2 
61.4 
77.6 
84.0 
94.2 
95.1 

100 

41.6 
68.4 
74.2 
89.8 
88.7 

Table 4. Oxidation Resistance of Hot-Pressed PY6 Ceramics 

Weiaht Ga in After 500 Hours in Air at Temperature 
Powder Lot No. Q - 1 a 3. 1 4 fi 
1200°C 

1.4 1.4 1.6 1.5 1.5 1.5 
0.11 0.11 0.13 0.12 0.12 0.12 

4.0  3 -8 3.7 3.6 3.5 3 .@, 
0.32 0.30 0.27 0.29 0.29 0.28 
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Table 5 ,  Properties of Modified Silicon Nitride Powders. 

Surface ARB (rn*/g) 
Total Oxygen ( 
Soluble Si (rng/g) 

Molar Ratio Si:N 
Isoelectric Point (pH) 

Soluble NH3 (mg/g) 

Processed PY-6 Powders: 

Surface Area (rn /g) 

Solubie NW3** (mg/g) 
Molar ratio Si:N 
Isoelectric Point (pH) 
Yttria Solubility*** (w/o) 

2 

Soluble Si*" (vJ /g )  

Average Flexural Strength 
Room Temperature (MPa) 

1370°C (MPa) 

Oxidation Resistance: 

Q 

7.5 
1.21 
4 . 4  
6.80 

3 "3 
6.5 

11.2 
7.2 
1.96 

4.1 
7.4 
24 

9 6 0  
5 4 0  

7.8 
2.33 
10.8 
0.1 1 

6 6  
<5 

10.4 
11.5 
0.76 
9.1 
7.0 
6 6  

1 0 8 0  
7 5 0  

12QO"C - Weight gain after 500 hours 

1376°C - Weight gain after 500 hours: 
(m2) 1.4 0.64  

(Wn2) 4.0 2.0 

- 13 G - P E 

7.7 8"s 8.5 6 - 6  
1.14 1.10 - - 0,58 
3.6 3.3 3 :7 0.34 
0.30 0.25 0.57 0.090 

7.4 8.2 3.8 2.2 
7.8 7 7.3 9.6 

11.4 11.0 11.6 16.3 
7.4 6.9 8.6 5,s 
1.18 1.07 1.42 1.15 

3.8 3.9 3.7 2.8 
7.2 7.4 7.4 7.4 
2 4  2 5  2 9  4 2  

9 0 6  9 1 8  9 7 6  8 4 0  
5 9 0  5 8 0  6 1 5  3 4 0  

1.3 1.5 2.7 

2.7 2.8 8.7 

** 
*** 

See text for desription of code. 
Values c~r re~ ied  for silicon nitride content of the formulation, i.e. 94 w/o. 
Weight percent yttria dissolved after 15 minutes at 35°C in 0.03 HCI. 
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Table 6. Properties of PY6 Ceramics Hot-Pressed from Modified Powders 

Bensitv Flexura 1 Strenath (MPal - Treatmentla/ce)(% fiI l.azQs 

0 
0 
0 

3 
3 

4 
4 

5 

5 

no 3.1 9 97.9 958-t-48 537-t-55 
Yes 3.25 99.6 1082+115 747-t-86 
_ _  3.23 99.1 11 49174  532+20 

no 3.22 98.8 945+57 549+9 
Yes 3.26 100 993-t-190 758+22 

no 3.22 98.8 909t-20 567t-14 
Yes 3.25 99.7 1 070+112 72j-55 

no 3.22 98.8 936+51 564+16 
Yes 3.25 99.7 101 6-t-137 739+50 

Table 7. Properties of PY6 Ceramics Hot-Pressed from Powders 
with Chemically Incorporated Sintering Aids 

Addition Routg 

(as is) (processed) (as is) (processed) 
Standard Hvdroxide N i t r a t e  

Density 
(g/c m3)  3.1 9 3.19 3.25 3.22 3.24 
(Yo Of 3.26) 97.8 97.8 99.6 98.7 99.5 

MOR (MPa) 
RT 960rt50 840+60 935 k175 930+420 102032% 
1370°C 540rt55 530 +20 565 +17 545 118 595-t-28 
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Table 8. Tensile Specimen Fabrication Surnmary 

Numb e 1- 

of Rods 
53 
28 
5 
32 
5 '7 
31 
17 

Specimen 

TY Pe 
Buttonhead 
Buttonhead 
B UI etonhead 
Buttonhead 
Bu ttoonhead 
Buttonhead 
ASCERA 

stage of 
Preparation 
Machined 
Machined 
At machining 
At machining 
HIPed 
h w m d  
k W a X C X l  

Intended 
use 

Ambient testing at ORNE and GTE 
Elevated ternp. testing at UDRI 
Ambient testing 
Elevated temp. testing 
Ambient testing 

(as above) 
A Si CEMA-button head C O ~ P ~ S O ~  

Table 9. Agglomeration Index and Ranking fc9r Milled Powders 
R a n k i n e  

Agglomerate Agglomerate 

lLEikz. 
001 1.7 3 4 
002 4.3 4 5 
003 8.7 4 8 
004 15.3 10 4 
005 9.7 7 7 
006 12.0 8 9 
009 6.0 5 3 
008 14.0 9 10 

Alt. Milling (screened) 0.0 1 1 
Alt. Milling (unscreened) 0.3 2 2 

*Ranking based on #I = least agglomerated, #10=rnost agglomerated. 
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Table 10. MOR strength results fiom initial HPed PY6 tensile specimens 

TvDe it.Jh2- ull ModulyS 
ASCERA (25°C) 15 842 13 
ASCERA (1370°C) 6 270 -- 

Dogbone (25°C) 30 693 
Dogbone (1370°C) 5 246 

12.4 
-- 

Table 1 I. Strength and Failure Origin Results for Cylindrical Tensile Specimens 

1 1 A  
1 1 B  
12A 
31 B 
338 
51 A 
NN1 

Tensile Stren- 
470.6 * 
21 5.4 
241.9 
301.6 * 
361.2 * 
407.6 
271.7 * 

Fracture OrlgUl 
porous region 
large void 
Fe inclusion 
porous region 
stain. steel inclusion 
Fe inclusion 
Fe inclusion 

. .  
(MPal 

AVERAGE TENSILE STRENGTH= 324 +86 MPa 

Denotes fractures occurring outside of acceptable gage region defined by ASCERA. 
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Table 12. Strength and Failure Origin Results for Buttonhead Tensile Specimens 

Speeime 
Number 

1 6  
33A 
1 3  
33B 
5 8  
3 5  
1 7  
5 5  
5 7  

5 8 6  
t 

4 5 5  
277 
567 
358 
4 9 2  
4 6 7  

Length 
( w m )  
1 8 0  
6 5  
1 2 2  
1 3 7  
2 0 0  
3 5  
1 1 7  
6 0  
1 0 0  

Width 
( P m )  
7 6  
2 2  
4 3  
1 4 0  
7 5  
17.5 
1 0 0  
4 5  
58 

AVERAGE TE 
No value recorded: testing machine malfunction. 

( P m )  
1 2 5  
43 .5  
82.5 
138.5 
137.5 
26.25 
108.5 
52.5 
7 %  

I n C l U S i O n  

Chemistry 
I=& 

Fe 

Fe 
Fe, Cr, Ni 
Fe, Cr, Ni 
Fe, Cr, Ni 
Fe, Cr, Ni 
Fe 
Fe 

~ 

Table 13 - Baseline elastic properties of GTE PY6. 

Density (g/cc) 3.257 
Young's Modulus ((;Pa) 3 17 
Shear Modulus (GPa) 124 
Bulk Modulus (GPa) 240 
Poisson's Ratio 0.28 

Table 14 - Baseline microstructure characterimtion results. 

PARAMETER MEAN STDDEV MEDIAN _I_. MTN ____ MAX 

Grain Arca (sq. prn) 0.5 1 0.2 0.01 9.5 

Grain Aspect Ratio 2 1 1.8 1 12.5 
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120 

100 - 
80 - - 
60 - 
40 - 

0 
0 0  

A A  
0 AAA 0 

0 Mixture 
A Pure Yttria 

-&e 0 
- A  0 

0 
e 

Predicted 
Experimental 

0 100 
Time  (min) 

200 

Figure 2. Dissolution of Dure vttria. 
I -  - x --. .-- 
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1 .o 

0.8 

0.6 

0.4 

0.2 
0 2 0  4 0  60  80 100 120 140 

Time (rnln) 

Figure 3. PY6 data fit to a shrinking 
core model. 

Q AY-6 
A PY-6 

Figure 4. Temperature dependence ~f 
yttria dissolution. 
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FigureS. Schematic drawings of the long and short varieties of 
buttonhead tensile rods being fabricated, and the three styles of 
green preforms from which the dense specimens are made. 
(a) The "Baseline" dogbone preform and the dense long specimen. 
(b) The NSF green preform and the dense short specimen. 
(c) The MLP green preform and the dense short specimen. 
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Figure 6. Diagram of database. 
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Molc /-I--*:".- I I...:& Twin Screw Compounder \7 

Connecting Manifold 

Plunger Injection System 

Figure 7. Schematic of the GTE/Brunel Univ. Mk. 2 
compounder/moIder, currently being constructed. 
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100 

10 

1 

Accelerating Potentia! (kV) 

Figure 8. Accelerating potential selection curves have been established for x-ray 
imaging silicon nitride ceramics. The optimum accelerating potential for the S-mm 
gage section is approximately 60 kilovolts. 

Thickness Sensitivity (76) 
Figure 9. POD was determined as a function of thickness sensitivity for 
laser-drilled simulated voids at the optimum accelerating potential. At thickness 
sensitivities of 1.1 percent and greater, the POD was found to exceed 90 Yo at a 
confidence level of 95%, 
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6 mm diameter 
gage sectlon 

180 1 &3 1.7% I 

Diameter (millimeters) 

Figure 10. POD for tensile specimens. The minimum void size delectable varies as the 
cross-sectional thickness traversed by the x-ray beam changes. The divergent beam is 
shown parallel for simplicity. The values of minimum void size detectable are shown at a 
1.1 % and 1.7 % thickness sensitivity. Extrapolation of the thickness sensitivity data is 
most valid in the interior of the tensile rod (region A). In the near-surface region, B, the 
voids are not detectable because the film is excessively darkened. This region is 
interrogated in the orthogonal view when the specimens are routed. 
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- PY6dense 

.._l,.̂ .... ..-.- _.,. >>. -... %.. . . . . 
-.."..* -.-- ~ 

PY6 as-molded 
60 

0.=.. 

E 40 
0 -c 
r W 

20 

--."n.-* 
0 -------- .. .. 

20 40 60 80 100 120 
KeV 

--+-- PY6dense - PY6 as-molded 

20 48 6 80 i o  120 
KeV 

Figure 11. Modelling HDI detection sensitivity. A comparison of the 
calculated X-ray linear attenuation coefficients is shown (top). The 
difference in radiographic density caused by a typical iron inclusion 
(1 60pm) in an as-molded and dense specimen was modelled 
(bottom). The apparent increase in sensitivity to HDI detection in the 
as-molded state was not due to the subject contrast alone. 



k 
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Figure 13. Digitized radiographs of milled powders. 
The radiographic method revealed that batch 007 samples 
were relatively free of large agglomerates. The 
alternative milled powders produced a markedly 
different morphology, appearing more homogeneous, 
with no large scale agglomeration. 
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Input Image Agglomerates 
Counted 

Figure 14. Quantitative image processing. Image processing was employed to 
quantitatively assess the degree of agglomxaticm in milled powders. The top image 
is a three-dimensional grey level mag of the powder volurne. The agglomerate 
indications were automatically counted. 
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I 

Figure 15. NDE of wax. The composite image shown displays a 
radiograph and an optical image of screening residue from a 5 kg 
batch of wax. A large amount of organic fibrous residue is visible. 
The HDls were clearly imaged as small bright spots on the 
radiograph. 



ed HDls. The detected defects were mapped by 
aid of red-time ogrgiphy. The machine-vision 

opfgd image shows one inclusion trapped in the nylon mesh. Several 
of the HDEs exhibited a white appaammc3, suggsstiwe, of titanium oxide, 
while others appeared metdlPc. 
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8 
Batch 800-001 

Number of High Density lncludons 

6 
Batch 800-002 I 

Number of High Density Inclusions 
r; " 

Batch 800-003 

Number of High Density Inclusions 

Figure 17. Results from NDE of as-molded tensile specimens. The 
number of HDls detected in the gage sections of a number of tensile 
specimens from three baseline powder batches is shown. 



129 

Temp ("(2) 

Figure 18. MOR strength results for initial 
series of silicon nitride rods. 
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I 

Figure 19. Secondary electron- 
image of a metallic indusion 
in specimen #33B. 

Figure 20. Backscatter electron 
image of a metallic inclusion 
in specimen #33B. 

Figure 21. Iron (Fe) x-ray dot-map for 
specimen #33B (fracture origin). 



-- 

Figure 22. SEM micrograph of polished and etched baseline 
HlPed PY6. The microstructure was quantified via digital 
image processing techniques, yielding a silicon nitride grain 
aspect ratio of 2. 
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Process ina Sc ience for Si3&4 Ceramics 
(University of California, Santa Barbara). 

F.F. Lange, D.S. Pearson 

Obiective/scope. 

We are trying to increase the understanding of the role of 
interparticle forces in the processing of ceramics. 
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). 

The effects of 

Technical proaress. 

This period we have characterized the slurry received from 
Norton Co. to provide a baseline for our future exploratory work. The 
rheological properties of the slurry were measured with a stress 
rheometer. The permeability of compacts were calculated assuming 
Darcy's Law from data acquired during pressure filtration under a 
range of pressures in a mechanical test rig and both strain recovery 
and body rheology were characterized with the same instrument. 

Slurrv Rheoloay, 

The slurry received from Norton Co. consisted of 45~01% solids 
Exact details dispersed at pH10 (negative surface charge) in water. 

of the formulation are unavailable. The particles size measured by 
sedigraph has d50 = 0.72p.m and a dgo = 1.14p.m. 

The shear stress response of the slurry was measured in a 
Rheometrics constant stress rheometer using a Couette geometry. A 
stainless steel fixed cup (46mm ID) held the slurry and a titanium bob 
(44mm OD, 60mm long) was used to apply the torque. The rate of bob 
rotation was measured by two different methods: 
levels the position of the bob was measured by RVDT and the rate 
calculated; at high stress levels the rate was measured directly from 
an optical encoder. 

at low stress 
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The slurry exhibited shear-thinning behavior as shown in 
figure 1. 
Bingham fluid behavior is observed with an extrapolated yield stress 
of 4Pa and a plastic viscosity of 0.8Pa s. 
reproducible from sample to sample although they did age in the 
Couette cell, apparently due to drying since a crust was found around 
the top of the bob on removal, while the bottom appeared fluid. 

If shear-stress is plotted versus shear-rate (figure s), 
Data for this slurry was 

4 

C o t i o n  bv Pressure Fi l t rdon 

The slurry was formed into a compact in a stainless steel die 
(figure 3) with a membrane filter supported by a sintered stainless 
steel filter. The die had a diameter of 45mm. Pressure was applied 
to a stainless steel piston sealed to the outer wall with an rubber o- 
ring. Pressure was held constant during each of these experiments. A 
MTS mechanical test system was used to apply the load and the data 
was recorded using a Data Translation A/D board and a 
microcamputer. 
pressure 10 Pa, 

The kinetics of pressure filtration appeared to follow Darcy's 
Law. After an initial transient period, the permeability calculated 
from the collected data was not dependent on piston displacement or 
applied pressure as shown in figure 4, nor was the relative density 
(56.5%) of the saturated compact dependent on applied pressure as 
shown in table 1. This behavior is consistent with what we have 
seen with well-dispersed alumina slurries. 

Time resolution was 0.055, position 0.1 prn, and 

Strain Recoverv. 

The response of the saturated compact to the release of 
pressure was examined in two ways: the pressure was released in 
steps with the sample allowed to equilibrate and dilation expansion 
recorded as a function of pressure (figure 5); and the sudden release 
of pressure with dilational expansion recorded as a function of time 
(figure 6) .  The stepped pressure release data shows non-linear 
recovery behavior of a Hertzian type with more strain observed at 
small applied stresses and less strain at large stresses. The time- 
dependent data shows that most of the expansion occurs quickly on 
pressure release. 
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Stress relaxation experiments were con ucted in a MTS 
mechanical test system. The res saturated compact to an 
applied strain of 1% applied in 0. 
amount of stress relaxation occurs, but the bodies support 50% of the 
load. This behavior differs from what we have seen in alumina 
samples from stable dispersions where the bodies flow to relieve the 
a p p I ied p ress u re. 

ure 7. A small 

Conclusisns. 

The, silicon nitride dispersion received from Norton Co. gives us 
a baseline for studying the behavior of slurries which we create. We 
consider the slurry rheology to be good for processing; as a Binglnarn- 
fluid, the low visc sity (qpl = C4.8Pa s) at high shear rates permits 
easy mixing, while the yield stress (4Pa) freezes the dispersion state 

venting particle segregation The relative density (56.5%) of the 
rated compacts was const nt over a range of experimental 

pressures. 
these samples is similar to what we have seen in 
alumina slurries. The lack of flow in the saturated earnpact under 
applied stress is not ideal since flow allows the sample to relieve 
stress wit hou t cracking ~ 

The short relaxation times far strain re 

1144Q1 

11 4402 

11 4403 

1 14404 

Camp lete Survey rhea log ieal character is tics of 
slurries produced under a variety of 
pH / electrolyte conditions. Develop 
methodologies for characterization of 
slurry rheological properties and green 
body mechanical properties. 
Status report on testing procedures and 
preliminary resu Its. 

Determine effect of pH / electrolyte 1 Oct 91 
conditions an green body properties including 
processing rates, mechanical properties, and 
density. 

processing relationships. 
Status report on green body properties and 1 Nov 91 
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1 14405 Explore other means to modify 1 Apr 92 
interparticle interactions (polymers such 
as PVA). 

11 4406 Status report on polymer effects 1 May 92 
11 4407 Examine flaw populations in sintered bodies. 1 Oct 92 
1 14408 Final report on colloidal processing 1 Nov 92 

Publications. 

None. 

Table 1. 

Pressure 
(GPa) 
0.2 
0.6 
1.8 
1.9 
2.2 
2.5 
2.5 
2.8 

Density 
(% theoretical) 

57.0 
57.3 
57.0 
56.9 
56.5 
56.5 
56.6 
56.6 

slurry volume 

20 
20 
20 
30 
30 
30 
30 
30 

( m u  
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Figure 1, viscosity of the slurry as a function of shear-rate showing 
shear-thinning. 
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Figure 2, stress as a function of shear-rate showing Bingham-yield 
behavior. 
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Figure 3, diagram of pressure filtration die. 



I 2.2,2.5,&2.5 

10 -18 
0 1 2 3 4 

displace rn e n t (in m) 

Figure 4, permeability of compacts during filtration at several 
pressures as a function of position. 

0.00 0.01 0.02 
recovery strain 

Figure 5, stress plotted versus recovery strain during pressure unloading. 
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Figure 6, 
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engineering strain as a function of time after pressure release. 
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Figure 7 ,  stress shown as a function of time for the applied strain. 
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1.2 CERAMIC COMPOSITES 

1 . 2 . 2  Silicon Nitride Matrix 

Sic-Whisker-Toushened Silj-con Nitride 

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

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

Techno1 ogy) 

0 
The objective o f  t h i s  program (Phase 11) i s  t o  maximize  the. 

toughness in a high strength, high temperature S i c  whisker/Si3Ng 
matrix material system t h a t  can be formed t o  shape by s l i p  casting and 
densified by a method amenable t o  complex shape mass production. The 
ASEA glass encapsulation h o t  i sos ta t ic  pressing (HIP) technique shall 
be used for densification throughout  the program. 

The proyram i s  divided i n t o  seven technical tasks w i t h  multiple 
i terat ions o f  process development and evaluation. 
shall be conducted t o  optimize processing steps developed in t h c  Phase 
I e f fo r t ,  guided by established analytical and NDE techniques. The 
seven technical tasks are :  Task 1 - Selection o f  Sic whiskers, Task ‘2 
-Baseline Casting Process, Task 3 - Parametric Densification Study, 
Task 4 - Effect o f  Specimen Size and Shape, Task 5 - On-Going 
Eva1 Mation o f  Alternate hisker, Task 6 - Nanometer Deposition o f  
Sintering Aids, and Task 7 - I n  Process Characterization and Process 
Control  During Drying o f  Cast Ceramic Parts. 

Parametric studies 

The technical e f for t  was in i t ia ted  i n  June 1988. Task 1 w a r  
completed in January 1989. Based on t h e  resu l t s ,  HF-etched American 
Matrix Inc. S I C  whisker  was selected for  use f o r  Tasks 2 - 4 .  Task 2 

e f f a r t  was ini t ia ted in July 1989, and i s  s t i l l  in progress. Pending 
upcoming contract modification, t h e  l a s t  p a r t  o f  Task 3 (Subtask 3.C) 
and t h e  ent i re  Task 4 ef for t s  will be deleted. 

as in i t ia ted  in February 1985) and was completed i n  June 1989. Task 3 

Tasks 5 ,  6 and 7 tasks were added o n t a  t h i s  contract in August 
1989 t o  supplement the mainline ac t iv i t i e s .  
t h i s  reporting period; Tasks 6 and 7 are s t i l l  in progress. 

Task 5 was completed i n  

Research sponsored by the V . S ,  Department of Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office of 
Transportation Technologies, as part o f  the Ceramic Technology 
for Advanced Heat Engines Project of the Advanced Materials 
Developinent Program under contract DE-ACD5-840R2140 w i t h  Martin 
Marietta Energy Systems, Inc., Work Breakdown Structure 
Subel  enient I .  2.2.1. 
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TECHNICAL HIGHLIGHTS 

TASK 1 - Selection of Whisker 
All technical efforts had been completed and the results were 

in Semi-Annual Report October 1988 - March 1989. 
In summary, Tateho, as received American Matrix, HF-etched 

American Matrix, and Advanced Composite Material Corporation (ACMC, 
formerly ARCO) were evaluated by fabricating 20 wt% SiCw/GN-10 Si N4 
composites with the base1 ine process establ i shed under Phase E. 
on the mechanical properties and availability, HF-etched American 
Matrix SiCw was selected for use under Tasks 2 and 3 .  

hsed 

TASK 2- Baseline Casting Process 

All technical efforts had been completed and the results were 
summarized in the April-September 1989 Semi-Annual Report. 

In summary, four iterations were conducted to optimize the green 
forming process for composites containing 10, 20, 30 and 40 wt% Sic 
whiskers, respectively. In these, the Si3N powder, prior t o  blending 
with S i c  whiskers, contained the standard G d -10 sintering aids 
concentration. The optimized process, was used to fabricate another 
set o f  four composites (10, 20, 30 and 40 wt% S i c  whiskers), in which 
the sintering aids concentrations in the S i  N4 powder were increased 
with S i c  whisker loading to maintain a cons i! ant ratio between 
sintering aids and the sum of Si N and Sic whisker. These series of  
composites are referred as 10%Si?w~GN-lOA, ZO%SiCw/GN-lOA, 30%SiCw/GN- 
10A, and 40%SiCw/GN-lOA. 
effect of sintering aids concentration on the structure/properties o f  
densified composites. The green composites, a total o f  eight 
varieties, plus a monolithic GN-10 were to be densified under Task 3 . A  
-statistical matrix to determine the effect o f  HIP parameters, 

The purpose o f  these was to determine the 

TASK 3 - Parametric Densification Study 
Two subtasks (A  and B) shall be conducted to evaluate the effects 

The samples containing 10 t o  40 wt% whiskers 
o f  key densification parameters on microstructures/ Properties o f  
Si Nq/SiC(w) composites. 

and 5 shall be densified by a HIP matrix (five runs), resulting in 
forty (40) different composites. 
sample shall also be included in each HIP run as a reference. 
on these results, the more promising composites shall be selected and 
refabricated for a more detailed characterization under Subtask B. 

an i two levels of sintering aids fabricated under Task 2 iterations 4 

A baseline mono1 ithic GN-10 green 
Based 

A) Statistical Matrix 

Work was completed in this reporting period. In summary a HIP 
matrix consisting of Garrett Ceramic Component's baseline HIP cycle 
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r)  and t h ree  less severe conditions (Tz°C/tl kr, Tl°C/tZ hr 
ere conducted during the last se i -annual report 1 ng 
is less t h a n  T2, t less than t 2  In each HIP run, a 

green composite samples were includ according to plan. Based on the 
results a f i f t h  H I P  run cycle (T  OC hr) was selected, i n  which T 
is higher than ~ 2 .  on1 20 and 30 S i C w  composites were fabrica ed 

eliminated because they consistently exhibited slightly lower 
toughness i n  the previous experi e n t s ,  Forty t% SiCw composites were 

and severe warpage during H I P ' i n g  due to lower green density, 

i c  GN-10, four GM- I 0 matrix and four GN-1QA matrix 

? 
for the 5th H I P  run (T3 8 C/t2 kr). Composites with 10 w t %  S i C w  were 

i na ted ,  because they always exhibited l o  e r  MIP'ed density 

Fracture toughness was measured by indentation for  the samples 
HIP'ed a t  T3OC/t2 hr. 
toughness results o f  the counterparts HIP'ed a t  T "C/ t2  hr. 
t o  what was anticipated, the toughness values a f  z he T3OC/ t2  hr 
composites were lower than those of  the Tz°C/t2 hr samples. 
lower toughness values could be a result o f  a stronger interfacial 
bond between the whisker and the matrix and the difference in matrix 
microstructure. Consequently Tz0C/t2 h r  i s  considered t h e  optimum 
H I P  cycle, for achieving high toughness. 

Table I lists these results and the earlier 
Contrary 

The 

Table I 
Indentation Fracture Toughness 

B) Property Study 

According to plan, the selected optimum H I P  cycle (Ty°C/t, hr) 
was used t o  fabricate large composite billets t o  enable f exural 
strength and chevron toughness characterizations of t h e  selected 
compositions (26 and 30% SiCw). (Only s all button shape samples were 
fabricated under Subtask 3 , A )  These b i l  e t s  have been rnaehined into 
test bars and are t o  be tested in t h e  next bi-monthly reporting 
period. 

cycle, control GN-10 and composite billets were fabricated using 
% / t ~  h r  and TdoC/t* hr (HIP cycles, and achieved full densities 
ab le  11). 

mechanical property results o f  these materials, when combined with 

Before the deter inatian that I ~ ° C / t ~  hr was the optimum H I P  

Although these two HIP cycles are not considered optimum, 
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Composition 

20 wt% S i  Cw/GN- 10 
30 WtX S i C w / G N - l O  
20 w t %  S i C w / G N - 1 0 A  
30 W t X  SliCw/GN-IOA 

those from the T OC/t2 hr composites, w i l l  provide a more 

mechanical properties. 
comprehensive un 5 erstanding o f  the relationship between HIP cycle and 

HIP T°C/t hr 

.I- 
T3/ 2 * 4 I t  2 

3 .28  3 . 2 7  
3 . 2 6  3 . 2 5  
3 ,30  3 . 2 9  
3 . 2 9  3 . 2 8  

TABLE I1 
Average HIP’ed Densities 

(g/cc) 

The room temperature 4-pt bend strength (3mm x 4mm x 50mm bar  
dimension) o f  these materials HIP’ed at T3OC/t2 hr and T4%/t2 hr were 
completed. 
results. 

Table I 1 1  summarizes the strength and fractography 

TABLE 1 1 1  
Room Temperature MOR and Fractography Resul t s l  

1.0. Material 

A 1  
B2 
C1 
*3 

F3 
G2 

J3  
K3 

E 

H 

S i C w  Wt% Matrix 

0 
0 

20 
20 
20 
20 
30 
30 
30 
30 

(ksi) 

109.2 
85.8 
9 3 . 3  
64.6  

102.5  
99.Q 
74 .7  
9 0 . 5  
9 8 . 5  
8 5 . 7  

T3 
T4 
T3 
T4 
T3 
T4 
T3 
T4 
T3 
T4 

Based on five (5) tests per material 
The surface and internal failure orisins do 

Fai I ure Origin 2 
Surface Internal Incl s 

100 
50 

100 
60 
60 
80 
40 
50 
20 
40 

0 
0 
0 

40 
40 
20 
40 
50 
60 
60 

0 
0 
0 

20 
20 
20 
40 
50 
80 
20 

not alwavs add to 100% 
since the origins are missing from s6me bars. 
inclusion failures consists of both surface and internal. 

The Grcent o f  

The MOR results o f  the composites, excluding the t w o  monolithic 
GN-30, were analyzed using Taguchi statistics, and the following are 
the conclusions: 
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( a )  Strength t e m d s  

- 20 wtX whisker l oad ing  produces higher strength 
- GN-IUA m a t r i x  yields higher  strength 

composites. 
- HIP -remperat,ure has TCO e f r e c t  t he  strength o f  t h e  

(b) T h e  fa i lure  origin trends: 

- 30% S i C w  composites have more internal and inclusion 

- IMatr-ix type and HIP temperature have l i t t l e  influencc on 
fai7ures 

failure origin location or type. 

- 
l h i s  task was concluded (Milestone #k22113). I n  summary, the 

whiskers examined were obtained f r om Kobe Steel  (AB received 3/89 and  
A ’  r received 4/89; ; Tokai  Carbon (TMS-400 received 2/89 and  BWS-100 
received 5/89)? Advanced Ceramic Technologies of Somerset, NJ (Grade 
L7U5 r e c e i v e d  11/89), and Kerailiont Corporation o f  Tucson, AZ (Grade 
31#49-51 received 3/89). Although t w o  o f  the whisker versions w r e  
more at t ract ive than  the others (Toka i  TIEY’S-408 arid Kobe Steel A ’ ? ) ,  
there i s  no reason t o  expect t h e s e  wh iske rs  t o  o f f e r  significantly 
better, properties t h a n  the American k t i - i x  whiskers when  incorporated 
into a sil icon ni t r ide m a t r i x .  

E a r l  ierr work has shown t h a t  whisker chewiii s t ry  and morpho1 ogy can 
impact both processing an3 properties o f  t he  compos i tes .  The 
preferred whiskers should have a low serface o x y g e ~  cantwat ( ~ 2 0  
a t . % )  where t h e  oxide resembles a SI-0-C glass rather thara S i O z .  
Surface iflpurities particularly metals such as Fe and Co - are  
undesirable, as they may catalyze whisker degradation d u r i n g  
processing. ‘The preferred whisker should have a s t ra ight  morphology 
t o  a v o i d  breakage during processi rrg. 
minimized as i t  can l imit  strength. 
desired f o r  safety reasons,  and the  potential f o r  enhancing 
mechanical properties, 

P a r i i  cul a t e  debr E s should bc 
A l a r g e  whisker d-iarnpteer i s  

P,11 o f  these  whiskers except the Kcraniorit e x h i  bi ted desi r a b l  e 
surface c h e m i s t r i e s  The Keramont Whisker sample a1 so contained a 
large amount o f  debyis and displayed a wide range o f  diameters. 
Advanced Cer-an-ic Technologies whiskers were very s t ra ight ,  bu t  had 
one o f  t he  smallcsi average diameters, The Tokai TWS-100 had a 
niorphology t h a t  similar t o  ea r l i e r  versions, while t,he Kobe Steel  
AT had improved motyheiogy. A l though t h e  Tokai TWS 480 and Kobe 
Steel W’T whiskers were mo5t desirable amisng those evaluated i n  tern1 
o f  w5;sker d iameter  and morphology, they were judged  n o t  having the 
potential to produce compos i tes  w i t h  properties signif icant ly  b e t t e r  
t h a n  t hose  wade w i t h  hrne r i ca~  Natrix wh iske rs .  

I h e  
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- Task 6 = Nanometer Deposition of Sinterinq Aids 
During the previous semi-annual reporting period, 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. 
desired phases. 
coupled plasma atomic emission spectroscopy and sintering aid 
distribution in the powders was evaluated by SEM and x-ray 
photoelectron spectroscopy. 

Samples were calcined in air to form the 
Sintering aid content was confirmed by inductively 

Gas pressure sintering was used to evaluate the effect o f  
sintering aid dispersion on the densification of S i  N4 powders with 

during the present reporting period. 
deposition routes (polymerization 1 and spray drying) were prepared 
for fabrication by s l i p  casting and evaluation of sintering aid 
level on densification and mechanical properties. 

GN-IO sintering aids, which were incorporated by di + ferent routes, 
Larger batches of two selected 

Experimental and control samples o f  GN-10 were 
sintered i n  nitrogen at 1900~6 for s i x  hours. Gas p 
maintained between 200 and 300 psig during the hold at 1900°C. 
Samples, which were uniaxially pressed at 10,000 p s i  followed by 
isostatic pressing at 30,000 psi, were packed in a powder bed o f  GN- 

Table I V .  Isostatically pressing the samples minimized differences ’ 

in green densities. However, powders prepared by the evaporation and 
spray drying deposition routes formed compacts with green densities 
somewhat lower than the others. 

ixed with BN. Densities o f  these samples are listed i n  

Table IV. 
Green and Sintered Densities o f  
Experimental Si3N4 Samples. 

Sampl e Green Sintered % Density 
Oensi ty Density 
g/cc g/cc 

Control* 1.92 2 -86 87% 
Polym. 1 1.89 2.91 88% 
Precip. 1 1.88 2.86 8 7% 
Precip. 2 1.89 2.79 85% 
Polym. 2 1.89 2.83 86% 
Evaporation 1.84 2.81 8 5% 
Spray Dried 1.80 2.78 84% 

* Control = GN-10 formed by dry ball milling 

Sintered densities fell in a narrow range between 84 and 88% o f  
theoretical which is 3.30 g/cc based on rule o f  mixtures. Thus, 
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sintering aid deposition route has 1 i t t l e  effect  on densification 
under the conditions investigated. 

As discussed i n  the previous semi-annual report ,  500 y batchcs 
of Si3I-44 w i t h  sintering aids deposited by spray drying, 
polymeri zation 1, and ball mi 11 i ng (control 1 were prepared. A l  1 
three deposition reoiates: were used t o  prepare batches with three 
different. sintering a i d  levels: 6, 8, and 10 w t % ,  The r a t i o  o f  t h e  
two sinterinq aid comaunents in each batch was t h e  same as the ratio 
in GN-IO. 
powders arc l i s t ed  i n  Table V. 

G F W ~  desasjties for  s l i p  cast  plates fcsrtned 

Table V .  
Green D e n s i t i e s  for Sl ip  Cast Si3N4. 

Sintering Aid % Green 
Deposit ion S i  nteri  ny Dens i t y  
Route A i d s  g/ c c 

Spray Dried 
Spray D r i e d  
Spray Dried 

Polym. 1 
Polym. 1 
Polys. 1 

10% 
8% 
6% 

1 ox 
8% 
6% 

1 G% 
8% 
5% 

1.81 
1.68 
1 .79  

1.54 
1.64 
1.70 

2 . i l  
2.12 
2 - w  

from t h e s e  

Slip cast  green plates o f  t h e  control agld spray dried powders 
were similar i n  quality. H o v ~ v e r ,  t h e  ones with the sintering a i d s  
deposited by polymerization 1 were extremely f r a g i l e  and e x h i b i t e d  a 
h i g h  tendency t o  crack during drying, Green densit ies of s l i p  cast  
p a r t s  a re  generally related t o  the degree o f  dispersion. The lower 
green densit ies o f  the experimental m a t e r i a ?  s compared w i t h  contra; 
were probably a resul t  o f  a higher degree o f  pc-awier agglomeration. 
Drying the solutions a f te r  depositing t he  sintering aids probably 
causes t h e  powders t o  agglomerate. 

Slip cast  samples, which are  l i s ted  i n  Tablc V ,  were d e n s i f i e d  
by gas pressure sintering. 
determine i f  the  degree o f  d i s p e r s i o n  o f  sintering aids had an e f f e c t  
on gas pressure sintering, the s l i p  cast  sarnplcs were i sas ta t ica? ly  
pressed a t  30,000 psi t o  minimize differences i n  green c4ensit.is.s. 
A f t e r  cold i sos ta t ic  pressinq, these materials were sintered a t  
1900°C for s ix  hours.  Pressure was maintained around 250 ps ig ,  
reference material w i t h  10% sintering dids added by dry b a l l  milling 
was also inclilded iw t h e  r u n .  This refewnce sample was prepared by 
uniaxial pressing a t  30,000 psi fullowed by i sos ta t ic  pressing a t  

Since our pr imary  objective was t o  

A 
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uniaxial pressing at 10,000 p s i  followed by isostatic pressing at 
30,000 psi. Table V I  lists the  green and sintered densities. 

Table VI. 
Green and Sintered Densities for  

$1 i p  Cast Si3N4. 

Green Density (g/cc) 

Deposition S1 ip After S i  n t ered % 
Route & Cast Isostatic Density* Theoretical 
Sintering Aid Pressing ( g / W  Density 
Con tent (% increase) 

Control 10% 2.11 
Control 8% 2.12 
Control 6% 2.07 

Spray Dried 110% 1.81 
Spray Dried 8% 1.68 
Spray Dried 6% 1.79 

Polym. 1 10% 1.54 
Polym. 1 8% 1.64 
Polym. 1 6% 1.70 

Re fer en c e 

2.19 
2.18 
2.14 

1.93 
1.91 
- -  

1.97 
1.97 
1.95 

2.05 

2.49 

2.25 

2.40 
2.18 
2.03 

2.40 
2.32 
2.18 

2.28 

75.5 
73.7 
69.2 

72.7 
66.7 
62.5 

72.7 
70.9 
67.1 

69.1 

*Gas Pressure Sintered: 1900oC/Q h/250 psig 

Isostatically pressing the slip cast samples with sintering a i d s  

Densification decreased with decreasing 
deposited by spray drying and polymerization 1 significantly 
increased the green density. 
sintering aid content for all three deposition routes, T h i s  trend 
was reasonable since the amount of liquid phase decreased w i t h  lower 
sintering aid content. Determination o f  the effect of deposition 
route on densification i s  difficult because o f  the differences in 
green densities. 

Silicon nitride powders with 10, 8 ,  and 6 wt% sintering aids 
deposited by spray drying and ball milling (control) were glass 
encapsulation WIP’ed at various temperatures. 
densities are listed in Table V I 1  where T2<T3<T4. 

The green and HIP’ed 
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Tab le  VII. 
Densities o f  Glass 

Encapsulat ion HIB’ed Si3N4. 

D c p o s i t i o r i  
Route & 
Sirateying Wid 
Content 

Spray Dried 10% 
Spray Dr ied  8%; 
Spray Dried 6% 

Control 18% 
Control 8% 
Co~-t.r-sl 6% 

HSP’ed Density g/cc 

................ 111_ - Thecre I - ___ g /cc  

Densi  t y  t l  hr t hi. t;, hr k t ~ s i t ~  
Green i Z 0 c  i30C T p C  i ca l  

g/cc 30 ks i  36 ksi 38 ksij g/cc 

1 . a i  3.23 3.27 3,3Q 
1.68 3,08 3.26 3.27 
1.79 3.19 3.25 

2.11 3 , m  3.31. 3.29 3.30 
2.12 3.29 3.29 3.27 
2.07 3.26 3.25 3 .25  

F u l l  or near  f u l l  dens i t y  was achieved for a l l  saiiiples. STEM 
w i  11 be used t o  c h a r a c t e r i z e  m-ici-ostructirres and g r a i  t i  boundary 
ehemi s t r i e s ;  and vodul us o f  rupture a t  rcom temperateere and 1300°C 
wil l  a l s o  be conducted, 

To d a t e  t e s t  bars cu t  from control  and spray dried b i l l e t s  t h a t  
were g las s  encapsulat ion HIb’sd at; T ‘’C/tl hr (Tahle VIX) Were tested 
i n  folsp p o i n t  bend a t  room and two efevater i  tenryeratures. 
are summarized i n  Table V I I I .  

Results 

Table V I I I .  
Four P a i n t  F1 exural Str-engths,of 

Encapsulat ion HIP’ed Si3N4 
........... .......... - 
Oeposi tion 

Sintering Aid 
C0ntent  2.3% 1 100% 1370OC 

Route & Strength  ( k s i  ) 

.......... ....... .......... 

Spray Dried 10% 118.1 62.1 50.8 
Spray  D r i e d  8% 83.7 46.6 25.8 
Spray Dried 6% 108.7 4 5 . 7  - -  

I C o n t r o l  10% 102.5 66.7 43.9 
-- -_I.. ......... _-ls__ 

*  HIP'^ a t  i Z 0 c / t l  hr* 

Incomplete  d e n s i f i c a t i o n  accounts Foe- t h e  1 ower strengths o f  the 
These i n i t i a l  resul ts  spray d r i e d  samples w i t h  3 bait% s in te r ing  a i d s .  

suggest t h a t ,  a t  10% s i n t e r i n g  ’level, the spray d r i e d  samples have 
higher  s t r e n g t h s  a t  23 and 1370% than  t h e  c o n t r o l ,  which w r e  7ower 
t h a n  expected. 
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Two of the samples (control and spray dried) that were glass 
encapsulation HIP'ed at T1 have been examined by STEM. 
boundary pockets, which are similar for the two samples, contained 
two crystalline phases. Some of the pockets in the control sample 
also contained a non-crystalline phase. 
spray dried samples were higher in sintering aid. 

Grain 

The grain boundaries in the 

In summary: 

1) The gas pressure sintering results presented in the Feb/March 
1990 Bi-monthly and this report indicated that the 
experimental powders prepared under this task could not 
achieve full density under the experimental conditions 
investigated. In addition, the sinterability was not 
influenced by the various sintering aid deposition routes. 

2) The surface chemistry results based on XPS and SEM 
backscattered electron images, Feb/Mar 1990 Bi-monthly, 
indicated that the powder prepared by spray drying, 
polymerization 1 and evaporation techniques have better 
sintering aids dispersion than those by the other techniques. 
The evaporation technique i s  not desirable due to the 
undesired high carbon content in the powder prepared by the 
technique. 
drying and polymerization 1 were selected for slip casting 
eval uat ion. 

Consequently only powders prepared by spray 

3)  Slip casting evaluations of larger batches of powders 
prepared by spray drying and polymerization 1 indicated that 
the polymerization 1 powder was highly agglomerated and has a 
high tendency to cracking during drying. 

4 )  The glass encapsulation H I P  experiments indicated that the 
spray dried powder can be HIP'ed to near full density in the 
temperature range of T2 -T4OC. 
selected as the sintering aids deposition route and glass 
encapsulation H I P  was selected as the densification technique 
for preparing an additional large batch o f  powder for more 
detailed characterization (Milestone #122114). 

Therefore, spray drying was 

The final stage of this Task involves scale-up of the spray 
drying deposition method and in-depth characterization o f  materials 
prepared from the scale-up larger batches. A 3000 g batch o f  Si3N4  
with 10 wt% sintering aids deposited by spray drying has been 
prepared. A control batch has also been prepared by wet ball milling 
Si3N4 with the particulate sintering aids followed b.y spray drying. 
The control batch was spray dried in order to minimize differences 
between the powders due t o  agglomerate formation by spray drying. 
These powders will be slip cast and densified by glass encapsulation 
H I P '  i ng . 



150 

I n i t i a l  work, discussed i n  t h e  previous Semi-Annual Report, was 
fmussed  i n  four a reas  1) base l ine  p r o p e r t i e s  o f  green ceramics ,  2 )  
u l t r a s o n i c  coup3 isvg tnethod inves t iga t ions ,  3 )  f a c i l i t i e s  develapment, 
and 4 )  automated measurement met.hnds, In summary, compressional wave 
v e l o c i t i e s  f e ? l  between 1.58 and 1.56 km/sec i n  d r i e d  Si3fd4 pieces  
w i t h  d e n s i t i e s  of 1.97 g/cc. Attenuat ion a t  10 r n e g & ~ ~ t z  was low 
suggest ing t h a t  penet ra t ion  o f  several  inches i s  poss ib l e .  Shear 
wave v e l o c i t i e s  f o r  s i m i l a r  p ieces  f e l l  be twen  0.99 and 1.02 km/sec. 
A f t e r  saturating the p iece  w i t h  k a t ~ r ,  compressional wave v e l o c i t y  
a t t enua t ion  a t  10 megak9ertm increased more than 48 di3. Shear wave 
ve loc i ty  dezreascd from 1.018 km/sec f o r  the d ry  sample t o  0.913 
km/sec fo.r the s a t u r a t e d  sample w h i l e  a t t enua t ion  increased  38 dB. 
T h i s  change i s  l a r g e  in  l i g h t  of  t h e  expectaticn o f  measuring 
v e l a c i t y  t o  2 prec i s ion  o f  a few t e n t h s  a$ a yercetnt. 

s tdb i  1 i t y  For measurements of  several days.  Other methods f o r  
coupl ing the  transdirrer. tsr prous green p ieces  caused t h e  s i g n d l s  t o  
bec~me uns tab l  e a f t e r  a few horirs e 

t ransducers ,  which arc s i i f f i c i  e n t l y  sens i  t i ve t o  a c t  a s  ul t rasound 
r ece ive r s  i n  the megahertz range, have t h e  a b i l i t y  t o  conform t o  
curved surfaces, T i ~ v s ,  they h a w  t h e  po ten t i a l  fo r  monitoring 
connpl ex shapes.  

A h i g h  v i s c o s i t y  organic  based couplant  provided s u f f i c i e n t  

Polyvinyl idene f l  usride 

I he Flatec MBS 8800 was mod i f3 ed fo r  cont i riuous automated 
measuremnt over extended time pe r iods -  
assembled t h a t  n-aintains constant humidity w h i l e  sound ueloei  ly, 
a t t enua t ion ,  and weight l o s s  a re  measured. 

P, hum:di t y  chamber was  

Ult rasonic  v e l o c i t y  measurements o f  a series o f  dry,  green 
cast , inys ranging in  dens i ty  from 1 . 9 3  cgm/cc t o  2.15 grn/cc were 
csmpl eked. 
vary from 1.36 km/sec t o  1.8; kin/ssec. over t h i s  range,  Over t h i s  
dens i ty  range f o u r  2 " x 3 " x .  5'O plates were examined t o  determine t h e  
s p a t i a l  uniformity o f  son ic  ve loc i ty .  In a l l  ea ses  t h e  s p a t i a l  
v a r i a t i o n s  were less  than 1.5% wit t i  the average d e v i a t i o n  From t h e  
meaSa o f  I%, 

U 1  trasan i c vel x i  t i e s  con-el  a t e  we71 1 wi t h  the dens i t y  and 

Drying ewperimmts were performed in  a contr-01 l ed  
huaidi ty/drying chamber. 
measured as a func t ion  o f  t i m e  a f t e r  saturated s p e c i m n s  were placed 
i n  t h e  dry ing  chamtier. Drying t i m e  a t  cons tan t  humidity was r e l a t e d  
t o  moisture  content  by nionitoring weight l o s s  as  a function o f  l i m e .  

To re1 a t e  sound velsc i t y  i o  rrroi s t u r e  con ten t ,  e a r l y  ~xperiments 
were conducted on plates  t h a t  were i n i t i a l l y  dried then rewelted t o  
produce samples w i t h  known rnoiCti irs content .  
bath shear  and l o n g i i ~ i d i n a l  , increased w i t h  decreas-ing rmis tu re  

Sound v e l o c i t y  and a t t enua t ion  w i - e  

c 

I he sonic  v e l o c i t y ,  
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content. Specifically, in previously dried and rewet samples, the 
first 6 percent weight gain is accompanied by a 7 to 8 percent 
decrease in both shear and compressional velocity. 
observed in the sonic velocity for weight gains above 6%. 
results suggest sonic methods are capable o f  measuring moisture 
content in 0 to 6% range. A one percent moisture gain yields a 1 . 1 %  
decrease in sonic velocity. For moisture contents greater than six 
percent the sensitivity is poor. These experiments on rewetked 
samples were used to establish baseline material properties and 
operating parameters. The next step was to continuously monitor the 
drying of freshly cast specimens. 

Little change was 
These 

Sound velocity as a function of, moisture content for freshly 
cast specimens i s  shown in Figure 1 .  The sonic velocity variations 
in s l i p  cast components appears t o  be much more complicated than 
originally thought. Initial results obtained by rewetting of "dry" 
samples showed a monotonic increase in sonic velocity with moisture 
loss .  In contrast, the variation observed in freshly cast ceramics' 
is complex. Sonic velocity initially drops with moisture loss ,  
reaches a minimum, and then increases as the sample dries. The 
"double valued" relationship between sonic velocity and the m o i s t u r e  
content makes this method unsuitable as a moisture sensor. 

.....I _.. ................. 

0 1 2  3 4 6 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 6 1 8 1 7  
PERCENT MOISTURE (%I 

Figure 1 Sound Velocity as a Function of Moisture 
Content for Freshly Cast Specimen. 

The attenuation o f  these freshly cast specimens was initially 
As the sample dried, it decreased more than 30 dB and quite high. 

then appeared to stabilize. This characteristic drying curve (sound 
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velocity and attenuation vs. moisture content) has been reproduced i n  
several additional experiments, The velocity variation with m o i s t u r e  
content change i s  much larger than that found with the rewetted 
samples (25% vs. 8 % ) -  

The final conclusion on the Matec KBS 860Q's ability to 
automatically measure the changing velocity as a f unc t i on  o f  moisture 
content, is that it will not work ith our application. The change 
of velocity in the sample is too great for the lMBS 8000 to f o l l o w .  
Also the echo trains through the silicon nitride salniple are too 
distorted for t h e  MBS 8000 t o  accurately measure the transit time 
with any reliability. 

t Analysis o f  ceramic bars during drying will be 

Previous results an rewetting o f  dried ceramic cast ings 

performed to determine the stresses during drying. 
bend strength, and shrinkage coefficients are being measured f o r  t h e  

bloisture content, 

sdeli. 
easurabl e expansion. 
f fresh castings as they dry. 
i c s  as a function of oisture content we will c a s t  flexure 

Work has begun on measuring 
To determine strength o f  

Work continues on extracting bars and conduct 3-point b nd tests. 
d i f f u s i a n  coefficients fro weight loss d a t a .  

Milestones No. 122113 (Completion of Alternate whisker 
evaluation) and No. 122114 (Determination o f  densification process 
and cycle for powders with nanometer deposited sintering a i d s )  have 
been completed as schedmled .in this reporting period. 

Milestone 122115, (complete feasibility of i n -p rocess  
Characterization and process control of casting ceramic parts) will 
be delayed to Cec. 10, 1990, New schedule is being prepared t o  be 
incorporated into the new contract o d i f i c a t i ~ n  deleting Task 3.C and 
Task 4 .  

S a O U N T E R E D  

The delay in milestone 122115 was mainly caused by shortage O F  
manpower due to the change o f  responsibility o f  the principal 
investigator for this milestone. 

K. W. Karasek, S .  A. Bradley, J. P.  Donner, H.  C. Yeh, "SiC-Whisker 
Characterization: An Up e r  20-SIV-90 presented a t  the 92nd 
Annual Meeting of The American Ceramic Society, Dallas, Texas. April 
24,  1990, 
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Fabrication of Si3N4/SiC Co mposites b y  Transient tiauid Phase Sintering 
S. 0. Nunn and T. Y. Tien (The University of Michigan) 

QJy ective/ScoB 

The goal of this project is to obtain dense silicon nitride composites 
containing silicon carbide whiskers by transient liquid phase sintering. The 
systems SiAION, SiAION-Garnet ( Y ~ A I S O  12) and SiAION-Cordierite 
(Mg2Al4Si5018) were selected for this study. An additional system, SiAION-N- 
phase (Mg&Si406N4), 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 amorphous intergranular phase can be 
crystallized by heat treatment. 

Technical Prowess 

1 .O INTRODUCTION 

The physical properties of 20 vel.% Sic whisker reinforced Si3N4 composites 
prepared using two different liquid phase sintering aids were described in the 
last report'. The composites were hot pressed at 1700°C for either 0.5 or 3 
hours and a portion of the samples were subsequently heat treated at 135O'C 
for 20-22 hours to crystallize the grain boundary phase. The two sintering aids 
used were Ill-phase (MgAl2Si406N4)  and YAG (Y3A15012). Both have been 
found to be effective sintering aids for pressureless sintering of S i6 whisker 
reinforced Si3N4 and both phases have been crystallized by heat treatment after 
sintering.* Test samples were prepared to compare the effects on mechanical 
properties of variations in the thermal expansion coefficient mismatch between 
the intergranular phase and the matrix grains and reinforcing whiskers. 

The fracture strength values for these composites 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 showed a clear 
dependence on the amount of sintering aid in the composition, the greater the 
sintering aid content the greater the loss. The p l3-SiAION-N-phase 
compositions showed the greatest percent change in strength after heat 
treatment with losses of 30 - 35%. 

The fracture toughness values ranged from 3.1 1 to 5.44 MPa4m. For the as- 
fired samples, the toughness was significantly higher (15 - 25%) for the 
composites containing YAG as the sintering aid. After annealing, all of the 
samples showed a decrease in the measured fracture toughness. The loss in 
toughness was greater for the samples sintered with YAG (up to 33%) and also 
depended on the amount of sintering aid in the composition. The higher the 
amount of sintering aid, the greater the loss in toughness. 

During this reporting period the microstructures of the test samples having a 
pla-SiAION matrix and different levels of sintering aid additive were evaluated to 
establish the relationships between the observed microstructures and the 
measured mechanical properties. 
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2.0 EXPERIMENTAL 

The microstructural characteristics of the Sic whisker reinforced Si3N4 
osites were evaluate ing electron microscope (SEM). 
re surfaces of test b sections were examined. In the 

samples containing YAG as the sintering aid, the yttrium-containin 
easily distinguished in the polished sections because of the hi 
of yttrium compared to the other elemen arnples. The 
intergranular phase in the samples containi a lower hardness 
than the Sic and Si,Nd phases and was rea 
to topographical relief after polishing. The 
was measured by quantitative stereology using the point count method. 

3.0 RESULTS AND DlSClJSSDN 

Examination of the fracture surfaces indicated that samples with the higher 
ranular fracture mode 

The law toughness 
samples showed an increased lev nsgranular fracture with little crack 
deflection. Additionally, some s pares were observed in the heat 
treated samples. Glass compositions in the Y-SiAIQN and the Mg-SiAIBN 
systems have been shown to have a density which is less than that of YAG and 
N-phase, respectively.3-5 Volume changes during crystallization may account 

sence of shrinkage pores. 
amination of polished sections amples of the pl3-SiAlQN 

(Si5AIQN7)--YAG composites in the as-fired annealed condition shswe 
s u ~ ~ t ~ n t ~ a l  changes in the microstructure aft at treatment. The as-fire 
samples showed a continuous intergranular phase isolati individual Si3 N 4 
grains and SIC whiskers. After heat treatment, the amount the intergranular 
phase was reduced and no longer farmed a continuous "matrix." The 
differences between the nominal sintering aid additions and the measured 
values before and after heat treatment are summarized in Table 1, dong with 
the corresponding fracture strength an 

nderstood by 
referring to the p-SIAIQN-YAG phase diagram shown in Fig. 1. The 
compositions which were studied are indicated by the points "12 and Y6 in the 
figure. A simple lever rule calculation shows that the amount of liquid phase 
which is in equilibrium with pl3-SiAIQN at the hot pressing temperature is 
substantially greater than the amount of the sintering aid (YAG) addition. Meat 
treatment resuits in the formation of additional p-SiAIQN plus crystalline YAG 
according to the following reaction: 

hness values shcrwe 
e of crack deflectio 

The change in the am 

Y-AI-Si-0-N (liq) --> p-SiAION (5)  + Y3A15012 (s) 

thus reducing the amount of the intergranular phase. The difference between 
the nominal sintering aid addition and the amount measured after heat 
treatment indicates incomplete crystallization of the liquid phase. Cracks 
produced by Vickers indentations tended to propagate along the intergranular 
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phase in the as-fired sample, but showed more transgranular fracture in the 
heat treated sample. 

SEM examination of the samples sintered with N-phase showed that the 
amount of the intergranular phase in the as-fired samples was less than the 
nominal sintering aid addition and that there was a small increase in the 
amount of the intergranular phase after heat treatment. These results, which 
are also summarized in Table 1, are consistent with the fact that the N-phase 
compound melts incongruentiy to form p-Si3N4 plus a liquid phase. This is 
shown in the schematic pseudo-binary phase diagram of a system containing 
Si3N4 and N-phase in Fig. 2. The compositions studied are indicated by the 
lines marked N6 and N12 in the diagram. At the hot pressing temperature, 
these compositions are in the Si3N4 plus liquid two-phase field. Rapid cooling 
prevents the crystallization of N-phase in the as-fired samples. During heat 
treatment at 1350°C the liquid phase plus a portion of the Si3N4 form crystalline 
N-phase according to the following reaction: 

Mg-AI-Si-0-N (liq) + Si3N4 (s) --> N-phase (s) 

reducing the total amount of the Si3N4 phase and increasing the amount of the 
intergranular phase. The amount of intergranular phase present after heat 
treatment is considerably less than t h e  nominal sintering aid addition and 
indicates incomplete crystallization. 

4.0 CONCLUSIONS 

The mechanical properties of 20 vel.% Sic whisker reinforced Si3N4 
composites which were prepared using two different sintering aid additives 
show variations which can be correlated with microstructural characteristics. 
The samples show a reduction in fracture strength after heat treatment to 
crystallize the grain boundary phase. This strength loss can be accounted for 
by the formation of shrinkage pores which form due to volume reduction when 
the glassy intergranular phase transforms to a crystalline phase. The fracture 
toughness appears to be controlled by the ability of cracks to propagate along 
the intergranular phase. Samples containing a high volume fraction of 
continuously interconnected intergranular phase showed the highest fracture 
toughness values. 

tus of Milestones 

On schedule. 

Publications 

None. 
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Table 1. Sintering aid content of 20 voI.% Sic whis er reinforced B-Si3 

I31 3-4 2YAG 

013- 6YAG 

01 3-1 2N 

013- 6N 

Heat 

As-Fired 1700 C 
Annealed 1350 C 
As-Fired 1700 C 
Annealed 1350 C 
As-Fired 1700 C 
Annealed 1350 C 
As-Fired 1790 C 
Annealed 1350 C 

-._ 
Sintering 
Nominal 
[WOL%) 

12.0 
12.0 
6.0 
6.0 
24.8 

12.6 
12.6 

24.8 

iid Content 
--_IIIsI 

Meas 

19.1 
15.0 
12.7 
7.4 
8.0 
11 .0 
3.0 
3.5 
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Figure 1. Weight percent representation of the phase diagram of 
the B-Si3N4-YAG system showing the approximate location of the 
liquid field at 1700°C. (Adapted from Honke and Tien.6) 

I 

I t  
I I  
-L 

Si3N4 N-phase 

Figure 2. Schematic pseudo-binary phase diagram containing the 
join between 0-Si3N4 and N-phase (MgA12Si4QsN4) illustrating 
incongruent melting of the N-phase compound. 
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G. E. Hilmas and T, Y. Tien 
(The University of Michigan) 

The goal of this project is to obtain dense Sic-AIN composites containing AIN- 

polytypoid phasesgs) as a dispersed second phase. AlN-plytypoids (SH, 15R, 12H, 
21R md 27K) 
temperatures potentially producing an in-si tu reinforcement phase in advanced 

composites. Hot- ressing was selected for this study to optimize densification at high 

ternpemm= s I 

T t X h n i C & m  

as elongated rod-like or platelet-like: grains and are stable at high 

1 .o TrnODUCTIOFd 

The crystal structures and compcpsitions of A1N-polytypoids have been identified in 

detail [1,2]. A1N-polytypoids (8H,15R, 1211, 21R and 27R) have been shown to form 

as elongated rods or platelets with oxide additions to A1N. AN-ceramic with a fibrous 

rnicrosmctwe s f  27W polyiypoid has been fabricated using SiQy'Y283 additives [3,4]. 

From the behavior diagram of the SiAlON system (Figure 11, i t  can be seen that thc 

compssiticm of the A1N-polytypoids are restricted to the AlN-rich area. Tie 

compositions for these pdytypoids and there respective constant eatiodanicon ratio are 

represented in Table 1 from Gauckler et al. [2]. The poiytypaids prepared in this study 

have been from two of the SlAlON stabsysterns, either AlN-A128ySi02 or AlN-A1$33 

which squires higher temperatures to form the polytypoids [ 5 ] .  The subsystem AIN- 

Si3??~-.41203 has been ignored due to difficulties in sintering. 

Sic was chosen as the niatrix phase for this composite. The ~ a n s f ~ ~ ~ t ~ ~ ~  of p- 
S i c  (3C) at high temperature to one or more of the a-SiC polytypes (2H, 6 H ,  15R, 21R, 

etc.) has been investigated extensively with the results showing that the transfornation 

the resulting a-polytype formed is stiongly affected by the sintering agents and 

chemical environment 164. S-SiC (3C) has also k e n  shown 10 preferentially 

a-Si@ (2H) in the presence of ALN (23). 'l'hese phases then react above 2058 "C to fom 

an extensive solid-solution with the wumite structure in the range of 35 to 100 ~ e i ~ ~ ~ ~  

percent AIN [7,8]. The formation of this solid-solution by reaction of cy-Sic' (2H) matrix 

ids have been evaluated in this snndy. 
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2.0 EXPERMENTAL 

2.1 Powder Preparation 

The ceramic raw materials used in this study are Sic ,  AlN, AI203 and Si@. The 

starting Sic powder was either P-SiC (3C) (Hennann C. Starck, >95% p-SiC> or a-SiC 

(6H) (Hermann C. Starck, >97.5% a-Sic). The AIN-polytypoids studied (133, 12W 
and 21R) were either formed from Si@, A1203 and AlN (labeled as type "I") or from 

A1203 and AW (labeled as type ''11"). 

During processing, the raw powders used to form the matrix and plytypoid 

dispersed second phase were attrition milled for 3 hours using isopropyl alcohol and 

porcelain milling media. The powders were then oven dried at 85 "C and stored in 

polyethylene bottles. 

2.2 Hot-Pressing 

In preparation for hot-pressing, the milled and dried powder was placed in a 

graphite die that was lightly coated with boron nitride powder (to reduce bonding of the 

SIC to the die during hot-pressing at high temperatures). The powder was cold-pressed 

isostatically in the die under a 150 kg/cm2 load and then placed in a graphite resistance 

furnace, heated under "static" nitrogen to 2050 - 2150 "C and held €01- 1 hour. A 240 

kg/cm2 load was applied during the heating cycle above loo0 "C and released upon 

cooling below lo00 "C. 

2.3 Electron Microscopy ( E M  and SEM) 

TEM was performed on a JEQL 2000 FX microscope at 200 kV. The: TEM 
specimens were prepared using standard ceramographic techniques. First, 3 mm 
diameter disks were ultrasonically cut from 1 mm thick slices of the specimen and 

ground and polished to 100 pm before dimpling to 20 pm center thickness. Final 

polishing and dimpling was done with 2-4 pm diamond paste. Ion milling to perforation 

was performed using 6 kV Ar+ ions. SEM was performed on a Witachi S - 8 0 0  operating 

at 5 kV. 

2.4 Mechanical Properties 

Sections of the hot-pressed samples were machined and then ground and polished 

down to a 1 pm diamond paste finish in order to measure microhardness and fracture 

toughness. A standard Vickers diamond indenter was placed in a Wilson Tukon 

microhardness testing machine for all measurements. Indentation loads varied from 5 to 

25 kg depending upon the sample and to fulfill the requirement that the radiavmedial 
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cracks (2) be equal to or greater than twice the Vickers indentation diagonal (2a). After 

measurements of (2c) and (2a) for a minimum of five indentations per sample, the 

following equations were used to calculate microhardness and fracture toughness [9]: 

H = [2P(~in68~)]/(2a)~ (in GPa) 

where P=load (N) and E=Young's Modulus (GPa). Poisson's ratio and Young's 

modulus were measured separately for each sample by non-destructive acoustic pulse- 

echo methods. 

3.0 E S U L T S  AND DISCUSSION 

3.1 Formation of AlN Polytypoids 

Using the same powder preparation techniques, two samples of "pure" polytypoid 

(218-1 and 1214-1, respectively) were hot-pressed to theoretical density at 1800 "C for B 

hour. They were subsequently examined by transmission electron microscopy to observe 

the morphology of the polytypoid grains. 

Figure 2 shows a bright-field TEM image of the general microstructure of dense 

2 1R-I polytypoid. The microstructure contains elongated (rod-like or platelet-like) 

polytypoid grains that have preferentially grown perpendicular to the hot-pressing 

direction. The grains are heavily faulted, and more detailed bright-field examination of a 

[2110] plane reveals the layered atomic stacking structure that makes up the polytypoid 

grains (Figure 3). The 32.8 A spacing gives the c-axis repeat distance for this 12H- 

polytypoid grain. 

3.2 Initial Study of Sic-AlN Polytypoid Composites 

Initial compositions were either 80 vol% Sic  : 20 vol% AlN-polytypoid or 50 vol% 

S i c  : 50 vol% AlN-polytypoid while varying both the starting matrix powder (p-Sic (3C) 

or a-Sic (6H)) and the A1N-polytypoids being formed (15R, 12H and 21R). These 

samples were prepared in order to evaluate the feasibility of improving the mechanical 

properties of a S i c  matrix with dispersed A1N-polytypoid additions. Mechanical 

properties results for a set of these samples showed mild increases in fracture toughness 

in the range of 4 to 5 MPa-dm in comparison to -2.7 MPa-dm for a p-Sic standard 

sample. 

X-ray diffraction results on these samples also yielded some valuable information. 

Using p-Sic as the matrix phase: From 2050 "C to 2150 "C the p-Sic (3C) matrix 

gradually transformed; (1) to a-Sic (2H) for compositions of 50 vol% S i c  : SO vol% 
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A1N-polytypoid, and (2) to both a -Sic  (2H) and a-Sic  (6H) for compositions of 80 

vol% S i c  : 20 vol% AlN-polytypoid. Shifts in the (100) and (002) peaks of the a-Sic 

(2H) phase suggest that it is reacting with AlN (2H) to form a Sic-AlN (2H3 solid- 

solution (wurtzite structure) above 2050 “C. Using a-SiC (6H) as the matrix phase: a- 
Sic (6H) remained up to 2150 “C along with formation of the respective polytypoids. 

There is no evidence for the transformation of a -Sic  (6H) to a-Sic (2H) and therefore 

no Sic-AlN solid-solution in these samples. 

Several notes should be made concerning the x-ray results. Temperatures near 

2150 “C have resulted in an increase in the formation of free Si, a decomposition product, 

suggesting the need for higher nitrogen overpressures to suppress decomposition 

reactions. The formation of the solid-solution by reaction of a -S ic  (2H) and A1N- 

polytypoids at these high temperatures will be continuously evaluated in this study 

particularly in regard to optimization of the microstructure in the composites. Also, more 
than one polytypoid was usually formed in each of the cornpositions evaluated. This is 

again due to the close proximity of the polytypoid compositions to each other (Figure 1). 

3.3 P-$iC:21R(II) Polytypoid Series 

In this second step a series of p-Sic samples were prepared with a decreasing 

percentage of AIN-polytypoid in order to characterize changes in the microstructure. The 

AlN-polytypoid chosen was 21R-11. Table 2 lists the starting compositions for these 

samples which were hot-pressed for 1 hour at 2100 “C under “static” nitrogen and 240 

kg/cm2 of applied pressure. 

The microstructure of these samples was observed using the scanning electron 

microscope. Since S i c  is already a good conductor, it was believed that contrast could 

be obtained between S i c  and any A1N-polytypoid grains by taking advantage of the 

insulating properties of AlN phases which will “charge” under the electron beam. It was 

determined for samples BS50:21R(I‘I), BSSO:ZlR(II) and BS70:21R(II) that the general 

microstructure was very fine-grained and equiaxed with no elongated AIN-plytypoid 

formation. X-ray diffraction revealed that the p-Sic (3C) had transformed to a-SiC (2H) 

and subsequently formed a 2H solid-solution with AlN (2H), thus leaving no AlN to 

form the AlN-polytypoid. Sample BS80:21R(II) contained a majority af elongated grains 

that exhibited “no charging”. X-ray diffraction showed the matrix phase to contain both 

P-SiC (3C) and a-Sic  (6H) along with a small amount of 21R-plytypoid second phase 

that was not observed in the SEM. Sample BS90:21R(II) showed the most drastic 

change in microstructure, containing both an elongated a-SiC (6H) matrix and an 
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elongated 2 1 R-polytypoid dispersed second phase that did indeed exhibit “charging” 

under the electron beam (Figure 4). 
The results of mechanical properties measurements for these samples are 

summarized in Table 3. The most interesting results from this data are the fracture 

toughness values, especially for sample BS90-21R(II). The p-Sic standard is typical of 

a hot-pressed S i c  material producing a fine-grained equiaxed microstructure with an 

indentation fracture toughness in the range of 2.5-3.0 MPa-dm. ‘The samples BSSO- 

21R(II), BS60-21R(II) and BS70-21R(II) had similar fracture toughness values that 

were indicative of their fine-grained equiaxed microstructures, Sample BS80-21R(II) 

had a higher fracture toughness of 5.3 m a - J m .  This can be attributed to the partial p- 
si@ (3C) to a-Sic (61-1) transformation resulting in an elongated S i c  microstructure 

causing cracks to take a more tortuous path through the matrix. The BS90-21R(II) 

sample had a fracture toughness of 8.5 MPa-dm. Upon observation of indentation 

produced radial cracks in the SEM, it was apparent for this sample that the elongated 6H- 
S i c  matrix may have caused some crack deflection and crack bridging. Nevertheless, the 

cracks still passed through many of these S i c  grains but would not pass through the 

21R-polytypoid grains (Figure 5). The two arrows in the figure show where a radial 

crack has run straight into two different 21R-polytypoid grains but was deflected along 

the long axis of their interface before continuing on. 

4.0 SUMMARY 

Formation of A1N-polytypoids by solid-state reaction of AlN-Si02-Al203 and/or 

AlN-Al203 has been achieved. Sic-A1N polytypoid composites have been prepared, by 

hot-pressing at 2050-2150 “C, from direct Sic, AlN, Si02 and A1203 powder mixtures. 

TEM results emphasized that the A1N-polytypoids grow as elongated “rod-like” or 

“platelet-like” grains. Mechanical property data has shown improvements in fracture 

toughness over pure hot-pressed P-Si@(standard) materials. A fracture toughness of 8.5 

MPa-dm has been achieved for a sample that is 90 volume% S i c  with 10 volume% A1N- 

polytypoid as a dispersed second phase. 

&.tus of Milestones 

On Schedule. 

Publications 

None. 
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Table I. Compositions of All -Polytypoids 

Table 2- Compositions o f  p-Sic : 21R-I1 Polytypoid Series 

echanical Properties of p- (11) Polytypoid 
Composites 

BS50:211 R(II) I 0.19 I 368 I 20.3 k0.8 
* Hot-pressed at 2000 'C with 1 wt,% B and 1 wt.% C added as sintering aids. 
t All samples contain 0.5 wb.% R added as a sintering aid. 
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Figure 1. Isothermal section Si3Nq-AlN-Al2@-Si@ of the system Si-Al-0-N at 
1760 'C. 

Figure 2. Bright-field TEM image showing the general microsaucture of dense 
21R-I polytypoid. 
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Fi ure 3. Bright-field TEM image showing the layered stacking sequence in the 
[ 2 h ]  plane of a 21R-plytypoid grain. Spacing between arrows represents 32.8 A. 

90 vol% B-SIC : 10 vol% 21R-Polytypoid 

Figure 4. SEM micrograph of the microstructure of BSW21R-II. AN-polytypoid 
grains are "charged" by the electron beam providing bright contrast. 
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1.2.3. Oxide Matrix 

Dispersion-Touqhened Oxide Composites 
T. N. Tiegs, P. F. Becher, W .  H .  Elliott, D. J. Kim, and D. W .  Coffey 
(Oak Ridge National Laboratory) 

Object i ve/scoDe 

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 f o r  initial study. However, an effort in Sic 
whisker-reinforced silicon nitride and sialon is in progress. 
studies of whisker growth processes were initiated to improve the mechani- 
cal properties of Sic whiskers by reducing their flaw sizes. 
acicular grain growth is also being investigated to improve fracture 
toughness of silicon nitride materials. 

In addition, 

In-situ 

Technical hiqhl iqhts 

Hot-pressed silicon nitride and sialon-Sic whisker composites 

intergranular-glass phases were modified, have been fabricated and machined 
into test specimens. 
tested at room and elevated temperature. 

As reported previously, samples of various compositions, where the 

At the present time they are being flexural-strength 

Microstructure development 

The series of silicon nitride materials to assess the role of 
elongated-grain microstructure on fracture toughness has been fabricated 
and is being machined into test specimens. 
pressing conditions are given in Table 1. In addition, supplemental 
samples have been fabricated where the hot-pressing has been stopped at 
intermediate densities. From these specimens we will determine the micro- 
structure development by x-ray diffraction and electron microscopy. 
The effect of additive composition on the hot-pressing behavior is shown in 
Fig. 1. 
glass phases that are formed during the reaction of the sintering aids with 
the silicon nitride. As shown and expected, the least refractory is 8% 
La203-2% A1203 and the most refractory is 8% Y203. 
densification and subsequent grain growth is also reflected in the 
resulting microstructures. Hot-pressing of the initial samples at 1725°C 
for 60 min was held minimal to obtain high-density materials for the less 
refractory compositions. Densities achieved were > 98% T.D. for these 
samples and SEM examination of fracture surfaces showed relatively small 
grain sizes less than 0.4 pm for all samples. Only minor differences in 
the fracture surface microstructures were observed between samples fab- 
ricated with these conditions. The two additional series fabricated by 
hot-pressing at 1800°C for times of 90 and 180 min had fracture surfaces 
that revealed extensive grain growth with the higher hot-pressing tempera- 
tures and longer hold times (Figs. 2 and 3). 

The compositions and hot- 

The densification rates are dependent on the viscosities of the 

The differences in 

At the present time, we are 
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Table 1. Test matrix of silicon nitride materials to 
determi ne microstructure devel opment 

Composition 
H o t - & m o n s  ("C/min) 

1725/60 1800/90 1800/180 1650/60 19OOBO 
1800/90 

6% Y2@2% A l f i  

GN- 10 Additives 

6% Yfi-2% A1203 

8% La203-2% A1203 

3% Yfi -4% La2O3-2% A1203 
2% Y@3-4% AlN 

4% YzO3-6% AIN 

6% Y203-lW0 AIN 

4% y203 
8% Y e  
11% La203 

Yes 
Yes 

YeS 

Yes 
Yes 

YeS 

Yes 

Yts 

YeS 
YeS 

Yes 

Yes YeS Yes Yes 

Yes Yes Yes 
Yes YeS 

Yes Yes Yes 
Yes Yes 

Yes YeS 

Yes Ye5 

Yes Yes 
YCS 
Yes Yes 

Yes Yes 

ORNL-DWG 90-17114 

--e- 6?4 Y203-2% A1203 

Q 5 0  1 0 0  1 5 0  
Time (min) 

F i g .  1. Densification o f  various silicon nitride 
compositions in the hot-press. Composi tions include 
Si3N4 w i t h  (1) 6% Y203-2% A1203, (2) a GN-10 composi- 
tion, (3) 8% La203-2% A1203, and (4) 8% Y203. Hot- 
press conditions were room-temperature to 1800°C in 
50 min and a 90 min hold. 
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TO14399 

TO15970 

Fig. 2. Fracture surfaces o f  Si3N4-6% 
Y203-2% A1203 hot-pressed a t  (a) 1725°C for  
60 minr and (b) 1800°C for  90 min. 
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attempting to quantify the grain growth and relate it to the sintering 
additive chemistry and densification parameters. The initial fracture 
toughness and flexural strength measurements are summarized in Table 2. 

Table 2. Summary of flexural strength and fracture tough- 
ness of silicon nitride materials for microstructural 

development, hot-pressed at 1725°C for 60 min. 
Fabrication conditions were minimum to 

achieve high densities 098 %). 

Flexural Fracture 
Composition Comments Strength Toughness 

( m a )  ( w a d i 3  

Si3N4-6%Y203-2%A1203 
Si3N4-6%Y203-2%A12@ 
Si3N4-GN-10 Additives 
Si3N4-8%La2@-2%Al2@ 
Si3N4-3%Y203- 4% La2O3- 

Si3N4-3% A1N- 2% Y203 
Si3N4-6% AIN- 4% Y203 
Si3N4-10% AlN- 6% Y203 

2%Al203 

Baseline material 
40% B-Si3N4 
Alternate Glass Phase 
Alternate Glass Phase 
Alternate Glass Phase 

a' - 0' Composite 
a' - B' Composite 
a' - B' Composite 

9 16eO 
777f123 
937f33 
1089f302 
883f109 

708fl85 
556Y36 
489k40 

6.6k0.7 
7 . 6 f l .  1 
6.2fO .4 
5.9M.6 
6 .7f1 .3  

6 . l f 0 . 2  
5 .1f0 .3  
4.0k0.2 

The flexural strengths, as shown in Table 2 ,  while rather high for some 
samples were quite variable. This indicates that while the grain sizes 
were small, the flaw size distributions were broad. The additional two 
series of hot-pressed materials with the higher pressing temperatures and 
longer times should have similar strengths, but smaller standard devia- 
tions. In addition, the higher pressing temperatures and longer times 
should result in increased grain growth and higher fracture toughnesses. 
The effects of glass phase chemistry on microstructure development should 
also become more apparent. The mechanical testing is in progress at the 
present time. X-ray diffraction o f  the samples showed B-Si3N4 as the 
major phase present with the exception of materials with high A1N contents 
(Table 3 ) .  Fracture toughness and flexural strength for the remaining 
specimens are being determined at the present time. 

Status of milestones 

Milestone 123110, "Determine effects of process parameters on flaw 
generation in Sic whiskers" was not completed. 

Pub1 ications 

T. N. Tiegs, P. F. Becher, M. K .  Ferber, and P. A. Menchhofer, "High 
Temperature Strength of Sic Whisker-Reinforced Silicon Nitride Composites," 
to be published in proceedings of 7th CIMTEC World Ceramics Congress, June 
24-30, 1990, in Montecatini Terme, Italy. 
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Table 3 .  Summary o f  init ial  results showing phases 
present in silicon nitride materials fabricated 

t o  assess role of grain microstructure 
on fracture toughness 

Composition Commtnts Phases Presenta 

Si3N4-6% Y203-2% A1203 Baseline Material 
Si3N4-6% Y203-2% A1203 40% O-Si3N4 
Si3N4-GN-IO Additives Alternate Glass Phase 
Si3Nq-8% La2O3-2% A1203 Alternate Glass Phase 
Si?Nd-3% Y 7 a -  4% L a 7 0 7 -  Alternate Glass Phase - _  

-2%A12%- - 
Si3N4-3% A1N- 2% Y2O3 a' - 0' Composite 

Si3N4-6% AIN- 4% Y2O3 

Si3N4-10% AIN- 6% YzOj 

a' - 0' Composite 

a' - 0' Composite 

Major O-Si3N4 
Major O-Si3N4 
Major O-Si3N4 
Major O-Si3N4 
Major O-Si3N4 

Major a-Si3N4 (-20%) 
Major RSi3N4 (-80%) 
Major a-Si3N4 (-50%) 
Major BSi3N4 (-50%) 
Major a-Si3N4 (-80%) 
Major R Si3N4 (-20%) 

Qetermined by x-ray diflhction. 
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D. A. Hirschfeld and J. J. Brown 

Optimize the  chemistry, properties, and processin of selected low thermal 
expansion compositions based on the zircon (NZPj and the p-eucryptite-AIPQ, 
systems. The major long-term goal is to develop an economical, isotropic, ultra- 
low thermal expansion ceramic material capable of having stable properties 
above 1200 O c. 

Zircon ( N P P )  System 

The axial thermal expansion characteristics of (Ca,_x,Mgx)Zr,(PQ,), 

mined by X-ray diffraction (XRB) from roam 
L HTIWIL. The resulting data are presente 

with axial expansion of other GMZP campssitions where x = O,O, 

(CMZP) ceramics were further investigated. The anisotropic expa 
(ea, ,,My,. J2r4 
temperature to 75 

6.2, a d  0.3. 

X = Q.Q 

0 200 400 600 800 

TEMPERATURE ("Cj 

Fig. 1. Axial expansions of (@a, - x,Mgx)Zr,(PB,), compositions. 
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As reported previously, the anisotropic expansions of the a and c lattice 
parameters decrease with increasing Mg concentration. For the composition 
where x = 0.4, the thermal expansion anisotropy is significantly reduced. 
Expansion along the a axis for this composition is almost zero and the c-axis 
expansion is less than that of compositions containing less Mg. A reduction in 
the anisotropic expansion should contribute to a reduction of temperature- 
produced stress and possible microcrack formation, and hence, improve the 
thermal shock resistance of the material. 

The overall bulk thermal expansion coefficients for the above mentioned 
compositions computed from the lattice parameters are as follows: 

MgZr,(PO,), Content Bulk CTE 
I (mole %) (X 1 r7/" cy 

0.0 
0.2 
0.3 
0.4 

-4.40 
-0.74 
-4.46 

+ 4.76 

Thermal stabilities of the CMZP materials were determined using weight 
loss analyses. Powder samples af compositions where x = 0.0, 0.2, 0.3, an 
0.4 were heated in platinum crucibles in air at 1200°C for 120 h. Weight losses 
were minimal in all specimens (less than i%), and may be due to a reaction 
with the platinum crucibles. 

x= 0.0, 0.2, 0.3, and 0.5 were obtained using a laser flash thermal diffusivity 
apparatus and a differential scanning calorimeter (QSC) at the ORNL HTML. 
The thermal conductivity values were calculated by the product of the thermal 
diffusivity, specific heat, and bulk density of each sample. 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 resuitant nonlinear 
heat flow. Densities of the CMZP ceramics ranged between 80% arid 90% of 
theoretical. 

Thermal conductivities of the CMZP compositions as a function of 
temperature are shown in Figure 2. It should be noted that these values are 
exceptionally low, and that thermal conductivity appears to decrease with 
increasing Mg content. Also shown in Figure 2 are the corresponding thermal 
conductivities of a partially stabilized (Y,O,) zirconia, a leading thermal barrier 
material for combustion and turbine engine applications. It is apparent 

Thermal conductivities of the compositions (Ca,-x, gx)Zr,(PO,), where 



that compared to the zirconia material, the CMZP corripssition display 
substantially lower thermal conductivities at each respective temperature. 

_I ~ .......... ̂ I__ 

Zr02 2 4 w t  % Y z 0 3  

--\ 

---A--,p_ _.._ & 4 
ZrOZ 1 6 9 w t % Y 2 0 3  

Figure 2. Ther I conductivities of CMZP compositions 
and stabilized zirconia. 

In addition to CMZP compositions, (Rb,-x,Csx)Zr2 (P0J3 (RCZP) 
compositions were evaluated as ~~~~~~~t~ law expansion ceramics for use in 
advanced heat engines. RCZP powders were synthesized using a sol-gel 
technique similar to one previously used for preparing CMZP powders. Gels 
were prepared usiti bath basic (pH 9) an acidic (pW 2) conditio 
calcining the sol-gel produdlfs at about 950 " @, single phase crystalline RCZP 
powders could be formed regardless of the process pH conditions. Densities 

eater than 98% of theoretical were achieved by h t pressing the sol-gel 
nthesized powders at 1200°C an 94 MPa far 5 07. The bulk expansion 

coefficients of the hot pressed samples varied from 0.0 to 0.8 x 10-7/oC (30 to 

The thermal stabilities of RCZP ceramics were examined after I 
heat treatments in air at temperatures up to 1300 C. The compositions exhibited 
decomposition, evidenced by the formation of ZrP20,, Zr2P209, and ZrQ, after 

Thus, due to their instability, investigations 
iniled. A manuscript describing the results 



1 77 

Ceramic Composites 

To produce high density composites, powders of composition 
(Ca,. ,,Mg,. 4)Zr4(P04)6 were made using a variety of sol-gel techniques. 
Powders derived by one of the sol-gel methods studied were successfully 
transformed into single-phase crystalline CMZP by firing at 1250' C for 24 h. The 
technique used involves a colloidal suspension made by adding NM40H to a 
mixture of solutions of ZrO(NO,),, Mg(N03)2, Ca(NO,),, and NH,H2P04 until 
a pH of 8-9 is reached. The suspension is dried at 40-60°C while being stirred, 
dried at 1 1O"C, and then calcined at 350°C for 10 h. 

Composites made of 5 and 10 vol% chopped NICALON-Sic fibers in 
(Ca,. ,,Mg, 4)Zr4(P04)6 powders derived by sol-gel techniques were hot 
pressed either in air, nitrogen, or argon, Initial studies indicated that hot 
pressing in air at 1200" C for 8 h at 18.4 MPa followed by annealing at 1200" C 
for 24 h yielded densities greater than 97% of theoretical for disks 50 mm in 
diameter by 3 mm thick. By increasing the pressure to 27 MPa and using an 
inert atmosphere, composites having densities greater than 98% of theoretical 
were formed by hot pressing at 1200 O C for 6 h. 

Examination of the microstructures of these composites using scanning 
electron microscopy showed a mean grain size of approximately 10 p m ~  
Composites that were hot presse in air exhibited some bonding between the 
fiber and the matrix and the fiber surfaces appeared to be raugh. The 
composites pressed in an inert atmosphere exhibited fiber/matrix clebonding 
and smooth fiber surfaces. 

The bulk thermal expansion coefficients of the composites containing 5 
and 10 vol% fibers (-6.0 x 1 O - ? / O  G and -1.8 x 1 C, respectively) are slightly 
negative compared to that of (Ca,.,,Mg,.,)Zr,(PO,), (1.0 x 10-7/"C). 

Lightweight Ceramics 

Two techniques for making lightweight CMZP ceramics have been 
developed. In one technique, a polymer foam is either coated or saturated with 
a slurry of CMZP powder, then sintered to yield a structure with pore sizes of 
150 to 230 pm. In the second technique, a polymer powder is blended with 

ZP powders and binders, pressed, then sintered to form a lightweight 
ceramic with pore sizes of 30-50 pm (approximately the polymer powder particle 
size). 



178 

The mechanic I properties of the lightweight ceramics and the effects of 
processing parameters on these p ~ p ~ t i e s  are being studied. Samples of 

ht ceramics were tested in uniaxial tension using an lnstran Model 
erssnl test ~~~~~~~ with a 4 kN capacity to determine the strengths and 
duli. The specimens were epoxied to aluminum stubs which were 

then attached to the testing machine. The tensile strength of 
ceramics was found to increase with density and to be i 
composition as shown in Figure 3. Lightweight ceramics made by the polymer 
powder method appear to have higher tensile strength than thase made by the 
polymer foam method. 

1000.0 r---- - 
t 
c 

-iz i 
Y 

100.0 i- 
2 E 

A 

A 

0 Y 1 
............. 10.0 L --- ...... I ............ -1 I 

0.1 1 .o 

Figure 3. Tensile strength sf lightweight ceramics as a function sf density. 

Because an e&tensometer could not be attached to specimens without 
inducing damage, the modulus was determined by subtracting the stiffness of 
the grips epoxied together from the stiffness of the sample determined from the 
stress vs cross head displacement of each test. There appeare 
significant difference in the elastic modulus due to processing technique. The 
elastic rnsduius, however, ten s to increase with Mg content. The modulus a l s ~  
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increases with density as shown in Figure 4. The amount of sintering aid (ZnO) 
appears to have an insignificant effect on the thermal expansion and mechanical 
properties. 

50.0 

n 

0 
2 - 10.0 
rn 
3 
3 
U 

I 

E 
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v) 
U 
W 

.- 
4-J 

- 
1 .o 

0.5 
0.0 0.2 0.4 0.6 0.8 1 .o 

Relative density ( p / p  S ) 

Figure 4. Elastic modulus of lightweight ceramics as a function of density 
and composition. 

Corrosion of lightweight (Ca,-x,MgxjZr4(P04), (x = 0.1 -0.5) immersed in 
aqueous WCI (N = 12.1) and HNO, (N= 15.8) was examined. After exposure 
at room temperature for over 1000 h, weight losses of 13% were observed. 
Results of XRD analyses revealed no evidence of decomposition indicating that 
the lightweight ceramics have excellent acid-corrosion resistance. 

An analysis of the permeability sf the lightweight ceramics indicates that 
material made by the polymer foam method has primarily an open cell structure 
while the ceramic made by the powder method has a closed cell structure. The 
relationship between permeability and both processing and relative density is 
shown in Figure 5. 
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0 ----tm 0 powder method 

Relative density (/O/p,) 

--@a&-&,:: ...... _... ........................... ...... %k:::.- e.. ...................... ~ 

0.480 8.600 0.800 

c--4. 

Figure 5. Effect of processing method on the  permeability of lightweight cssamics 

DensificatisPr 

To improve the density a% the  low expansion ceramic materials to the point 

been investigated. Due to the large differences in thermal expansion of the  
Al,03 dies and the C ZP compositions, hot pressed samples usually become 
clinched in the dies after cooling from the fabrieatisrn temperature. To avoid 
cracking/breaking the sample, disposable dies are used that permit easy 
removal of the sample. 

Techniques for hot pressing CMZP and composites of chapped NICALON- 
Sic fiber/CMZP have been developed ta the paint where disks 50 rnm in 
diameter by 3 nim thick are routinely produced with densities greater than 97% 
of theoretical. 

where they are rea y for rriechanical testing and application, hot pressing has 
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p-Eucryptite-AIPO, System 

The corrosion resistance of recrystallized p-eucryptite was investigated 
because it is a candidate material for the heat engine regenerator and will be 
exposed to exhaust gases. Previous studies involved the corrosion behavior in 
concentrated aqueous HCI solutions on severely microcracked samples. 
Recently, the effects of exposure to more dilute HCI solutions on thermal 
expansion and weight loss have been determined for the microcracked material. 
For comparison, a commercial lithium aluminosilicate (US) material obtained 
from Allied Signal-Garrett Auxiliary Engine Division was exposed to aqueous HCI 
solutions. 

The thermal expansion of modified p-eucryptite was not affected by 
exposure to an aqueous HCI solution with pH 1 at 100°C for up to 180 
minutes. After exposure for longer times, however, the specimen totally 
disintegrated . 

Weight losses of modified P-eucryptite specimens exposed to different 
concentrations of HCI at room temperature were determined. Weight loss at 
pH -1.1 (N=12.1) was 0.51 mg/cm2/h and the sample disintegrated after 120 
h of exposure. When the solution was at pH 1, the weight loss was 0.15 
mg/cm2/h with sample disintegration at 216 h. At pH 2, the weight loss was 
0.072 mg/cm2/h. There was no significant weight loss with exposure to a 
solution with pH 4. 

The commercial LAS material was exposed to HCI solutions of pH -1.1 (N 
= 12.1) and pH 1 for up to 5 h at 100°C. No changes in the thermal expansion 
were observed in any of the specimens. Energy dispersive X-ray analysis 
revealed no variations in composition. The introduction of AIPU, into j3- 
eucryptite appears to not only decrease its thermal expansion coefficient, but 
also to decrease its corrosion resistance. 

Techniques have been developed to produce modified p-eucryptite using 
glass-ceramic techniques; however, severe microcracking occurs through the 
bulk due to thermal expansion mismatches between the parent glass and the 
recrystallized phase. The microcracks prohibit further study of the mechanical 
properties of the modified P-eucryptite glass-ceramic. 

A new technique for the processing of modified p-eucryptite ha5 been 
developed. lnformation on this technique is being withheld until its patentability 
has been determined. 
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The ~ ~ ~ ~ ~ f ~ ~ ~ t ~ ~ ~  and characterization studies performed by subcantract 
have been redefined; however, preliminary densification studies performed at 
Virginia Tech have met the milestones. The milestones have bee 
refkc3 the changes in the subcontract. Table 1 contains the  key to majar 
milestones ar;d Figure 6 the rnilestanes stabs chart. 

The densification a d  characterization studies were reviewed at a DOE 

for the commercialization of CNZP. The RFP will be funded by the Virginia Tech 
Ceqter far Advanced Ceramic; Materials. It was issued in September a& the 
proposals received will be aeviewed in the near future. 

At the DOE Praject Review in June, it was decided to redirect the 
R8crystailizad p-Eucryptite Glass study because modified p-ewyptite is severely 
microcracked due lo the thermal expansion mismatch between the parer14 glass 
and the recrysta!lized phase. Other methods sf producing dense modified p- 
eucryptite are being invsstigated. 

eview on June 4, 19 0. A Request for Proposal (RFP) was prepared 

Publications 

US. Patent iicatian June 7, 1990: "Ceramic Materials with Low Thermal 
Conductivity Low Coefficients of Thermal Expansion" by J.J.Brswn, 
S,VanAken, W.E.Swansai7, J.Mirn, B. M .hiu I T.K.Li I Y.Yan I and D.A.Slirschfeld 

References 

1. D.P.H. Wassetman, et al , "Thermal Diiirusiwity and Conductivity of Dense 
Pdycrptalline ZrO, Ceramics: A Survey," J. Am. Cerarn Scsc,, 66 (51, 799-8Q6 
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Table I. 

VPI 2.4.1 

VPI 2.4.2 

VPI 2.4.3 

VPI 2.4.4 

VPI 2.4.5 

VPI 2.4.6 

VPD 2.4.7 

KEY TO MAJOR MILESTONES (WBS EL€ 

Completion Date 

Property Optimization by 
Hot Isostatic Pressing July 31, 1992 

Optimization of Compositions arch 31, 1991 

Fiber Reinforced Composites 
a. Synthesis July 31, 1991 
b. Characterization of 

High Temperature 
Mechanical Properties 
- p-Eucryptite July 31, 1992 

c. Characterization of 
High Temperature 
Mechanical Properties 
- NZP Ceramics July 31 1992 

Lightweight Insulation Sept. 30, 1993 

Recrystallized p-Eucryptite 
Glasses March 31, 1999 

Submit Technical Paper 
on Research Results 
for Publication 

Final Report 

*These rnilestanes are subject to the approval of the Project 



184 

fn 
a, 
c
 



185 

1 . 3  THERMAL AND WEAR COATINGS 

Advanced Coat inq Techno?osv 
B.W. Sheldon, J.C. McLaughlin, and D.P. Stinton (Oak Ridge National 
Laboratory ) 

Ob.iect i ve/scope 

Sodium corrosion of silicon carbide and silicon nitride components in 
gas turbine engines is a potentially serious problem. 
of Sic and Si,N, parts oxidize at high temperatures to form an Si8, layer 
which inhibits further oxidation. However, sodium which is present in high 
temperature combustion atmospheres reacts with the SiO, layer, such that it 
is no longer protective. Previous studies performed by J . I .  Federer of 
ORNL indicate that AIZO, is much more resistant to sodium corrosion than 
this native SiO?. 
coating to provide both oxidation and sodium resistance; however, sodium i s  
likely to undergo some reaction with a pure alumina coating, such that the 
a or other alumina phases are converted to a sodium aluminate phase such as 
B-alumina (Na,O'll Al,O,). This type of transformation may lead to cause a 
pure alumina coating to fail. ?he objective of this program is to develop 
a coating that will protect the underlying S i c  or Si,N, from sodium cor- 
rosion and provide simultaneous oxidation protection. To evaluate the be- 
havior of both a and B-aluminas in sodium containing atmospheres, the cor- 
rosion resistance of hot pressed samples of both materials will first be 
evaluated. A chemical vapor deposition (CVD) process will be developed for 
the application o f  the appropriate alumina coatings. 
combustion environment upon coating characteristics such as microstructure, 
strength, adherence, and other properties will then be evaluated. 

The outer surfaces 

This suggests the use of an alumina (a-A1203, etc.) 

The effect o f  the 

Technical hiqhl iuhts 

orphous al umi na coatings were deposited from trimethyl a1 umi num and 
(see previous reports). 

containing combustion atmospheres to produce crystalline sodium-aluminate 
The combustion atmospheres were produced by burning methane in 

Powder x-ray diffraction o f  the coatings indicated the presence 

tests on hot-pressed a -  and b-alumina samples have been 
e details of t h i s  work are presented in a recent report. 7he 
e important information on the corrosion of these materials, 
hat a-alumina reacts w i t h  sodium-containing combustion atmos- 

form b-aluminas. This demonstrates that an a-alumina coating may 
-alumina coating in a higk-temperature sodium containing environ- 

These coatings were then heated in sodium- 

. 

. 
ple phases, including p / P "  aluminas. 

~ ~ ~ r o ~ ~ c ~ n ~  sodium by vaporizing sodium carbonate (see previous 

ment. Under some conditions, the transformed material spalled off o f  the 
&-alumina substrate, which suggests that a-alumina coatings are likely to 
fail. 
however, the rapid formation of p-aluminas on the a-alumina indicates that 
the rapid diffusion o f  sodium through the g-aluminas i s  likely t o  create 
problems for 8-alumina coatings unless they are very thick. 

The hot-pressed p-aluminas d i d  not undergo a phase transition, 
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The results with the hot-pressed sa ples demonstrate that b o t h  a -  and 
p-aluminas are much more resistant to so ium corrosion in corriblastion attwos- 
pheres, compared to si1 icon carbide and si1 icon nitride. However, because 
of the potential problems that are likely to occur because o f  rapid sodium 
diffusion in p-aluminas, further work on developing alumina coatings has 
been delayed, pending the results o f  our current investigations into other 
candidate materials for corrosion resistant coating materials. 

One material that has exhibited better resistance to sodium corrosion 
than Sic is zirconia, Pure ZrO is a complex aterial that exists in 
several different crystal structures The 1 ow temperature form undergoes a 
phase transformation from monoclinic t o  tetragonal at 1000°C which involves 
a large volirme contraction that makes the use o f  pure zirconia impractical 
as a bulk material or a coating, 
sol id solution that has no phase transformation (stabilized zirconia) re- 
sul ts in a valuable structural material. Unfortunately, coatings will n o t  
normally adhere to a substrate if the thermal expansion mismatch is greater 
than about 25%. In this case, the coeff2cient of thermal expansion (CTE) 
of stabilized zirconia6is about 13 x 10- which is considerably higher than 
that of Sic (5.5 x 10- ) .  Zirconiuz carbide, however, has a CTE very simi- 
lar t o  that o f  S i c  (about 7.0 x 10- /K) and should adhere quite well to a 
Sic substrate. Conversion of several microns of the ZrC to ZrO, to form a 
protective oxide layer will be attempted as one method to reduce the ef- 
fects of sodium corrosion on Sic. Following a review of the literature, 
zirconium carbide was successfully deposited onto Sic by chlorinating zir- 
conium metal at 450°C and reacting those vapors with methane and hydrogen 
a t  1200°C. Controlled oxidation o f  the ZrC layer at about 800°C produced a 
thin layer identified by x-ray diffraction as monoclinic ZrO, that did 
spa11 away from the underlying ZrC. Modifications to the deposition proc- 
ess will be required to incorporate Ca, Mg, Y ,  or Ce into the PrC so that 
controlled oxidation will produce stabilized zirconia. I f  the thermal ex- 
pansion o f  the stabilized zirconia is t o o  great t o  adhere to ZrC, attfmpts 
will be made to deposit partially stabilized zirconia (CTE = 10 x 10- ) 
that should adhere to ZrC. 

Addition o f  @a, Mg, Y ,  or Ce t o  form a 

Status o f  milestones 

The June 1990 milestone to produce / b "  alumina coatings was 
sati s f  ied. 

Pub1 ications 
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- H. E. Rebenne and J. H. Selverian (GTE Laboratories Incorporated) 

The objective of this program is to develop oxidation-resistant, high toughness, 
adherent coatings for silicon based ceramics. These coatings will be deposited on 
reaction bonded Si,N, (RBSN), sintered Si6 (SSC), and HIP'& Si,N, (HSN) and used in 
an advanced gas turbine engine. A chemical vapor deposition (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. 

High Temperature Coating Deposition Reactor 

A new CVD reactor was built to enable coatings to be deposited at temperatures 
equal to or above those at which the mating will be used in order to minimize residual 
stresses in the coating/substrate system. This reactor is a hot-wall, crucible type 
reactor that is heated resistively with graphite heating elements. Source gases enter at 
the bottom, flow upward past the parts to be coated, and exit through exhaust tubes 
terminating above the deposition zone. This is illustrated in Fig. 1. A perforated plate 
defines the upper limit of the deposition zone. Graphite rods are hung from this plate to 
form a fixture for supporting the substrates. ?he substrates are placed on a grid of thin 
alumina rods that pass through holes in the graphite rods. The volume of the deposition 
zone is =§ liters. An internal reactor is used for generating volatile Ate13 and ZrClq, 
which are the aluminum and zirconium source materials being used for the AIN and 
A1203+Zr02 coatings, respectively. 

Process development for deposition of the coating at temperatures above 1000°C 
was started in the new high temperature CVD reactor. Initially, attempts were made to 
deposit a pure AI203 coating. The first experiment was done at 1000°C to establish 
reproducibility of coatings obtained in the low temperature CVD reactor. The coating 
produced was not analyzed, although it appeared to be similar to those obtained in the 
other reactor. Based on weight gain, the deposition rate was approximately 0.5 
pmhour, which was typical of the deposition rate obtained in the other reactor. The 
deposition temperature was then raised to 1200°C. This gave a 1.5 pm thick coating in 
one hour. However, AI203 powder also formed due to gas phase nucleation. Most of this 
powder was easily removed from the samples, and the remaining mating appeared to be 
nonporous and smooth on the surface, In order to determine if there was a relationship 
between deposition temperature and gas phase nucleation, an experiment was done at 
11 20°C. This run produced extensive amounts of powder, causing the reactor exhaust 
line to plug. In addition, melting of the AI metal in the AIC13 generator occurred, so 
samples from this run were not analyzed. The remainder of the experiments done were 
deposition of AizO3+ZrO2 or A N  

Since some success was achieved with deposition of pure A1203 at 1200°C, the 
first AI203+i!rQ experiment was done at 1200°C. This resulted in extensive gas phase 
nuclea?ion. The deposit that collected on the substrates was so loosely adherent that it 
rubbed off, leaving no weight gain of the substrate, which suggested that no coating had 
formed. Another experiment was done at this temperature, but with the relative 
amounts of AIC13 and ZrCI4 source varied; Le., a higher ratio of Zr/Al. This resulted in 
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a moderate amount sf pswder formation due to gas phase nucleation. In addition, id very 
thick, very 1~7ssely adherent coating resembling an rqgsheli i~rmeb. This coating vms 
easily peeled off, leaving no adherent coating underneath. A third experiment was done 
ai 1208°C with the same ratis ni source maberials but with a different temperature 
profile. Specifically, the temperature profile was made steepw so that the SOUFCB gases 
did not get preheated to ips high a temperature. It was hypothesized that this would 
reduce the amount of gas phase nucleation. This succesded in producing less powder. 
The coating from this experi:nsnt has not yet been analyzed. Addiltisni-ni experiments 
were done with the originai Zr/Al ratio in the source gases and with deposition 
tenyxralusss of 1300°C and 13175°C. The experiment at 1300°C prodraced a thick, 
nonporous, well-adherent ccsiiq and a small amount of pwder .  The caating thickness 
indicated a deposition rate of 11 i,un/hour. This coating is shown in Figure 2. The 
expe+mmt at 1375°C gave a moderate a!nount: of powder and an eggshell coating 
similar 8s ihe or163 described above. 

Analysis of all of the high iempwatarrc ,41203 and A6203+Z?02 experiments dofie 
so far suggests that there is a transition temperatrine below which gas phase nucleatbn 
dominates and above which surface nucleation dominates. A b  the lowcst deposition 
temperature used in this program (975°C used throughout Phase I and early Phase I ! ) ,  
gas phase nucleation was not measurable, but the deposition rate was very low (<1 
pn?/hour for either AI283 01" 6$8203+Zr02). At 1200°C for pure A1203 and 1300°C for 
A1263+ZrQ2, the deposiiion rate was much higher and %n adherent coating was formed 
with only mcderate amounts of p ~ ~ d e r  from gas phase nucleation. At inierrfiediate 
tempesatuaes, extensive powder formation took place, and little or no adherent caatir,a 
was formed. Tne only experiment that did not fit this trend was the m e  in which 
AI203aZr02 was deposited at 1395°C. It should be emphasized that these results are 
specific to our deposition system and shasu!d therefore not ba generalized to pfedict the 
behavior of other systems. This is especiaHy irnpcnrtant since the temperalase profile 
in the gas phase upstream of the deposition zone appears ts stron ly influsnce the 
results. 

The remainder of the experiments were deposition of AIN. Initially, an 
experiment was done at 1000% do establish reproducibility of coatings obtained in the 
low temperature CVD reactor. This resulted in quite different behavior 1t -m typically 
occurred in the low ?empcrature reactor. Specifically, an adherent, thick coating 
farmed along with an extensive amount of powder. The coating thickness varied 
substantially on a given sample, corresponding to a deposition rate of 6-9 y,rnJhour. 
The difference in behavior can only be attributed Eo the different temperature profile in 
the gas phase, suggesting that the AIN system is very sensitive to this parameter. A 
second experiment was done at 1200°C. This also gave extensive powder formation, but 
a lower and m ~ r e  variable deposition rate (1-5 prn/hour). The coating produced in 
this expcriment is shown in Figure 3. It should be emphasized that the reported 
deposition rates are only apparent rates since they are determined by measuring coating 
thickness at several locations and dividing by the total deposition time. Loss of loosely 
adherent eoatin or flaking or chipping of strongly adherent coating during fracture of 
the sample could skew the measurement. 

In summary, an acceptable set of deposition parameters for the entire coating 
configuration at a temperature above 1000°@ has not yet been identified. Our current 
efforts are focused on achieving deposition of hlNlAli~Q~lAl2831-ZrCl~ at 1200°C and 
then carrying out oxidation tests at this temperature. The pure AI203 intermediate 
layer is to enhance oxidation resistance and is in accordance with the milestones (see 
below). Based or1 results obtained so far, it appears likely that we will succeed in 
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achieving a total coating thickness in excess of 10 prn a? 1208°C. However, a 10pm 
thick Ai203+ZrO2 layer may not be achieved. 

Meanwhile, the CVD reactor which was previously being used for this program 
was being modified to incorporate two internal reactors for simultaneously generating 
twa different source materials. Previously, ail source materials 'were generated in one 
internal reactor. This resulted in poor control over the reiative amounts of and 
distribution of ZrO2 and AI203 in the A1203+Zr02 composite layer. Details of the 
composite layer composition were discussed in the October, 19139 Bimonthly Progress 
Report. The new design will allow better control of the relative rates of generation of 
AIC13 and ZrCI4 for deposition of the A1203+Zr82 composite layer. The modifications 
are completed and the reactor will be used to develop CVD operating conditions thgt will 
result in a uniform distribution of ZrQ2 in the A1203 matrix and ultimately a 
transformation-toughened coating. The heating elements have been replaced to provide 
more uniform temperature within ?he deposition tone of the reactor. The deposition 
parameters for the AIN and AI203+ZrO2 layers are being reestablished and coating 
should resume the week of October 29. 

Contact Stresdfrictiun Coefficient Tests 

Self-mated sliding wear tests have been carried out at room temperature with 
uncaated samples. These samples included RBSN, SSC, and hot-pressed silicon nitride 
with the same composition as HSN (referred to as HPSN). Hot-pressed material is 
being used in place of hot isostatically pressed material for this study due to the 
availability of hot-pressed plates with the proper dimensions far fabricating into pins 
and disks. (Any differences between HSN and HPSN are only in contamination of the 
surface of HSN material with components of the glass encapsulating vessel used in hot 
isostatically pressing. Since the surface of the plate is removed for fabricating into 
pins and disks, this difference is essentially removed for purposes of this study,) The 
wear tests were done usin a pin-on-disk canfiguration in accordance with the 
procedure established for the VAMAS round robin wear tests 111. The tests were 
performed at a velocity of 0.1 m/s with a 1 kg static load in air at a Eotal sliding 
distance of 1000 meters. Table I summarizes the friction results obtained. The 
breakaway friction coefficients were measured prior to wear testing on surfaces 
polished Bo a 1 pm finish. The values reported for the kinetic friction coefficients are 
the steady state values obtained after 508 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. 

Table I .  Breakaway and kinetic friction coefficients for uncoated RBSN, HPSN, and SSC. 

?in Disk Breakaway Kin e l k  
Friction Coeff. Friction Coeff. 

REsSN RBSN 0" 1 0.5 ~ 0.8 
H m 0.9 0.8 
SE s32 0.1 0.3 



190 

Self-mated sliding wear tests at 800°C are still ~ ~ ~ ~ ~ ~ ~ a y  OR uncoated samples. 
Results wilE be reported in the  Decen- ik~~,  1990 Bimonthly Progress Repoft. Coating of 
pins and disks for room temperature tests on coated samples will begin the week ~f 
October 15. These coatir!gs will be depasii5ed at lQOO°C uskg the CVD operating 
conditions used throughout Phase I. This is being done ko expedite the contact 
stress/frictisn coefficient measurement feasibility study. Since coating oxidation 
resistance abovs 1 Q Q Q O C  is not required for this test, demonstratioi? OF feasibility of 
the technique can be done with the Phase E mating configuration. 

In an atiempl to better understand the failure of the coaling du!ing oxidation 
testing, a series of residejal stress niea~~~n'ern~nZs of the coaling is being done. The 
technique being used is measurement of the change in the radius of cuwature (ROC) of 
the substrate ~ Y G  ts the coating, from whkh the residual stress in the coating can be 
calculated. Seiibstratcs of HSN were paiished to a thiekracss of 0.912 iracS. The ROC was 
measured in the as-pdished Condiibn arnd after a 1 hour vacuum anneal ;a1 1490°%. A 
srriall amount of relaxation was sekan aiter the anneal, wI!h the ROC increasing from 
3.6 in to 4.8 rn based on Rodenstack optical proiilometer measurements. These 
measurements were in excellent agreement with additional ones takm with a Dektak 
prafilometes, It is felt that the cmwature measured for the annealed sample was not due 
to residual stress but is clue to the geometry of the sample. The nexi set of experiments 
will i~"rvoIve coating one side of the HSN substrates with the AlN coating, measuring the 
change in ROC, then coating wi:h the A1203+2r02 coating and measuring the change in 
ROC. In this way, the separaie effects of each mating layer can be determined. Caa!ing 
of substrates with AIN is underway. 

Milestone 

Microstructural evaluation of the 
Al,O,+ZrC), composite layer, 

Studies of first generation coatin9 
configuration to determine cause of failure 
during oxidation tests at 1280°C: an 

Modification of coating configaratisn 20 
improve oxidation resistance at >I 200°C. 
Develop CVD process and mat samples for 
testing the following modifications: a) add 
Al2O3 layer between AIN and AI2O3+ZrO2 
compsite layer; b) increase thickness of 
Al2O3+ZrQ2 composite layer to 1Oym. 

Feasibility study of measuring friction 
coefficient and cantact stress damage using 
conventional pin -on-disk or ball-an-disk 

m 
1 2 / 8 9  

03/30 

69/90 

12190 

Completed 

Delayed to 12/90 
due IS equipment 

pro ble m s . 

On schedule 
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wear tests. 

Performance tests of modified coating 0319 1 On schedule 
configuration including: i) 500 hour axidation 
ii) thermal shock, and iii) flexure strength. 
Each test will be done on coated and uncoated 
samples. Ail tests will be conducted at room 
temperature, 1 OOO"C, 1 200"C, and 1375°C. 

Test feasibility of coating a commercial 
part or equivalent. 

Submit draft of final report covering 
Phase II results. 

. .  ubllcatlons 

None. 

References 

0619  1 On schedule 

0919  1 On schedule 

1. 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 89-4170, 
US. Dept. of Commerce, Gaithersburg, MO, 1989. 
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Figure 1. CVD reactor used for high temperature coating deposition. 
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Figure 2. SEM photomicrograph of an AI203+Zr@ coating on RBSN. The coating was 
deposited at 1300OC. 

Figure 3. SEM photomicrograph of an AIN coating on HSN. The coating was deposited 
at 1200OC. 
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C. D. Weiss (Caterpillar, Inc.) 

Objective/scope 

The goal of this technical program is to develop wear-resistant coatings for piston ring 
and cylinder liner components for low heat-loss diesel engines. 

Wear resistant coatings will be applied to metallic substrates utilizing plasma spraying, 
vapor deposition (CVDPVD), and enameling coating processes. First, the adherence of 
each coating for each coating process to the metallic substrate will be optimized. Methods 
which can be utilized for improving the adherence of these coatings include development 
of unique substrate preparation methods before application of the coating, grading coating 
compositions to match thermal expansion, compositional changes, laser or electron beam 
fusing and/or optimizing coating thickness. Once the adherence of each coating system is 
optimized, each coating will be screened for friction and wear at 350°C under lubricated 
conditions. Coatings which show promise after this initial screening will be further opti- 
mized to meet the friction and wear requirements. Then, the optimized coating systems 
will be fully characterized for oxidation resistance, adherence, uniformity, and thermal 
shock resistance, as well as friction and wear. 

Selection of the most promising coatings and coating processes will be made after the 
characterization task. Criteria for selection will include not only performance (i.e., wear, 
adhesion, friction coefficient, thermal shock resistance and thermal stability) but also 
manufacturability/cost factors, as well. Utilizing both criteria a coating system having 
acceptable costbenefit relationships will be selected. 

Technical progress 

The pin-on-disk friction and wear testing against both a ceramic and metallic counter- 
face identified the following coatings as piston ring candidates: 

1. Plasma sprayed chromia-silica composite, 
2. Plasma sprayed high carbon iron-molybdenum, 
3. Plasma sprayed, self-lubricating, PS212, and, 
4. Mid-temperature chemical vapor deposited Ti(C,N). 

Also identified with this pin-on-disk testing as potential cylinder liner coating candi- 
dates were: 



1. Plasma sprayed high carbon iron-molybdenum, 
2. Plasma sprayed chromia-silica composite, and, 
3. Low temperature arc vapor deposited (LTAVD) chrome 

nitride. 

Candidate pis ton ring/cylinder liner coating pairs were further characterized for friction 
and wear at 350'32, lubricated, using a Hohman A-6 friction and wear machine. Table 1 
contains the results of the various piston ring coatings running against the LTAVD chrome 
nitride coated cylinder liner. The results of running the candidate piston ring coatings 
against the chromia-silica composite cylinder liner coating are contained in Table 2. Note 
that one of the overall goals of this program is to obtain an average wear coefficient for 
both the piston ring and cylinder liner coating of at least l.OxlO-*. 

Table 1 shows that running the high carbon iron-molybdenum piston ring coating 
against a LTAVD chrome nitride cylinder liner coating met the friction and wear goals of 
this program. 

Running the plasma sprayed chromia-silica, plasma sprayed PS2 12 or mid-temperature 
chemical vapor deposited Ti(C,N) against the LTAVD chrome nitride resulted in very low 
shoe wear (average wear coefficients of 7 .32~lO-l~ to 5.69~10-~). However, the average 
wear coefficient for the chrome nitride disk ranged from gzater than to 7.72~ lo6.  
These wear coefficients were above the goals of the contract. For this reason, the only 
piston ring/ cylinder liner coating pair selected for further characterization was the high 
carbon iron-molybdenum running against the chrome nitride. 

Although the high carbon iron-molybdenum /LTAVD chrome nitride coating system 
met the program goals with respect to both friction and wear, the 2 to 3 micron thick 
chrome nitride coating was completely worn through after 680 minutes of testing. Thus, 
to meet the commercial durability goals, the chrome nitride coating needs to be applied to 
a thickness greater than 2-3 microns. Additional specimens, coated using a modified 
,process to produce a denser, thicker, chrome nitride coating were produced and tested. 

Initially, the thicker chrome nitride coated disks produced both low friction and wear 
running against the high carbon iron shoes. However, during the heat-up portion of the 
second friction and wear test cycle, the chrome nitride coating spalled. A thermal expan- 
sion mismatch between the chrome nitride coating and the cast iron substrate was the 
probable reason for the spallation of the thicker chrome nitride coating. 
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Table 2 shows that running plasma sprayed high carbon iron-molybdenum shms 
against alae plasma sprayed chrornia-silica coated disk resulted in average wear c ~ f f i -  
cients of 5 .98~10“~  for the shoes and 3.34x10-’ for the disk. These average wear cmffi- 
cients met the gods of the contract. A complete wear curve for this coating pair was 
obtained. 

Running plasma sprayed chromia silica shoes against the chromia-silica disk resulted 
in an average wear coefficient of 3 .34~10-~  for the disk. An average wear cuefficlent of 
1.52~10.~ was recorded for the chromia-silica disk when run against the CVD Ti(@,N). 
Finally, the plasma sprayed PS 212 coated shoes recorded an average wear coefficient of 
7.6dxlO-’, when run against the plasma sprayed chromia-silica coated disk. TRese aniate- 
rial pairs did not meet the average wear ccefficient goals sf this contract. 

Piasnia sprayed high carbon iron-molybdenum and plasma sprayed chrornia-silica 
specimens have cornpleted oxidation resistance and tbemal shock testing. The ox”ldation 
resistance testing consisted of exposing plasma sprayed specimens to a simulated diesel 
exhaust atmosphere for 500 hours at 4WC After 500 hours of oxidariora testing the 
plasma sprayed chromia-silica specimens did not exhibit any change in physical appear- 
ance. A small amount of oxidation was observed on the high cabon imam-molybdenurm 
specimens after 500 hours. No spalling and or cracking was observed on any of these 
plasma sprayed specimens after oxidation testing, 

The thermal shock testing consisted of quenching the specimens from 650°C into 
boiling water 50 times. Although both coatings began to exhibit cracks after the first 
thermal shock cycle, no coating spallation or disbonding was observed on any of the 
specimens tested. 

The base cast iron porcelain enamel. (CPPE) being evaluated as a potential wear 
resistant cylinder liner coating contains RaO, B,O,, and SO,, as the main chemical 
constituents. This coinpasition was selected because it was fornlulated especially for 
application and bonding to cast iron. 

The base ClPE composition was applied to Falex disks and characterized for friction 
and wear running against a zirconia counterface in a pin-on-disk friction and wear test. 
The base ClPE composition ran less than 5 minutes before the test had to be terminated 
because a 2.5 mm wide wear ack developed on the CIPE disk. Examination of the 
CIPE coating after the test illustrated that the pin had worn through coating to the base 
metal. The mechanism of failure was coating spallation. 
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Initially, hard particles, such as chrome oxide and aluminum oxide were added to the 
CIPE in an attempt to improve its wear resistance. This approach was unsuccessful because 
the coefficient of friction of the base enamel composition was greater than 0.3 and the 
addition of the hard particles increased the coefficient of friction of the CIPE to above 0.4. 
As a result, the addition of the hard particles had the opposite effect and instead of reducing 
the wear rate of the CIPE, these additions significantly increased the wear rate. 

After reviewing these results, the direction of the program was changed. It was decided 
to first reduce the coefficient of friction of the CIPE composition by the addition of solid 
lubricants. Once the coefficient of friction of the CIPE composition is reduced to below 
0.1, then hard particles can be added to the CIPE composition, if needed, to improve the 
wear resistance of the CIPE composition. 

The chemical and physical stabilities of CIPE slurries containing silver flake, BN, CaF, 
BaF, and CeMo0,S solid lubricant additions was determined first. No adverse chemical re- 
actions were encountered between the solid lubricants and the CIPE. Next, the: CIPE com- 
positions containing the solid lubricants were slurry sprayed onto cast iron substrates and 
fired. Chemical interactions between the CIPE composition and the solid lubricants during 
the firing cycle required that different firing temperatures and times be determined for each 
CIPE plus solid lubricant composition. Next, the firing cycle for each CIPE composition 
was optimized to obtain the proper microstructure. Once the proper microstructure was 
obtained, the friction and wear properties of these coatings were characterized by running 
against a zirconia counterface in a pin-on-disk friction and wear test at 350"C, lubricated. 

Addition of the 2.5 weight percent silver flake to the CIPE did not reduce the coefficient 
of friction of the CIPE. Increasing the silver additions to 5 and 10 weight percent did 
reduce the coefficient of friction of the CIPE from above 0.35 to .a 1 and .26, respectively. 
Also, reducing the coefficient of friction of the CIPE did reduce the amount of CIPE wear 
observed during the pin-on-disk testing. However, the amount of CIPE wear was still 
above the goals of the contract. 

Increasing the amount of BaF, solid lubricant to the CIPE from 2.5 to 5 weight percent 
reduced the coefficient of the CIPE from above 0.3 to 0.26. Again, reducing the coefficient 
of friction of the CIPE reduced the amount of wear exhibited by the coating during the pin- 
on-disk friction and wear testing. However, the coefficient of friction was not reduced to a 
level which enabled the CIPE to have a wear rate which meets the goal of the contract. 
Increasing the BaF, content to 10 weight percent produced a CIPE with a 0.36 friction coef- 
ficient. As a result, this composition had significantly poorer wear properties than the com- 
positions containing either the 2.5 or 5 weight percent BaF, additions. 



I98 

BN additions at either a 2.5 or 5 weighs percent level did not reduce the coefficient of 
friction of the CIPE. For this reason, these coatings had very poor wear properties. 

The cesium oxythiomolybdate solid lubricant addition produced. CTPE coatings initially 
with coefficient of friction values of 0.09. However, these coefficients of fiction values 
increased to 0.36 after approximately 30 minutes of testing. Thus, while these compositions 
initially have acceptable wear rates the wear rates increased as the coefficient of f i c t i ~ n  
values increased, 

Work i s  continuing to develop a cast iron porcelain enamel plus solid lubricant combina- 
tion which will produce both acceptable friction coefficients and average wear cmf€icieirnts. 

TABLE 1. 

Average Wear Coefficients of Various Piston King Coatings Running Against a Chrome 
Nitride Cylinder Liner Coating, 350”C, Lubricated 

Ring Coating Coef. of Friction 
Min-Max, Average mm3fN-m 

Avg. wear Coef. 

Shoe @rN Disk 

Plasma sprayed 0.04-0.33 0.10 
hi-carbon iron-Pvlo 

2.08x 4.90x 1 w  

Plasma sprayed 0.04-0.2 1 0.17 5.69~10-~ < 
Cr,O, - S io, 

Plasma sprayed 0.04-0.22 0.2 1 7 . 8 ~  1 1.04~ 1 0-4 
PS212 

C X D  Ti(C,N)** 0.08-0.10 0.08 7.32x l O - ’ O  7.72x 

** Did not obtain 350°C temperature during testing because the CrN coating was completely 
worn through in 9 minutes. 
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TABLE 2. 

Average Wear Coefficient of Various Piston Ring Coatings Running Against a Chromia- 
Silica cylinder Liner Coating, 3WC, Lubricated 

Ring Coating Coef. of Friction Avg. Wear Coefficient 
Min-Max. Average mm3/N-m 

Shoe Cr,O,-SiO, Disk 
- ~- - -~ - 

Plasma sprayed 0.04-0.21 0.14 5.98xlO-’O 3.36~10-~  
hi-carbon iron-Mo 

Plasma sprayed 0.09-0.18 0.17 1 .69~10-~  3 . 3 4 ~  1 0-6 
Cr203-S io, 

~ ~ - ~- ~- 

Plasma sprayed 0.06-0.22 0.13 7 . 6 3 ~  9.1 1x10-9 
PS 212 

CVD Ti(C,N) 0.08-0.23 0.19 3 . 5 0 ~ 1 0 ~ ~  1 . 5 2 ~  lo5 

Status of milestone3 

All milestones on schedule. 

Publicationshrese ntations 

M.H. Haselkorn, “Wear Coatings for Advanced Diesel Engine Components”, oral presenta- 
tion at the 92nd American Ceramic Society Meeting in Dallas, TX, April 24, 9990 

F.A. Kelley, “Advanced Wear Coatings for Diesel Engine Components”, oral presentation at 
the 1990 Coatings for Advanced Heat Engines Workshop held in Castine, ME, August 6-9, 
1990 



M.G.S. Naylor 
Cummins Engine Company, Inc. 

this program is to develop advanced wear resistant coatings for in-cylinder 
components for future, low heat rejection diesel engines. Coatin s and substrates (for 
piston rings and cylinder liners) are to be developed to meet the B ollowing requirements: 

1. rig tests at  200 and 350OC), with target wear low wear (as measured in laborato 

mm3/rnm/N for cylinder liner materials. 

low friction coefficients w en tested under boundary lubricated conditions (target 
0.1) and unlubricated con itions (target 0.2) at ambient temperature and 35OOC. 

high adherence and compatibility with substrate materials up to 650oC. 

coefficients (for 3SQOC tests) of 10- 'yz rnm3/mm/N for piston ring coatings and 10-l0 

2. 

3. good thermal shock resistance. 

4. 
5. high uniformity and reproducibility. 

Overview of  Coating Development 

Wear-resistant coatings under evaluatiori are listed in Table 1 (metallic coatings), Table 2 
(ceramic coatings) and Table 3 (cermet materials). All coating development activity has 
been completed by the subcontractors, and wear testing/niicrostructural characterization is 
nearing completion at Cummins. Coating substrates are being machined for the final 
program task: fabrication of test samples for QRNL. 

Coating Development at Nort western University Basic Industrial Research Laboratory 
(BIRL) 

Northwestern University Uasic Industrial Kesearch Laboratory (BIRI.,) have completed all 
coating development and characterization activities, and a final report is in preparation. 
All powders used during the program have been characterized, and coatings have been 
examined by X-ray diffraction to complement Cummins' evaluation of microstructures and 
hardness. 
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Coating 

Electroplated Chromium 
A P S  Chromium 
HVOF NiCxBSi 
APS and HVOF Mo-Ni 
APS Mo-MoO~ 
APS Armacor M, Armacor T 
APS Tribolite 

Sic bstrate Supplier f ioop 

low 
(k@m-2) 

Hardness at 

Ductile Iron Cummina 820 
422 Stainless A P S  Materials 
422 Stainless UTRC 900 
422 Stainless BlRL 510,540 
422 Stainless BIRL 770 
HK40 Stainless A P S  Materials 760, - 
422 Stainless APS Materials - 

Table 1. Metallic ring coating materials under evaluation. 
A P S  = Air Plasma Sprayed 
W O F  = High Velocity Oxy-Fuel 

Supplier 

BIRL 
A P S  Materials 
UTRC 
APS Materials 
APS Materials 
APS Materials 
BIRL 
UTRC 
BIRL 

APS Materials 
' Vapor Tech. 
1 Implant Sciences 

~ BIRL 

Coating KHN'y 
(kdmm- ) 
1440,1320 
770 
8SO 
960 
1020 
1260 
650 
450 
1050 
840 

APS and HVOF CrzO3 
APS Cr2O3 
APS Metco 106FP Crz03 - 2% Si02 - 2% other ox. 
APS Metco 136 Cr203 - 5% Si02 - 3% Ti02 
APS Metco 136 Cr203 + 3% Si02 (mixture) 
APS Metco 136 Cr203 + 15% A1203  (mixture) 
APS Cr2O3 - 50% A1203 (pre-alloyed) 
APS Metco 143 Zr02 - 18% Ti02 - 10% Y203 
APS A1203 - 26% ZrO2 
A P S  Ai203 - 41% ZrO2 
Inert Gas Shrouded APS Boron Carbide 
PVD CrN and TaN 
Ion-assisted CVD Diamond-like 

Substrate 

422 Stainless 
HK40 Stainless 
422 Stainless 
HK40 Stainless 
HK40 Stainless 
HK40 Stainless 
422 Stainless 
422 Stainless 
422 Stainless 
422 Stainless 
422 Stainless 
H13 Tool Steel 
H13 Tool Steel 

Tuble 2. Metadlic ring coating materials under evaluaiion. 
PVZ, = Physical Vapor Deposition 
CVD = Chemical Vapor Deposition 

During the current reporting period, the following materials were sprayed: 

Air Plasma Sprayed (APS) and High Velocity Oxy-Fuel (HVOF) Mo - Ni 

APS and HVOF Cr20-3 

APs Cr20-3 - soyo A1203 

APS A1203 - 26% ZrO2 
APS A1203 - 41% ZrO2 

HVOF WC - Co (sprayed with Turbine Metal Technology Inc. (Tujunga CA) 
proprietary HVOF gun) 

Borided HVOF WC - Co (Turbine Metal Technology Inc. process) 

AI'S MO - M002 
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Coating 

APS WC - 12% CO 
LPPS wc - 12% c o  
HVOF WC - 12% CO 
HVOF WC - 12% CO 
HVOF WC - 12% Co 
Borided HVOF WC - 12% Co 
HVOF Cr3C2-NiCr 
LPPS Ferrotic CM TiC t Tool Steel 
LPPS Ferrotic CS40 TIC t Martensitic Stainless 
LPPS Ferrotic HT6A TiC + Nickel Rase Alloy 
APS Metco 136 Cr203 + 33% Stellite 6 (mixture) 

HK40 Stainless 
HK40 Stainless 
HK40 Stainless 
HK4Q Stainless 
422 Stahless 
422 Stainless 
422 Stainless 
422 Stainless 
422 Staitdess 
422 Stainless 
HKN Stainless 

APS Materials 
APS Materials 
MS Materials 
Boyd Machine 

UTRC 
A P S  Materials 
A P S  Materials 
APS Materials 
APS Materials 

BIRL - TMT 
BTRL - TMT 

2 tkglc'nm ) 
n i N 1  

1240 
1130 
880 
1120 
960 
1490 25gf) 
990 
990 
940 
620 
Cr203 12513 
Stellite 440 
( 1 0  

Table 3. Cemiet ring coating materials under evaluation. 
LPPS = Low Pressure Plmma Sprayed 

Coating microstructures are shown in Figures 1 - 6, and are described briefly below. In all 
cascs, bond-line integrity with the substrate and bond coats (where used) was excellent. 

The Mo - Ni coatings showed two-phase microstructures, with some unmelted particles 
(Figure 1). 'Ile HVOF spray process resulted in a finer dispersion of the two phases. Both 
coatings contaiiied unmelted particles and low levels of porosity. Microhardness values for 
the two coatings were similar (Table 1)- 

The Mo - M o o 2  coating exhibited a fine, uniform dispersion of oxide in a metallic matrix, 
with some large pores (Figure 2). ' h i s  coating was harder than the Mo - Ni materials 
(Table 1). 

The pre-alloyed Cr703 - 50% A1203 coating showed a large amount of porosity and 
inter-splat voids/microcracks (Figure 3). This material proved impossible to spray by 
HVOF processes. Variations in grey scale observable in the light micrographs suggest that 
the powder particles were not of uniform composition, as was hoped for" The low 
microhardness value for this material (Table 2) probably reflects the high level of porosity 
in the coating, rather than inherent softness of the material. 

A P S  and WVOF chromium oxide coatings are shown in Figure 4. Both coatings exhibited 
very low porosity compared to other chromium oxide coatings examined during this 
program, probably due to the fineness of the starting powder. Pores were rounded and 
evenly distributed, with little inter-splat rnicrocracking. Hardness levels were high 
compared to other chromium oxides examined previously (Table 2). 

The. two A1203 - Zr02 coatings axe shown in Figure 5. Both materials contained even 
distributions of equiaxed porosity, with very little inter-splat rnicrocracking. The A 1 2 0  - 
inhomogeneity in the starting powder, ' f i e  AI203 - 41% ZrO2%utectic composition) 
material exhibited some fine-scale microstructure, but was more uniform than the above 
material. Hardness levels were higher for the A1203 - 26% Zr02 material than for the 
eutectic composition (Table 2). 

26% ZrO2 material showed light-imaging lamellar features, su esting some degree o f 
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Figure 1. L' ht micrographs of Mo - Ni codqg~. 
(a7 Air spmy 
(b) High Velocity Oxy-Fuel 
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Fipre 2. 

Figure 3. 

Light micrograph of APS Mo - Moo2 coating. 

I 

50 urn 
Lkht micrograph of APS C r S 3  - 50% A1203 (pre-alloyed) 
coaing. 



Figure 4. Li ht micropphs of chromium oxide coatings 
($Air Plasma Spray 
(b) High Velocity Qxy-Fuel 
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The Turbine Metal Technology (TMT) HVOF WC - Co material, shown in Figure 6a, 
exhibited a very fine-scale microstructure compared to other WC - Co materials examined, 
with extremely low porosity and excellent uniformity. Boride diffusion-alloying this coating 
resulted in an interesting microstructure, which has not been characterized fully at this 
point. At the surface, a 10 pm thick darker imaging phase is observable, with a line of fine 
porosity beneath it (Figure 6b). Below this is a 20 pm thick lighter-imaging layer, with 
another layer of coarser porosity below it. Beneath this are ( resumably) the remnants of 
the original WC - Co microstrucure. The ori inal WC partic P es are not visible in either of 

indentations in the lighter-imaging layer, was approximately 1490 kgfmm- . ? the top two surface layers. The hardness o f t  E e coating, measured with 25 f Knoop 

Coating Development at APS Materials, Dayton OH 

A P S  Materials have produced WC - 12% Co coatin s by three different spray methods 
(APS, Low Pressure Plasma Spray (LPPS) and HV 8 F) using the same powder (Miller 
Thermal 1172). Microstructures are shown in Figure 7. The A P S  and LPPS materials 
showed similar microstructures, although the LPPS coating was considerably thinner 
(Figures 7a and 7b). With the LPPS process, problems were encountered with the coating 
shattering on cool-down after spraying. The carbide articles in both coatings were 

through the matrix phase. Both coatings contained some coarse porosity. The HVOF 
material, sprayed with a "Jetkote" gun, shows some subtle differences in carbide 
morphology compared to the above materials, with a higher percentage of non-equiaxed 
particles (Figure 7c). Microhardness values for the A P S ,  LPPS and HVOF coatings were, 
respectively, 1240, 1130 and 880 kgfmm-2 (KHNlw), although there was considerable 
scatter from one location to another for each coating. The differences are probably caused 
by different amounts of decarburization and carbide solutionizing during the spray 
processes, and this is under further investigation by means of X-ray diffraction of the 
various WC - Co coatings tested in this program. 

Three grades of Ferrotic powder have been sprayed using a LPPS system. The materials 
investigated were: 

equiaxed and showed a bimodal size distribution, wit E a slightly inhomogeneous dispersion 

Ferrotic CM 

Ferrotic CS-40 

Ferrotic HT-6A 

45% T i c  in a high chrome tool steel matrix 

45% Tic in a martensitic stainless steel matrix 

35% T i c  in an age hardenable nickel base matrix. 

Microstructures of the three materials are shown in Fi re 8. The CM and CS-40 grades 

above, with a somewhat coarser carbide size distribution, slightly lower carbide content and 
both showed similar microstructures to the A P S  and L !r PS WC - Co materials described 

lower hardness (Table 3). Porosity levels were lower for t E e HT-6A 

lower microhardness (Table 3). The HT-6A microstructure (Figure 8c) showed a 
lower volume fraction of carbide particles than the above rades, and 

other Ferrotic grades (Figure 8). 

A boron carbide coating has been sprayed using a fine-grained Stark powder (selected by 
BIRL), using nitrogen shrouded air plasma spray techmques developed at A P S  Materials. 
Previous attempts to spray a coarser powder in air and in vacuum proved unsuccessful (see 
previous semiannual report). Characterization of this material is in progress. 

Coatings were sprayed with a "Tribolite" powder, which is a proprietary material of Wear 
Management Services, Inc. Characterization of this material is in progress. Wear 
Management Services technical literature describes the material as a very fine boron 
carbide dispersion in a metallic matrix. 
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50 CLm 
Figure 6. Li ht micrographs of Turbine Metal Technology HVOF 

(a) As-sprayed 
(b) with subsequent boride dimwrt ~y ingprocess  

wgc - co coatinp. 



f 
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100 pm 
Figure 8. Li ht micrographs of LPPS Ferntic coatings. 

(a7 Ferrotic CM 
(b) Ferrotic CS-40 
(e) Ferrotic HT-6A 
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A series of test coupons have been sprayed with a Metco 350 Fe-Mo-C powder blended 
with various metallic and ceramic additions, in an attempt to create a cermet 
microstructure with a hard matrix phase. The powders were sprayed with a LPPS system in 
order to retain the highest carbon content possible. The coating mixtures sprayed were: 

Metco 350 with titanium 

Metco 350 with boron 

Metco 350 with 50% TiB2 

Metco 350 with 25% B4C 

Reactive system 

Reactive system 

Non-reactive sys tem 

Non-reactive system 
The first two materials formed essentially two-phase metallic coatings with no carbide 
formation. It is concluded that pre-alloyed powders would be required to achieve sufficient 
reaction of the carbon with the reactive metal phase. The boride/carbide additions 
resulted in typical cermet microstructures. On the basis of the rmcrostructural evaluation, 
it was decided not to undertake further development of this system. 

Plasma sprayed chromium samples were obtained for comparison with the baseline 
electroplated hard chromium piston ring material. Characterization of this material is in 
progress. 

Coating Development at UTRC, East Hartford CT 

All coating development and testing phases have been completed. Results have been 
described in previous bimonthly and semiannual reports. 

Coating Development at Vapor Technologies, Inc., Boulder CO 

CrN and TaN coatings are to be prepared usin a low temperature cathodic arc PVD 

equipment. 
process. Unfortunately, this project has been (K elayed due to relocation of manufacturing 

Coating Development at Implant Sciences Corporation, Danvers MA 

Diamond-like coatings have been prepared using an ion-assisted CVD rocess. Substrate 
materials were H13 tool steel (cylindrical "ringt' and flat "liner" samples P and pearlitic grey 
cast iron (flat "liner" samples). Substrate materials were lapped prior to coating, since the 
surface finish of a thin coating of this type is controlled by the finish of the substrate. The 
coatings have been received and final machining of the ''ring'' samples is in progress. 

Wear Testing 

Wear tests were performed using test conditions chosen to represent the ring-liner engine 
environment close to the top ring reversal position, and are detailed in Table 4. Tests were 
performed using a Cameron Plint TJ377 reciprocating wear tester. 

Lubricated tests were run with a fresh commercial CE/SF quality 15W40 mineral oil based 
lubricant and a lubricant obtained from an e erimental engine test, in order to assess the 

wear of ring and liner materials. The starting lubricant used for this engine test was a 
CE/SF 15W40 mineral oil based lubricant w th  identical wear properties to the fresh oil 
used for this program, but with a slightly different formulation, Characterization of the 

effects of oil contamination and degradation ? rom a realistic diesel engine environment on 
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Test Schedule for Each Coating: 

Fresh CE/SF 15W40 mineral oil based lubricant at 2 W C  
Fresh CE/SF 15W40 mineral oil based lubricant at 35OOC 
3% Soot Engine-tested CE/SF 15W40 mineral oil based lubricant at 2OOOC 
Unlubricated, 200OC 

~ ~~~~ 

I Test Conditions: 

225 N on a 7.5 mm wide sample (30 N mm) 

"Liner" sample is flat 
20Hzfre uency 

Lubricated tests: 6 hrs with 1 drop of oil every 10 seconds 
Unlubricated tests: 5 minutes. 

"Ring" sample has cylindrical radius o i! curvature of 50 mm 

5 mm stro 1 e 

Table 4. Wear test conditions. 

fresh and engine-tested oils is summarized in Table 5. The engine-tested oil was highly 
soot-loaded, with moderate levels of oxidation and little additive package depletion. Soot 
levels were higher than would normally be produced in a commercial engine. 

In addition to the lubricated tests, materials were evaluated with no lubrication, in order to 
rank the sliding wear properties of different materials under "scuffin " conditions. A 

engine (on start-up or under short duration conditions of extreme hot running, for 
example). Due to the high loads experienced at top ring reversal, it is generally accepted 
that dry wear coefficients are too high to permit extended engine operation without 
lubrication (e.g. reference 1). 

Due to the large number of coatings evaluated and the multiplicity of test conditions, 
screening of ring coating materials was performed using conventional pearlitic grey cast 
iron cylinder liner counterfaces only, except for the optimization work described below. 
This approach was taken primarily because of the relative costs involved in manufacturing 
coated rings versus coated liners, and because it is likely that any new ring coating would 
have to be compatible with existing cylinder liner materials. Additional wear tests were 
performed with the UTRC HVOF Cr3C2-NiCr material sliding against various liner 
materials, in order to optimize the system for lowest total wear (ring plus liner). 

Wear results have been expressed as wear coefficients, which were calculated by dividing 
the total volume of wear (mm3) by the product of sliding distance (mm) and applied 
normal load (N). Wear volumes were determined by measurement of wear scar widths (for 
the rings) and by stylus profilometry (liners). 

material with good scuff resistance is desirable in case of temporary f oss of oil film in the 

Results Using Fresh Lubricant 

A summary of wear results for all the coatings studied to date is shown in Figures 9 (200OC 
tests) and 10 (350OC tests). Ring and liner wear coefficients are shown for each material 
couple on a logarithmic scale. For these plots, wear coefficients for Crz03 materials were 
averaged for several coatings of different compositions, since the variations in wear 
coefficients were relatively small for these materials (see below). 
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Table 5. Properties of )?ah mid engine-tested lubricants used for ww tests. 
(Experinientnl engine test selected for high soot Eo 

Under the test conditions imposed, all materials systems operated in the boundary 
lubrication regime at both test temperatures, with friction coefficients in the range 0.1 to 
0.3. For the lubricant and oil supply rate use in these tests, the "scuffing" temperature: (the 
temperature above which an oil film could n be maintained and friction coefficients in 
excess of 0.5 were measured) was approximately 3 
close to the scuffing linlit of the mineral oil based 

Wear coefficients for the coatings investigated ranged over two orders of magnitude in the 
e 9a> and over three orders in the 358W tests (Figure loa). Broadly, the 
1s was similar for both tests, with minor var ions. Several of the 

materials evaluated showed lower wear coefficients than the ' seline" electroplated hard 
chromium ring material. In particular, the chrornhn? oxide, tun stexs carbide - cobalt and 
chromium carbide - nichrorne materials showed great promise. P n general, the lowest wear 
rates were obtained with the cermet materials and the highest wear rates with the metallic 
thermal spray coatin s, even though some of the metallic csatinGs showed very high 
hardriess levels (Tab f e 1). Ceramic coatings gave mixed results in these tests, with thc 
zirconia - titania - yttria material showing very ~ i § ~ ~ ~ ~ ~ i ~ t i ~ ~  performance. 

Several W@ - 12% Co materials tmvc been evaluated, giving consistently low wear values, 
Detailed comparisons are difficult, since different powders and processes were used for 
each mating. The APS and LPPS materials were sprayed using the same powder, and 
showed no consistent differences in wear rates or microstructure (see above). The WVOF 
coating sprayed from the same powder i s  currently under evalwdtion. Other FIVOF 
WC - Co materials gave the lowest wear coef€icients of all the materials tested, the 
fine-grained TMT material showing particularly low wear. 

c. Thus, the 350oc tests are very 
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COATING WEAR A? 200°C 
Fresh CE/SF 15W4Q 

Pearlitic Grey Iron Liner 

Ring Coating 
APS ZTY 

APS, HVOF Mo-Ni 
HVOF NiCrBSi 

APS Armacor M 
APS Mo-MoOP 

APS Cr203-AI203 
APS A1203-25%Zr02 
APS A!203-4l%ZrO2 

EP Gr 
APS Cr203 

APS WC-l2%CO 
LPPS WC-l2%CO 

HVQF Cr362-NiCr 
Boyd HVQF WC-l2%CO 

1.8E-10 1.QE-13 1.OE-92 1.OE-11 
Wear Coeff (rnm^3/mm/NI 

CYLINDER LINER WEAR AT 200°C 
Fre8h CE/SF 1tiW40 

Pearlitic Grey Iron Liner 

Ring Coating 
LPPS WC-l2%C0 

APS ZTY 
APS WC-12%@0 

APS Cr203 
APS Armacor M 

APS Cr203-A!2Q3 
EP Cr 

HVQF NiCrBSl 
APS, HVOF Mo-Ni 

APS Mo-MoOS 
APS A1203-26%Zr02 

HVOF Cr3C2-NiCr 
Boyd HVOF WC-l2%CO 

APS A1203-4146Zr02 
1 i - r T T I - i - r  

1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeft (mm"3/mrn/N) 

Figure 9, Wear coejjicients for various coatings sliding a ainst pearlitic 
grey iron liners. Tests were run witA fresh C E j F  15 W40 mineral 
oil based lubricant at 2000C. (a) coating wear, (b) liner wear 

EP = Electroplated, APS = Air Plmrna Spray, LPPS = Low 
Pressure Plasma Spray, HVOF = High Velocity OKy-Fuel 



COATI 350°C 
0 

Pearlitic Gray Iron Liner 

Wing coating 
MVBF NiCrBSi 

APS ZTY 
APS Mc-NI 

APS A1203-2fiJbPs02 
APS Armacor M 

LPPS Ferrotic HTGA 
LPPS Ferrotic GM 

APS Ma-MOO2 
APS AI203-41%Lr02 

APS Cr203-AI2Q3 
EP Cr 

LPPS Ferrotic CS40 
APS Cr203 

LPPS WC-l2%Co 
HVQF CrSC2-MiCr 

APS WC-12%Ca 

,”- - -- 

1.OE-12 1.OE-81 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (mm^3/rnm/N) 

CYLINDER LlNER WEB 
Fresh CEISF 15W40 

Pearlitic Grey Iron Liner 

Ring Coating 
APS Mo-Ni 

LPPS WC-1296C0 
APS WC-12%cO 
APS Armacor M 

Boyd HVOF WG-12%cO 
TMT HVQF WG-GO 

LPPS Ferrotic HTBA 
HVOF NiCrBSi 

APS Cr2Q3 
LPPS Ferrotic CS40 

LPPS Ferrotic CM 
APS A12Q3-4196Zr02 

APS ZTY 
HVOF Cr362-NiCr 

APS A1203-26%ZrO2 
EP Cr 

APS Cr203-AI203 

APS Mo-Mo02 

I I r r 1 1 n 1  i - - - n - r - i n  

1.OE- 10 1.OE-OB 1.QE-06 1 .OE - 0 7  
Wear Coett Imm^3/mm/Nd) 

F@re IO. Wear coejyicients for various coatings sliding a ainst pearlitic 
grey iron liners. Tests were mn with Pesh CEAF 15W40 mineral 
oil based lubricant at 35OOC. (a) coating wear, (b) liner wear 

EP = Electroplated, APS = Air Ph.srna Spray, LPPS = Low 
Pressure Plasma Spray) HVOF = High Velocity Oxy-Fuel 
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'I'he LPPS Ferrotic materials showed generally "average" (compared to EP chromium) wear 
properties at 350oC. This is surprising, since the hardness values, carbide contents and 
microstructures of the CM and CS-40 grades were similar to those of many of the WC - Co 
materials. 

'I'he M203 - ZrO coatings also showed "average" properties, the eutectic composition 
(AI203 - 41% Zrb2) giving wear coefficients two to three times lower than the A1203 - 
26% ZrQZ material, despite lower hardness. 

Of the Mo - based coatings, the Mo - Moo2 showed lower wear rates than the Mo - Ni 
materials. A P S  arid HVOF Mo - Ni coatings gave very similar wear coefficients. Figure 11 
shows the wear surface of an A P S  Mo - Ni coating tested at 350OC, revealing evidence of 
abrasive (ploughing) wear and extensive spallation by inter-splat fracture. 

An important factor to be considered in evaluating the tribological properties of a iston 
ring coating material is the amount of wear occurring on the linder liner counter P ace. 
For o timum engine durability, low wear rates are required o r both rings and liners, 
there P ore a systems approach is necessary in materials selection. Wear coefficients for 
pearlitic grey cast iron counterface materials are shown in Figures 9b (200OC) and 10b 
(350OC). At 200OC, many of the coatings evaluated produced lower liner wear than 
electroplated chromium, but at 350OC only the Cr203 - 50% A1203 material showed lower 
liner wear. WC - Co materials gave very mixed results: at 350OC, all WC - Co materials 
produced high liner wear, regardless of surface finish. At 200OC, the materials with 
as-ground surfaces (approximately 0.65 pm RA) gave high liner wear, but the lapped 
material (approximately 0.04 pm RA) produced low liner wear. In contrast, the as-ground 
(0.4 prn RA) HVOF CraCZ-NiCr coating (one of the best for ring wear) gave consistently 
low values for liner wear in both tests. Chromium oxide coatings generally produced high 
liner wear, especially at the lower temperature. Surprisingly, the softer coating materials 
did not necessarily produce low liner wear in these tests (e.g. A P S  Mo - Ni at 'EOQOC). 

A breakdown of the wear coefficients for various chromium oxide materials is shown in 
Figure 12. Comparing the 200 and 3500C tests, it is difficult to resolve consistent trends 
from these tests. Differences in wear coefficients were generally related to the amount of 
porosity and inter-splat microcracking in the coatings, and may also have been related to 
the coating composition. 

Wear As A Function Of Temperature 

Figure 13 shows the variation of wear coefficients with temperature for electroplated 
chromium piston rings sliding against pearlitic grey cast iron cylinder liners, lubricated with 
fresh CE/SF 15W40 oil. An Arrhenius function, of the form 

(where W is a wear coefficient, W, is a constant and Q is an "activation energy"), was found 
to fit the data reasonably well (Figure 13). "Activation energies" were determined to be 
26.5 kJ mol-1 for the chromium plated rings and 15.6 kJ mol-1 for the pearlitic iron liners. 
The above analysis is empirical only, since wear coefficients are not true rate constants 
(dimensions s-1) and wear processes are probably stress-activated as well as thermally 
activated (perhaps more analogous to "power-law creep", if the rate of material loss is 
related to plastic deformation, for example). More detailed analysis would require a much 
greater understanding of the wear mechanisms operating for the tribological systems 
investigated, and is beyond the scope of this study. 

1J=Wocxp(- , )  Q 
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Fipre 11. Wear surface ofAP.9 Mo - Ni coating afier sliding aguimt 
pearlitic grey iron for 6 hours at 35OOC with ji-esh CE/S.F I5 W40 
mineral oil based lubricunt. 

WEAR OF CHRQMiUM OXIDES 
Fresh CE/SF 15W40 Lubricant 

Pearlitic Grey Iron Cylinder Liner 

Wear Coeff (rnm'S/mm/N) 
........ ___. .. A- 

........................................................... 

............................................................ 

................................ 

7 8 1 2 3 4  5 6  
........... Ring Coating -----.- 

5: APS Matso 196 9% S1Q2 
0: APS MetQO 196 16% A l Z O I  

I: APS Pure Cr208 (A) 
2: APS Pure Cr203 (8 )  
5: HVOF Pure C r 2 0 9  (8 )  
4: APS MeIco 136 

........ ..... 
I :  A P ~  Crzoa - aon ~ 1 2 0 s  
e: A P ~  M e t m  IOIFP 

Fipre 12. Wear coeficients for various chromium oxide based coatings 
sliding against pearlitic grey iron liners. Tests were run with fiesh 
CE/SF 15 W40 mineral oil based lubricant ut 200 and 35OOC. 
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EFF E@T OF TEMPERATURE ON WING-LONER WEAR 
EP @r Ring vs Grey Iron Liner 
Fresh CE/SF 15W40 Lubricant 

.... 
Wear Coeff (rnrn’3/rnm/N) 

..... 

1.QE-09 

I . Ring Wear -t Liner Wear ----Ring Wear Liner wear 1 

Figure 13. Variation of wear coefficients with temperature for the baseline 
ring - liner system: electroplated chromium rin s and pearlitic 
grey iron liners. Tests were run with fresh C E h F  lSW40 mineral 
oil based Elhicant. 

Figures 9 and 10 clearly show that wear coefficients also increased markedly with 
increasing temperature for all of the coating materials tested (with grey iron counterfaces). 
For the purpose of comparing the temperature sensitivities of wear coefficients, Arrhenius 
equations were fitted to wear data obtained for each material (Figure 14). This is an 
extrapolation throuFh only two temperature points for most materials, so the analysis 
should he viewed with caution. For the coatings shown in Figure 14, the extrapolated 
fitting curves were surprisingly parallel, with “activation energies” all falling in the range 25 
- 45 kJ mol-1. ?%us, ranking the materials in order of increasing wear coefficients produced 
broadly similar results at 200 and 350T  (Figures 9 and 10). 

Ai interesting observation is that plasma sprayed 
silica-chromia-alumina (fresh oil lubricated) has beer1 found previous1 to show no 

previous reports). A possible explanation of this behaviour is that, for pearlitic grey cast 
iron liner materials, ring wear may be controlled by oxidation of the liner material rather 
than (or, perhaps, in addition to) abrasion by the hard phases present in the iron (e.g. Fe3C 
or other alloy carbides). 

sliding a8ainst slurry-sprayed 

variation of wear coefficients with temperature for either material (re r erence 2 axid 
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WEAR COEFFICIENT vs TEMPERATURE 
Cameron Plint, CWSF 15W40 Lubricant 

Pearlitic Qrey Iron Counterface 

Wear Coeff (mm'S/mm/N) 
1.OE-08 ....... ._.....I_..._ I_ -....... II _.__ 

Temperature (C) ~.-_._____I 

2: APS MO - Ni 
3: EP Chromium 

5: HVQF Cr3C2 - NICr 
6: APS. LPPS WC - 
4: APS 0203 

.-----....-__I _..___ 

&pre 14. Vat-iirtion of weur coeficierits with temperature for variorbs 
coatings sliding against pearlitic grey iron liners- Tests were nrn 
with flesh CE/SF 15 W40 mineral oil baed lubricunt. Curves 
show Arrkmiiis functions fitted to 200 and 3500C data points for 
each material. 

Figure 15 shows wear surfaces of the MVOF CQC, - NiGr material after tests at 200 and 
450C At the lower temperature, wear rates were low enough that the original grinding 
marks were still discernable, and wear occured by a polishing type of mechanism, with 
some pull-out (pitting) and spaIlation. At 450W, deep wear grooves were formed across 
the whole wear scar, possibly due to increased plasticity at the higher temperature or 
increased abrasive (ploughing) wear from oxide debris, Figure 1% also shows that wear 
grooves pass from the NiCr matrix hase into the carbides with little or no apparent change 
in width. The carbides do not stan proud of the wear surface, as has been observed 
previously for other materials (e.g. HVOF WC - Co at lower test temperatures, see 
reference 2). 

Ressul~~ Usitzg High-Soot, Engine- Tested Lubricant 

Bench wear tests conducted with engine-tested lubricants have established that wear rates 
may be significantly increased compared to tests with fresh oil. The reasons for this 
behaviour have not been fully determined, however an important factor for diesel engines 
is the accunmlation of combustion-derived soot (typically S O  - 50 nm sized particles s f  
microcrystalline carbon) in the oil. Many liypotheses have been 
"pro-wear'8 characteristics of soot, including mechanical abrasion, removal of lubricant 
anti-wear films and chenGca1 attack by species adsorbed on the soot particles. 

osed to explain the 
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Figure IS. Wear suflaces of W O F  Cr3C2 - NiCr coating after sliding 
against hardened H13 tool steel for 6 hours: 
(a) 20PC, fresh CE/SF 15W40 mineral oil bused lubricant 
(b) 4SOOC, nn formulated Poly-Alpha-Olefin lubricant 
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COATING WEAR IN 3.3% SOOT USED OIL 
Englne-Tested CE/SF 15W40, 200 C 

Pearlitic Qrey iron Liner 

Ring Coating 
. . . ... . - 

Armacor M 
HVOF NiGr6Si 

APS ZTY 
EP Cf 

APS Mo-NI 
APS Cr203 

APS A1203-26%Zr02 
HVOF Cr3CP-NiCr 

APS WC-~Z%CO 
LPPS WC-l2%CO - 

1,QE-12 1.E-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (rnm^3/mm/N) 

1 m Ring Wear Liner Wear 1 

Wear coeficients fur various coatings sliding against pearlitic 
grey iron liners. Tests were run with 3.3% soot, engine-tested 
CE/SF 15W40 mineral oil based lubricant at 2000C. 

Wear coefficients measured for 20 O C  tests with the high-soot, engine-tested CE/SF 
15W40 lubricant are shown in Figure 16. Comparing Figures 16 and 923, it is apparent that 
metallic coatings are generally more prone to accelerated wear in used oil than ceramic or 
cermet coatings. For example, wear rates for electro lated chromium were approximately 
15 times higher in used oil than in fresh, whereas chromium oxide coathgs were subject to 
only a three€old increase and WC - Ca materials showed less than a factor of two incrcase. 
Also,, the A1203 - 26% ZrC.2 material showed lower wear rates than electroplated 
chromium in tests with the high-soot, engine-tested lubricant, despite sliuwing higher wear 
in Eresh oil. Thus, it is innportant to take into account the effects of oil degradation in the 
engine when comparing the wear properties of different coatings, 

Wear data for unlubricate tests at 2 0 Q T  are s h o w  in Figure 17. All tests were conducted 
with a pearlitic grey iron "liner" counterface and were of five minute duration, 

Unlubricsated wear coefficients were typicall three orders of magnitude higher than for 
lubricated tests for the coatings, and two or Y ers of magnitude higher for the liner material. 
I.)i€ferences observed between coatings in the lubricated tests were not necessarily reflccted 
in the unliibricated tests. For example, the Armaeor M coating showed low wear rates 
compared to other materials in dry tests, but comparatively high wear in lubricated tests. 
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UNLUBRICATED WEAR OF COATINGS 
Cameron Plint, 200 C 

Pearlitlc Grey Iron Llner I 

Ring Coating 
APS ZTY 

HVOF NiCrBSi - 
APS Mo-Ni 

APS WC-U%CO 
APS Cr203 

WVOF Cr3C2-NiCr 
E P  Cr 

LPPS WC-1296Co 

Armacor M - 

Boyd HVOF WC-12%C0 

1.0 -06 
Wear Coef f (mrn^S/mm/N) 

. . . ___ - -~  

Liner Wear 
____ ....... 

Figure IZ 

E;igure 18 shows the wear surface of  a ed cl~rnmiurn oxide coating tested 
unlubricated against pearlitic grey cas 
thick layers of (presumably) iron oxide transferrcd froin the liner matrial were removed 
with hydrochloric acid. The center of the wear scar exhibited some spallation, but the 
material between the shallow pits was highly polished (Fi tire %a). The wear surface 

fracture (Figure 1% 3 . The reasons for the different wear morphologies are unclear. 

inutes. Prior to examining the surface, 

became progressive1 rougher near the edge of the scar, s fl owing evidence of fine-scalc 

Optimization of Ring - Liner Tribological System 

Figures 9 and 10 show that the HVQF Cr3C2 - NiCr material gave the best combination of 
ring and liner wear coefficients overall. It was decided to test this material with various 
alternative cylinder liner counterface materials in order to optimize the system for lowest 
total wear (ring plus liner). The following liner materials were evaluated in these tests (see 
Table 6 for compositions): 

1. 

2. 

3. 

4. 

pearlitic grey iron (70 - 90 HRG) 

hardened grey cast iron (42 HRC) 

high-phosphorus grey iron (79 - 83 HRG) 

bainitic grey iron (88 - 90 HRG) 
5. 

6. 
centrifugally cast H13 tool steel hardened to 50 HRC 
a slurry sprayed silica-chromia-alumina coating (960 kgfmm-2, K € € N ~ o ~ )  
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Figure 18. Wear sui$ae of APS Cr203 coating after sliding against pearlitic 
grey iron for 30 minutes at 2000C with no lubricant: 
(a) center of wear scar 
(b) edge of wear scar 
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- 
Material C Si Mn P S Mo Ni Cr V 

Pearlitic, 3.15 - 1.8 - 0.5 - 0.15 0.1 0 -  0 -  0.2 - 
Hardened Irons 3.5 2.6 0.8 max max 0.5 0.5 0.8 

Grey Iron 3.5 2.3 0.8 0.9 max 0.4 
High Phosphorus 3.2 - 1.8 - 0.5 - 0.6 - 0.1 0.15 - 

Bainitic Iron 2.6 - 1.1 - 0.8 0.08 0.08 1.0- 1.0 - 
2.8 1.6 max max max 1.5 1.5 

H13 Tool Steel 0.35 1.00 0.35 1.50 5.00 1.00 

Tahle 6. Chemical composition of cylinder liner matenah evaluated. 

Tests were conducted with an as-ground coating surface finish of 0.42 pm RA. Lapping the 
coating would result in a significantly better surface finish and potentially lower liner wear. 

Coating and liner wear rates are shown in Figure 19. Of the cast iron liners, the pearlitic 
iron and high-phosphorus materials ave approximately the same ring and liner wear 
coefficients, but the bainitic materia B showed significantly (up to ten times) lower liner 
wear rates in lubricated tests, with only slightly higher ring wear (Figure 19). The excellent 
wear properties of the bainitic iron may have been partly due to the alloy content, which 
results in a fine dispersion of molybdenum carbides through the microstructure, in addition 
to the effect of the slightly higher matrix hardness. Hardening the pearlitic grey iron 
material resulted in three times lower liner wear in the 200OC tests but very little effect at 
35OoC, even though the tempering effect during the wear test was small at 350OC (38 HRC 
at end of test compared to an initial value of 42 HRC). It is speculated that this result may 
be due to an increase in oxidative wear at the higher test temperature. 

The H13 tool steel showed lower wear rates than all the cast iron materials, and even 
produced lower wear of the ring coating (Figure 19). The SCA liner coating provided the 
lowest liner wear rates of all, but at the expense of significantly higher ring wear 
(Figure 19). 

High Temperature Wear Tests 

Tests were performed with various coatings sliding against hardened H13 tool steel at 
450OC with a poly-alpha-olefin base stock as the lubricant. Three coatings have been 
tested: HVOF Cr C -NiCr, APS Cr203 and A P S  A1203 - 41% Zr02. During several of 

temperature. Despite this, low friction coefficients were maintained throughout the tests 
(Table 7). Wear coefficients were much higher than for 200 and 350OC tests, but low 
compared to unlubricated values. The ceramic coatings were slightly more wear resistant 
than the cermet material at this temperature, the Cr203 material showin the lowest wear 

mineral oil lubricant, the HVOF Cr3C2-NiCr coating showed greater wear resistance than 
either ceramic material (Figures 9 and 10). 

these tests, the oi P fi .T m periodically underwent spontaneous combustion due to the high test 

coefficient (Table 7 and Figure 20). At lower temperatures, with a fully B ormulated 
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@2--NiCr vs VARIOUS LlNERS 
CWSF 15W40 Lubricsnt 

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

___ 1: Paarlll lc Grey Iron ...... 
2: H8rd%ned Gr%y iron 
8: High Phorphorus Grey iron 

3: H13 T a d  Steal 
4: Bainitic Qrer Iron - Liner Wear 

..... l_l .... ....... 

Figure 19. Wear coeficients for MVOI;' Cr3CZ-NiCr coating sliding against 
various cylinder limr materials. 

COIlClUSiOIW 

Bench wear tests have been used to rank the wear roperties of coating materials for diesel 
engine piston ring and cylinder liner applications. li!h e characteristics evaluated were: 
1. boundary lubricated wear at 200 and 350QC 
2. wear rates of a pearlitic grey iron cylinder liner counterface 

3. resistance to increased wear with heavily soot-loaded, engine-tested oil 

4. unlubricated (scuffing) wear rates. 

Metallic coatings geiaerally gave high wear rates and were susceptible to soot-induced wear. 
Some ceramic coatings were found to give comparatively low wear coefficients, particularly 
with the high-soot, engine-tested lubricant. Cermet coatin s were found to have generally 
low wear rates in fresh and soot-loaded oil. NVOF WC - 80 and Cr3CJ - NiCr materials 
giving extremely low wear coefficients have been identified. Lubricate tests at extremely 
high temperatures (450OC) showed that ceramic coatings such as Cr203 may offer 
advantages over the HVOF cermets under these extreme conditions. 

Traditional pearlitic grey cast iron cylinder liners were found not to be the best 
counterfaces for lowest system wear. Si02 - Cr203 - A120 liner coatings gave much lower 
liner wear, but at the expense of higher ring wear, Of the h e r  materials tested (versus the 
HVOF Cr$2 - NiCr ring coating), hardened H13 tool steel was found to give the best 
combination of ring and liner wear. 
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Rin Wear Liner Wear 
(mm$mm/N)l (mm3/mm/N) 

COATING WEAR AT 450°C 
PA0 BASESTOCK 

H13 Tool Steel Liner 

Friction 
Coeff 

Ring Coating 
- 

Lubricant 

HVOF Cr3G2-NICr 

Temp- 
erature 
("(3 

APS A1203-41%Zr02 

PAOBase 
Stock 

APS Cr203 

461 

O.OE*OO 1.OE-10 2.OE-10 3.OE-10 4.OE-10 
Wear Coeff (mrn"3/rnm/N) 

9.83~10-11 

Ring Wear =Liner Wear I 

3.28~10-10 0.12 

Figure 20. Wear coeflcients for various coatings sliding against hardened 
H13 tool steel liners. Tests were run with poly-alpha-olefin 
basestock at 45OOC. 

Liner 
Material 1 Ring 

Material 

UTRC HVOF H13 Tool 
CrqC, - NiCr I Steel 

BIRL APS 1 H13 Tool 
Al203-41% I Steel 

ZrO? 

BIEko'S 1 H13 Tool 
Steel 

pAoBaseI Stock 448 

PAOBaseI 449 
Stock 

1.44~10-10 I 1.21~10-10 I 0.17 

7.73~10-l1 I 8.56~10-11 I 0.10 

Table 7. Wear rates and fiction coeficients for various piston ring coatings sliding 
aguinst hardened HI3 tool steel at 45OOC. 
Cameron Plint tests: load = 225 N, frequency = 20 Ht, stroke = 5 mm. 
Lubricant = unfomiulated poly-alpha-olefin- 
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1. 

2. 

3, 

4. 
5. 

6. 

7. 
8. 
3. 

10. 

11. 

12. 

13. 

Develop plans for coating deposition 

Determine wear test conditions 

Procure substrate materials 

Develop spray parameters for (3203 coatings 

Tribological evaluation of Cr203 coatings 

Develop spray parameters for HVOF coatings 

Conduct properties evaluation/wear 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 

Oct-3 1-87 
NOV-30-87 
Feb-28-87 

Dec-3 1-89 

Dec-3 1-89 
Feb-28-90 

Apr-30-90 
May-3 1-90 
Jun-30-90 

Aug-3 1-89 

Jul-3 1-90 
Jul-3 1-90 

Aug-3 1-90 

All coating development activit has been completed, with the exception of the Vapor 
Technologies effort, which has i een delayed due to the company re-locating production 
equipment. Wear testing is nearing completion and substrate materials for the final task 
are being machined. 

A paper entitled "Development of Wear-Resistant Ceramic Coatings for In--Cylinder Diesel 
Engine Components" was presented at the DOE-sponsored "Coatings for Advanced Heat 
Engines" Workshop, Castine, Maine, August 6-9, 1990, 

A paper entitled ''Wear Properties of High Velocity Oxy-Fuel (HVOF) Thermal Spray 
Coatings for Diesel Engine Applications", by M.G.S. Naylor, T.M. Yonushonis, T.P. Slavin 
and A.P. Matarese was presented at the ASM Materials Week '90 conference, Detroit, MI, 
October 8 - 11, 1990. This paper included results obtained in the current program. 

1. K.F. Dufrane and P.A. Gaydos, "Dynamic Contact of Cerurnics in Ring-Cylinder 
Applications", Proceedings of the U.S. Department of Ene rg  26th Annual Automotive 
Technology Development Contractor's Coordination Meeting, Dearborn, MI, October 
24-27, 1988. Publ. SAF? P-219, pp. 145-148. 

2. M.G.S. Naylor and M.P. Fear, "Development of Wear-Resistant Cmzmic Cuatings fur 
Diesel Engine Components", raceedings of the US. Department of Energy 27th 

Dearborn, MI, October 23-26, 1989. h b l .  SAE P-230, pp. 131-141. 
Annual Automotive Techno P ogy Development Contractor's Coordination Meeting, 
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1.4 JOINING 

1.4.1 Ceramic-Metal Joints 

J o i n i n g  o f  Ceramics f o r  Heat Enqine A p p l i c a t i o n s  
M. L .  Santella (Oak Ridge National Laboratory) 

Object ive/scope 

The objective of this task is to develop strong reliable joints 
containing ceramic components for applications in advanced heat engines. 
The present focus of this work is on the joining o f  silicon nitride by 
brazing. The technique of vapor coating ceramics to circumvent wetting 
problems that was developed for brazing zirconia at low temperatures is 
being applied to brazing silicon nitride. The emphasis of this activity 
during FY 1990 was on: (1) high temperature brazing of titanium-vapor- 
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. 

Technical progress 

Si,N, joints: 
brazing at 1130°C with Au-25Ni-25Pd wt% filler metal. 
cut in to flexure bars and tested in 4-point bending at 600°C. The mating 
Si,N, joint surfaces were either surface ground or were lapped to a 
l-pm-diamond finish. The bend test results are shown in Figs. 1 and 2 as- 
suming Weibull statistics apply. The data for specimens with ground joint 
surfaces, Fig. 1, showed that testing at 600°C produced lower average 
strength and slightly more scatter ( a  = 376 MPa, m = 6.8) when compared to 
room temperature test results (a f  = 465 MPa, rn = 7.6). Examination o f  the 
test bars also indicated that the higher test temperature resulted in a 
greater tendency for fracture to occur in the Si,N, near the joint 
surfaces. 

In the cases where the joint surfaces were lapped prior t o  Ti vapor 
coating and brazing, the higher test temperature resulted in slightly lower 
average joint strength but more scatter ( a  = 405 MPa, m = 6.7) compared to 
room temperature data (a f  = 418 MPa, m = l f . 2 ) .  For these joints, testing 
at the higher temperature did not significantly affect the failure location 
tendency o f  the joints. At 600"C, over half of the test bars fractured in 
the Si,N away from the joint surfaces. 

To fearn more about the influence of surface condition on braze joint 
strength, the joint surfaces of Si,N, specimens in two conditions, ground 
and lapped, were examined by an acoustic surface wave technique. The re- 
sults of this technique, shown in Fig. 3, verified that lapping greatly re- 
duced the population o f  near-surface flaws in Si N,. The 50 MHz acoustic 
surface waves were sensitive t o  defects within atout the top 100 ,MI o f  
material. The left image in Fig. 3 shows a ground surface where near- 
surface defects produced by the grinding are clearly visible. The lapping 
process used for these specimens removed about 50 pm of material from the 

Joints of Kyocera SN220 Si,N, were made by vacuum 
These joints were 
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0 Fracture in Si,N, 
a Fracture at joint 

Weibull modulus, m - 6.8 
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Ti-vapor-coated SN220 silicon nitride 
At-ground joint surfaces 

Brazed with 50Au-25Ni-25Pd wtX alloy 
T e s t e d  at 600'C 
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100 1000 

Joint Strength (MPa) 
Fig.  1. Four-point bend strength o f  Si,N, braze 

j o i n t  specimens tested a t  600'C. Joint  surfaces were 
f inished by surface grinding. 

1 

ORNL DWG 90-13113 

0 Fracture in Si,N, 
Fracture at joint 

Weibull modulus, m = 6.7 
a = 4 0 5  t 50 MPa 

Brazed with 50Au-25Ni-25Pd w t %  alloy 
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F i g .  2 .  Four-point bend strength o f  Si,N, braze 
Jo in t  surfaces were j o i n t  specimens tested a t  600°C. 

f inished by 1 appi ng. 
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Fig. 3. Images of near-surface flaws produced 
by examining Sif14 specimens with an acoustic 
surface wave technique. A surface ground specimen 
i s  shown on the left, and a lapped specimen i s  shown 
on the right. 

Si,N, surface, and the effect o f  this treatment on the population o f  near- 
surface flaws is shown in the right image in Fig. 3. Lapping has clearly 
resulted in a significant decrease o f  near-surface flaws in the Si,N,. 

brazing by dissolving the braze filler metal to reveal the reaction layers 
between the Ti vapor coatings and the Si,N . X-ray diffraction was used to 
show that the reaction layers were mainly IfiN. The overall appearance o f  
the TIN reaction layers, shown in Fig. 4, largely mirrored the initial 
roughness of the Si,N, substrates. Nothing in the appearance o f  the layers 
suggested that surface finish affected either the extent or morphology o f  
the reaction of the Ti and Si,N,. 

The testing completed so far allows several important conclusions to 
be made. 
Si N4. strength can be made using the vapor coating approach to circumvent 
wetting problems. 
test temperatures up to 600°C, presumably because o f  triaxial loading in 
the filler metal layer when subjected to tensile stress. 
surfaces improved Si,N, joint strength characteristics by reducing the 
number of near-surface flaws produced by surface grinding. 

In addition to the flexure testing, several joints of the Kyocera 
SN220 Si,N, were annealed for 100 h at temperatures o f  600, 700, 800 and 
900°C in vacuum. After metallographic preparation, samples were examined 
in an SEM to determine the effect of annealing on the braze joint 
microstructures. Initial examination indicated that the appearance of the 
joint microstructures was not affected appreciably by annealing i n  this 
temperature range. The microstructure o f  the specimen which was annealed 
at 900°C i s  shown in Fig. 5. Microanalysis indicated that the composition 
o f  the braze layers was also reasonably constant with annealing 
temperature. The fine scale o f  the microstructures made accurate chemical 
analysis of the constituent phases impossible in the SEM, but microanalysis 

Joint surfaces o f  both finishes also were examined in an SEM after 

Braze joints of Si,N, having strength in excess of the monolithic 

Braze joint strength can exceed filler metal strength at 

Lapping joint 
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Fig. 4. SEM micrographs o f  the joint surfaces 
of ground (top) and lapped (bottom) S13N, specimens 
after brazing. The braze layer was dissolved to 
reveal the reaction layer between the Ti vapor- 
coating and the SidN,. 
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Fig. 5. SEM micrograph of the microstructure 
of a Si,N, braze j o i n t  after annealing at 900°C 
for 100 h. 

did reveal reaction of the Ti vapor-coating and the Si,N , as well as 
solution of Ti in the braze layers occurred. Also, the !Si content o f  the 
braze layers in the annealed specimens was in the range o f  2.5-3 wt%. 
a microstructural viewpoint the braze layers appeared to be as stable at 
900°C as they are at 600°C. 

Further analysis o f  these joint microstructures and comparison with 
the unannealed microstructure is continuing. Also, additional braze joints 
are being prepared to provide specimens for flexure testing at temperatures 
above 600°C. 

Brazing furnace: The furnace used for the bulk of our brazing work was 
retired, and replaced with a new furnace, vacuum system and control system. 
The major components of this new brazing system were assembled and tested, 
and this system is now operational. 

Status of milestones 

From 

141109 
Complete initial evaluation o f  the use of indentation fracture testing 
for studying residual stresses in ceramic joints. 

December 31, 1990 - on schedule 
Pub1 ications 

None 



233 

. .  . .  . .  .. 
and Fwrimental Fvaluation of J o i w  Silicon Nitride to Met&xuGUm CarLuWQ 

- S. Kang (GTE) Mefa/ for Advanced Heat FLlQine 
. .  

The goal of Phase I is to demonstrate analytical tools for use in designing ceramic-to-metal 
joints, including the strain response of joints as a function of the mechanical and physical 
properties of the ceramic and metal, the materials used in producing the joint, the geometry of the 
joint, externally imposed stresses both of a mechanical and thermal nature, temperature, and the 
effects of joints exposed for long times at high temperatures in an oxidizing (heat engine) 
atmosphere. The maximum temperature of interest for application of silicon carbide to metal and 
silicon nitride to metal-containing joints is 950 "C. The initial joint-fabrication work shall include 
"experimental" joints whose interfacial area is not less than 2 cm2. The work shall also include 
demonstration of the potential for scale-up of the joint size to interfacial areas of commercial 
significance, applicability of the analytical joint modeling tools, and the ability to use these tools to 
design and predict the mechanical and thermal behavior of larger joints. These joints, referred to 
as "scale-up" joints, shall have an interfacial area of at least 20 cm2. 

The goal of Phase II is to optimize materials systems and joint designs, building on the 
results of Phase I .  The anticipated environment will be oxidizing and will have joint temperatures 
of up to 950°C. Improved joint materials systems shall be developed to optimize the combination 
of competing properties which include ductility, yield strength, and creep resistance. The effect 
of each of these properties on joint performance shall be examined using the FEM model. Finally, 
a mechanical testing program shall be carried out to confirm the effectiveness of the modeling 
program. This shall include torsion tests, thermal and mechanical fatigue, and creep testing. 

Technical P roa rm 

Des$n CriteridStress Analysis 

Probabilistic failure analysis was done with the butt, conical, and taper cylindrical 
geometries of ceramic-metal joints using the NASA CARES program. Due to the availability of the 
strength data, only volume analysis was performed to determine the probability of the failure. 

The finite element analysis (FEA) in Phase I of the program provided the residual stress 
states and unit volumes of the elements within the ceramic-metal joint. Using the Weibull 
parameters for the ceramic component, the CARES program subdivided each finite element 
volume into smaller regions based on the integration scheme used to provide the stress output. 
Integrations were performed on each element volume and the probabilities of failure for each sub- 
element were determined. 

In this study, the PY6 silicon nitride-Au5Pd2Ni-lncoloy 909 system was used for these 
joints, all without an interlayer, and the materials properties are listed in the final report of the 
Phase I. For the analysis, a normalized Weibull scale parameter of 41.5 ksi was used which was 
calculated given the specimen geometry and Weibull modulus. Also, a crack density coefficient of 
21 was used. This coefficient was obtained based on the normal stress criterion of Batdorf [1,2]. 
The joint was cooled from 950°C and the residual stress state was used as a basis for the failure 
analysis. 

Table 1 shows the probability of survival for the three joints. Only the taper cylindrical joint 
was predicted to survive. Figure 1 shows the geometry of the butt joint with the probability of 
survival (1 - probability of failure) plotted as contour fringes. Note that the structure was 
axisymmetric. A value of one indicated no chance of failure while a value of zero meant failure by 
cracking. There are no results for the metal and braze components of the joint since the 
probabilistic failure analysis does not generally apply to these materials. Figure 1 showed that the 
region of the ceramic at the braze interface at the outer surface is most likely to initiate a crack. 
This has been demonstrated in the prototype butt joints. Figure 2 zooms in on this region of 
interest and shows more accurately the region of crack initiation. Once a crack initiates, some 
failure criterion (such as the maximum principal stress criterion) can be used to predict the crack 
propagation path. 
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Effort was continued on probabilistic failure analysis of the ceramic to metal joints. After 
analyzing 3 prototypical joint designs (butt, conical and cylindrical with tapered edge) similar 
probabilistic failure analyses of various joint geometries were completed with the final joint 
dimensions used for Phase I of the program. Results indicated that all three geometries would 
initiate cracks in the ceramic component at the top of the metal sleeve. The discrepancy between 
FEA predictions (cracking) and experimentally produced joints (no cracking) could be attributed to 
a singularity point in the stress field near the top of the metal interlayer. A finer mesh has been 
prepared in the region to investigate the problem. 

A finite element analysis (FEA) post-processing code is being developed to investigate 
the crack growth behavior in the vicinity of the braze joint. The code can provide mixed mode 
stress intensity factors at the tip of a crack in the ceramic. This code will be used to model crack 
growth behavior with crack-face contact which is known to be an important factor in crack 
propagation near the joint between dissimilar materials. The crack-face contact mobilizes the crack 
tip with "apparent-crack-closing-stress" loading, that is, a crack parallel to the interface can grow by 
large far-field compressive loading which is normal to the interface. This mechanism will be used in 
predicting the strength of ceramic-metal joints. 

Analysis of Shrink f i t  

The amount of shrink fit in the final joint geometry, due to the lnconel 909 structural alloy 
around the silicon nitride ceramic, was calculated by finite element analysis. The stresses acting at 
the centroid of the 12 ceramic finite elements that are in contact with the interlayer were plotted as 
a function of temperature. Figure 3 shows that the stresses in the ceramic changed from 
compressive to tensile in the temperature range of 20°C to 100°C. At elevated temperatures the 
shrink fit stress was tensile. This tensile stress acted to pull the joint apart, and the entire joint 
strength was derived from the strength of the chemical bonding at the brazemi-coating/silicon 
nitride interface. 

v D e v e l m  

Ni-based Brazing Alloys 

Ni-Cr and Ni-Cr-Mo alloys were chosen as master alloys for the high temperature brazing 
alloys because of their excellent high temperature strength and ductility. Some of the important 
requirements for the design of high temperature brazing alloys are (1) brazability, (2) good ductility 
and low yield strength , (3) high temperature creep strength and (4) melting point in the vicinity of 
1200°C. Design strategies are to find alloy compositions which satisfy the requirements above 
and to regain the strength properties of the master alloys as much as possible by controlling 
brazing process. 

Two classes of alloying elements were considered in order to lower the melting points of 
the master alloys with minimum loss of mechanical properties; brittle metalloids such as B, Si and 
Ge in the range of 1-10% and ductile elements such as Au, Ag, Cu and Pd in the range of 1-30%. 
In this reporting period, 70 new high temperature brazing alloys were produced and evaluated 
with Differential Thermal Analysis (DTA), Rockwell hardness and tensile testing. Differential 
Thermal Analysis (DTA) revealed that the additions of 5-7% B or 6-9% to the Ni-Cr alloys resulted 
in the melting points of 1060-1 120°C and 11 10-1 1 40°C, respectively while the additions of 5- 
7%6 or Si to the Ni-Cr-Mo reduced the melting points to 104O-108O0C and 1130-1 1 7OoC, 
respectively. Both elements were found to be effective in reducing the melting points of the 
alloys, maintaining the liquidus/solidus gap below 50°C. 

In order to select the alloys with adequate mechanical properties for high temperature 
brazing applications, the Rockwell hardness tests were performed. In general, the additions of 1 - 
10% B or Si increased the hardness values (Rockwell B) by 10-50% compared to the master 
alloys, making the systems hard and brittle. In contrary, additions of IB alloying elements like Au or 
Cu (4 0%) did not change the hardness values of the alloys noticeably. The changes in hardness 
due to the elements were in the range of -10% to 10% of the master alloys'. 
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Based on the DTA and hardness data, Ni-Cr-Mo-Au and Ni-Cr-Mo-Cu alloys were chosen 
for the tensile testing. Alloys were prepared by remelting 4 times, using an arc melting device, for 
the homogeneity of the alloys in compositions. Small-size specimens which are proportional to 
standard size with circular cross sections of 0.16" in diameter were made according to ASTM 
Standard E8. Results of tensile testing at room temperature are shown in Table 2. The effects of 
two alloying elements (Au and Cu) on the tensile properties of the master alloy were similar, 
however, addition of Au resulted in a higher ultimate tensile strength (UTS) than that of the Ni-Cr- 
Mo-Cu alloy. As compared to arc melted master alloy, the change in UTS was almost negligible 
while significant reductions in yield strength (about SO0/,) were noted from both alloys. The 
elongation values were maintained high at 50% even though those were lower than that of the Ni- 
Cr-Mo master all0y(70~/~). 

Low yield strength alloys with high ultimate tensile strength are desirable for high 
temperature brazing alloys since the braze alloys can accommodate the deformation associated 
with thermal mismatch between ceramic and metal. Additional new braze alloys with higher 
percentages of Au, Cu, and Pd (10-20%) were produced to find optimum compositions in terms 
of melting points and tensile properties. DTA, metallography, and mechanical testing are in 
progress with some of these alloys. 

Coating Materials Development 

For phase I of the program, Ti has been used as a coating material for PY6 silicon nitride. 
The thickness of the coatings was about 3.0 pm. From the previous study, the adhesion strength 
of the Ti-coating was found to be degraded significantly as the brazing temperature increased to 
1200°C. Therefore, coating optimization was performed with double-layer coatings, varying the 
thicknesses of the Ti-coatings. The double-layer coatings composed of a reactive metal and a 
nonreactive metal was intended to keep the Ti-coating from extensive oxidation during the 
brazing process. Ag-coating of 0.2 pm in thickness was placed on the top of the Ti-coating, using 
an electron beam deposition technique. The thickness of Ti was in the range of 0.5-6.0 pm. High 
temperature performance tests were done at 1300°C for 2 hours with or without a braze alloy. 
Scratch-test results showed that 0.5-1.5 pm thick Ti coating provided better adhesion strength 
than 5.75 pm thick coating. Unreacted Ti in the 5.75 pm thick coating caused spalling of the 
coating layers. The experiments with braze alloys (Ni-Cr-Mo-Cu) showed that the wetting of high 
temperature braze alloys improved as the coating thickness increased. However, unreacted Ti 
separated the braze alloy completely form the ceramic substrate. Based on the wetting and 
strength results, about 1.5-2.0 pm thick Ti was determined to be an optimum. 

Additional tests were done to evaluate the materials for the second layer coatings. Ag, 
Cu, Ni, and AI were selected on the basis of their melting points and materials characteristics. The 
thickness used for the Ti-coatings and the second-layer coatings were 1 .Spm and 0.2pm thick, 
respectively. Wetting experiments were done with a Ni-Cr-Mo-Cu alloy. Little difference was 
found among these materials as second coating layers in terms of adhesion strength and wetting. 
All exhibited excellent wetting and adhesion strength after being heat-treated at 1300°C for 2 
hours in vacuum. However, it seems from the appearance that Ag or Cu performed slightly better 
than others. 

Reacijons between Ti- and Zr-coated Si3N4 with Pd-Containing Brazes 

The results of the wetting tests on Ti-coated Si3N4 have been reported in the Phase I 
final report. The SigNq used in the present study contained 73 wt % Y2O3 and 2 wt % At203 as 
sintering aids. All of the Pd-containing braze alloys studied wet the Ti-coated Si3N4 well, reaching 
a contact angle of approximately l o o  after 2 rninutes. In general, the reactions between the braze 
alloys and Ti-coated Si3N4 were moderate. The Ti-coating was observed to react with Si3N4 to 
form TIN [3-51. Wetting tests were also performed on Zr- coated Si3N4 substrates. Severe gas 
evolution was seen for the Pd-containing brazes on Zr-coated Si3N4 and the wetting tests were 
not co mpleted. 
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A series of experiments designed to study the interaction between braze alloys and the 
coated Si3N4 were run in a furnace/mass spectrometer unit. More N2 gas was evolved when the 
brazes were melted on Zr-coated Si3N4 as compared to Ti-coated Si3N4. The difference in 
behavior between Ti- and Zr-coated Si3N4 was unexpected since Ti and Zr are both Group IVB 
elements and have many similar chemical characteristics. The gas evolution was not caused by a 
direct reaction between Pd and Si3N4 since Pd does not reduce Si3N4 to form a palladium silicide 
and N2 [6,71. The large amount of gas evolved during the wetting tests could not be explained by 
the comparatively small amount of residual gas initially present in the braze foils. 

There was an important difference in the behavior of the Ti-coating and Zr-coating on 
Si3N4. Ti reacted with the SigNq to form a 2.5-p.m thick titanium nitride layer, possibly composed 
of 2 forms of titanium nitride. However, the reaction between Zr and Si3N4 was a dissolution of N 
into the Zr without compound formation [8]. The Zr-rich region was 1.8-pm wide in this joint. 

The difference in outgassing behavior between the Ti- and Zr-coated Si3N4 can be 
explained by the microstructures described above, When Ti reacted with Si3N4 one or two layers 
of a titanium nitride compound were formed and the N was tied-up by the Ti. The titanium nitride 
layer acted as a diffusion barrier and slowed further reaction between the Ti and braze with the 
Si3N4. However, when Zr reacted with SigNq, no zirconium nitride layer was formed. 

s of Mjlestones 

On schedule. 

Pu blicat iptls 

None. 
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Table 1. Probability of failure for the ceramic component for each joint geometry. 

Joint Geometry Probability of Survival, P, 

Butt 
Conical 
Tapered cylindrical 

0 
0 

0.999901 

*(I failure out of IO,OOO) 

Table 2. Tensile properties of new high temperature braze alloys. 

System 

Ni-Cr-Mo-Au 

Ni-Cr-Mo-Cu 

Ni-Cr-Mo (as arc melted) 
(average of 3) 

Sample # 

1 
2 
3 
4 

1 
2 

1-3 

724.5 (1 05.0) 
721.0 (104.5) 
728.0 (1 05.5) 
736.2 (1 06.7) 

661.7 (95.9) 
675.5 (97.7) 

702.4 (1 01.8) 

oys MPa (ksi) 

134.5 (19.5) 
135.9 (19.7) 
135.2 (19.6) 
135.2 (19.6) 

136.6 (19.8) 
149.0 (21.6) 

331.2 (48.0) 

Elongation (%) 

43.6 
57.0 
58.1 
55.2 

56.8 
52.7 

77.3 
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Figure 1. Probability of failure distribution in ceramic-metal butt joint. A value ob zero means failure 
by cracking. Metal (upper half of the structure) was not analyzed for probabilistic failure. 
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Figure 2. Close-up of region of interest for the probability of failure. Note that the highest 
likelihood of failure occurs in the ceramic component at the outer surface of the joint 
near the ceramic-metal interface. 
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Figure 3. 
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Centroid stresses in the ceramic at the ceramic/interiayer interface as a function of 
temperature. The joint was initially cooled down to 20°C from the brazing temperature 
then reheated to the different temperatures. 
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1.4.2 Ceramic-Ceramic Joints 

Analytical and Experimental Evaluation of Joininq Silicon 
Carbide to Silicon Carbide and Silicon Nitride to ~ Silicon 
Nitride €or Advanced Heat Encrine Applications 
G. A. Rossi, M. R. Foley, G. L. 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 €or silicon 
nitride is based on the ASEA hot isostatic pressing process while 
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 of their strength, oxidation resistance, and other 
desirable high temperature properties, silicon nitride and silicon 
carbide are under extensive study f o r  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 Testins for  Task 1 (Characterizationl 

1.1 Tensile Test on Joined Cylindrical Specimens 

Tensile testing on joined cylindrical specimens of NCX-5100 
(HIP'ed 4 w/o  Y,03-Si,N,) and NCX-4500 (pressureless sintered 
beta-Sic) for Task 1 was conducted. For NCX-5100 the tests 
were performed at 25'C, 5OO0C and 1370OC. F o r  NCX-4500 tests 
were done at 25OC, 5OO0C and 153OOC. The tensile specimen is 
the ORNL cylindrical buttonhead design with a 6.35 mm gage 
diameter. The results are shown in Tables 1 and 2 for  Si,N, 
and Sic respectively. 

Table 1 

Tensile Strensth of NCX-5100 Joined Specimens vs. TemDerature 
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Table 2 

Tensile Strenath of NCX-4500 Joined Specimens vs.Tem~erature 

I T ("C) Sample No. Strength Failure Origin 

25 1 220 Surface 

2 230 Volume 

25 3 246 Volume 

25 4 279 Volume 

25 5 230 Volume 

( A v g .  = 241  MPa) 

500 1 242 Volume 

500 2 230 Volume 

500 3 200 Near Surface 
(within 101) 

( A v q .  = 198 MPa) 

It is important to point out that none of the specimens failed 
- at the ioin,in either material. 

Extensive fractography, both optical andby SEM, was performed 
on the broken tensile specimens to identify the fracture 
origins in each sample. 

The conclusion was that, for  NCX-5100, most of the failures 
were caused by iron-rich inclusions. Figure la shows an 
example of such a defect, detected in a rod tested at 137OOC. 
At higher magnification, using backscattered electron image, 
(Figure lb) an area contains small iron rich inclusion can be 
observed. An EDS spectrum from this area (Figure 2) showed 
the presence of Fe. In NCX-4500, on the other hand, 
fractographic analysis showed that the majority of the 
fracture origins were pores or agglomerates. For example, 
Figure 3 shows one of these pores in the interior of the bar. 
Occasionally, metallic inclusions were found also in NCX-4500. 
Figure 4 s h o w s  a spheroidal nodule, about 200 p in size, 
embedded in the dense ceramic volume bulk. The SEMIEDS 
spectrum, presented in Figure 5, confirmed that the inclusion 
contained mostly Fe, Cr and Al. It can be therefore concluded 
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1.2 

that post-sintering HIP'ing should be beneficial in NCX-4500, 
since it would bring about partial or complete healing of the 
pores and enhance the strength. 

Creep Testins for Task 1 (Characterization) 

A total of sixteen joined NCX-5100 samples and fourteen joined 
NCX-4500 samples ("flat dog-bonett type) were machined for high 
temperature creep testing. Several samples of NCX-5100 were 
successfully tested for creep resistance, four at 13OO0C, five 
at 1370OC and two at 125OOC. Primary and secondary creep only 
was observed under the experimental conditions used in the 
tests. Creep results for NCX-5100 are shown in the analytical 
modeling section of this report. For NCX-4500 creep tests were 
done at 153OOC. Most of the "flat dog bonesg1 broke either 
during loading or shortly after the commencement of the test. 
This was due to the low toughness and presence of pores and 
agglomerates in the gauge section. Only two samples lasted 
for more than 200 hours, but no significant creep was 
observed .) 

2. Mechanical Testing for Task 2 (Verification) 

2.1 Fast fracture (MOR) testinq 

Fast fracture on MIL STD 1942 B joined MOR bars (3x4~50 mm 
spans 5 and 40 mm), machined out of joined billets with a bond 
area of at least 2 cm2, was performed at llOO°C for NCX-5100 
and at 125OOC for NCX-4500. This was done as verification of 
the fast fracture data generated in Task 1 and already 
reported in the previous semi-annual report. Thirty MOR bars 
were broken for each material. The average strengths were 400 
MPa f o r  NCX-4500 and 648 MPa for NCX-5100. Optical 
fractography and selected SEM examination was carried out on 
several broken bars. The conclusions were similar to those 
drawn from the tensile results, i.e. pores and agglomerates 
were the typical flaws for Sic, whereas iron-rich inclusions 
frequently caused fracture in Sip,. Fracture caused by 
surface flaws in the tensile face of the bar was also 
observed. It is interesting to note that about 80% of the 
failures were outside the joined region, located at the center 
of the bar. This has confirmed the results found in Task 1. 

2.2 Tensile testinq 

Tensile testing for Task 2 was performed at 900°C for both 
NCX-5100 and NCX-4500. Three joined cylindrical specimens for 
each material were tested, with the join plane at the center 
of the gauge and perpendicular to the tensile axis. The 
tensile rods had the same shape and size as in Task 1. Table 
3 below shows the results. 
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Table 3 

Tensile Strenath of Cylindrical Joined Bars at 9OOoC 

Fractographic analysis was performed on all these samples. It 
was found, as in Task 1, that primarily metallic inclusions of 
Fe, Ni and Cr were present at the fracture origins in the Si,N, 
specimens. Other origins were pores and surface defects. In 
the case of Sic, the fracture origins were agglomerates and 
pores. Figures 6a, and 6b, show an agglomerate at two 
different magnifications. 

3 .  Mechanical Testing for Task 3 (Scale-urJZ 

3,l Fast Fracture of Joined MOR Bars 

Large joined billets with a bond surface area in excess af 20 
cm', as requested by the Statement of Work, were fabricated in 
order to determine the influence of the joined area on the 
quality of the join. At least sixty joined MOR bars had to be 
machined for the fast fracture test. Of these bars, thirty 
had to be tested at room temperature and the other thirty at 
high temperature. In the case of NCX-5100, one joined billet 
was sufficient to produce sixty joined MOR bars (MIL STD 1942 
B) but f o r  NCX-4500 two billets had to be fabricated, due to 
machining problems. Therefore thirty MOR bars were obtained 
from each billet. The sixty bars from the two billets were 
then mixed and two groups of thirty bars each were formed, far 
the low and high temperature tests, by choosing the samples at 
random. The size of the densified joined NCX-5100 billet was 
10 x 9 . 8  x 2.9 cm, and that of the joined NCX-4500 billet was 
12.7 x 7.6 x 3.2 cm. The join surface areas were 2 8 . 4  c m 2  for 
Si3N4 and 2 4 . 2  cm2 for Sic. The Archimedes density was 
measured on five MOR bars taken at random from each large 
billet. It was found that, while the density of NCX-5100 was 
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100% of theoretical (3.24 g/cm3), that of NCX-4500 was lower 
than the density measured in smaller joined billets fabricated 
for  Tasks 1 and 2, which had densities of 96-98% of 
theoretical. Table 4 shows the result of the density 
measurement. 

Table 4 

Archimedes Density of MOR Bars from Larse Billets with 
Bond Area > 20 cm2 

Material Billet No. Bar No. Density Std.Dev. 
t s / c m 3 )  (%)  

3 3.049 

4 2.997 

I I 5 2.921 
I 

(Avg. = 2.959 or 92% of TD) I 2.0 
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The results of the fast fracture tests are shown in Table 5. 

Table 5 

Flexural Strensths of Joined MOR Bars Machined from Larae 
Billets with Bond Area > 20cm2 

Tables 6 and 7 summarize the results of flexural and tensile 
strength as a function of temperature, measured in Tasks 1, 2 
and 3. 
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1100 

1370 

1370 

13 70 

Table 6 

Joined -- 648 (30) T2 

Joined 323 (3) T1 526 (45) T1 

Control -- 570 (30) T1 

517 (30) T3 Joined -- 

Temperature Desendence of Mechanical Properties 
for Joined and Control N C X - 5 1 0 0  

25 

25 

25 

500 

750 

900 

Joined/ Tensile Flexural 
Control Strength Strength 

P a )  ( MPa 1 

Control 967 (30) T1 

Joined 854 (30) T3 

Joined 677 (30) T1 



249 

Table 7 

TemDerature Dependence of Mechanical ProPertieS 
for Joined and Control NCX-4500 

T ("C)  Joined/ Tensile Flexural 
Control Strength Strength 

(M-1 (M-1 

25 Joined 241 (5) T1 351 (45) T1 

25 Control -- 397 (30) T1 

25 Joined -- 324 (30) T3 

347 (30) T1 

-- 269 (30) T3 

NOTE: T1, T2 and T3 are Task 1, 2 and 
3, respectively. 

parenthesis. 
Number of samples tested in 

The tables show that the average strengths measured in Task 3 
are slightly lower than those measured in Task 1 on joined MOR 
bars. The difference is larger in Sic than in Si,N,. The 
fraction of bars that failed in the join region is an 
indication of the join strength. Assuming that this region is 
located at the center of the bar and is 1 mm wide*, the 
fraction of MOR bars broken in this region was found to be 22% 
at 25'C and 26% at 137OoC for NCX-5100. For NCX-4500, on the 
other hand, 37% of the bars broke in the join region at 25OC 
and 30% at 153OOC. Since the percentage of failures at the 
join is higher in Task 3 (larger bond area) compared to Task 
1 (smaller bond area), where less that 20% of the bars failed 
in the join, it appears that the larger joins of Task 3 are 
weaker than the smaller ones of Task 1. This result is 
expected, since the probability of finding a flaw in the join 
increases with the join area. 

* Note: Since the interlayer thickness, from SEM micrographs, 
appears to be not larger than 7 0 0 ~  for NCX-4500, it is assumed 
that this is also the case for NCX-5100, where the interlayer 
is not visible. Therefore an arbitrarily chosen #Ijoin 
thickness'' of lmm appears reasonable. 
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The reason why the join in NCX-4500 is relatively weaker than 
in NCX-5100 in the Task 3 samples is not understood. A 
possibility is that the interlayer is thicker in Sic than in 
Si3N4 joined billets and therefore there is a higher 
probability of finding a defect in the larger interlayer 
volume. 

4 .  Microwobe Analysis of Join in NCX-5100 and NCX-4500 

In the previous semi-annual report it was mentioned that 
microprobe analysis on a joined polished NCX-5100 MOR bar, 
along the bar axis, had not shown significant variations in 
composition. A similar analysis was recently conducted on a 
control (no join) NCX-5100 polished bar and on joined and 
control NCX-4500 polished bars. The results are shown in 
Figures 7 and 8 ,  for NCX-5100 and NCX-4500, re5 ectively, The 
area analyzed at each point was about 1300 p? The join is 
located at the center of each figure. From this study it can 
be concluded that: 1) there is more variability in chemistry 
in Sic than in Si,N4; 2) the join could not be identified in 
Si,N4; 3) there is more fluctuation in chemistry in the joined 
samples and 4) lower A1,O was found in the Sic joined samples 
along a line about 380 p fong, which is probably the location 
of the interlayer, as shown by Figure ab. The interpretation 
of these results is difficult and more experimental results 
are needed to draw conclusions. 

5. Analvtical Modeling of Fast Fracture and Creep 

5.1 Fast Fracture Modelinq 

CARES2 postprocessor has been completely converted to the 
Silicon Graphics machines with capabilities of processing up 
to 10,000 elements. NCX-5100 data was used to model the MOR 
geometry. The database used for the predictions consists of 
room temperature, 750°C and 137OoC NCX-5100 joined MOR data. 
As described in the previous reports, the verification runs 
which calculate the reliability at the above temperatures are 
within 2% of the experimental data (Figures 9 and 10). Shear 
sensitive options include Normal Tensile Stress Criteria 
(NTS), and Principle of Independent Action ( P I A ) .  Shear 
insensitive options include Maximum Tensile Stress Criteria 
(MTS), Strain Energy Release Rate (SER), and Shetty's Mixed 
mode sensitivity (SH). Shear sensitivity models can be 
applied to either Griffith cracks (G) or Penny Shaped cracks 
(P). A complete description of these options has been 
referred in previous reports. The two Shetty's mixed mode 
equation models used have the mode I1 sensitivity constant 
C=0.8 and C=l. The reliability evaluation of MOR geometry has 
been calculated. Prediction were evaluated at llOO°C and then 
compared with experimental results (Figure 11). The major 
difference in the MOR prediction is the Weibull modulus, 
represented in the figure as the slope of the curve, which was 
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experimentally lower than predicted, This discrepancy is due 
to the strength data used in the database. Figure 12 shows 
the behavior of NCX-5100 MOR data tested during this contract. 
The calculated average strength and Weibul modulus are plotted 
as a function of temperature. The non-linear behavior in the 
Weibull modulus indicates that there is a need for additional 
MOR data in order to map the entire temperature distribution 
ofthe fast fracture strength. Evidence of this non-linearity 
is further emphasized by the results shown on Figure 13 by 
comparing the slopes of all MCX-5100 MOR experiments tested 
during the contract. The amount of variability seems more 
significant and therefore must be characterized in more 
detail. Nevertheless, this result will be studied further and 
additional predictions are being evaluated. Results will be 
available in the final report. Modeling of NCX-4500 is 
currently underway. The results will be shown in the final 
report. 

5.2 Creer, Plodelinq 

Creep verification and predictions have been calculated for 
two different models. Each model consists of different 
equations that govern the behavior of the theta constants as 
defined in previous reports. Creep curves from four test 
conditions are used as the database for the predictions. 
Verification runs consist of modeling the creep behavior under 
conditions as used in the database, These runs should be 
consistently in agreement with the experimental database 
before any prediction can be made. Results, as shown in 
Figure 14, are within 5% of the experimental data for the 
verification sample (34B) and within 14% of the experimental 
data for the prediction sample (22B). Additional results will 
be available in the final report. 

STATUS OF MILESTONES 

All milestones are on schedule. The final report is being written 
and scheduled to be delivered on or before the October 31, 1990 
dead1 ine . 
PUBLICATIONS 

None 
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Figure la: Fracture origin in a tensile rod of NCX-5100 

1 

Figure lb: Higher magnification of Figure la, 
showing metallic impurity. 
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R O D # 2 6  J O I N I N G  

Figure 2: SEM/EDS spectrum of region shown in Figure 1. 
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Figure 3: 

M I  
Pore in a joined tensile specimen of NCX-5100 

r- 

Figure 4: Metallic inclusion in a joined tensile specimen 
of NCX-4500 
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Figure 5: SEM/EDS spectrum of foreign inclusion shown in Figure 4 
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Figure 6a: Agglomerate as fracture origin in tensile rod 
of NCX-4500 

Figure 6b: Higher Magnification of Figure 6a 

I .  
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'igure 7a: Microprobe analys is  of joined MOR bar of NCX-5100 
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Figure 7b: Microprobe analys is  of control MOR bar of NCX-5100 
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Figure 8b: Microprobe a n a l y s i s  of control  MOR bar of NCX-4500 
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NCX-5 100 Joined Verification Results vs Experimental 
MOR (5mm x 40mrn) Fast Fracture at 1370°C 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

T h i s  portion o f  the project i s  identified as project element 2 within 
the work breakdo n structure (WBS). It contains three subelernents: 
(1) Modeling, (2) Contact Interface , and (3)  New Concepts. The sub- 
elements include macromsdeling and 
structures, properties of static an dynamic interfaces between ceramics 
and between ceramics and alloys, and advanced statistical and design ap- 
proaches for describing mechanical behavior and for employing ceramics in 
structural design. 

The major objectives o f  research in Materials Design Methodology ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior at high te peratures, and improved methods f o r  
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 minimizing interfacial 
friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 

icramodeling o f  ceramic micro- 
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2.1 MODELING 

2.1.1 Modeling 

Microstructural Modelina 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 interference on fracture of cracks with realistic geometry under arbitrary 
stress states. To predict likelihood of fracture in the presence of protrusion interfer- 
ence, a simulation will be developed. The simulation will be based on a three-dimen- 
sional model of cracks with realistic geometry under arbitrary stresses. 

A survey of existing three-dimensional boundary element methods (BEM) re- 
vealed that efficient numerical analysis of arbitrarily shaped, nonplanar cracks can best 
be achieved using a boundary element method (BEM) based on what is referred to as a 
traction boundary integral equation (BIE)’l 2p ’. We have acquired a copy of the com- 
puter code used in reference 3, which is based on a traction BIE and has been used to an- 
alyze three-dimensional elastic deformation of several cracks of differing nonplanar 
shape. The code was originally used to analyze five crack problems of varying complex- 
ity. We have obtained4 detailed numerical data produced by the code for these problems. 
For the first (and simplest) problem, we have tested the code on a mainframe computer 
at the University of Tennessee Computing Center (UTCC). The results produced on the 
UTCC computer are identical to those provided in reference 3. The cost for this test run 
was about $40. To complete our verification, we plan to run the most complicated of the 
five problems on the UTCC mainframe. But for reasons discussed below, it is appropriate 
to find a less expensive platform on which to run the code in the future. 

Eventually, each run of the 3-D BEM code we are testing is to become a single step 
in an iterative process (see below) for computing stresses around a crack experiencing 
crack-face interference. The 3-D code would be run approximately ten times to solve 
one such problem. Furthermore, once the iterative process is validated, it will have to 
be repeated approximately one hundred times to simulate the behavior of a population of 
real cracks. Even if we do not allow for the computer time required to validate the iter- 
ation and simulation processes, nor for the greater complexity of the crack-face inter- 
ference problem (relative to the simple problem that cost $40), we expect that simu- 
lation of a single population of real cracks on a UTCC mainframe computer would cost 
about $40,800. To reduce the simulation cost significantly, we must run on a less ex- 
pensive machine. 

We are in the process of validating the 3-D BEM code on a microcomputer. We 
have purchased a FORTRAN compiler for the microcomputer (for a few hundred dollars) 
and have altered the source code so that it compiles on the microcomputer. We expect to 
have a complete validation of the code for the simplest ($40) problem in the immediate 
future. Although the microcomputer takes five to six times as long as the mainframe took 
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to run the code, there is no charge for use of the microcomputer. Hence, in the long run, 
the project's computing costs will be considerably reduced by using the microcomputer. 

As mentioned above, we plan to use an iterative scheme to account for crack-face 
interference. For the first problem to be analyzed, the location of the interference 
(contact) will be prescribed. (In later problems, when the interference locations are 
not prescribed, algorithms to detect interference will be needed.) The iteration algo- 
rithm is as follows. 

1 .  Analyze deformation of the crack subjected only to remote stress. 

2. Quantify interpenetration of the crack faces at the interference site. 

3. Estimate interference loads required to prevent the interpenetration found 
in step 2. 

4 .  Analyze deformation of the crack subjected to both remote stress and the in- 
terference loads found in step 3. 

Steps 2. through 4. are repeated until crack-face interpenetration is zero and the inter- 
ference loads have stopped changing. This algorithm is being programmed. When 
completed, the program will be merged with the traction BIE code referred to above. 

R eferencs 

1 . T. A. Cruse, "Fracture Mechanics," pp. 333-365 in Boundary Element Methods in 
Mechanics, ed. D. E. Beskos, Elsevier Science Publishers, Amsterdam, 1987. 

2. T. A. Cruse, Boundary Element Analysis in Computational Fracture Mechanics, 
Kluwer Academic Publishers, The Netherlands, 1 988. 

3. T. A. Cruse and G. Novati, "Traction-BIE Solutions for non-planar and surface 
cracks," pp. ed. proceedings of presented at 22nd National Symposium on Fracture 
Mechanics, June 26-28, Atlanta, Georgia, 1990. 

4.  T. A. Cruse, personal communication, August, 1990. 

us of milestones 

Work is on schedule. 
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2.2 CONTACT INTERFACES 

2.2.2 Dvnamic Interfaces 

S t u d i e s  o f  Dynamic Contact  o f  Ceramics and A770vs f o r  
Advanced Heat Engines 

P.A. Gaydos and K . F .  Dufrane (Battelle) 

Object i ve/Scot>e 

The objective of the program i s  to develop an understanding o f  the 
friction and wear processes of ceramic interfaces based on experimental 
data. The supporting experiments are to be conducted at temperatures 
to 650 C under reciprocating sliding conditions reproducing the loads, 
speeds, and environment of the ringlcylinder interface of advanced 
engines. The test specimens are to be carefully characterized before 
and after testing to provide detailed input to the model. The results 
are intended to provide the basis for identifying solutions t o  the 
tribology problems limiting the development of these engines. 

Technical Hiqhl ishts 

Apparatus 

The apparatus developed for this program uses specimens of a flat- 
on-flat geometry, which facilitates specimen procurement, finishing, 
and testing. 
conditions o f  the piston/ring interface of advanced engines. The 
specimen configuration and loading i s  shown in Figure 1. The contact 
surface of the ring specimen is 
3 . 2  x 19 mm. A crown with a 32 mm radius i s  ground on the ring 
specimen to ensure uniform contact. 
pivoted a t  their centers to provide self-alignment. 
surrounding the specimens i s  used to control the atmosphere and 
contains heating elements to control the temperature. The exhaust from 
a 4500 watt diesel engine i s  heated to the specimen temperature and 
passed through the chamber to provide an atmosphere similar to that of 
actual diesel engine service. 
presented in Table 1. 

The apparatus reproduces the important operating 

The ring specimen holders are 
A chamber 

A summary of the testing conditions is 

Materi a1 s 

Ring and Cy1 i nder Materi a1 s 

The compositions of the various materials used i n  the study are 
A variety o f  monolithic and coating materials presented in Table 2. 

were selected to represent various chemical compositions and materials 
with previously demonstrated successful sliding performance. 
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/r'lRin$ specimens 

FIGURE 1. TEST SPECIMEN CONFIGURATION AND LOADING 

TABLE 1. SUMMARY OF TESTING CONDITIONS 
~- - 

Sliding Contact: 
"Cy1 i nder" Specimens : 
"Ring" Specimens: 
" R i n g "  crown radius: 
Mot i on : 
Reciprocating Speed: 
Average Specimen Speed: 
Load : 

R i n g  Loading: 
Atmosphere: 
Measurements: 

Dual f l  at-on-fl at 
12.7 x 32 x 127 mm 
3 . 2  x 19 x 19 

32 mm 
Reciprocating, 108 mm stroke 
500 to 1500 rpm 
1.8 x 5 . 4  m/s 
t o  950 N 
to 50 N/mm 
Diesel exhaust or other gases 
Dynamic friction (during test) 
Specimen wear (after test) 
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TABLE 2. MATERIALS FOR EVALUATION 
_ ~ _  - 

M o n o l i t h i c  Ceramics Coat ings 

YPSZ 
MPSZ 

ATTZ 

CrSiC 

SiC/A1,0, 
S i  a1 on 
K162B ( T I C  
S i  3N4 

N i  /Mo) 

T r i b a l o y  400 
METCO 130 (13 TiO,, 87 Al,O,) 
METCO 501 (30 Mo, 12 Cr, b a l  N i )  
P1 asmal l  oy 312M (MoSi,) 

Cr,O, (5  Cr, b a l  Cr,O,) 

Jet -Kote WC (12 Co, b a l  WC) 

C r  ( E l  ectropl ated)  

PS212 (Cr,C, t BaFJCaF, t Ag) 
VR73 (WC/TaC/TiC/Co) 

VA 20 (WC/TaC/TiC/Ni) 

CA 815 (Cr,C,/Ni) 
Mo 

Duplex (WC and Mo) 

I o n  Implanted (N i n  Cr,O,) 

Cr,03 + S,O,  

High Carbon Fe t Mo 
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Wear Experiments 

Testing began on coatings supplied by Caterpillar, Inc. A chromia- 
silica ring coating was tested against a cylinder liner coated with a 
high carbon iron-molybdenum. 
wear rates equal to or better than the best chromia and tungsten 
carbide coatings tested in the past. The iron-molybdenum coatings on 
the cylinder liner specimens, however, are not as hard as cylinder 
specimen materials used in the past such as plasma sprayed chromia and 
may greatly improve ring wear performance. Ring specimens that 
performed well against hard cylinder liners will be tested against the 
softer Caterpillar liner to see if ring wear decreases. 
from Caterpillar and the forthcoming wear specimens from Cummins 
represent optimization of materials that not only possess excellent 
high temperature wear characteristics, but are a1 so practical from a 
manufacturing standpoint. No other technical work was performed during 
this reporting period as time was spent preparing the final report for 
the second phase of this program and working out the details of the 
current (third) phase. 

The tests thus far have produced ring 

These coatings 

Pub1 ications 

A final report for work completed during the second phase o f  this 
contract was submitted to ORNL. 

A paper was submitted entitled "Current Progress in Studies of Dynamic 
Contact o f  Ceramics for Advanced Heat Engines" to be published in the 
Proceedings of the Castine Coatings Workshop. 
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2.3 NEW CONCEP?'S 

Advanced Statistical ConceBts - of Fracture in Brittle Materials 
C. A. Johnson and W. T. Tucker (General Electric Corporate Research and 
Development) 

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: 

e Optimum testing plans and data analysis techniques. 

e Consequences of time-dependent crack growth on the evolution of initial flaw dis- 

Confidence and tolerance bounds on predictions that use the Weibull distribution 

e 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 demon- 
strate the resulting data analysis techniques. 

Technical Highlights 

Work performed during this reporting period includes continuing effort in two 
areas: Bias correction using bootstrap simulation and probabilistic strength analysis 
in multiaxial stress states. The followiiig sections describe recent progress in each. 

- 1. Bias Correction using Bootstrap Simulation 

Bootstrap analyses of confidence and tolerance bounds for Class IV problems 
(where the fracture data include strengths from multiple specimen sizes and loading 
geometries, while the component of interest may be of yet a different size arid loading 
configuration) have been described in earlier semi-annual reports. Bootstrap ana- 
lyses utilize estimators such as maximum likelihood and linear regression to digest a 
set of fracture strengths and estimate quantities such as the Weibull parameters 
and/or the probability of failure of a component at any quantile of interest (at any 
probability of failure of interest). As with most estimators, these Weibull estimators 
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have the property of yielding offset or "biased" estimates. Strength estimates are par- 
ticularly 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 can generally be traced to bias in 
the estimate of m. Of course, a small error in m will lead to progressively larger 
errors in predicted strength as one extrapolates farther and farther from the effective 
size of the test specimen data. 

Although not always utilized, bootstrap simulations for estimation of confidence 
and tolerance bounds contain information about the magnitude of bias introduced by 
the estimator. This information is now being used within the bootstrap analysis com- 
puter program to yield estimates of distribution parameters, strengths and confidence 
and tolerance bounds that have been corrected for bias. The remainder of this sec- 
tion demorstrates the magnitude of correction involved, and accordingly, the magni- 
tude of error that would have been incurred without such bias correction. 

The fracture data used herein is the same set of 137 bend strengths of sintered 
beta Sic used in prior reports for various purposes. The specimens were fabricated in 
the three Mil Std 1942MR specimen sizes: 4 B, and C. Specimem of each size were 
tested in both 3-point and 4-point bending, thus resulting in a total of six different 
specimen sizes and geometries. Each of the six groups consisted of approximately 18 
specimens except for the 4-point B group which consisted of 48 specimens, Fractog- 
raphy indicated that fracture was initiated predominately from surface-related 
defects, therefore all size scaling is carried out using surface areas. 

Figures 1-4 are similar plots of log fracture stress versus log stressed area that 
result from the full bootstrap analysis of the data. The plots differ in the estimator 
used and/or the data set analyzed. linear regression was used in Figures 1 and 3, 
while maximum likelihood was used in 2 and 4. All 137 strengths were analyzed in 
Figures 1 and 2, while only the &point B strengths were analyzed in Figures 3 and 4. 
First, Figure 1 will be described in moderate detail; then Figures 2-4 will be compared 
and contrasted with. Figure 1. 

In Figure 1, the strengths of all 137 specimens are included as open symbols with 
the lower left key identifying the associated specimen size and testing geometry. The 
combined data from the six specimen types were analyzed using the linear regression 
estimator for Class IV problems described in earlier reports. Bootstrap simulation 
was then used to determine confidence bounds on Weibull parameters and tolerance 
bounds on strength estimates, Finally, bias information created during the bootstrap 
was used to correct bias in parameters and strength estimates. 

The dashed lines in Figure 1 represent strength estimates and tolerance bounds 
that were not corrected for bias. The solid lines, conversely, have been corrected for 
bias as described above. Predicted relationships for strength versus stressed area are 
included for two quantiles: The upper straight lines (solid and dashed) are for the 
median or 0.5 quantile where 50 percent are expected to fail; the lower straight lines 
are for the 0.05 yuantile where 5 percent are expected to fail, The 95 percent 
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tolerance bounds are included for the 0.05 quantile as the pair of hyperbolic shaped 
curves bounding each lower straight line. Again, the uncorrected bounds are drawn 
as dashed lines while the bias corrected bounds are drawn as solid lines. 

As shown in Figure 1, the bias using this estimator is significant, even with 137 
strengths. The difference in slopes at the 0.5 quantile shows that the linear regression 
estimator biases the Weibull modulus toward lower numbers (uncorrected m = 
14.38; bias corrected m = 15.06). The error in predicted strengths incurred by ignor- 
ing the bias increases with increasing extrapolation from the obsewed strengths and 
specimen sizes. Interestingly, the error in tolerance bounds incurred by ignoring the 
bias increases faster than that for strength. This can be observed on Figure 1. The 
tolerance bounds are influenced by the bias both in the original analysis of the data 
and in the subsequent bootstrap simulations, thus contributing to the greater sensi- 
tivity of the tolerance bounds to bias. 

Figure 2 is identical to Figure 1 except that maximum likelihood was used as the 
estimator. Again, both the biased (dashed lines) and unbiased (solid lines) are 
included. The bias is so small in this estimator that the solid and dashed lines are vir- 
tually superimposed. The separation is again largest in tolerance bounds but is still 
very small. The uncorrected 111 = 14.22; the bias corrected m = 14.21. It is impor- 
tant to note that the width of the 95% bounds on Figure 2 is smaller than those of 
Figure 1, therefore suggesting that maximum likelihood can extract more information 
from this data set than linear regression can. More will be said about this aspect of 
efficiency below. 

Figure 3 uses the linear regression estimator of Figure 1 but analyzes only one o€ 
the six data sets, the 48 %point B specimens. Because there is less information con- 
tained in this smaller data set, the width of the confidence bounds on the 0.05 quan- 
tile is larger than that of Figure 1. The bias contained in the estimate of 1x1 using this 
estimator is very small (uncorrected m = 15.31; bias corrected rn = 15.38). The 
tolerance bounds from linear regression, however, are asymmetrical. Therefore, the 
inversion of the tolerance bounds that occurs on bias correction inverts the mym- 
metry, and results in a substantial difference between the biased and unbiased toler- 
ance bounds. ‘Ihis difference occurs despite the absence of bias in the strength esti- 
mates themselves. 

Figure 4 analyzes the 48 4-point B specimens using maximum likelihood. There is 
a moderate bias in Weibull modulus (uncorrected rn = 14.28; bias corrected ni = 
13.96). The tolerance bounds in maximum likelihood, however, are very symmetrical 
and are therefore well behaved upon bias correction. Again, the widths of the toler- 
ance bounds using maximum likelihood are smaller that those from linear regression 
analysis of the same data. 

Two general conclusions can be reached based on comparisons such as Figures 1- 
4. First, the maximum likelihood estimator for Class IV data yields estimates of 
strengths and distribution parameters with snialler bias and (more importantly) 
srnaller confidence and tolerance bounds than equivalent estimates using the linear 
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regression estimator for Class IV data. Second, the magnitude of the bias created by 
an estimator cannot be predicted for an arbitrary combination of specimen sizes, 
geometries and numbers. Therefore, it is recommended that estimates of distribution 
parameters, predicted strengths and confidence and tolerance bounds all be corrected 
for bias. 

Recent work that is not completed has expanded on bias correction and efficiency. 
Because of the importance of the tentative conclusions, a summary of that work is 
included here. Six variations of linear regression estimator were compared with each 
other and with the maximum likelihood estimator. The comparisons were made with 
both a complex Class IV problem that involved specimens of multiple sizes and 
geometries (such as Figures 1 and 2) and with a simpler Class I problem that involved 
only one specimen size and geometry (such as Figures 3 and 4). Most conclusions are 
based on bias corrected estimates of the Weibull parameters and the confidence 
intervals for those parameters. Similar statements could be made about strength esti- 
mates and bounds on those strengths. 

The six linear regression estimators were very similar but differed from each other 
in two respects--ranking scheme and direction of regression. Three different ranking 
schemes were used: 

P = ( i - S ) / N  

P = (i- .3)/(N +.4) 
P = i / ( N + l )  

where P is the cumulative probability of failure assigned to the i-th specimen of a 
group of N specimens that are ordered in strength from weakest to strongest. All 
three have been proposed and used in the statistical and materials literature. The 
first is typically used in the linear regression estimators within our contract effort 
(including the WeibEst program). 

The second variation in linear regression estimator is the direction of regression. 
On Weibull probability paper, the regression is normally carried out by regressing the 
probability on the strengths; that is minimizing the sum of squared errors of predicted 
versus observed probabilities of failure. This direction of regression is typically used 
in the literature and in most output of our contract effort (both are available in the 
WeibEst program). The regression for both Class I and IV problems, however, can 
be inverted such that the strength is regressed on the probability of failure. (In the 
case of transformed variables of the type described in earlier reports, this translates 
to regressing strength on effective volume or area on figures such as Figures 1-4.) 

Combinations of three variations of ranking schemes and two variations of regres- 
sion result in six different linear regression estimators. The following are some quali- 
tative results of our preliminary comparison of estimates from these s i x  regression 
estimators and the one maximum likelihood estimator. 
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o After bias correction, there is virtually no difference in estimated parameters from 
different ranking schemes. The m values of the different ranking schemes agreed 
within 0.3 percent. The sigma zero values agreed within 0.1 percent. There is no 
apparent equivalence of estimates from different ranking schemes prior to bias 
correction. Therefore bias errors are the primary source of differences that, in 
the past, have been attributed to different ranking schemes. 

o After bias correction, there is very little difference in confidence bounds on 
estimated parameters from different ranking schemes. "be width of the bounds 
differ by approximately 1.0 percent. A corollary of this statement is that the 
different ranking schemes yield equivalent efficiencies. (For a given data set, the 
narrower the confidence bounds, the more efficient the estimator is in using the 
available information.) 

o There is much less difference in estimates from the two directions of regression 
after bias correction than is typical before bias correction. This conclusion is 
probably more sensitive to the particular data sets considered in this study than 
for previous conclusions. 

0 The efficiency of "backwards" regression (regressing strength on size, Le. probabil- 
ity) appears to be 10- 15 percent more efficient than conventional regression 

0 Possibly the most important conclusion is: regression methods in general seem to 
be 4850 percent less efficient than maximum likelihood. Therefore inuch more 
fracture data is necessary when using linear regression in order to yield an 
equivalent confidence bound on Weibull parameters and strength estimates. 

2. Probabilistic Strength Analysis in Multiaxial Stress States 

Also during this reporting period, work has continued on assessing the effects of 
the equivalence of the Batdorf-Heinisch (B-W) and Lamon-Evans (LE) approaches 
to multiaxial stress states, as shown in the previous semiannual contract report. It bas 
been further shown that by employing the equivalence of the Batdorf and Heinisch 
(Ref. 1) and Lamon and Evans (Ref. 2) approaches to multiaxial stress states a size 
factor, or k factor, can be determined for general loadings and geometry of specimen, 
and multiaxial failure criteria. Previous investigators have also made some progress 
in this area. Recently, Chao and Shetty (Ref. 3) have shown by numerical methods 
the equivalence of the B-H and LE approaches for two specific failure criteria. But, 
the equivalence is much more general than that determined by Chao and Shetty. 

Both the B-H and L E  methods are analytically involved and numerically complex 
in their present Implementations. In both cases, the distribution of flaw sizes is either 
assumed or inferred from experimental fracture data. The stress state of the com- 
ponent is generally determined by finite element techniques. After the finite element 
analysis is completed, the elements are redefined ;IIS constant-stress elements (volume 
or area) at the local stress state. The probability of failure (and survival) of each 
constant-stress element is estimated using a model of multiaxial fracture combined 
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with the B-H or L E  approaches. The probability of the component surviving is then 
estimated from the product of the survival probabilities of each of the elemental ele- 
ments. 

However, use of the general k factor offers another way to determine the com- 
ponent survival probability. When finite element stress analysis is used for com- 
ponents with complex geometries, non-uniformly stressed elements result in more 
accurate results than a comparable number of constant stress elements. The same 
should be true in relationship to multiaxial effects. But the equivalence of B-H to 1, 
E shows that effects due to geometry, loading, and multiaxial stress can all be 
accounted for by a generalized k factor. This k factor can be applied on an elemental 
basis or to the component structure as a whole. 

This follows since it can be shown that another way to determine the probability 
of failure is from 

where 

In (1) and (2) Vis the component size, m is the Weibull modulus (shape factor), 00 is 
the inherent strength (scale factor), a, is the failure criterion, OM is the maximum ten- 
sile strength in the Component. Also oe is a function of the local principal stresses 
(and hence location) and the orientation of the principal plane of a potential failure 
producing flaw, and this accounts for the limits of integration in (2). The importance 
of (1) lies in the fact that all methods developed to date for combining data and 
obtaining confidence bounds (via bootstrapping and likelihood methods) have a direct 
application in (1). This follows since for a given loading, geometry, and failure cri- 
terion, the k factor given by (2) is only a function of rn. Thus, at worst, for a particu- 
lar problem (2) need be determined only once. Evaluation of (2) may be laborious 
and the best way to proceed is open at this point, but the implications of its use are 
clear. All in all, the equivalence of the B-H and L E  approaches has very important 
consequences. 

The most straightforward way to derive (1) is to start with 

which is just equation (3) of the B-H approach shown in Ref. 1. Then as shown in the 
previous semiannual report, the hazard function in (3) with a Weibull "strength" dis- 
tribution is given by 
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where K i s  a constant, x = u , / o ~ ,  and 

1, U,,,, for a given (tj,?,b) at a particular location in Y 

I(%%) = (5)  
0, otherwise 

with C denoting the local stress state (cf. Ref. I). Moreover, I ( C p C )  = 0, always, if 
0, > UM, since 

aM = max {ue}. v, 4,$ 
Thus the upper limit of integration on the h e r  integral on the right hand side of (4) 
i s  1. Furthermore, by interchanging the limits of integration we obtain 

Now fixing V,$,+ fixes the value of a, and picking x, ( O s x  Ll), determines o,, via 
a, = u,x. But since 1 is one, if and only if, u, 2 a, it must be that a,/a~ 2x when 
and only when I is one. This determines the upper limit of integration on the inner 
integral on the right hand side of (6) so that, finally, the hazard becomes 

where 0, is a function of V,+,ll,. In (7) set K = or, define k(m) by (2), and then (1) 
follows from (7). 

' he  equivalence of the B-H and L E  approaches has been employed to study the 
error incurred in employing the PIA (Principle of Independent Action) assumption to 
the principle stresses. Batdorf (Ref. 4) has shown that the independence assumption 
can be either conservative or nonconservative when compared to more refined 
approaches. The PIA method involves the relationship 

ps = ps ( 0 1  Ips (02)ps (O3 9 (8) 
where Ps gives the total probability of survival, Ps( . )  gives the probability of success 
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when the effects of only one of the principle stresses are considered, and 01, 0 2 ,  03, 
are the principal stresses. 

The failure criterion 

where 0 is the stress component normal to the crack surface and T is the shear corn- 
ponent, and Q is a "material" constant was employed in (2) to study the conservative- 
ness of the PIA method. In doing this, we have duplicated the results of Batdorf 
(Ref. 4) shown in his Figure 3 (and given herein in Figure 5 )  and generalized them to 
cover failure situations of increasing shear sensitiveness (Q > 0) of the failure cri- 
terion. Since we only considered elemental volumes, the k factor given by (2) reduces 
to just that of Lamon and Evans (Ref. 2): 

where .F is such that 

A typical set of results are shown in Figures 5-8 which treat, respectively, the 
cases of Q = 0,1,2,3. The results are given on an elemental volume bais  shown on 
the abscissas in terms of the ratio of 02 to 01; in all cases 0 3  = 0. The ordinates give 
the ratio of the probability of success determined by use of (1) arid (2,lO) with (9) 
with a stress state given by (al,a~,O) to the probability of success determine 
of (8) and then (l), (2,101, and (9) for a stress state given by (q0,O) for P,(al) and a 
stress state given by (oz,O,O) for P,(q), In producing these Figures, (10) was 
evaluated numerically. Thus situations of general triaxial loading (and biaxial loading 
involving compression) can be investigated (we have not yet done so), further gem 
eralizing the work of Ratdorf (Ref. 4). 

In the Q = 0 situation as indicated by Batdorf (Ref. 4) for values of rn of practical 
interest, the PIA method consistently underestiniates the contribution of the second 
stress, and the error is largest, in absolute terms, for the equibiaxial case, s = 1. This 
is clearly shown in Figure 5. However, for Q > 0, this conclusion no longer holds. 
Perusal of Figures 6-8 indicates that as the shear sensitivity of the failure criterion 
increases, the maximum (absolute) error decreases. FOP Q sufficiently large, PIA is 
actually conservative. Rut this requires a vdue of Q of around 3 or larger, This is 
probably not realistic since a value of Q of 1 corresponds, in uniaxial compression, to 
a failure load of eight times that for uniaxial tension while the corresponding factor is 
three for a Q of 2, and is 16/9 for a Q of three. Thus with the failure criterion given 
by (3) ,  values for Q are probably less than three and more than likely between 1 and 
2. Also as indicated by Batdorf, the rcsults given in Figures 5-8 can be employed to 
obtain bounds for small values of PF However, the uppet- bound is lower than that 
obtained by Batdorf when Q is greater than 0. And the the PIA method no longer 
gives a lower bound, In general terms, the PIA method is prone to less 
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unconsewative error as the shear sensitivity increases. 

Status of Milestones 

All milestones are on schedule. 

Publications 
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3.0 DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

This portion of the project is identified as project element 3 within 
the work breakdown structure (WBS). It contains five subelements, in- 
cluding (1) Structural Qualification, (2) Time-Dependent Behavior, 
( 3 )  Environmental Effects, ( 4 )  Fracture Mechanics, and (5) Nondestructive 

ti on (NDE) Devel opment . ork i n  the Structur 1 Qualification sub- 
t includes proof testing, correlations with N E results and 
tructure, and application to components. Mor in the Time-Dependent 

Behavior subelement includes studies of fatigue and creep in structural 
ceramics at high temperatures. Research in the Environmental Effects sub- 
element includes study o f  t he  long-ter effects of oxidation, corrosion, 
and erosion on the mechanical properties and microstructures o f  structural 
cerairiics I 
of techniques for measuring the tensile strength and creep resistance o f  
ceramic materials at high temperatures, and testing ceramic materials at 
high temperatures under uniaxial tension. Work in the NBE development 
subelement is directed at identifying approaches for quantitative 
determination o f  conditions in ceramics that affect their structural 
performance. 

Major objectives of research in the Data Base and Life Prediction 
project element are understanding and application o f  predictive models for 
structural ceramic mechanical re1 iabil i t y ,  measurement techniques for long- 
term mechanical property behavior in structural ceramics, and physical 
understanding of time-dependent mechanical failure. Success i n  meeting 
these objectives will provide U , S .  companies with the tools needed for 
accurately predicting the mechanical reliability of ceramic heat engine 
components, including the effec s of applied stress, time, temperature, and 
atmosphere on the critical cera i c properties . 

Vork in the fracture mechanics subelement incl ides development 





3.1 STRUCTURAL QUALIFICATION 

Mfcrostructural Analysis of Structural Ceramics 
B. J. Hockey and S. M. Wiederhorn (National Institute of Standards arid 
Techno logy) 

Obiective/Scow 

The objective of thio part of the program is to identify 
mechanisms of failure in structural ceramics subjected to 
loads at elevated test temperatures. O f  particular intere 
damage that acc 
high temperature exposure to stresses normally present in heat 

lates in structural ceramics as a consequence of 

engines * 
Design criteria for the use of ceramics at law temperature differ 

from those at high te eratUn"t?, At low temperature ceramics 
elastic and brittle; ilure is controlled by a distribution of flaws 
arising from processing or machining operations, and the Largest flaw 
determines the strength OK lifetime of ;I c~mponent. By contrast, at 
high temperature where ceramics are vlscoehastic, 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 of 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 lsss in cross  section. 

en this happens, the individual flaw loses its importance as a 
determinant of  component lifetime. Lifetime now depends on the total. 
amount of damage that has occurred as a consequence of the creep 
process. The t o t a l  damage is now the important factor controlling 
lifetime * 

ceramics tnte~ded f o r  use for heat engines iiidicates that for long 
t e ~ m  usage, damage accumulation will be the primary cause of specimen 
failure, Mechanical defects, if present in these materials, are 
healed or removed by high temperature exposure so that they have 
little influence on long term lifetim at elevated temperature. In 
this situation, lifetime rean he determined by characterizing the 
damage and the rate of damage accumulation i n  the materfal at elevated 
tWQperatUKeS. I n  ceramic materials such as silicon nitrLde and 
SiALON, such characterization required high resolution analyses 
because of the fine grain size of these materials: 
transmission electron microscopy as an adjunct to the mechanical 
testing of ceramics for high temperature applicatfons is apparent. 

In this  p r o j e c t ,  the creep and creep-rupture behavfor of several 
ceramic materials will be correlated with microstructural damage that 
OCCUKS as a function of creep strain and rupture time, Materials to 
be studied include: SiAlON; hot-pressed silicon nitride; sintered 
silicon carbide. "his project will be coordinated with WBS 3.4.1.3, 
Tensile Creep Testing, with the ultimate goal of developing a test 
methodology for assuring the reliability of structural ceramics for 
high temperature applications. 

Recent studies of high temperature failure sf the non-oxide 

hence the need for 



290 

Technic a1 Hi phl i Eh t s 

During the past six months, microstructural characterization 
studies were initiated on Norton NT-154, Hip'ed silicon nitride to 
provide a basis for explaining the tensile creep behavior of this 
material, as detemined under Task 2 .  To date, the results of this 
study indicate that the relatively high resistance to creep 
deformation and the long-term transient behavior exhibited by this 
material relates to both the interlocked, composite-like D-Si,N, grain 
structure and to changes in the amount and composition of retained 
intergranular glass. 
properties, simple interfacial grain boundary sltding is inhabited and 
grain-to-grain contact occurs so that continued deformation requires 
diffusional transport or limited dislocation activity within the Si,N, 
grains. As a further consequence, cavity growth along the interphase 
interfaces to form full-facet, crack-like cavities is also inhibited. 
Instead, distributions of isolated, ellipsoidal cavities, having 
dimensions exceeding the interfacial separations, are preferentially 
produced on tensile oriented boundaries. As these cavities show 
little evidence for interactive growth, it appears that rupture is 
determined by the density of cavities produced. 

As a consequence of these microstructural 

ExDerimental Technique 

The bulk of the results obtained in this project were obtained by 
analytical transmission electron microscopy. 
on the NT-154 matertal in both the as-received and post-crept 
conditions. 
of creep conditions and included samples that failed after times 
ranging from 4 to 256 hrs., depending on applied stress and 
temperature. Specimens from interrupted tests that survived for over 
1000 hrs were also examined. 
specimens were cut parallel to the stress axis to obtain both the 
near-surface and mid-plane sections. Prior to final TEM specimen 
preparation, these sections were examined optically fo r  evidence of 
distributed creep cavitation or crack damage. 

Observations were made 

Test samples selected for examination covered the range 

In all cases, the gage sections of crept 

Results and Discussion 

Examination of NT-154 silicon nitride revealed a matrix grain 
structure that varied in size and morphology, Figure 1. Typically, 8 -  
Si ,N ,  grains were equi-axed with dimensions in the submicron range and 
in the 2-3 microns range or were whisker-like with lengths of 1-6 
microns and an aspect ratio of = 3 .  
microstructure results from limited grain growth during processing. 
In this regard, continued B-Si,N, grain growth during prolonged 
tensile testing at 1350-1400°C w a s  not apparent. In the as-received 
state, the intergranular regions exhibit partial devitrification, in 
that multi-grain junctions contain clusters of small (< 1OOnm) 
crystallites, identified as either N-Apatite (a hexagonal yttrium- 
silicon oxynitride) or a-Y2Si,0, (a triclinic yttrium silicate), 
Figure 2a. During creep testing, the devitrification process 

Presumably, this composite-like 



continues and results in the growth o f  the secondary crystalline 
phases, Figure 2b. Regardless of time at temperature, however, a 
residual yttrium-silicate glassy interface exists, separating the 
various crystalline phases. Importantly, because of the irregular 
morphology of the silicon nitride grains, the retained glass 
interfaces are often no t  only narrow ( z  lnm), but are highly irregular 
(i.e. non-linear). Koreover, because continued devitrification during 
creep leads to the formation of crystalline phases relatively rich in 
yttrium, the composition of the retained glass should become more 
silica-rich and, hence, nore ViSCOUS. 

As a consequence of both the composition and the irregular nature 
of the narrow glassy interfaces, creep deformation by simple grain 
boundary sliding appears inhibited. This is evidenced By the presence 
of localized stress " s w I ~ ~ s " ,  indicative o f  grain-to-grain contact, aZ; 
distributed paints along grain boundaries in samples from interrupted 
tests, Figure 3 .  In addition, comparison o f  crept and uncrept samples 
appears to reveal a relative increase in dislocation content within 
the sillcon nitride grains after creep, suggesting the psss fb le  
occurrence of plastic defamation by thermally aettvated dislocation 
slip/cl.imb, Further study w i l l  be required to fully substantiate this 
result. 

O n e  result clearly brought and by TFQ4 examinatzon is that the 
cavitation process that occurs in NT-154 is significantly different 
from that in mast other liquid phase sintered materials. A s  
illustrated i n  Figure 4 ,  cavitation during te~asLle creep at 
temperatures of 1350-1400°C results in the formation of i so la ted ,  
ellipsoidal- shaped cavities which are preferentially (but not  
exclusively) distributed on tensile oriented interfaces. Regardless 
of test conditions, these cavities tend to have major axis diiiiensions 

50 to 100 m, Since the interphase interface widths are typically 1 
to 10 m at most, cavity growth clearly involves diffusive growth i n t o  
the silicon nitride grains, This type sf behavior can be contrasted 
with other grades of: silicon nitride in which cavities are contained 
within the residual glass interface and grow rapidly along the 
interface to f o r m  creep crack nucPei. As snch, creep rupture in 
NT-154 appears to be determined by the density of cavities, with 
failure occurring by rapid crack growth once a critical density of  
cavities are developed locally. 
fact that observable creep crack segments are not found distributed 
within the test samples regardless of time or strain to failure. 

process and the effect of strain on cavity density. 
possible role of plastic deformacion by dislocations will explored, 
with regard to both creep deformation and cavity nucleation. 

of up to 100-200 along the interface and minor axis dimensions of 

This conclusion Is supported b- the 

Future studies will be aimed at determining the cavity nucleation 
In addition, the 

Status of Milestones 

All milestones are on schedule. 
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Figure 2.  Comp 
e (a) and after (b) tens 
d state, a, multi-grai 

crystallite 
crystal gro 
narrow crys both a and' b, 

stalline phase is 



Figure 3. Localized strain contrast contours ("stress swirls") at 
grain boundary in NT-154 creep sample cooled under load. 
Presence of such "stress swirls" indicates grain-to-grain 
contact . 
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-- 
Figure 4.  Distribution of ellipsoidal cavities typically produced at 

grain boundaries in N T - 1 5 4  during tensile creep at 1350- 
1 4 0 0 ' C .  Cavities apparently nucleate within narrow 
glassy interfaces and then grow into adjacent S i , N ,  grains. 
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Microstructura7 Characterization 
Karren L .  More (Oak Ridge National Laboratory) 

0b.iecti ve/scoDe 

The objective of the research is to use analytical and high resolution 
electron microscopy to characterize the microstructure of a Sic whisker 
reinforced Si,N, ceramic composite before and after creep deformation. 
This work represents a collaboration with North Carolina State University 
and GTE Laboratories. 

Technical hiqhl iqhts 

The material under investigation is a hot-pressed Sic whisker- 
reinforced Si,N, containing 30 vol% Sic whiskers and 1.5 wt.% Al,O, and 
6.0 wt.% Y,O, intentionally added as sintering aids. 
stress creep experiments were conducted in both a continuously purified 
0.11 MPa flowing nitrogen atmosphere and in air in the temperature and 
stress ranges of 1470-1720 K and 50-350 MPa, respectively. Transmission 
el ectron microscopy (TEM) , scanning electron microscopy (SEM) , and x-ray 
diffraction (XRD) techniques have been used to characterize the micro- 
structure o f  the composite prior t o  and after creep deformation. Results 
of the creep experiments and subsequent TEM and SEM characterization were 
reported in the previous report. 
focussed on finishing the characterization of the composite crept in 
nitrogen and starting the characterization of the compressive creep be- 
havior of the composite in air as well as the creep deformation of the same 
material in four-point bending in air. 

It has been reported that creep of this composite material occurred by 
two primary mechanisms. In the low stress regime, creep occurred via the 
viscous flow o f  the glassy grain boundary phase (glass was present at 
virtually all SiC/Si,N, and Si,NJSi,N, grain boundaries) whereas in the high 
stress regime, creep occurred primarily by grain boundary diffusion and/or 
a solution/precipitation process accompanied by grain boundary sliding. In 
the high stress regime, little glass was present at the grain boundaries. 
Evidence for grain boundary sliding was observed at many Si,N,/Si,N, inter- 
faces fol1owi:g a full creep experiment, as shown in Fig. 1. According to 
Lange et al., 
result of ledge asperities at the grain edges, as shown in Fig. 2.  As the 
grains slide past each other in the presence of a glassy phase and as the 
thickness of the glass continually decreases, strain whorls will arise when 
opposing ledges meet and lock. This phenomenon actually inhibits grain 
boundary sliding. 
posite or in samples taken following creep in the low stress regime, thus 
it i s  assumed that grain boundary sliding occurred only at higher stresses. 

X-ray diffraction results have shown that the amorphous phase in the 
as hot-pressed composite crystallized upon annealing. 
short anneals at 1620 K, the phase crystallized as two structures; 
Y Si,N,O and Y,,Si,,N,O,,. 
ptases further transformed to y-Y,Si,O,, which is one of the high teTpera- 
ture polytypes in the Y,Si,O, system. 
displays polymorphic transitions as follows: 

Constant compressive 

Work in the second half of 1990 has 

"strain whorls" observed at grain boundaries occur as a 

Strain whorls were not observed in the as-received com- 

During relatively 

After longer anneals and during creep these 

According to Ito and Johnson, Y,Si,O, 
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ORNL- PHOTO-6938- 90 

Fig. 1. Centers o f  localized strain (strain whorls) were 
observed a t  many Si&/Si3N, interfaces following creep. 

ORNL DW6 90-15694 

Shear Component 

Fig. 2. Schematic showing origin o f  "strain Whorls" 
which occur as a result o f  grain boundary sliding. 
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1500 K 1720 K 1810 K 

There has a l s o  been r e p o r t s  o f  much l o w e r  temperature p o l y t y p e s  ( y  and z 
phases).  Thus, s t a b l e  y-Y S i  0, should n o t  fo rm a t  1620 K. There are  
a c t u a l l y  two s e t s  o f  x - r a y  % i t f r a c t i o n  d a t a  g i v e n  fqr y-Y,Si,O, i n  t h e  card3 
f i l e s .  
and B a t a l  ieva ,  e t  a l . ,  f o r  m o n o c l i n i c  y-Y S i  0 do n o t  match t h e  d-spacings 
determined f o r  t h e  g r a i n  boundary phase ( 3 C - f D f  #20-1416) i n  t h e  composite. 
However, t h e  d-spacings found do match t h e  d a t a  g i v e n  i n  JC-PD! #32-1448 
f o r  y-Y,Si,O,. T h i s  phase was found by Nekrasov and Kashi tseva and termed 
"metastable y "  b u t  o n l y  t h e  XRD d a t a  was presented.  There was no in fo rma-  
t i o n  about t h e  c r y s t a l  s t r u c t u r e  g iven.  Work i s  c u r r e n t l y  underway t o  de- 
t e r m i n e  t h e  c r y s t a l  s t r u c t u r e  and l a t t i c e  parameters o f  t h i s  phase u s i n g  
convergent beam e l e c t r o n  d i f f r a c t i o n  and h i g h  r e s o l u t i o n  TEM t o g e t h e r  w i t h  
XRD. 

a i r .  P r e l i m i n a r y  r e s u l t s  have shown t h a t  t h e  genera l  b i l i n e a r  behavior  
observed f o r  t h e  composite c r e p t  i n  a n i t r o g e n  atmosphere was a l s o  observed 
f o r  t h e  composi te c r e p t  i n  a i r .  F i g u r e  3 shows a comparison o f  t y p i c a l  

The x - r a y  da ta4prov ided by I t o  and Johnson, L i d d e l l  and Thompson, 

Constant compressive s t r e s s  creep exper iments were a1 so conducted i n  
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Fig. 3. Constant compressive 
stress creep curves comparing be- 
havior o f  composite in air and nitro- 
gen atmospheres. 
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creep curves f o r  samples c rep t  i n  both a i r  and n i t r o g e n  w i t h  the  co r re -  
sponding s t ress  exponents. Higher creep r a t e s  were observed f o r  the  sample 
c r e p t  i n  a i r  and the  s t ress  exponent was s i g n i f i c a n t l y  h igher  i n  the  h igh  
s t ress  regime f o r  t he  sample c r e p t  i n  a i r ,  i . e .  2.28+0.28 i n  a i r  and 
1.39+0.06 i n  n i t rogen,  perhaps i n d i c a t i n g  a change i n  mechanism a t  the  
h igher  s t resses.  This  i s  c u r r e n t l y  under i n v e s t i g a t i o n .  Transmission 
e l e c t r o n  microscopy samples have been prepared t o  i n v e s t i g a t e  i n t e r f a c e  
phenomenon i n  these specimens. 

Bulk  XRD have been performed on samples c rep t  i n  a i r  t o  determine the 
c r y s t a l l i n e  phases present i n  the  composite. 
a d d i t i o n  t o  Si,N, and S i c  f o l l o w i n g  creep a t  1620 K i n  a i r .  The b-po ly type 
i s  t he  h igh  temperature po ly type ( s t a b l e  a t  T>1800 K)  and i t  i s  unc lear  why 
i t  appears t o  be s t a b l e  under the  creep cond i t i ons  employed. According t o  
t he  l i t e r a t u r e ,  t he  y -po ly type found i n  the  samples c r e p t  and annealed i n  
n i t rogen  i s  a l so  on ly  s tab le  a t  temperatures g rea te r  than the  creep tern- 
pera ture  o f  1620 K. 

the  compressive creep o f  the  composite i n  a i r  and creep i n  f o u r - p o i n t  
bending o f  t he  composite i n  a i r .  
have been prepared from the  compressive and t e n s i l e  faces o f  several  spec i -  
mens c r e p t  i n  a i r  i n  f o u r - p o i n t  bending. 

Only b-Y2Sj20, was found i n  

The major emphasis o f  f u t u r e  work w i l l  be the  f u l l  c h a r a c t e r i z a t i o n  o f  

Transmission e l e c t r o n  microscopy samples 
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Status o f  mi lestones 

Program on schedule 
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P r o j e c t  Database 
B. L. Keyes (Oak Ridge National Laboratory) 

Object i ve/scope 

The objective of this task is to develop a comprehensive computer 
database containing the experimental data on properties of ceramic 
materials generated in the total effort. This computer system should 
provide a convenient and efficient mechanism for the compilation and 
distribution of the large amounts of data involved. The database will be 
available in electronic form to all project participants. In addition, 
periodic hard copy summaries of the data, including graphical represen- 
tation and tabulation of raw data, will be issued to provide convenient 
information sources for project participants. 

Techn i cal hi qhl i qht s 

The database now contains 6093 test results on over 360 different 
batches of ceramic materials. 
based ceramics, 7% are on silicon carbides, 22% are on silicon nitrides, 6% 
are on whisker-reinforced silicon nitrides, 15% 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 o f  
the data stored in the system. A list of materials within a material class 
is available on request. 

usefulness of the system. Brazed specimen data files now include shear 
strength, MOR 4-point bend, torsion, fracture toughness and torsion fatigue 
tests. A special joint description file was added to better explain the 
details of the brazed joints tested, since the characteristics of these 
joints are more complex than for non-jointed specimens. 
the files now in the database. 

semiannual period, but was pulled from review when it was discovered the 
computerized user interface would be completed before the final hardcopy 
user's guide was published. 
the available time required to finish the computerized interface, so the 
user's guide will be put back into review soon. 

Progress on publication of the past two semiannual database summary 
reports was delayed because of a major error discovered in a data table in 
the reviewed report and dissatisfaction with the wording in the last semi- 
annual draft. These problems are being corrected now. 

We recently began to gather information on the various types of speci- 
mens used in mechanical properties tests to help characterize our test 
results more completely. Many tests use the MIL-STD1942(MR) type " 5 "  3mm x 
4mm x 50mm bar, but numerous variations on this sizing exist. All  contrib- 
utors are requested to provide specimen geometry information with the test 
data because the morphology of the specimen can influence the test results. 

The ASTM E-49 Committee on Computerized Materials Databases has proven 
to be a very valuable source of ideas for the database. Most of the work 
done so far has been on metals databases, but many of the same principles 
apply to ceramics. Factors such as quality indicators, test parameters and 

Approximately 48% of these are on zirconia- 

Several new files were added to the database t o  further enhance the 

Table 2 lists all 

A hard copy of the user's guide was completed during the previous 

However, funding cuts for FY 91 have decreased 



TABLE 1. CTAHE DATABASE SUMMARY AS OF SEPTEMBER 30.1990 

Creep Cyclic Density Dynamic Elasticity Mat e ri a I ------------ B r a d  Specimens -----_-_-_____ 
Class MOR 4 Shear Str. Toughness Torsion Tor. Fatique Fatigue Fatique 

Alumina 15 9 26 
Alumina + reinforcing fibers 7 
Alumina + Zirconia 
Mullite 2 
Mullite + reinforcing fibers 11 
Silicon Carbide 12 10 13 15 
S i l i n  Nitride 69 48 15 7 37 19 26 16 24 
S i l i n  Nitride + reinforcing fibers 15 2 16 
Zirconia 160 58 2 51 158 119 
Zimnia + reinforcing fibers 
Other 

Totals 229 118 2 15 7 37 100 205 38 215 

- 

W 
0 w 

Material Fracture Hardness Intempted MOR MOR Oxidation Poisson's Shear Tensile Thermal 
Class Touqhness Fatgue 3RBend 4PtBend Rate Ratio Modulus Conductivity 

Alumina 39 
Alumina + reinforcing fibers 39 
Alumina + Zirconia 
Mullite 
hlullie + reinforcing fibers 16 
S i l i n  Carbide 24 
S i l i n  Nitride 94 
Silicon Nitride + reinforcing fibers 53 
Zirconia 347 
Zirconia + reinforcing fibers 

4 41 1 28 3 
144 11 34 
7 

1 4 
9 22 

27 23!5 
112 10 647 1 2 1 73 9 

144 3 17 16 66 9 
24 239 1554 50 

2 36 

Totals 61 5 1 92 239 20 3229 4 19 17 284 55 

(CONTINUED) 



TABLE 1. CTAHE DATABASE SUMMARY AS OF SEPTEMBER 30,1990 

Material Thermal Thermal Thermal Thermal Torsion X-Ray Wear Material Chemistry 
Class Contraction DKfusivity Expansion Shock Diffraction Resist. Char. 

Alumina 
Alumina + reinforcing fibers 
Alumina + Zirconia 23 
Mullite 
Mullite + reinforcing fibers 
Silicon Carbide 
Silicon Nitride 
Silicon Nitride + reinforcing fibers 
Zirconia 
Zirconia + reinforcing fibers 

1 2 13 14 
18 4 6 94 

21 8 
2 
24 

23 17 9 57 
10 44 3 49 2 50 6 
17 14 52 

72 37 44 
5 

Other 4 18 2 

Totals 23 45 107 8 7 138 2 31 2 1 23 

Grand Total (test data only) 5970 
w 
0 
P 



305 

TABLE 2. CTAHE DATABASE FILE LISTING FOR SEPTEMBER 28,1990 

Material  Characterlstlcs/Background lnformatlon F i l e s  

MATLCHAA 

CEASaRc Bibliography for database 

C H W  

JOINTEXT Brazed joint descriptions 
PHASES Phase content quantities of batches of materials 

KMXFB 
TMTUF 
WHISKERS Details on reinforcement whiskers 

Test Data F i l e s  

General information on a single batch of a material, including intrinsic 
values where available 

Chemical analyses for individual batches of materials 

Information on powders used to make ceramics 

General text information on batches of materials, including processing details 

c m m  

CREEP 
CYCFAT 
DATATXT 
DENSTY 
DYNFAT 
FRACTUR 
H A R M S  
INTFATIG 
k.pI 

m m  
hRoR4m 
STRSRUPT 
TENSILE 
TESTBKGD 
THwMD(p 

TORSION 
TSHOCX 
WEARESIS 
XRAYDIFF 

Miscellanmus properties not covered in other files. 
thermal contraction, thermal conductivity, thermal dilfraction, specific heat. she: 
modulus, and poisson's ratio. 
Creep test results 
Cyclic fatigue test results 
Expanded comments file for individual lest results, when needed 
Densities of various batch of materials in various conditions 
Dynamic fatigue test results 
Fracture toughness test results 
Hardness test results 
Interrupted fatigue results 
Modulus of elasticity test results 
Modulus of rupture, 3-point bend test results 
Modulus of rupture, 4-point bend test results 
Stress rupture test results 
Tensile test results 
Information on specimen description and testing methods used 
Thermal expansion test results 
Torsion test results 
Thermal shock lest results 
Wear resistance test results 
X-ray diffraction results 

Includes oxidation rate. 

Brazed Speclmen Test Data Files 

BRAzMoR4 
BRAZSHER Shear strength test results 
B W O R Q  Torsion test results 
BRAZlllFF Fracture toughness test results 
BRZTORFT Torsion fatigue test results 

Modulus of rupture 4-point bend test results 
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traceability are similar for both types of materials, but ceramics require 
a much more intensive basic material background characterization. We hope 
to gain more knowledge in this area through exchange o f  ideas with other 
materials database people in the future. 

Work during this semiannual period included answering requests for 
information about the database in response to an article that appeared in 
the January-March 1990 issue of the Ceramic Technology News le t te r .  So 
far, full sets of database disks have been sent to ten individuals. 

After working with a small user community for several months now, a 
need has arisen to facilitate specific material searches in the database. 
One problem with ceramics is that a material may go by several different 
names ( a company-assigned name and a generic name, for example). No 
standardization in the industry appears to exist. Since information in t h e  
database is stored using the material name as a guide, the potential 
problems are immediately obvious. 
accessing a material by creation process or heat treatment. All processing 
history data are stored in a text file (sentence-type structure) and 
accessing such information requires more specialized techniques that are 
readily available in dBASE IV. Development o f  a thesaurus-like structure 
will take place during development of the computerized user interface. 

Another aspect to this problem involves 

Status of milestones 

The sixth semiannual database summary has been completed through the 
first draft and will go into review soon. Status o f  future milestones is 
contingent on the funding level for next year, but plans have been made to 
start on the computerized user interface as originally scheduled. 

Pub1 ications 

The Ceramic Technology for Advanced Heat Engines P ro jec t  Database: 
September 1990 Summary Report is ready for review e 

The Ceramic Technology for Advanced Heat Engines P ro jec t  Database: 
March 1990 Summary Report and The CTAHE Database User ’s Guide are back in 
review. 

The Ceramic Technology f o r  Advanced Heat Engines P ro jec t  Database: 
September 1989 Summary Report is in publication . 

The Ceramic Technology f o r  Advanced Heat Engines P ro jec t  Database: 
March 1989 Summary Report ,  ORNL/M-1098, has been published. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterization of Transformation-Touqhened Ceramics 
Jeffrey J. Swab (U.S. Army Materials Technology Laboratory) 

Object i ve/scope 

To evaluate and characterize toughened ceramic matrix composite (CMC) 
materials for potential high temperature structural applications. A t  the 
present time f o u r - p o i n t  flexure testing i s  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 i s  underway. Once 
this test has been developed and refined both techniques will be used to 
provide a more comprehensive characterization o f  CMC materials at elevated 
temperatures. 

Technical hiqhl ights 

None - FY90 funds were not received during the period 1 April - 
30 September 1990. 

Status of milestones 

All milestones will be delayed due to the lack o f  funds. 

Pub1 i cat i ons 

None. 



308 

Fracture B e h a v i o r  o f  Touqhened Ceramics 
H. T. Lin, P.  F .  Becher and W .  H.  Warwick (Oak Ridge National Laboratory) 

Object i ve/scoDe 

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. 

mechanical properties, e.g. , creep, delayed failure, strength, and tough- 
ness at elevated temperatures for these toughened ceramics. 
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. 

In response to these needs, studies are conducted to determine the 

Particular 

Technical hiqhl iqhts 

to (1) the understanding of the creep controlling mechanisms of alumina 
composites reinforced with 30 and 50 vol % Sic whiskers, and ( 2 )  the study 
of the creep behavior of silicon nitride ceramics containing elongated 
grain structures obtained from Allied Signal. 
study of a self-reinforced silicon nitride ceramic is to understand how the 
elongated grain structures affect the time-dependent deformation processes 
of silicon nitride ceramics at elevated temperatures. 

Over the past six months, the research efforts were primarily directed 

The objective of the creep 

Sic Whisker-reinforced alumina composites 

The creep data shown in the previous report’ indicated that the creep 
resistance of alumina composites reinforced with S i c  whiskers in air is 
reduced by one to two orders in magnitude as the whisker content 230 vol %. 
These whi sker-reinforced alumina composites have been subjected to flexure 
stresses from 37 to 300 MPa at temperatures of 1200 and 1300°C in air. It 
was suggested that the enhanced creep o f  the composites with higher whisker 
contents (30 and 50 vol %) arose from the more extensive creep cavitation 
and oxidat ion. Scanning and transmi ssi on el ectron microscopy (SEM and TEM) 
studies and an oxidation experiment were, therefore, conducted to confirm 
the above stated hypothesis. 

Figure 1 shows a TEM micrograph of the tensile surface regions for the 
alumina composites reinforced with 30 vol % whiskers tested at 1300°C. In 
general, the higher whisker content composites (30 and 50 vol X) exhibit a 
cavity number density which was twice that of alumina composites reinforced 
with 20 vol % whiskers. This is due to the fact that the Sic whiskers act 
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Fig. 1. TEM micrograph of tensile surface 
regions o f  30 vol X Sic-alumina composite 
tested at 1300OC. Mote extensive cavitation 
occurs at grain boundaries and whisker-matrix 
interfaces. Alumina grains and whiskers are 
surrounded by gl assy phases. 



310 

as additional sites for cavity nucleation. 
occasionally observed in the compressive surface region, but the number 
density was about one to two orders in magnitude less than those in the 
tensile surface region. 
were often found to be surrounded by amorphous phases which were not 
observed in the as fabricated composites. 
during creep tests of the composites with $20 vol % whiskers was negli- 
gible. In addition, the glassy phases were rarely observed penetrating 
beneath the compressive surface oxide scales of the 30 and 50 vol % alumina 
composites. The formation of glassy phases arises from the oxidation of 
Sic whiskers on the crack surfaces in the presence of air. 
were identified to be aluminosilicate glasses containing calcia as well. 
The presence of intergranular glasses will enhance the creep deformation by 
grain boundary sliding leading to higher creep rates. 
cavitation also contributes to the increased creep strains and rates. 

The above microstructural observations suggest that the creep behavior 
of whisker-reinforced alumina composites is influenced by the oxidation 
reaction. Accordingly, a separate oxidation experiment at 1300°C for up to 
100 h in air was then performed to correlate the creep data with the oxi- 
dation rates for alumina composites containing 20 to 50 vol % Sic whiskers. 
Optical microscopy and SEM techniques were employed to determine the 
thickness o f  oxide scales formed. On the surface of 30 and 50 vol % 
alumina composites, the oxide scale was at least three times that of the 20 
vol % alumina composites after 100 h (Fig. 2 ) .  
higher whisker content composite: yielded comparable parabolic reaction 
rate constant at 1300°C ( 3  x 10- m/Js) an$ both were approximately three 
times that of 20 vol % composites (1 x 10- m/Js). 
hypothesis that the higher oxidation reaction rate of 30 and 50 vol % 
alumina composites is one of the key factors leading t o  the higher creep 
rates and stress exponents. Therefore, it is concluded that the higher 
creep rate, plus higher stress exponent, of alumina composites reinforced 
with 30 and 50 vol % Sic whiskers can be attributed to (1) the greater 
creep cavity number density and (2) the more extensive oxidation rates and 
glassy phase formation. 

The creep cavities were also 

In addition, the alumina grains and Sic whiskers 

The amount of glass formed 

These glasses 

The more extensive 

Oxidation data for the 

The results support the 

Self-reinforced si1 icon nitride 

Recent studies show that the fracture resistance of mono1 ithic si1 icon 
nitride ceramics can be substantially improved via a microstructural engi- 
neering approach. It is achieved by th2e4in-situ growth of the elongated 
grain structures (whisker-like grains). The toughening mechanism for 
Si,N ceramics with whisker-like grains is attributed to crack bridging, 
craci deflection, and pullout processes. The reinforcement via the use o f  
S i c  whiskers has been shown to significantly increase the creep resistance 
of polycrystalline alumina.5r6 At present, a full understanding of the 
effect o f  the elongated grain structure on the creep behavior o f  Si,N, 
ceramic systems is not yet available. 
research efforts were to evaluate the creep properties and to elucidate the 
role that the whisker-like grains play during creep of Si,N, ceramics. 

The creep tests in four-point flexure loading with inner and outer 
spans of 12.7 and 25.4 mm, respectively, were conducted in air at tempera- 
tures at 1200 and 1300°C at stress levels ranging from 100 to 360 MPa. 

During this reporting period, the 

The 
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F i g .  2 .  Oxidation data a t  1300°C in air for 20, 30, and 50 vol % 
whisker -reinforced a1 umi na composites. 

gas pressure sintered Si N, ceramics with elongated grain structure were 
supplied by Allied Signal (designated as SNOl12) which exhibit ?> axtensive 
R-curve behavior and the values of fracture toughness 210 MPa m The 
SN0112 has an amorphous phase present at grain boundaries. 
for Si,N, ceramics i s  shown in Figz, 3 .  The data at 1200°C for SN 251 
(Kyocera C0rp.1~ and AY6 #3 (GTE), which exhibit similar elongated grain 
structures and exhibit extensive grain boundary phase also as that of 
Sf40112 

The results indicate that the SN0112 has higher creep resistance at 
1200 and 1300°C i n  air. 
somewhat lower than the SN 251 and AY6 #3. The difference in creep resis- 
tance may be due to the difference in chemical composition, microstructure 
and degree of crystallization of the intergranular amorphous phases that 
have been shown ta have substantial infl%ence on the creep behavior o f  
sintering adds containing Si,N, ceramics. 
volume percent, and diameter of the elongated grains o f  these materials may 
be different. 
SN0112 exhibits stress exponent o f  approximately one under the test condi- 
tions employed in the present study. For ceramic materials stress exponent 
of one is generally attributed to viscous or diffusional creep. A detailed 

. 
The creep data 

are a1 so i ncl uded for creep property compari son. 

Indeed, the SN0112 exhibits a creep rate that is 

In addition, the aspect ratio, 

The steady state creep rate vs stress curves show that 
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Fig. 3 .  Steady creep rate vs applied stress curves for a 
sil icon nitride ceramic containing elongated grain structures 
a t  temperatures o f  1200 and 1300°C. 
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e l e c t r o n  microscopy study w i l l  be c a r r i e d  ou t  t o  understand the  creep 
c o n t r o l l i n g  mechanisms o f  Si3N, con ta in ing  w h i s k e r - l i k e  g ra ins .  I n  addi -  
t i o n ,  t he  creep t e s t s  are c u r r e n t l y  conducted up t o  1400°C t o  i n v e s t i g a t e  
the  temperature dependence o f  t he  creep response f o r  SN0112. As a conse- 
quence, t h e  a c t i v a t i o n  energy f o r  t h e  creep c o n t r o l l i n g  mechanism can then 
be determined. 

Status o f  milestones 

On schedule. Mi lestone 321308: Creep s tud ies  o f  alumina as a func- 
t i o n  o f  S i c  whisker content  and s i n t e r i n g  a ids  were completed. 

Pub1 i c a t i o n s  

H .  T. L i n  and P. F.  Becher, "Creep Behavior o f  a Sic-Whisker-  
Reinforced Alumina," J .  Am. Ceram. Soc. 73(5), 1378-81 (1990). 

A paper e n t i t l e d  "High-Temperature Creep Deformation o f  Alumina-SiC 
Whisker Composites" was submit ted t o  J. Am. Ceram. Soc. 
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Cyc7ic Fatigue o f  Toughened Ceramics 
K. C. L i u ,  J. L .  Ding, H. Pih, C .  0. Stevens, and C. R. Brinkman 
(Oak Ridge N a t i o n a l  Labora tory )  

Ob jec t  i ve/scorse 

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  develop, design, f a b r i c a t e ,  and 
demonstrate t h e  c a p a b i l i t y  t o  per fo rm t e n s i o n - t e n s i o n  dynamic f a t i g u e  
t e s t i n g  on a u n i a x i a l l y  loaded ceramic specimen a t  e l e v a t e d  temperatures.  
Three areas o f  research  have been i d e n t i f i e d  as t h e  main t h r u s t  o f  t h i s  
t a s k :  (1) design, f a b r i c a t i o n ,  and demonstrat ion o f  a l o a d  t r a i n  column 
which t r u l y  a l i g n s  w i t h  t h e  l i n e  o f  specimen l o a d i n g ;  ( 2 )  development o f  a 
s imple specimen g r i p  t h a t  can e f f e c t i v e l y  l i n k  t h e  l o a d  t r a i n  and t e s t  
specimen w i t h o u t  c o m p l i c a t i n g  t h e  specimen geometry and, hence, min imize 
t h e  c o s t  o f  t h e  t e s t  specimen; and (3) des ign and a n a l y s i s  o f  a specimen 
f o r  t e n s i l e  c y c l i c  f a t i g u e  t e s t i n g .  

___- Technica l  Proqress_ 

C y c l i c  f a t i g u e  behav io r  o f  S i c  (Hexoloy-SA) 

T h i s  i s  a new e f f o r t  i n i t i a t e d  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 .  T e n s i l e  
and c y c l i c  f a t i g u e  t e s t s  were performed on S i c  a t  1300 and 1400°C. The 
t e n s i l e  t e s t s  were r u n  a t  a slow s t r e s s i n g  r a t e  o f  21  MPa/min and t h e  
f a t i g u e  t e s t s  were r u n  i n  a t e n s i o n - t e n s i o n  mode a t  a s t r e s s i n g  r a t e  of 
21,000 MPa/min. Tes t  parameters and r e s u l t s  a r e  g i v e n  i n  Table 1. D a t a  
a r e  summarized i n  F igs .  1 and 2 .  Closed symbols i n d i c a t e  t h e  end o f  the 
t e s t s  and t h a t  f r a c t u r e s  occur red  w i t h i n  t h e  gage s e c t i o n ,  Open symbols 
i n d i c a t e  premature f a i l u r e s ,  where f r a c t u r e s  occur red  e i t h e r  i n  t h e  spec i -  
men shank o r  buttonhead. The arrows a t tached t o  t h e  open symbols s i g n i f y  
t h a t  t h e  s t r e n g t h  and l i f e t i m e  would have been h i g h e r  i f  t h e  specimens had 
n o t  f a i l e d  o u t s i d e  t h e  gage s e c t i o n .  As i n d i c a t e d  i n  Table 1, f o u r  spec i -  
mens f a i l e d  a t  the shank and buttonhead s imu l taneous ly .  I t  appeared t h a t  
t h e  buttonheads were broken by t h e  shock waves o r i g i n a t e d  f rom t h e  shank 
f a i l u r e s .  I n  a l l  cases, t h e  buttonhead f r a c t u r e  occur red  i n  a f r a c t u r e  
p lane,  I n  c o n t r a s t ,  t h r e e  specimens f a i l e d  a t  t h e  r o o t  r a d i u s  o f  t h e  
but tonhead w i t h  m u l t i p l e  f r a c t u r e s  i n  p ieces  as t h i n  f l a k e s .  Since t h e  
specimens were made f rom l o n g  p l a t e s  (75 x 175 mm), t h e  s t r e n g t h  o f  t h e  
m a t e r i a l  may v a r y  i n h e r e n t l y  due t o  t h e  manufac tur ing  processes. The 
but tonhead problem was r e p o r t e d  f a r l i e r  i n  S i c  t e s t i n g  a t  t h e  U n i v e r s i t y  o f  
Dayton Research I n s t i t u t e  ( U D R I )  . 
m a t e r i a l  i s  a p p a r e n t l y  s e n s i t i v e  t o  r e s i d u a l  sur face  f l a w s  r e s u l t i n g  f r o m  
machining. A f t e r  f o u r  unsuccessfu l  t e s t s ,  f i v e  Specimens were annealed a t  
1400°C f o r  100 h.  Subsequently, t e s t i n g  on t h e  annealed specimens showed 
s i g n i f i c a n t  improvement w i t h  o n l y  one buttonhead f a i l u r e  i n  specimen 3-2 .  

F i g u r e  1 shows t h a t  coax ing has s i g n i f i c a n t l y  enhanced t h e  f a t i g u e  
l i f e  o f  specimen 1 -2 .  Enhanced t e n s i l e  s t r e n g t h  was a l s o  r e p o r t e d  by UORI' 
i n  severa l  i n t e r r u p t e d  s t r e s s - r u p t u r e  t e s t s  a t  1400°C f o r  t h e  same m a t e r i a l  
sub jec ted  t o  a v a r i e t y  o f  s t resses  in a range between 169 t o  200 MPa f o r  
100 h. It was speculated t h a t  t h e  improved t e n s i l e  s t r e n g t h  was due t o  t h e  
s y n e r g i s t i c  e f f e c t s  o f  s t r e s s  and temperature exposure. 

C a r e f u l  examinat ions o f  t h e  f r a c t u r e  morphology i n d i c a t e  t h a t  t h i s  

Sur face f l a w  
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Table 1. Summary of tensile and cyclic fatigue tests o f  
Hexoloy-SA SIC tested at elevated temperatures. 

Cycl i c Number of 
stress Intermediate cycles at 

Tensile to cyclic intermediate Number o f  Locations 

Specimen (MPa) (MPa) (MPa) loading failure fractures 
strength failure stress cycl i c cycles to o f  

1-9 220 
1-3 
1 - 1  

1-4 
1-2 

2-2 
4-1 
4-2 

2-4 
3-4 

2-1 

3-1 

243 

Temperature = 1300°C 

199 
204 

189 239,361 
187 231,000 
200 193,800 
208 394,000 
222 352,513 

235 

Temperature = 1400°C 

169 
172 

1 
1 

194 

206 433 

193 185,299 
188 1,032,500 
202 

1 

2 
165 

(239,361)a BH & SWNK' 
(231,000) 
(424,800) 
(818,800) 

(1,171,313) 

1,171,415 

1 
(1) BH 
(1) BH 

167 

(433) Bti & SHNK 
(185,299) BH & SHNK 

(1,032,500) SHNK 
(1,032,618) 

aNumber of cycles accumulated at the end o f  intermediate loading 

%H = Buttonhead failure; SHNK = Shank failure. 
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Fig. 1. Cyclic fatigue behavior o f  Hexoloy-SA silicon 
Coaxing or step loading from low carbide tested at 1300°6. 

to higher stresses can enhance the fatigue resistance o f  the 
material. 
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Fig. 2. Cyclic fatigue behavior o f  Hexoloy-SA silicon 
carbide tested at 1400’C. 
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healing was considered as  another p o s s i b i l i t y ,  s 
untreated specimens appeared t o  have f a i l e d  from 

Fatigue behavior of t h i s  material a t  1400"5 
same compared t o  t h a t  a t  1300°C. 
1400°C may enhance the fat igue l i f e  by about the 
observed in the 1300°C t e s t .  The fa t iaue  curves 

The UDRI  data 

nce a high percentage of 
surface i n i t i a t i o n  s i t e s  
appears t o  be about the 
suggest t h a t  coaxing a t  
same amount as t h a t  
portrayed i n  Figs. 1 and 2 

ined based on the l imited infor-  are  rough approximations which were dec 
mation. Therefore, the fat igue curves 1 be revised as more data are  
generated. 

Cyclic fa t igue behavior of thermally aged NT-154 Si$, 

To invest igate  the e f f e c t  of thermal aging on cyc l ic  fa t igue  behavior, 
two virgin specimens were randomly selected from l o t  No, 20 and aged a t  
1378°C f o r  150 h .  One of the aged specimens ( Q .  20-14) was then cycled t o  
a peak s t r e s s  of 234 MPa a t  1370°C unt i l  f rac ture  occurred a t  306,086 
cycles,  as reported previously. The second specimen (No. 20-11) was tes ted 
i n i t i a l l y  under the same loading and temperature conditions.  After cycling 
f o r  523,000 cycles w i t h  no apparent indication o f  imminent fa t igue  f a i l u r e ,  
the cyc l ic  peak s t r e s s  was increased t o  248 MPa because the specimen aut-  
performed specimen 20-14 by a fac tor  of nearly two. 
f a i l u r e  occurred w i t h  a to ta l  number of cycles t o  f a i l u r e  in excess of 
1,000,000 cycles.  Comparisons of t e s t  data show t h a t  b o t h  specimens out- 
performed precoaxed specimen CP-24 (from lot-CP) by a substant ia l  amount i n  
terms of fa t igue strength as we77 as fa t igue l i fe t ime.  

To ensure t h a t  the t e s t  data obtained f o r  specimen CP-24 were n o t  
biased by l o t - t o - l o t  var ia t ions,  a virgin specimen 20-19 was randomly 
selected from l o t  No. 20 and used t o  repeat the CP-24 t e s t .  
dence, t e s t  r e s u l t s  obtained f o r  both specimens were nearly i d e n t i c a l ,  
indicating t h a t  l o t  var ia t ions in terms of fa t igue resis tance w i t h i n  the 
two l o t s  may be minimal. In summary, we ten ta t ive ly  concluded t h a t  Fatigue 
performawe of NT-154 can be enhanced merely by appropriate thermal aging, 
which appears t o  be as  e f fec t ive  as or  superior t o  t h a t  of precoaxing. 

Subsequently, fa t igue 

Ry coinci-  

Creep t e s t i n g  o f  NT-154 Si,N, 

tes ted in creep a t  three temperatures: one a t  1200"C, three a t  13QO°C, and 
f i v e  a t  1370°C. 
resul ted i n  specimen f a i l u r e  a t  the g r i p p i n g  end. Twa t e s t s  a re  current ly  
i n  progress and t e s t  r e s u l t s  obtained t o  date  a re  reported.  

A t o t a l  of nine specimens were randomly selected from lot-20 and 

Two t e s t s  were interrupted by a power outage which 

Creep behavior a t  1200°C 

Specimen 20-29 was tes ted a t  1200°C under an applied s t r e s s  o f  156 MPa 
f o r  280 h unt i l  t h e  specimen was fractured a t  the specimen s h a n k  due t o  a 
weather-related power outage. Test data a re  shown in Fig., 3 .  To f a c i l i -  
t a t e  determination o f  the f i r s t  stage creep behavior, d a t a  f o r  t h e  f i r s t  
100 h of tes t ing  a re  enlarged and shown i n  Fig, 4.  I t  appears t h a t  the 
t rans ien t  creep might have peaked a t  20 h ,  followed by a mild s t r a i n  
recovery unt i l  the  second stage creep commenced a t  50 h. The creep curve 
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ORPIL-DWG 90-13988 
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NT-154, 12OO0C, 150 MPa 

0 

TIME (h) 

Fig. 3. Creep curve of NT-154 specimen 20-29 tested at 
1200'C under an applied stress o f  150 MPa. 

ORWL-DWG 90-13989 

TIME (h) 

Fig. 4. Transient creep behavior of specimen 20-29 during 
the first 100 h o f  testing. 
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Fig. 5. Comparison o f  the creep curve of virgin specimen 
20-06 and that o f  precycled specimen 20-13 tested at 1301D"C 
under an applied stress o f  120 #Pa. 

2300 

1500 

1000 

500 

0 

ORNL-DWG 90-13991 

1300cC, 120 MPa 

0.5 1.0 1.5 2.0  0.0 

TIME (h) 

Fig. 6 .  Comparison o f  initial creep behavior o f  virgin 
specimen 20-06 and that o f  precycled specimen 20-13. 
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A creep t e s t  i s  c u r r e n t l y  i n  progress on specimen 20-34 under an 
app l ied  s t ress  o f  150 MPa. 
compared w i t h  those o f  specimen 20-06 i n  F ig .  7. Specimen 20-34 shows a 
g rea te r  res i s tance  t o  deformat ion compared t o  specimen 20-06 under creep 
loading,  
hav io r  may be a t t r i b u t a b l e  t o  t he  res idua l  c r y s t a l l i n i t y  i n  the  g r a i n  
boundary ma te r ia l  a f t e r  HIPing, 

Test r e s u l t s  obta ined t o  date are shown and 

Since both were v i r g i n  specimens, t he  d i f f e r e n c e  i n  creep be- 

I I uuuv 

8000 

6000 

4000 

2000 

0 

specimen 20-06 

0 1000 1500 2000 

F i g .  7. Tens i l e  creep curves o f  NT-154 Si$, tested 
1300°C. Specimen 20-06 was tested a t  120 

specimen 20-34 a t  150 MPa. 

Creep behavior a t  1370°C 

Creep t e s t s  were performed on th ree  specimens having d i f f e r e n t  p re-  
l oad ing  backgrounds. A v i r g i n  specimen (20-07) w i thou t  post-machining heat 
t reatment  was used as a con t ro l  specimen subjected t o  an app l ied  stress o f  
100 MPa. The creep curve o f  specimen 20-07 i s  shown i n  F ig .  8 f o r  compari- 
son w i t h  those obtained from prev ious t e s t s  on another l o t  o f  N i - - 1 5 4  Si,N,. 
The specimen rup tured  a f t e r  1300 h o f  t e s t i n g  w i t h  a t o t a l  s t r a i n  accumu- 
l a t i o n  o f  1.12%. I n  con t ras t  t o  a combination o f  sho r t  f i r s t  stage creep 
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( N 0 . 2 0 - 0 7 )  
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TIME (h) 

Fig. 8 .  Creep behavior o f  NT-154 Si,N, i s  a function of temperature, 
stress, and l o t  number. 

and long second stage creep exhibited by specimen CP-34, first stage creep 
o f  specimen 20-07 was extensive. A careful examination o f  the creep curve, 
however, indicates that second stage creep may be obscured by the data 
scatter i f  it exists. Creep behavior appears to be reasonably consistent 
and predictable within the same lot. However, the diversity of  the creep 
behavior from lot to lot, as demonstrated in Fig. 8 ,  indicates a complete 
description o f  the cross-lot variations may be complex, 

Substantial information has been acquired concerning the creep be- 
havior o f  the second precycled specimen (20-09). To make a meaningful com- 
parison with the control test, the specimen was also loaded to 100 MPa. 
The test was completed in about 3200 h. 
It should be noted that the test was interrupted at about t = 1400 h due to 
a power outage. Subsequently, the specimen was reloaded as indicated i n  
Fig. 9. Absence o f  accelerated primary creep behavior usually seen in a 
virgin specimen, such as that exhibited by specimen 20-07, i s  a significant 
departure in creep behavior for a precycled specimen. However, when the 
precycled specimen was reloaded, it behaved as if it was somewhat l i k e  a 
virgin specimen exhibiting both first and second stage creep. Perhaps, by 
coincidence, the second leg o f  the creep curve of  the precycled specimen 
appeared as an extension o f  the creep curve o f  the virgin specimen. 
observation suggests that a devitrification process might have been occur- 
ring at a much lower rate in the virgin specimen during creep loading com- 
pared to that induced by cyclic preloading. 

Test data are presented in Fig 9 .  

This 
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F i g .  9. Prethermal aging of a spec1 en a t  1370°C can dramati- 
c a l l y  modify the  i n i t i a l  t rans ien t  creep behavior and enhance the  
creep rupture l i fe t ime.  

Figure 10 shows the i n i t i a l  creep behavior o f  the precycled specimen. 
The s t r a i n  recovery immediately following the i n i t i a l  loading was s imilar  
t o  t h a t  seen in Fig. 6 ,  and the e r r a t i c  deformation behavior exhibited in 
the s t ra in- t ime curve may be r e a l .  However, the reasons f o r  causing such 
e r r a t i c  behavior are u n k n o w n  a t  th i s  time. 

To invest igate  the e f f e c t s  o f  prethermal aging on creep behavior, 
specimen 20-24 (aged a t  1370°C for  150 h with no applied s t r e s s )  w a s  tes ted 
also under 100 MPa. The t e s t  i s  current ly  ongoing w i t h  a t o t a l  t e s t  time 
o f  about 1809 h accumulated t o  date .  Test data obtained t o  date are  shown 
i n  Fig. 9 for  comparison w i t h  those o f  specimens 20-07 and 20-09 tes ted 
under the same loading condition. As expected t h a t  the creep curve o f  
specimen 20-24 f e l l  above and c loser  t o  t h a t  o f  the  precycled specimen. 
There i s  a c l e a r  trend indicating t h a t  both creep curves may eventually 
merge together.  

Figure 11 shows the creep curve of a v i r g i n  specimen (20-25)  which was 
i n i t i a l l y  tes ted under an applied s t r e s s  o f  100 MPa f o r  250 h .  
was then increased t o  110 MPa w i t h o u t  changing the specimen temperature. 
Only a small amount of accelerated creep occurred as a r e s u l t  o f  the load 
change. A l s o  discernable i s  the increase in creep s t r a i n  r a t e  a f t e r  the 
s t r e s s  was increased. 
outage occurred. 

The s t r e s s  

The specimen broke a t  the shank when the power 
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Fig. 10. Enlargement of the init ial  creep behavior of  precycled 
specimen 20-09. 

Fig. 1 1 .  Tensile creep curve of a virgin 
specimen (20-25) tested at 137OoC, in i t ia l ly  a t  
a stress level of 100 MPa for 250 h followed by 
a step increase to 110 MPa until fracture by a 
power outage. 
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Figure 12 illustrates the dependence o f  applied stress on the steady- 
state creep rate. 
strain-time curves and tabulated in Table 1. 
of data, the stress exponent, n, for the Dorn equation was estimated to be 
in the range o f  4 to 6. 

The creep rates were determined directly from the 
Because o f  the limited number 

ORNL-DWG 90-13997 
1 0 -  

1 0 - 8  

10-  CI 

10 1 0 0  

STRESS (MPa) 
1000 

Fig. 12. A log-log plot showing the dependence o f  strain rate on 
temperature and applied stress. 

The following observations were  made based on the limited information 
obtained to date: 

(1) Generally, t h e  creep curves o f  this material in the as-received 
condition were similar to those considered characteristic o f  most metal 
alloys, consisting of three typical behavioral features defined as tran- 
sient, steady state, and tertiary stages. Dominance of each stage in the 
life span varied from lot to lot and the condition o f  heat treatment. 
Little or no tertiary creep was usually detected before specimen rupture 
occurred. 

The creep behavior o f  NT-154 Si,N, is reasonably consistent and 
predictable within the same lot. 
variations complicates a complete description o f  the creep behavior by a 
simple mathematical representation. 

perature, stress, and heat treatment. 

( 2 )  
However, the complexity o f  the cross-lot 

( 3 )  Steady state creep may be absent under certain conditions o f  tem- 
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(4) Thermal aging or precycling of specimens at 1370°C can dramati- 
cally modify the initial transient creep behavior and enhance creep life- 
time. However, no significant advantage was gained in the creep lifetime 
o f  a precycled specimen tested at 1300°C. 

The initial transient creep behavior o f  NT-154 Si,N, is governed 
probably by the level of crystallinity o f  the grain boundary material and 
the state of microstructure at the onset o f  creep loading. 
biases due to thermal aging and precycling may be obscured by high tempera- 
ture exposure as time elapses. 

( 6 )  Pronounced transient creep reoccurring at each unloading/ 
reloading process may accelerate the creep process and lead to the reduc- 
tion o f  creep lifetime. 

(7) Strain recovery or negative creep strain behavior occurring im- 
mediately following the initial loading was discerned only in the testing 
o f  precycled specimens. Accelerated creep following strain recovery how- 
ever did not lead to tertiary creep. 

Steady-state creep rate of this material is a function of applied 
stress, temperature, and possibly the level of crystallinity of the grain 
boundary material. The stress exponent, n, for Dorn equation was estimated 
to be in the range o f  4 to 6. 

( 5 )  

However, the 

(8) 

Creep testing o f  GN-10 Si,N, 

period. Mechanical strain extensometers were used instead o f  optical ones 
for GN-10 testing, because of the space limitation in the testing facility 
and the stringent laser safety rules enacted by the laboratory management. 
Some difficulties were encountered initially due to the drifting o f  the 
transducer signal when the mechanical strain extensometers were placed in 
service. These problems were largely associated with the change o f  the 
ambient temperature i n  the proximity of the high temperature furnaces. 
Most of  the problems have been solved but still further improvement is 
being attempted, 

This is also a new experimental effort initiated during this reporting 

Creep behavior of GN-IO Si,N, 

Results 
are summarized in Figs. 13-15 for six specimens tested in the temperature 
range from 1150 to 1300°C. 
Figs. 13 and 15 are probably not actual material behavior, but due t o  the 
aforementioned extensometer problems. 
mens are being analyzed. One of the specimens tested a t  1300°C under an 
applied stress of 150 MPa ruptured with a rupture time t 
other at 1320°C and 150 MPa with t = 58.6 h .  

Eight creep tests have been performed with GN-10 specimens. 

The negative creep strain readings shown in 

Test results o f  the remaining speci- 

13.5 min and the 

Creep rupture of GN-10 Si,N, 

rupture time o f  GN-10 Si,N, based on the limited data obtained to date. 
The first equation was based on the minimum commitment methad and the 
second based on the Larson-Miller model. 

Two empi ri cal equations were devel oped for  predicting the creep 
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i s  attributed to the dawn ard drifting of the 
transducer output and is not true creep behavior.  

The decrease i n  measured creep strain 
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Fig. 15. Creep curves o f  GN-10 Si,N, 
tested at 1300°C under two levels o f  applied 
stresses. The decrease in creep strain 
occurred during the air conditioning system 
shutdown. 

The minimum-commitment model is described by the following equation: 

log t + [R,(T - T,) t R2(1/T - l/T,)] = B t C log S t DS + ES2 (1 )  

where t is the rupture time i n  hours, T the absolute temperature in K, 
T, = 1473"K, S the stress in MPa, and R,, R,, B, C, D, and E material 
constants. 

E = -6.575497E-4. 
rupture data and predictions. 
included in Fig. 16 because the specimen was not tested under a constant 
stress. 

For GN-10 Si,N,, the material constants are given as 
R, = -0.1011914, R, = -320829, B = 144.8311, C = -88.48136, D = 0.4372496, 

Figure 16 shows good agreement between the experimental 
The rupture time o f  the 1150°C t e s t  was not 

The Larson-Mi 11 er model i s descri bed by the fo l1  owing equation : 

log t = Bo + B,/T t B, log  S/T (2) 

where Bo = -56.03591, B, = 119583.5, and B, = -14845.64 . 
agreement between the experimental data and the Predictions i s  demonstrated 
in Fig. 17. The analysis given above and shown in Figs. 16 and 17 is obvi- 
ously preliminary due to the limited data. 

Again, good 



330 

QRNL-DWG 90-17093 

e EXP DATA AT 1200°C 
0 FXP DATA AT 1230°C 
A EXP DATA AT 1300°C 

10 -. n-lwq- r ”’., m n  

1000 1 

EXP DATAAT1200”C 

B EXP DATA AT 1230°C 

A EXP DATA AT 1300’C 

1 0 .  -- 4 “‘m “ ‘ *“ ‘Y  ‘ I- 
10 3 1 0 - 2 1 0 W 0 1  i o 2  1 0 3  1 0 4  105-08 

CREEP RUPTURE TIME PREDICTED BY 1 THE MINIMUM COMMITMENT METHOD 

F i g .  16. Creep rupture times predicted by 
the minimum commitment method show good agreement 
with the experimental results. 

CREEP RUPTURE TIME PREDICTED BY 
THE LARSON-MILLER MODEL 
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Important findings and observations 

Information obtained from recent tests in cyclic fatigue suggests that 
fatigue resistance of Si N at high temperature may be enhanced by appro- 
priate thermal aging, whfci appears to be as effective as or superior to 
the method by precoaxing. Similarly, the fatigue strength of Sic at 1300°C 
may also be enhanced by precoaxing at low stresses. 

Status of milestone 

Completed a draft report covering initial results o f  tensile creep 
tests o f  NT-154 silicon nitride (Milestone 321505). 

Pub1 i cat i ons 

H. Pih and K. C. Liu, "Laser diffraction methods for high-temperature 
strain measurements," Experimental Mechanics (in press). 

K, C. Liu, H. Pih, C. 0. Stevens, and C. R. Brinkman, "Tensile creep 
behavior and cyclic fatigue/creep interaction of hot- isostat ical ly-pressed 
Si,N,," t o  be published in the Proceedings of the Twenty eighth Automotive 
Technology Development Contractors' Coordination Meetings to be held in 
Dearborn, Michigan, October 1990. 
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Rotor Data Base Generation 
M. K .  Ferber, M. Jenkins, and R. L.  Martin (Oak Ridge National 
Labor at ory ) 

Object i ve/scope 

The goal of the proposed research program is to systematically study 
the tensile strength of a silicon nitride ceramic as a function of tempera- 
ture and time in an air environment. Initial tests will be aimed at meas- 
uring 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. 

by measuring fatigue life at a constant stress. 
mation will also be monitored during testing so that the extent of hish- 
temperature creep may be ascertained. Tested samples w 
characterized using established ceramographic, SEM, and 
major goal of this effort will be to better understand 

In the second phase o f  testing, stress rupture data will be generated 
The time-dependent defor- 

aspects of high-temperature failure including: 

( 1 )  extent of slow crack growth; 
(2) evolution of cavitation-induced damage and fracture 
( 3 )  transition between brittle crack extension and cavi 

growth; and 
(4) crack blunting. 

1 1  be thoroughly 
1-EM techniques. A 
he microstructural 

ation-induced 

The resulting stress rupture data will be used to examine the applica- 
bility of a generalized fatigue-life (slow crack growth) model. If neces- 
sary, model refinements will be implemented to account for both crack 
blunting and creep damage effects, Insights obtained from the characteri- 
zation 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 program will not only provide a 
critically needed base for component utilization in automotive gas tur- 
bines, but also facilitate the development of a design methodology for 
high-temperature structural ceramics. 

Technical proqress 

The evaluation of tensile collet systems was continued during this 
reporting period. The primary objective o f  this study is to gain a better 
understanding of the factors responsible for recent button-head failures, 
Initial efforts focused upon evaluating the button-head strength of gage- 
less samples fractured using both straight and tapered collets (Fig. 1 ) .  
As reported previously, the tapered collet arrangement provided the better 
performance in terms of both the fracture strength and average percent 
bending at 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. 
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F i g .  1. Schematic illustration of two g r i p  designs 
used in current tensile test equipment. 
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The aforementioned t e s t s  used gageless specimens so t h a t  the f rac ture  
behavior i n  the g r i p  region could be d i r e c t l y  evaluated. 
ver i fy  the a b i l i t y  of the tapered c o l l e t  g r ips  t o  minimize button-head 
f a i l u r e s ,  additional strength t e s t s  o f  a high performance s i l i c o n  n i t r i d e  
were i n i t i a t e d .  I n i t i a l  f a s t  f r a c t u r e  t e n s i l e  t e s t i n g  of NT-154 (supplied 
by Norton/TRW) and PY6 (supplied by GTE Laboratories) specimens w i t h  
strain-gaged, gage sections was conducted a t  room temperature using b o t h  
the tapered and s t r a i g h t - c o l l e t  gripping systems. The tapered c o l l e t s  a n d  
holders were the same as those used with the alumina, straight-shank 
specimens. Additionally, other fac tors  such as lubricat ion of the c o l l e t /  
holder in te r face ,  s t ress ing  r a t e ,  (11 MBa/s), and ambient conditions were 
maintained as consis tent ly  as possible w i t h  the  previous t e s t s .  

As reported previously, '  three problems w i t h  the  present tapered 
col le t /holder  assembly were ident i f ied :  (1) mismatch of the angle between 
the c o l l e t  and holder which leads t o  non-uniform loading (pinching),  
( 2 )  h a r d ,  super-alloy c o l l e t s  which can cause local ized surface darnage t o  
the ceramic hence i n i t i a t i n g  f a i l u r e ,  ( 3 )  variat ions in c o l l e t  dimensions 
and/or sharp corners which can cause localized damage t o  the surface o f  the 

I n  order t o  

specimen. 
optimized angle of the taper .  The present,  a r b i t r a r y  angle of  10" i s  
"steeper" than the necessary, calculated angl e o f  -30" ( f o r  col 1 et/spec 
p = 0.6)  thus causing higher t h a n  necessary l a t e r a l  (normal) forces t o  
achieve the  needed f r i c t i o n a l  load t r a n s f e r .  

Followins modifications o f  the tapered c o l l e t  desiqn t o  eliminate 

An additional concern which has been ident i f ied  i s  the non- 

men 

he 
three problems noted above, f ive  additional room temperature strength t e s t s  
were conducted. Of these f ive ,  only three fractured in the gage section 
w i t h  multiple f a i l u r e  points located very close t o  the gage-to-shank 
t r a n s i t i o n ,  
gage sect ion.  To examine th i s  p o s s i b i l i t y ,  additional strain gages were 
mounted t o  the as-fabricated specimens such t h a t  the percent bending could 
be measured a t  both the gage midspan and the gage-to-shank t r a n s i t i o n s .  
Preliminary r e s u l t s  have shown t h a t  the bending can be 2-3 times la rger  
near the t r a n s i t i o n  regions. 
invest igat ion.  

generally more successful than  with the tapered c o l l e t  grips.  
specimens tes ted ,  s i x  fa i led  i n  the gage sect ion.  
t e s t s ,  one was a t t r ibu ted  t o  an improper button-head radius and  one t o  
improperly annealed c o l l e t s .  The c o l l e t s  miich be s u f f i c i e n t l y  s o f t  t o  
deform during the specimen loading. 
dimensional match between the c o l l e t  and button-head r a d i u s  f a c i l i t a t e s  t h e  
t r a n s f e r  of mechanical load in to  the button-head while m i n i m i z i n g  the 
s t r e s s  Concentration. 

shank region revealed f a i r l y  extensive machining damage. I n  order t o  
eliminate this problem, a two-step machining procedure was used t o  f a b r i -  
ca te  the t e n s i l e  specimens. This procedure consisted o f  rough g r i n d i n g  the 
shanks w i t h  a 226 g r i t  diamond, resinoid-bonded grinding wheel unt i l  the 
radius was within 0.20-0.25 mm (0.008-0.010 i n )  o f  the required value. h e  
remaining material was removed w i t h  a 320 g r i t  diamond, resinoid-bonded 
g r i n d i n g  wheel. The use o f  the two-step grinding procedure in conjunction 
w i t h  the resinoid-bonded grinding wheels minimize deleter ious subsurface 

T h i s  r e s u l t  suggests t h a t  the bending was n o t  uniform i n  the 

Possible reasons f o r  t h i s  are  current ly  under 

I n i t i a l  f rac ture  t e s t s  conducted w i t h  the s t r a i g h t  c o l l e t  system were 

O f  the four unsuccessful 
Of the ten 

Th-is deformation along w i t h  a close 

Careful examination of the specimens which fa i led  i n  the button-head/ 
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grinding damage which could act as surface flaws and fa i lure  in i t ia t ion  
s i t e s .  

co l l e t  specimens fabricated using the modified machining procedure resulted 
in 100% gage-section fa i lures ,  
the the two materials. 
669 and 667 MPa, respectively. 
Meibull modulus was 9.3 for t h e  N T  154 and 8 .8  for the PY6. Examinat ion  o f  
the fracture surfaces with a low-power optical microscope indicated t h a t  
most, o f  the c r i t i ca l  defects were located near the surface, However, the 
exact nature o f  these defects has not  been identified.  

Subsequent room-temperature tens i le  strength t e s t s  w i t h  the s t ra ight-  

Figure 2 i l l u s t r a t e s  the '/leibull plots f o r  

The maximum likelihood estimate o f  the 
The average strengt.hs for  the NT 154 and PY6 were 

QRNL-DWG 90-17111 
2 I I----------- I 

F i g .  2 .  Weibull plots f o r  PY6 and NT 154 si l icon nitride t ens i le  
specimens fractured a t  room temperature. 

The creep/fatigue studies i n v o l v i n g  a h i g h  performance sillicon n i t r i d e  
were continued this  reporting period. As reported previously, the 
fatigue resistance (as characterized by the fatigue exponent, n )  measured 
for  the button-head tensi le  samples a t  1370°C decreased as t h e  t e s t  time 
increased ( F i g .  3 ) .  A t  long times, n f e l l  within the 4 t o  6 range. 

Norton NT 1 5 4  sil icon n i t r ide .  * 
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F i g .  3 .  Creep rupture results for  MTX54 s i l i c o n  ni tr ide  meas- 
ured a t  1370°C using both flexure and tension specimens. 

Examinations o f  the fracture surfaces o f  the corresponding test samples 
indicated that failure was characterized by the accumulation o f  creep 
damage, 
process in which the growth and coalFscence o f  cavities is controlled by 
the creep rate of the b u l k  material. 

The creep fatigue life, t ,  resulting from the evolution o f  creep- 
related damage (e .g . ,  cavities and microcracks) can be described by a 
modi fi ed Monkman-Grant re1 at ionshi p ,  

These results are consistent with a creep-constrained cavitation 

3 

t = B (des/dt)m , ( 1 )  

where des/dt is the steady-state creep rate while B and rn are constants. 
The creep rate depends upon the applied stress according to, 

dss/dt = A (a /oo)N , ( 2 )  

where a. is a normalizing constant; A is the pre-exponential factor, which 
depends o n l y  upon temperature and the material's properties; and N is the 
stress exponent.' By combining Eqs. 1 and 2, the creep fatigue life i s ,  

t = B Am (~/ao)N*m . ( 3 )  
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Much o f  the experimental creep data indicate that the creep response 
is different in compression than in tension.5r6 Therefore, Eq. 2 is often 
written as desc/dt=Ac (o/oo)NC for o < 0 and dest/dt = At (o/oo)Nt, for a > 
0 where de,t/dt are desc/& are the steady-state creep rates measured under 
uniform tensile and compressive stresses, respectively. In general, At f 

Ac and Nt i such that four parameters are required t o  fully characterize 
the creep behavior at a given temperature. Equation 2 represents the time- 
independent creep response. The more general time-dependent formulation, 
which includes the elastic contribution to the strain, is described in 
refs. 7 and 8. The differences in creep response between tension and com- 
pression loading reflect the effect of stress state upon the dominant creep 
mechanism. For example, in polycrystalline ceramics, grain boundary cavi- 
tation can occur under tensile loading. 
coalesce to form macroscopic cracks, which may grow to a sufficient size to 
cause f a i  1 ure. 

tension were measured as a function of applied stress. In the case of the 
button-head tensile samples, a direct-contact capacitance extensometer was 
used to monitor the displacement during constant load tests. 
tion of the specimen midspan i n  the flexure samples was measured w i t h  
respect to the inner l oad  points using a three-probe displacement extenso- 
meter. Adgit ional details o f  the experimental procedure are g i v e n  
el sewhere. 

The stress dependencies o f  the steady-state creep rates (displacement 
rates for the flexure specimens) are shown in F i g .  4 .  The high creep e x p o -  
nent (Table 1)  is consistent with a diffusion-assisted cavitation process. 

With time, the cavities w i l l  

In addition to the fatigue behavior, the creep rates in flexure and 

The deflec- 

10 

F i g .  4 .  Stress dependency o f  steady-state creep 
rate (and displacement rate in the  case o f  flexure) o f  
silicon nitride a t  137Q"C. 
the flexure creep tests are based upon the i n i t i a l  
el astic values .  

Mote the stresses given for 
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Table 1: Summary o f  Steady-State Creep 
for NT 154 Measured at 1370°C. 

TEST TYPE 
-.II NT 154 

N 

1-ension 5.7 3 . 7 3  x lo-" 

Compression (predicted) 2 8 .00 

F1 exure" 4.7 7.26 x 10-" 
* 
The estimates f o r  the f lexure t e s t s  are  based 

upon the  assumption t h a t  the creep r a t e s  in compres- 
sion and tension are  equal ( r e f .  1 0 ) .  

The presence of these c a v i t i e s  was also confirmed by SEM s tudies .  
u t i l i z i n g  the equations given in r e f .  4, i t  was possible t o  predict  the 
compression creep parameters from the f lexure and tension d a t a  (see 
Table 1 ) .  
mate the extent of creep-induced s t r e s s  re laxat ion in the f lexure speci-  
mens. 
e l a s t i c  s t r e s s ,  De, as a function of ae. 

By 

The tension and compression parameters were then used t o  e s t i -  

Table 2 the outer f i b e r  t e n s i l e  s t r e s s  normalized by the i n i t i a l  

Table 2: Predicted Values o f  Neutral Axis 
Location (ht/h), Steady-State Creep Disglace- 
ment Rate, and Outer Fiber Tens i le  Stress 

[ a  (Y = h t ) ]  Associated with Flexure Loading 

values are based upon the elastic 
solution for bending). 

T 154 at 1370°C. (The ae stress 

'Je MOMENT dy,/dt a(Y=ht)  
(MPa) ( N l m m )  h t / h  (pm/h)  (MPa) 

223 1335 0.567 1.58 135.87 

186 1115 0.530 0.85 120.65 

148 890 0.488 0 .44  103 e 94 

The relaxation of s t r e s s  in the Flexure specimen provides one 
explanation f o r  the poor agreement between the f lexure and t e n s i l e  fa t igue 
r e s u l t s  ( F i g .  3 ) .  The flexure data represented by the closed squares are 
based upon  the se values which over estimate the actual s t r e s s e s .  Much 
b e t t e r  agreement r e s u l t s  i f  the relaxed s t r e s s  values from Table 2 are  used 
t o  plot  the data .  The f a c t  t h a t  the corrected f lexure fa t igue  p l o t  falls 
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slightly below the tensile plot may reflect the fact the model used t o  
calculate the stress relaxation assumes steady-state creep conditions only. 
These conditions were probably not achieved in the present study 
particularly for the short fatigue lives. 

The tensile creep rate and fatigue-life data were used in conjunction 
w i t h  Eq. 1 to estimate the parameter, m. The resulting value o f  ni for the 
NT 154 was found to increase slightly from -1.3 to -1.0 as the creep rate 
became smaller (i-e., as the fatigue life became larger). Based upon 
Eq. 3 ,  one would predict a fatigue exponent of 5.7 (N*m = 1 - 1  x 5.71 ) ,  
which is in excellent agreement with the experimental results for t > 10Oh 
(see Fig. 3 ) .  

Status o f  milestones 

A rough draft o f  a report describing the results o f  the button-head 
grip comparison was completed. 
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2. M. K. Ferber, M. G .  Jenkins, T. A .  Nolan, and R. Yeckley, 
"Creep-Fatigue of Structural Ceramics: I ,  Comparison of Flexure, Tension, 
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MA during Oct. 1-4, 1990. 
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Toughened Ceramics l i f e  Predict ion 
J .  A. Salem and S. R. Choi (NASA Lewis Research Center) 

Object i ve/sco~e 

The purpose o f  this research is to understand the room temperature 
and high temperature [137OoC (25OO0F)] behavior o f  in situ and S i C -  
whisker toughened ceramics as the basis far developing a life prediction 
methodology. A major objective is to understand the relationship 
between microstructure and the mechanical behavior within the bounds of 
a limited number of  materials. A second major objective is 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. 

Tec hn i cal proqre s s 

The mechanical characterization o f  a whisker reinforced s i 1  icon 
nitride and a similar monolithic were completed. Previously reported 
results on strength, toughness, and oxidation are included along w i t h  
unreported measurements of dynamic fatigue, creep, crack growth 
resistance, and fractographic analysis. 

Materi a1 s and Test Procedures 

(A )  Materials 

The materials used in this study were based on Garrett GN-10* coniposite 
and monolithic S i  Nq's. The material fabrication has been described 
elsewhere'. 
mm diameter by 75 mm height tillets, glass encapsulated by the M E A @  
method and hot-isostatically pressed t a  produce monolithic Si3N4 
material. Part o f  the same powder batch was blended with 30 vol !% S i c  
whiskers by ACMC' and processed with the same procedures as the 
monolithic. Densities of the composite and monolithic materials were 
3.27 and 3.31 g/cm3, respectively. Etched microstructures o f  the 
materials are shown i n  Figure 1. 

Brie i3 ly, a Si N powder composition was slip cast into 50 

(6 )  Strength 

The billets of both composite and monolithic materials were cut to 
produce flexure test specimens such that the longitudinal axis of the 

* Garrett Ceramic Components Div i s ion ,  Torrance, C a l i f o r n i a .  
B AB8 Autoclave Systems, Columbus, Ohio. 
& Advanced Composite Materials Corp., Greer, South Carolina. 
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Figure 1. 
regions are Sic whiskers, and light regions are intergranular p 8 ases. Etched microstructures: where darkest regions are Si Nq, grey 
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specimens was p a r a l l e l  t o  t h e  b i l l e t  he igh t .  The f l e x u r e  s t reng th  was 
determined i n  f o u r - p o i n t  bending a t  temperatures f rom 25 t o  1400 OC. 
The specimens measured 3 x 4 mm i n  he igh t  and w id th  and the  i nne r  and 
ou te r  spans were 20 and 40 mm, respec t i ve l y .  Flaw type and l o c a t i o n  were 
determined w i th  scanning e l e c t r o n  microscopy. 

(C)  F rac ture  Toughness 

Frac ture  toughness from room temperature t o  1400 OC was determined 
w i t h  t h e  chevron-notch2 (CN) method i n  f o u r - p o i n t  bending. Specimens 
measured 3 x 6 mm i n  w id th  and he igh t  and the  i nne r  and ou te r  spans were 
20 and 40 mm, respec t i ve l y .  Chevron-notch specimens were t e s t e d  a t  0.01 
mm/min. The slow s t roke  r a t e  used f o r  chevron-notch t e s t i n g  was requ i red  
t o  i nsu re  s t a b l e  crack extension. The f r a c t u r e  t o u  hness was a l so  

s t rength4  (IS) methods a t  room temperature. 
measured w i th  single-edged-precracked-beam ( S E P B )  ? and i n d e n t a t i o n  

(D) Crack Growth Resistance 

The room temperature c rack  growth res i s tance  was est imated us ing  
the  i nden ta t i on  s t reng th  method proposed by Krause4, and from the  
r e s u l t s  o f  t h e  S E P B  f r a c t u r e  toughness t e s t s .  Test specimens f o r  
i nden ta t i on  s t reng th  were 3 x 6 x 25 mm bars w i t h  the  center  o f  t he  
po l i shed  t e n s i l e  sur face indented w i t h  a Vickers i nden te r  a t  loads 
ranging from 49 t o  294 N. The subsequent s t reng th  t e s t s  o f  t h e  indented 
samples were conducted i n  f o u r - p o i n t  bending w i t h  spans o f  10 and 18 mm, 
and a s t roke  r a t e  of 0.2 mm/min. Three t o  f o u r  specimens were tes ted  a t  
each inden ta t i on  load. Krause e t  a14 have shown t h a t  R-curve behavior 
can be evaluated from inden ta t i on  s t reng th  data, assuming t h a t  f r a c t u r e  
res i s tance  (K,) i s  r e l a t e d  t o  the  c rack  l e n g t h  (c)  by a power-law 
r e l a t i o n s h i p .  The f r a c t u r e  res i s tance  and t h e  i n d e n t a t i o n  s t reng th  (a,) 
re1  a t  ions  are expressed 

K, = kc" 

(2) 2m-l/2m+3 
Of = [k(3+2m)/(48)3[4Pr/(k(l-2m))l 

where k and m are  constants,  /I and 7 are  the  dimensionless q u a n t i t i e s  
associated w i t h  the  res idua l  con tac t  s t ress  i n t e n s i t y  and the  crack 
geometry, respec t i ve l y ,  and P i s  t he  i nden ta t i on  load, When m = 0, 
Equation (2)  reduces t o  the  case o f  no c rack  res i s tance  toughening. 
Also,  K,. = K ,  f o r  m = 0. The parameter m was evaluated from the  bes t -  
f i t  slope 04 t h e  Log 0,-Log P data  and equat ion (2 ) .  The constant  k was 
evaluated from Eq. (1) w i t h  the  est imated m and t h e  toughness value 
obta ined from the  average macroscopic c rack  s i z e  o f  c = 1600 pm f r o m  the  
SEPB specimens. 

(E) Fat igue S u s c e p t i b i l i t y  

Dynamic f a t i g u e  t e s t s  were conducted i n  f o u r  p o i n t  bending w i t h  
20/40 mm spans a t  temperatures o f  1100, 1200 and 1300 OC i n  a i r .  Four 
l oad ing  r a t e s  o f  2000 N/min t o  2 N/min, corresponding t o  t h e  s t ress ing  
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rates of 2000 MPa/min to 2.0 MPa/min, were applied at temperatures of 
1100 and 1300 OC. 
N/min were employed due to the limited number of the specimens. 
number of test specimens at each loading rate was three to five. The 
heating rate of the furnace was 12 OC/min, and each specimen was held 
at test temperature for 20 min prior to testing. 

For comparison, an additional dynamic fatigue test was carried out 
with indented specimens at 1100 OC in air. Specimens measuring 2.7 x 4 
x 2 25 mm were indented using an indentation load of 98 N with a Vickers 
microhardness indenter such that one of the indentation diagonals was 
aligned normal to the direction of the applied tensile stress. 
loading rates o f  4200 to 4.2 N/min, corresponding to the stressing rates 
of 2000 to 2.0 MPa/min, were utilized. 
with spans of 19.0/9.5 mm was used. 
loading rate. 

respectively, from the slope and intercept of the dynamic fatigue curve 
of Log of vs. Log 6 based on linear regression analysis516 

At 1200 OC only two loading rates of 2000 and 2 
The 

Four 

A four point flexure fixture 
Three specimens were tested per 

The fatigue susceptibility parameters n and B were obtained, 

ofn+' = B(nt l )S in-26  (3) 

where B = 2/[AY2(n-2)K,cn-2], Si is the inert strength, and Y is the 
crack geometry factor. Consequently, the parameter A of the empirical 
crack vel oci ty equat i on7 

V = A'[KI/KIc]" = AKIn ( 4 )  

was evaluated using Eq. (3) with appropriate constants. 

(F) Oxidation 

Oxidation tests were conducted by heating bend bars at 1000, 1200, 
or 1400 OC for 500 hours in 100 ccm flowing oxygen. Four-point bend 
strength of the materials after the 500 hour exposures was determined at 
25 OC. Specimens measured 3 x 4 mm in height and width, and they were 
tested between spans of 20 and 40 mm at a crosshead speed of 0.05 
mm/min. Five specimens were tested for each exposure temperature. 

(G) Creep 

Creep tests were conducted by dead weight loading of 3 x 4 x 50 mm 
flexure specimens between spans of 19.05 and 38.1 mm. Stress levels of 
200, 250, 300, and 350 MPa were applied at 1250 OC in air. The 
di spl acement measurement system included an LVDT transducer with a 3- 
point extensometer made of A1203 gaging rods with Sic points. The Sic 
points contacted the specimen tensile surface at the center and beneath 
the inner load points. The strain calculation assumed a constant radius 
of curvature between the inner load points and the simple relation 
emax - - 4h x d/a2, where emax is the maximum strain in the outer fiber, d 
is the relative deflection of the bar center with respect to the inner 
load points, and a is the inner span'. 
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Results and Discussion 

( A )  Strength 

Bend strength o f  the as-received materials as a f u n c t i o n  o f  
temperature i s  s h ~  n in Figure 2. The roam t 
of = 698 k 85 MPa d 732 k 61 MPa for t he  c 
m a t e r i  al s ,  respect i vely . e i b u l l  modulus i 
was not  available due Its e ' l i m i t e d  number o f  t e s t  specimens (typically 
l e s s  than l a ) .  However, b u l l  modailus (7) can be est imated 
approximately using the formula o f  7 = le2/[C.V.] as proposed by R i t t e r  
e t  a1', where C . V .  i s  t h e  coefficient o f  v a r i a t i o n  a f  the mean strength. 
Using t h i s  relation together with the o b t a i  eb[l values of C.\B. for the  
t w o  materi a1 s a t  rcaorn temperature, Weibull 
mono1 i t h i c  are estimated t o  be T = 9.8 and Despite 
t h e  insufficient nirmber o f  test specimens f a r  t he  reliable evaluation o f  

1 parameters, the e s t i m a t e d  Weibull modi~lus ,  however, i s  i n  a goad 
ent w i t h  the typical ranye o f  T = 7 t o  15 ~~~~~~~~ observed from 
ed Si3N4 materia?s, I t  i s  important t o  note  t h a t  a law S1Jeibull 
s sugges ts  nonuniformity and/or inhomogeneity in compos i t im and 

microstructure far the m a t e r i  a1 s a 

ite and monolithic 
strength d i  stri b u t i  

m-jijli of the composite and 
4 . 4 ,  respectively. 

0 500 1000 

ATURE,  T roc]  
1500 

Figure 2. 
S i 3 N  

As-received strength o f  mono1 i t h i c  and S i @  whisker-reinforced 
a s  a function o f  temperature in a i r .  Er ror  bar indicates I 1.0 

stan A ard deviation. 
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Examination of the fracture surfaces for both materials showed 
that most failures originated from surface and subsurface porous 
regions, coarse grained regions, chunks of silicon nitride, and 
agglomerates. Typical examples of failures are shown in Figure 3 .  The 
chunks of  nitride were not associated with processing contaminants such 
metallic particles (e.g. iron). For both materials, the room 
temperature strength was retained with little variation up to 1100 OC; 
however, appreciable strength degradation occurred at 1200 OC and was 
much greater at 1400 OC. The large degradation at 1400 OC, relative to 
the room temperature strength, reached 50 and 45 % for the composite and 
mono1 ithic materials, respectively. This high temperature strength 
degradation, particularly at 1400 OC, is believed to be associated with 
slow crack growth and creep deformation due to the softening of the 
grain boundaries. 
occurred at 1400 OC for the composite material i s  shown in Figure 4 .  

In general, the strength of the monolithic material was about 5 to 
15 % higher compared to that of the composite. However, in view of the 
range of experimental error, it can be concluded that the strengths of 
both composite and monolithic materials are virtually the same, as seen 
in Figure 2. 
matrix did not provide any favorable effect on strength, consistent with 
ear1 i er work1. 

A large region of such stable crack growth that 

This indicates that the whisker addition to the Si3N4 

(6) Fracture Toughness 

The results of the fracture toughness measurements from the chevron- 
notch method are presented in Figure 5. 
for both materials is plotted against test temperature from 25 to 1200 
OC. Contrary to the case found for the strength behavior, toughness 
degradation with increasing temperature was no t  observed for the two 
materials. Over the test temperature range, the toughness (room 
temperature K,, = 5.46 ? 0.28 and 5.32 f 0.30 MPaJm for the composite 
and monolithic, respectively) remained almost unchanged (within I 10 %I3, 
indicating that toughness for both materials i s  independent o f  test 
temperature up to 1200 OC. Also, note the negligibly small difference in 
toughness values between the two materials. The overall fracture 
toughness was found to be K,, = 5.66 t 0.26 MPaJm, as indicated by the a 
horizontal line in Figure 5, 

unusually high fracture toughness of K 2. 10 MPaJm was obtained for 
both materials at the temperature of 1hbO OC. This was due to increased 
plasticity and/or creep deformation associated with the combined effects 
of high temperature and slow testing speed 0.01 mm/min, as reported 
previously'. The SEPB method in inert environment is thought to be a 
good alternative t o  measure fracture toughness at that high temperature. 

A summary of the fracture toughness evaluated at room temperature 
with the chevron notch, SEPB, and indentation strength methods i s  shown 
in Figure 6. The fracture toughness thus obtained was not dependent on 
the test method for both materials. 
no difference in fracture toughness between the two materials. 
overall fracture toughness was found to be K,, = 5.41 2 0.20 MPaJm, as 

The measured fracture toughness 

It should be noted that, although not presented in Figure 5, an 

Also, note that there was virtually 
The 
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Figure 3. Fracture origins: (a) Porous region (composite), (b) coarse 
grain (composite), (c) coarse grains (monolithic), and (d) glassy patch 
associated with coarse grain (composite). 
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Figure 3. Continued. Fracture origins: (c) coarse grains (monolithic), 
and (d) detail o f  a glassy patch associated with a coarse grain 
(composite). 
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skown en Figure  6. T h i s  result i m p l i e s  t h a t  crack growth resistance o f  
a ins  constant regardless of the crack 
~~~e~~~~~ o r  the macro-crack jSEPf3 an 
s tance as a functia, i z e ,  called R-eurve 

r, g..t'l he discussed in the x1 
7ha I a C K  %f appreciable difference lf'r Fracture told¶ 

t h ~  i"..wc  materia?^ i m p l i e s  t h a t  t h e  whisker addition was ineffective as  a 
compos i tc?. mater! a1 sys tern 

ep b r i ag ing  and whisker pullout have been suggested and observed t o  
era"iive f o r  some reinforced ceramics ' ' 0  

€!flection by the whiskers aRd both 

Y 3 caiiiposite material exh ib i ted  whisker pu7 ISUP, and their impress ions  
~ r a c t u r e  surfaces o f  

t o  some 2xten.i; [ F i  ure? a ) .   ow^^^^^ k r and e x t e n t  6 
paillouts a r e  thoug be insufficien 
fi--.actsnr.e toughness 0 ,  note  t h a t  m 
direct. ion para3 4 el re  p l a n e ,  as o ~ ~ e r ~ ~ ~  from %he 
o P i e ? % J t i o n  o f  the f i b e r  ions i n  Fig.  6 ( b ) *  I t  should be noted 
t h a t  prop@r aiia'gn ent o f  whiskers relsatdve t o  crack p lane ( i . e 3  whisker 
axS s 031 igned ~~~~~~~~~~~~ a r  crack $ane]  i s  a prerequisite t o  enhance 
f r a c t u r e  toughness o f  the co 

Recently, Bectaer e t  a1 
~~~~~~~~~ ceramics 
ange ~ n ~ ~ ~ ~ ~ ~ e ~  by b r i d  
ns. Their result in 

a1 . 

i s  

I.j.here Q := 2 p F " y  rV,ECG"k"3 

2-d where K;> is  the matrix toughness, 8" i s  the hjsker radius,  OfW t h e  
i s k r  strength,  v ,  the  ia' action of w h ?  he Po isson ' s  

!2 arc? t he  Ysun us and f racture  
rg  y .) :"e s p e a3 B i 39 e 

endent. an the i n  
sfac i a1 fracture 

h i s k e r  b r i d g h y .  In  Wder 
f r o m  t h e  current cornposi t 

i v e n  i n  f q .  (5) 

debmiding o f  the whisker along 

ra twe values 

. 3 .  To achieve 
E" = 580 GPa33, 

% toughened compo 
i s  thus crucial i n  ta i lor i reg toughness property o f  the composite 
materials, However, additional C Q m p l e X i  i e s  'i nvol ved with interface 
surface chemistry, whisker morphology an thermal expansion mismatches 
are a l so  known t o  strongly influence whisker t o ~ g h e n i n g ' ~ .  
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Figure 7. 
pullout, and (b) orientation of whisker impressions which is parallel to 
the fracture surface. 

Fracture surfaces of composite material showing (a) whisker 
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(C) R-Curve Behavior 

A summary o f  t he  f r a c t u r e  parameters m and k i s  g iven  i n  Table I. 
Included i n  t h i s  t a b l e  i s  t h e  b e s t - f i t  s lope f o r  each m a t e r i a l  est imated 
f r o m  t h e  l i n e a r  regress ion  ana lys i s  of Log uf vs Log P. 
f r a c t u r e  res i s tance  curve based on Eq. (1) i s  presented i n  F igure  8. 
Both composite and mono l i t h i c  ma te r ia l s  d id  n o t  e x h i b i t  any r i s i n g  R -  
curve behavior,  w i t h  a n e g l i g i b l y  small toughening exponent o f  m 5 0.04. 

The f l a t  R-curve behavior o f  the  composite ma te r ia l  was a l so  
observed from the  f r a c t u r e  toughness values evaluated us ing  SEPB 
specimens a t  room temperature. 
toughness as a f u n c t i o n  o f  normal ized c rack  s i z e  a/W, where a i s  the  
precrack s i z e  and W i s  t h e  specimen he igh t .  Here, t h e  d i f f e r e n t  crack 
s izes  were obta ined by vary ing  the  app l ied  i nden ta t i on  load, which no t  
o n l y  t r i g g e r s  c rack  pop- in,  bu t  determines the  precrack ing  l oad  and 
precrack s ize3. 
toughness i s  i n s e n s i t i v e  t o  t h e  c rack  s ize,  which i s  cons i s ten t  w i t h  the  
r e s u l t  obta ined f r o m  the  i nden ta t i on  method, s ince most values are 
w i t h i n  -+ 1.0 standard d e v i a t i o n  o f  t h e  mean (=5.18 MPaJm). 

Th is  r e s u l t  o f  a f l a t  R-curve behavior f o r  t he  composite ma te r ia l  
i n d i c a t e s  t h a t  t he  whisker a d d i t i o n  t o  t h e  S i  N4 m a t r i x  d i d  no t  r e s u l t  

cons i s ten t  w i t h  the  prev ious work f o r  another 30 vol % S i c  whisker/Si3N4 
composite ma te r ia l  where the  toughening exponent was obta ined t o  be m = 
0.0315. R is ing  R-curve behavior has been observed w i t h  some vary ing  
degree f o r  ceramic m a t e r i a l s  such as A120 
whisker r e i n f o r c e d  A1203's (1n=0.08)'~, a n d  i n - s i t u  toughened Si3N4's 

The p red ic ted  

F igure  9 shows a p l o t  o f  f r a c t u r e  

I t  can be seen from Figure 9 t h a t  t h e  f r a c t u r e  

i n  any favorab le  e f f e c t  on crack growth r e s i s  ? ance. Th is  r e s u l t  i s  

(m=0.13)9, 25 w t  % S i c  

(m=o. 1-0.2) 1 7 3 .  

Table I. Summary o f  f r a c t u r e  res i s tance  parameters f o r  mono l i t h i c  
and 30 vo l  % S I C  whisker- re in forced s i l i c o n  n i t r i d e s  

B e s t - F i t  Slope Frac ture  Resistance Parameters 

Curve* 
Mater i  a1 i n  Log a,-Log P m k 

M o n o l i t h i c  -0.30(0.03) 0.04(0.01) 6.77 

Composite -0.34(0.04) 0 5.18 

* The u n i t s  are i n  MPa f o r  Of, and N f o r  P.  
' The u n i t s  are i n  MPaJm f o r  Kr ,  and meter f o r  c i n  E q . ( 2 ) .  
' The parenthesis indicates k 1.0 standard deviat ion. 
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Figure 8. Predicted fracture resistance curves for composite and 
monolithic materials. 
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Figure 9. Fracture toughness o f  composite material as a function of 
normalized crack size (a/W) measured from the SEPB specimens at 25 OC. 
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(D) Fatigue Suscepti bi 1 i ty 

A summary of the dynamic fatigue results i s  presented in Table 41.. 
The stressiry rate ( 3 )  was calculated using the relation 
15 = 3(L0-L,)P/[2bh2] where Lo,and L .  are the outer and inner spans o f  the 
test fixture, respectively, P is the loading rate, and b and h are the 

th and height, respectively. Table 111 summarizes the 
, B and A evaluated from these d a t a  based an Eq. ( 3 ) .  The 

parameters B and A for the indented specimens were no t  estimated due to 
the unknown inert strength ( S i )  data, 

composite specimens. 
stressing rate indicates that stress corrosion due t o  fatigue (stable 
crack growth) occurred at all test temperatures. 
susceptibility pa ameter n decreased rapidly fro 
corresponding tern erature increased f r o m  1100 to 
indicates that f a  igue susceptibility ncreases very rapidly with 
increasing temperature. 
i n  the dynamic fatigue curve occurs at the lowest stressing rate of 
2.0 MPa/min at 1300 OC, resulting in a very law value o f  n = 5.8. 
transition was attributed t o  creep deformation enhanced by both the high 
temperature and very slcw stressing rate. 
also observed for the specimens tested at this condition. 
emphasized t h a t  such transition should be taken into account when 
reliability and lifetime prediction (design methodolo y)  are made for 

more in-depth understanding o f  bath stable crack growth and creep 
behaviors, particularly under a constant loading rate condition. 

The results o f  dynamic fatigue tests o f  t he  monolithic material 
are presented in Figure 11. As seen f o r  the composite material (F ig .  
101, the fatigue strength decreases with both increasing stress rate an 
increasing temperature. However, the f tigue parameter n for the 
monolithic decreased monotonically fro 5Q.8 t o  40 .4  with increasing 
temperature from 1100 to 1300'C. This ehavior contrasted to that o f  the 
composite material which exhibited a transition in the fatigue curve a t  
130OOC due to creep. Although the monolithic material exhibited creep at 
the lowest stressing rate o f  6 = 2 MPa/min, it did so less than the 
composite material. 

Results of d naniic fatigue tests o f  the indented composi te 

fatigue strength d a t a  o f  the as-received specimens was included. The 
parameter (n=50.8) for  the indented specimens is lower than that 
(n-88.1) obtained from the as-received specimens. In other words, the 

Que resistance o f  inherent f l a w s  is greater than that o f  artificial 
s produced by indentation. T h i s  indicates that fatigue behavior o f  

the well-defined cracks i s  somewhat different from that of the inherent 
flaws, implying that the two flaw systems may not be identical t o  each 
other. It i s  thought that the inherent Flaws have a more ill-defined 
crack configuration as compared to the indent crack, thereby rcserlting 
i n  a more deviated crack propagation behavior. 

Figure 10 shows the dynamic fatigue results o f  the as-received 
The decrease in fatigue strength with decreasing 

It is also im ortant to note that a transition 
= 

The 

Appreciable creep strain was 
It should be 

structural components, as mentioned by Fett and u n z  12 . This requires a 

specimens at 1100 8 C are presented in Figure 12. For comparison the 
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Table 11. Summary o f  dynamic fatigue results o f  monolithic and 
30 vol % Sic whisker-reinforced silicon nitrides 

Composite Mono1 i thic 
Temp Specimen Stressing # o f  Fracture # of Fracture 
(OC) Condition Rate, 6 specimens Strength specimens Strength 

(MPa/mi n) Qf ( M W  Qf ( M W  

1100 As-received 2 5 598.9( 63.1 ) *  3 609.2(35.1) 
1100 AS-received 20 5 584.5(82.0) 4 649.0(45.3) 
1100 As-received 200 5 615.9(54.8) 3 675.3(41.8) 
1100 As-received 2000 5 641.5(33.8) 4 697.4(5.1) 

1200 As-received 2 4 463 .O( 106.4) 3 537.2(48.4) 
1200 As received 2000 4 558.9( 19.5) 4 621.5(63.4) 

1300 As-received 2 4 318.0(14.1) 4 513.3(49.3) 
1300 As-received 20 3 445.2(44.2) 4 523.3(47.3) 
1300 As-received 200 3 487.6 (48.5) 4 596.4(75.1) 
1300 As-received 2000 4 553.9(38.0) 4 591.4(21.0) 

1100 Indented’ 2 3 351.5(4.8) 
1100 20 3 353.1(11.3) 
1100 Indented 200 3 372.4(11.1) 
1100 Indented 2000 3 400.5( 26 -9) 

* The numbers in parenthesis indicate k 1.0 standard deviation. 
E Indent load applied for the indented specimens = 98 N. . Test environment was ambient air. 

Table 111. Summary of fatigue parameters of monolithic and 
30 vol % Sic whisker-reinforced silicon n i t r i d e s  

Fatigue Temperature (“C) 
parameter 1100 1200 1300 

comp mono comp mono comp mono 
-_I_ n 88.1 50.8 35.7 46.4 20.1*/5.8# 40.43 

In B -1.0229 6.0924 0.2809 0.5762 3.9784/11.6921 0.4346 
(MPa2min) 

Ln A -151.3 -93.51 -61.4 -86.1 -39.6/-19.1 -75.6 
(m/min) 

* Evaluated based on the stressing rates o f  2000. 200 and 20 MPa/min. 
# Evaluated based on the stressing rates of 20 and 2 MPa/min. 
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Figure 10. Dynamic fatigue data for 30 YO? X Sic whisker-reinforced 
silicon n i t r i d e  material (as-received condition) in ambient a i r .  

_I_ 

MONOLITHIC Si3N4 

looor----- 900 -I__ -1 

STRESSING RATE, 6 I MFaa/minl 

Figure 11. Dynamic fatigue data for monolithic silicon nitride material  
(as-received condition) i n  ambient air. 
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A typical example of the fracture surface for the specimen tested 
at 1300 OC with a stressing rate o f  2.0 MPa/min is shown in Figure 4 .  
Note the extensive glassy phases in the stable crack growth region that 
probably occurred by oxidation. 

Based on these dynamic fatigue results, it can be concluded that 
whisker addition to monolithic Si3N4 deteriorates the inherent fatigue 
resistance. This contrasts with results of strength, fracture toughness, 
and crack growth resistances described earlier, for which no appreciable 
differences were found between the two materials. 

9001 
30 VOL %Sic,#/ Si,N, 

1 O O O r  

300 t 
1 1  I I 1 I 

1 o' 101 1 o2 1 0' 0' 

STRESSING RATE. b [MPa/minl 

Figure 12. 
ambient air. 
comparison. 

Dynamic fatigue data for indented composite specimens in 
The fatigue data for as-received specimens is included for 

( E )  Oxidation 

Results from X-ray diffraction o f  the oxidized surfaces are given 
in Table I V .  
cristobalite after the 1000 and 1200 OC exposures. 
temperature form of tridymite was present on the 1400 OC samples. 
Silicon carbide was not detected on the surface of S i c  whisker toughened 
Si3N4 after 1400 OC exposure. 

13. 
toughened Si3N4 samples were statistically different (447+28 MPa Y S  
555t73 MPa). Fractography was conducted with scanning electron 
microscopy. A summary of the nature of the origins is found in Table V .  

Silica was present on the surfaces in the form o f  Q- 
The higher 

Bend strength results o f  oxidized specimens are shown in Figure 
The room temperature bend strengths of the 1200 and 1400 OC 
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Table IV. X-Ray Diffraction Resuits 
-----_ 

I__ .-_1_1-..-. 
_.___I_ 

Exposure Phases 
Sample Temperature Present 

'------;I-------- ---------- Toughened Si3N4 1000UC ----- 8-si3N4, a-S13N4*,  S i c ,  

Mono1 i t h i c  Si3N4 10000~ 8-Si3N4, a-Cristobal i te 

Toughened Si3Nq B-Si3Ndi  a-Si3N4*,  S i c ,  

------- 

a-Cristobal i t e  

---------- 120* c ~ . - ~ . . ~ . - -  -- -------- a-Cr1stobal ite* 

Mono1 i t h i c  Si3M4 1 2 0 0 ~ ~  B-Si3N4,  a-Cristobal ite* 
B - S i 3 IJq , a - C r i s t oba TiTii~iijG$& 

Mono1 ithic Si3N4 14OOoC 8 - S i 3 N 4 ,  a-Cristobal ite, Tridymite 
-..-- - . - ~ . l _ _ _ _ l . . ~  ..__ 

Toughened si 3-NT--- 4oo~~----.---------- 

- ------------~ ..-.-._ 
* Denotes minor phase. 

Table V .  Nature o f  Failure Origins (Room Temperature 4-Pt Bend) 
-- 

_...___ ..___ --...- ~ . _ _  -..-._ 
Ex p o s ure F1 aw Number of-- 

Sample Temperature Type* Occurrences 
--------1_-- I 

--.----- -.--- 

Toughened Si3N4 lOOO?---.- VP 4 -- 

~ o n o l  i thic ~ i 3 ~ ~  ~ O O O O C  SP 

1 

4 
1 

SP 

ND 

Mono1 i t h i c  Si3N4 3200°5 VP 
VG 
SG 
ND 

A 

2 

5 ------.--- 

3 
2 

-... -- I__- -----.---. 

Toughened Si3N3--" 1400°C SP 

Nono1 i t h i c  Si3N4 140OoC SP VP 

1 
1 
1 



360 

In the composite specimens oxidized at 1000 OC , areas of volume 
porosity 20-40 pm in diameter acted as fracture origins. 
processing flaws were much larger than the surface pores (5-10 pm) that 
acted as origins in the 1000 OC monolithic samples. Fractography did 
not explain the apparent increase in strength of toughened Si3N4 after 
exposure to 1400 OC versus 1200 'C, 
approximately 30-50 pn for all samples after exposure at both of these 
temperatures. 

In summary, the monolithic Si3N4 material retained its original 
room temperature strength after 500 hours of oxidation up to 1200 'C, 
but lost 41 % o f  that value after exposure at 1400 OC. By comparison, 
the toughened material retained its original room temperature strength 
after 500 hours at 1000 OC, but lost 37 % o f  that strength after 
exposure a t  1200 OC. Fracture originated primarily at surface pores or 
surface oxidation pits. Volume pores dominated only in the toughened 
Si3N4 after 1000 OC exposure. 

It is concluded that the toughened Si N exhibited no performance 
gain over monolithic Si3N4 in this series oi! ?ests, 

These 

Surface flaw size was 
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Figure 13.  Room temperature four-point bend strength o f  monolithic and 
30 vol % SiLwhisker-reinforced silicon nitride after 500 hours exposure 
in flowing oxygen at 1000, 1200, and 1400 OC, Error bar indicates .t. 1.0 
standard deviation. 
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(F)  Creep 

Creep strain as a function o f  time at 350 MPa is shown in Figure 
14.  It should be noted that the neutral axis was not assirmed to shift 
toward the compression s i d e  during the creep deformation, The resulting 
steady state creep rate, based 011 the equation 

is illustrated as a function o f  applied stress in Figure 15. net 
apparent strain and creep rates were substantially higher for the 
composite material a The monolithic material exhibited a creep parameter, 
N = 8.99, typical o f  values given in the literature for silicon 
n i t r i d e s .  The composite material, however, exhibited a much higher 
parameter, FJ = 5.61, indicating a p00r resistance .&a creep at 1250 "c. 
I t  has been reported by Nixon et a l Z 0  that S1C whisken in a Si3N4 
matrix did not directly contribute to the kinetics s f  compressive 
creep. However, the addition o f  whiskers did enhance compressive creep 
because o f  the additional S i 0 2  contributed by the whiskers, The 
amorphous grain boundary phase ultimately controlled creep by ya"ain 
boundary sliding. 

..i 

e 
a ,- 
L 

iis" 

/ 
/ 

/ 

MONOLITH IC 

0 2 0  90 6 0  8 0  1 OQ 

Figure 14.  Creep strain as a f u n c t i o n  o f  time at 1250 Oc and 350 MPa. 
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Figure 15. Creep rate as a function o f  applied stress at 1250 OC. 

Conclusions 

The monolithic material used in this study exhibited very good 
fatigue resistance and reasonable strength, toughness, and creep as 
compared to available monolithic Si N~'s. The addition o f  30 vol % Sic 
whiskers to the monolithic Si3N4 dia not substantially improve the 
strength, fracture toughness, or crack growth resistance. However, the 
whisker addition did deteriorate the fatigue, creep, and oxidation 
resistance inherent to the monolithic material. 
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Status o f  Milestones 

Milestones are on time. 

Publications 

J .  A. Salem, J. M. Manderscheid, M. R. Freedman, and J. P. 
Gyekenyesi, “Reliability Analysis o f  a Structural Ceramic Combustion 
Chamber,’’ NASA T.M. 103264 (1990). 
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lwal (AHison Gas Turbine Division sf General 
Corporation) 

surface hole can be dou 

. The reference speci 

(1 1 1.9 ksi) with a standard deviation of 1 18.9 MPa (1 7.2 ksi). ~ ~ ~ ~ i ~ ~ ~ a ~  fracto- 
graphic analysis indicates most failures originated on the surface. Prior to testing, 
these bars had been inspected with both ultrasonic and radiographic techniques. 



366 

Figure 1. C-scan of reference spedmen with 100 micron diameter surface 
holes. 

Figure 2. C-scan of reference specimen with 50 micron diameter surface 
holes. 
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Effort is underway attempting to correlate the fracture origin with obsewed NDE 
results. 

Tensile bars 

Tensile testing of the PY6 material has commenced this reporting period. 
The specimen Is an injection-mow, cylindrical button-head bar having a 55.9 
mm (2.20 in.) long gage section with dx 4.762 mm (0.1875 in.) dlamster. Testing 
is being performed by Southern R 8 p H  In&&. Initial results, performed at 
room temperature, eu8 shown In T W  2. A previous set of five impressed bars 
had been teated to verify that the sp n design would give 9006 test results 
(is. failures would obcur in the g n and not the bhaOton head). One of 
the five isopressd bars, and as le 2, onle of the six jnjaion 
molded bars feriled in the Wm head, Figure 3 shows the post-test results of 
four of the injection molded bars. Only tha trajection molded bars are formally 
being studied in this program, and these initial results suggpst that the specimen 
design will indeed provide good @st data. 

Figure 4 show the baron micrographs of the failure surface for 
specimen 1036. The fraaure wag an intmal flaw. Figure 5 is the energy 
dispersive x-ray maIyd8 $&e. ft shws that the internal flaw was an 
iron inclusion. The A;u and Pd apikes on the plot are artifacts of a thin gold 
coating applied to the surface of the fracture face. 

Figure 3. Post-test condition of tensile bars. 



Figure 4. Tensile gage section fracture surface of specimen 1038 at 20X and 80X. 
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Figure 5. Energy dispersive x-ray analysis of specimen 1036 failure site. 

Figure 6 shows the scanning electron micrographs of the failure surface 
for specimen 93A. The fracture originated from a surface flaw on this specimen. 
Figure 7 shows the energy dispersive x-ray analysis of the failure site. No iron 
was detected. Again, note that the Au and Pd spikes are the result of a thin gold 
coating applied to the fracture face. 

bars in final machining at GTE that will be shipped to Allison soon. Another 200 
bars are currently being molded. 

Another 35 tensile bars are available for testing with an additional 120 

Dog-bone specimens 

Twenty-one PY6 billets of 60 x 50 x 15 mm (2.362 x 1.968 x 0.590 in.) 
nominal size were received from GTE to fabricate dog-bone specimens to 
measure creep behavior at the National Institute of Standards and Technology 
(NIST). The billets were examined with radiography, and then shipped to NIST 
for the fabrication of the specimens. After fabrication, they will be inspected by 
ultrasonics and then tested. 

Circular disks 

The first 70 circular disks, to be used by Battelle in biaxial testing, are in 
final machining and will be delivered to Allison within a week. The final 70 disks 
are in process and should be received by Allison by the end of October. Five 
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21 September 1990 10:25:16 

93A INITIATOR 
Vert = 132 coupts Disp = 1 

Execution time = 22 seconds 
Preset = 100 seconds 
Elapsed = 100 seconds 

Figure 7. Energy dispersive x-ray analysis of specimen 93A failure site. 

MOR bars have been sent to Battelle. They will be used for some preliminary 
studies aimed at providing an initial idea of how the PY6 material behaves. 

NDE laboratory enhancement 

A 100 MHz computer-controlled ultrasonic imaging system for Allison is 
currently being developed at Automated Systems Div. Panametrics, Ithaca, New 
York. This system will consist of a 100 MHz pulser/receiver and a single shot 
peak detector, a 50 MHz 0.5 in. focal length surface wave transducer (F # = OB), 
AST 386120 MHz based data acquisition and imaging system, and a Seiko 
Model 5504 color printer. This printer will be multiplexed with the microfocus x- 
ray signal processing system which is currently being developed at Allison. 

s of Mile- 

322201 : Computer Implementation of Initial Failure Models - complete. 
322202: Initiation of MOR Testing - accomplished this reporting period. 
322203: Initiation of Tensile Testing - accomplished this reporting period. 
322204: Initiation of Biaxial Testing - on schedule. 
322205: Initiation of Confirmatory Testing - on schedule. 
322206: Completion of All Specimen Testing - on schedule. 
322207: FinalizationNerification of Computer Code - on schedule. 
322208: Draft Final Report - on schedule. 
322209: Final Report - on schedule. 
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Table 1. MOR test results. 

specimen 
number 
34.1 396 
34.1397 
34.1 398 
34.1 399 
34.1 400 
34.1 40 1 
34.1 402 
34.1 403 
34.1 404 
34.1 405 
34.1 406 
34.1407 
34.1 408 
34.1 409 
34.1 41 0 
34.1 41 1 
34.1 41 2 
34.1 41 3 
34.1414 
34.1 41 5 

Width Thick Load 
zmm --mm --N 
4.028 
4.026 
4.028 
4.031 
4.034 
4.031 
4.034 
4.031 
4.028 
4.028 
4.028 
4.028 
4.026 
4.026 
4.031 
4.031 
4.034 
4.031 
4.031 
4.031 

3.007 
3.01 2 
3.007 
3.002 
3.007 
3.000 
3.007 
3.007 
3.01 5 
3.01 0 
3.01 0 
3.01 2 
3.01 2 
3.01 0 
3.005 
3.007 
3.007 
3.007 
3.005 
3.005 

747.3 
849.6 
849.6 

1005.3 
987.5 
947.5 

11 12.1 
1045.3 
987.5 

1058.7 
1 063.1 
943.0 
822.9 
885.2 
51 1.5 
822.9 
920.8 
934.1 

11 38.7 
11 16.5 

Strength 
--MPa 
61 5.4 
697.7 
699.5 
830.1 
812.1 
783.7 
91 4.5 
860.2 
809.0 
870.3 
873.9 
773.9 
675.8 
728.1 
421.7 
677.2 
757.3 
768.7 
938.7 
920.3 

Strength 
3 

89.3 
101.2 
101.5 
120.4 
117.8 
11 3.7 
132.6 
124.8 
117.3 
126.2 
126.8 
112.2 
98.0 

105.6 
61.2 
98.2 

109.8 
111.5 
136.1 
133.5 

Specimen 
number 
76A 
64A 
93A 
1038 
83B 
538 

Table 2. Tensile test results. 

Strength Strength Failure 
--MPa mode Remarks 

418.1 60.7 internal flaw in gage 
483.1 70.2 i nt ernaku rface in gage 
357.7 51.9 surface flaw in gage 
505.8 73.4 internal flaw in gage 
368.7 53.5 internal flaw in gage 

>434.4 >60.0 head failure - 
~~~~~ 

Publications 

None 
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A. Comfort, J, Cuccicr, and If. Pang (Garrett Auxiliary 
Power Division, Allied-Signal Aerospace Company) 

The feasibility of iasing eersmic components and the application of probabilistic 
design methods were first demonstrated by Ga~re l t  in the DARPAINavy Ceramic 
Engine and DOE/’NASA AGTlQ 1 programs, These paog~sims highlighted the need 
for improved material properties and advanced design methods to assure :idequate 
ceramic component life in engine use, Ceramic rnanufaetui-ers are improving 

programs in  processing ceramics ie.g., DOE/ORNL Ceramic NDE/Processing% pro- 
gram). Garrett Aiixiliary Power Division (GAPD) has defined a program to develop 
the mr?khodology required to adeqiiately predict the useful l i f e  of ceramic 
components used in advanced heat engines, 

material prOpePtieS through their Own R&D efforts as WPII 86 Gov@rPimerll.-furtded 

GAPD’s approapt1 to ceramic life prediction consists of comprehensive testing of 
various specimen geometries under both uniaxial ennd multiaxial loads a t  different 
environmental eond i t ions to determine the strength-cont Polling flaw distributions 
snd to identify various failure mechanisms, This information wil.1 be used to 
develop the f l a w  distribution statistical models and material behavior m ~ d e l s  for 
fast fraeture, slow craek growth, creep deformation, and oxidation, As sub- 
routines, these models will be integrated with stress and thermal analyses h t o  H 

failunv risk integration analytical tool to predict the life of ceramic components, 
The methn~dail~ggi developed will be verified (for completeness and accuracy) by 
analytically predicting the  l i f e  of several ceramic components and testing these 
components under stress and temperature conditions encounte~ed in  ceramic? 
tupbine engines. 

Material ‘resting 

Test speeimern deliveries f r o m  Norton/TRTdM Ceramics (NTC) art? on schedule. All 
specimens a ~ e  NTP54 silicon nitride, processed under identical conditions and finish 

heat treated by NTC- Selecta~d specimens will  be notched and 
preeracked for testing. All specimens will be subjected to visual inspection, laser 
marking, and NDE (which may include fluorescent penetrant, radiography, and 
ultrasonic inspection) before testing. 
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The square fracture toughness bars have been chevron notched and are awaiting 
testing. To monitor process consistency, the large 4-point bend and tensile fast 
fracture specimen orders have been split into three batches. The first batch of 
these specimens has been received and is being inspected. 

Visual inspection of the tensile specimens revealed that most have chips at the top 
and underside of the buttonhead. The chips at the underside of the buttonhead are 
of concern, because they may contact the split collet in the grip during testing and 
may cause buttonhead failures. The chips occurred during machining; corrective 
action has been taken. 

Development of a pre-cracking technique for diametral eornpression disks is in 
progress at the University of Utah, under subcontract with Professor Dinesh 
Shetty. Chevron-notched diametral compression disks are being used to generate 
the mixed-mode fracture toughness parameters KIC and KIIC, as shown in Figure 1. 
To date, Professor Shetty has polished and chevron notched six NT154 disks. He 
has also deposited metallic grids across the chevron notches to monitor crack 
growth by the potential drop method, in order to stop the pre-cracking after the 
crack has propagated beyond the chevron notch. This technique has previously 
been verified with alumina ceramics, but has not been applied to silicon nitride. 

P 

/ 
GC8255(09)- I N 1 AND N11 ARE FUNCTIONS OF a/R AND a 

Figure 1. Chevron Notched Compressian Disk Specimens Are Being Used to  
Generate Mixed-Mode Fracture Toughness Parameters, EIC And K~c. 



Data Analysis and M@th 
J. Cuceb, n* wu, 

Ceramic structmml reliability has traditionally focused on predieting the probabil- 
ity of failure of a corn n t  froan the  calculated Weibull parameters  describing 
t h e  materisl stren@h5 ever, these parameters are only estimates, due to the 
sample and specimen sizes typically used in material testing. In addition, t he  lmge 
scatter in mater ia l  properties also contributes to  uncertainty in the  Weibull 
pmaranetcss. Consequently, only estimates o f  t he  probability of failure zrc 
possible. Thus, t h e r e  i s  a need to assign confidence l imi t s  to the predicted. 
probability of  fa:] 1 ure, 

Confidence limits on component reliability prediction is B function riot only of the  
sample size, but of other variables as well. Figure 2 summarizes the  vapiables 
csnside~ed to  have a significant effect in t h e  prediction of cwnfidenee limits. 
Three mehhsds are being considered to predict these limits: 

19) Bast-Staa 
b) Maximum Likelihood Ratio Approach 
e )  Fast Probability Pntegratian Approaches 

l.__ll___l.l_llll_l.__II 

ANALYTICAL APPROACH 
_ _  

- STRESS BASED (EVANS) 
- FLAW BASED (BATDORF) 

I - - - - ~ ~ - . -  
GmEmNmAGU-w 
- BOOT-STRAP 
~ LIKE1 IHOOD RATIO 
- FAST PROB. INTEGRATION 

PLEMENTEU 
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A - SIZE EFFECTS 
B - MLJLTlAXlAL STRESSES 
C - MULTIPLE FLAW DISTRIBUTIONS 
D - CONFIDENCE INTERVALS 
E - FLAW ANISOTROPY 
F - TEMPERATURE GRADIENTS 
G - TIME DEPENDENT MECHANISMS 
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Multiaxial fast fracture reliability methods are also being evaluated. The 
Batdorf(l)* and the Evans(2) approaches are  being considered. I t  has been shown 
[Johnson and Tucker(3), Chao and Shet t ~ ( ~ ) ]  that  these approaches provide equal 
predictions of multiaxial fracture probabilities. Since they provide equivalent 
predictions, both methods are  being compared for computational efficiency and 
applicability to  anisotropic flaw distributions. 

Life Prediction Verification Testing 

As part of the effort t o  verify life prediction methods, spin disk tests are  planned. 
Environmental exposure experiments are being performed under the GAPD 
Advanced Turbine Technology Applications Project (ATTAP) on NT154 flexure bars 
to identify acceptable atmosphere conditions (oxygen/nitrogen partial pressure 
window) for the inert crack growth and spin disk tests. These tests revealed 
significant weight loss and strength degradation, probably due t o  1) Si3Nq dissocia- 
tion at low nitrogen partial pressures, and 2) grain boundary phase dissociation and 
active oxidation at low oxygen partial pressures. These tests are  being repeated a t  
lower temperatures (2100F and 2200F) for the crack growth tests. I t  is desirable t o  
observe crack growth without the effects of oxidation or dissociation. Design 
changes t o  the spin test facility are needed, to  support spin disk test  requirements 
for testing in air at elevated temperatures. 

NDE Methods Development and Application 
J. Minter 

Calibration Standards 

The first samples from the laser-drilled hole study have been received and 
evaluation of the samples has begun. The purpose of the laser-drilled hole study 
was to  identify a laser drilling source that could provide holes from 0.0005 to 
0.0100 inch diameter to depths between 0.005 t o  0.050 inch. Only one source, 
Resonetics Inc., has been identified that is capable of drilling holes to these 
specifications. The laser drilling study concentrated on small holes with large 
aspect ratios, as  Resonetics already had experience drilling larger holes with small 
aspect ratios. Dimensional evaluation of through-thickness holes in 0.020-and 
0.050-inch thickness samples indicated the feasibility of producing round holes 
down to  0.001-inch diameter with less than 1 degree taper through 0.050 inch of 
material. The 0.0005-inch diameter holes can be fabricated to depths of 0.010 inch 
and possibly 0.020 inch. Both through-thickness holes and holes drilled to  0.050- 
inch depth are  currently being evaluated with acoustic microscopy and radiographic 
methods. Based on the success of this machining study, the designs for both 
acoustic microscopy and radiography calibration standards have been finalized. 

The acoustic microscopy calibration standards will consist of a series of 0.0005- to  
0.002-inch diameter holes at various depths for ultrasonic beam profiling, calibra- 
tion, and evaluation of sensitivity. Volumetrfcally seeded standards have been 
designed to evaluate the detectability of "real" defects and to compare the 
ultrasonic responses from these defects with the response from a small hole. The 
seeded defect samples will contain high-, low-, and near-density defects for 
evaluation of both ultrasonic and radiographic methods. 

*References in parentheses ( ) are given a t  the end of this report. 
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The ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ / ~ o ~ ~ ~ t ~ ~  tomography (CY‘) calibration standards include both 
standard penetraaneters as well as detection and resolution gages for eornputed 
tomography. .The penetrarneters will contain 0.1T, 0.§T, IT, and 2T holes (where T 
is the penetrameter thickness) to assess an  compare film, enhanced  film, 

ted tonography, digital radiography, and ultrasonic methods. The m i n i m u m  
penetrarnete~ thickness will  be limited Po 8.0050 inch and the smallest hole 
diameter will be limited to 0.0005 inch, due to  fabrication and handlirng limitations. 

Acgoustie Microscopy 

General Electric NDE Systems and Services has been subcontracted to provide 
acoustie microscopy and computed tomography inspection servicesp including 
neeessary development in these two arms, for the program. A kick-off meeting 
for their work was held Apil 3, 1990. 

Prel iminary transducer selection atid design are nearing completion, and several 
transducers have been received for evaluation of surface and bulk detection 
capabilities. The ‘transducers identified for use in the p r o p a n  are primarily 50 
MHz transducers with a variety of focal depths, which cover the thickness range of 
test specimens in this ppoparn but limit the water path to 1.0 inch. This will  
retain as much of the high freqamwy component as possible when the ialtrasonie 
pulse enters the ceramic material. Two remaining tasks are selection of 
transducers for the  tensile rod specimens and transducer design/selection for 
inspection of the shaft/disk transition radius on the spin disk, Two approaches have 
been identified for inspeetion of t i le tensile rods and the  spin disk: 

CI Evaluate conventional cylind~ically-focwsgd transducers, whish may 
result in reduced izispcxtion sensitivity compared to flat-focus inspec- 
tion 

o Evaluate special. transducer designs with improved inspection capability 
for this geometry but limited zlpplieation, because the  focus is special- 
ized for the geometry. 

Task 1 of the acoustic microscopy study, to evaluate the effects of different 
surface finish eon llions on the ability of acoustic microscopy to  detect surface 
and near-surface defects, has begun. Visual documentation of t h e  specimens was 
completed and all specimens have been forwarded to G E  NDF: Systems and Services 
for iilspe&ion. 

Prekieliinary evaluation of the samples indicates tha t  both machining severity and 
direction can cause difficulties in surface defect detection, Use of both orrini- 
directional and unidirectional surface waves is being evaluated. 

Evnluatiom of unidirectional surface wave data perpendicular to the direction of 
machining and ornnidirwtional surface wave data is cornpo~nded by noise intro- 
din~m-3 Prom the machining, as illustrated in Figure 3. Figme 3 (a) shows indications 
cwresponding t o  known defects in the bar as well as other indications, using a 
unidireciionak siirface wave parsllel to  the machining direction. In Figure 3 (h) t h e  
same bat. was  scarawed perpendicular to the machining direction; the defect 
indications ace lost in the noise from machining, General Electric N D E  Systems 
an3 Sewices is continuing work to select the hest scanning parameters and post- 
analysis techniques to jdentify harmful  surface conditions. 
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Surface and near-surface inspect ion evaluations have  been extended io include 
shear and re f rac ted  longitudinal inspectlons at both 25 and 50  Kz. Evalijalions at 
higher frequencies have not resulted in noticeable imprvwement in detect ion 
sensitivity but  inweased the apparent noise in the images. Figure 4 shows an  ear ly  
50 MHz scan of one of the 0.005-inch thick penetrarneters  wi th  s m e l l  d iameter  
holes. This is  a rough scan taken a t  0.001-inch data point spacing of R normally- 
incident longitudinal W R U ~  inspection. The O.OOB5-inch &a meter hole is easily 
de tec tab le  on the normally-machined surface when all the  data points are displayed 
[Figure 4(b)]. 

Computed Tomography and Radiography 

Both computed tomographic (C’r) and digital radiographic (li>R) evaluations have 
bt.@m, using t h e  0,020-inch thick laser-drilled hole evaluation sample. Initial CT 
and DR images have been w e d  t o  evaluate digilal fi l tering techniques, to reduce 
image noise t h a t  reduces contrast  sensitivity. Digital f i l ter ing removes 00“ reduces 
t h e  amplitude of cer ta in  data frequencies and then converts  the  resulting d a t a  into 
a n e w  image profile. The net e f f e c t  on t h e  image i s  to reduce the low and high 
frequency noise in the  image; koaa7sver9 some of  the  useful d a t a  ape also lost with 
these techniques Multiple f i l ter ing trials on samples with known defec ts  mus t  be 
evaluated to select t h e  optimum fi l ter ing paramcte~s, The best filtering may also 
depend on t h e  defec t  type. Digital f i l ter ing techniques have been used to 
successfully image a 0.002-inch diameter hale using n non-ideal deteetor arrange-- 
nent. 

In addition to digital  filtering, variaiis scanning techniques a ~ ” e  also being evalu- 
ated.  These include varying the detector coll imator width, t h e  exposure time, arad 
t h e  number  of images averaged. T h e  init ial  images show t h n t  averaging is one of 
t h e  most promising techniques for improving image quality. Once beam-hardening 
corrections for NT154 have beera made and an  optimized de tec tor  is installed, 
additional image improvements are expected. 

Radiographic images using a third f i lm  type and image projertion have been 
completed for the: Tiim enhancement work. The images obtained were of 
porosities, iron inclusions, and ngglomecal e-seedcd samples from the  ATTAP 
pr-og~am. In addition, t h e  images included one of t h e  laser-drilled test sarnplcs 
with 0.002-inch diameter minimum hole size. 

On schedule, 

The sccond setnianniisl program review was held at GAPD,  Phoenix, Arizona on 
May 22, 1990. Attending from. B R N L  were C. Bsinkmm, A.P. Johnson, R. Mosesp 
S ,  Winslow, and B. MeClung, 3 .  Salem and P, Feerwin, Prom NASA-Lewis, also 
at tended the r ev iew meeting. 
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s, Janet. (Minter) Wade at tended the ASNT/ACerS Conference on Structural  NDE 
in Columbus, Qhio July 9-12, 1990 and then visited General Electric NDE Systems 
and Services in Cincinnati, Qhio to review progress a n  the subcontract work for 
this prsgram. 

John Cuecio and Alonso Pera l ta  of GAPD travelled to General Electric Corporate 
Researeh and Development on August 22, 1990 to review stat is t ical  methods 
development with Curtis Johnson and William Tucker. 

Publicat io 
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3.3 ENVIRONMENTAL EFFECTS 

Environmental E f f e c t s  i n  Touqhened Ceramics 
Norman L .  Hecht (University of Dayton) 

Object i ve/scooe 

Since December 1984, 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 of environment on the mechanical behavior of 
transformation-toughened ZrO, ceramics were investigated. In the 
second phase, two Si,N, ceramics (GTE PY6 and Norton/TRW XL144) and 
one Sic ceramic (Hexoloy SA) were evaluated. 
tensile, flexural, and fatigue strength o f  10 Sic and Si,N, ceramics 
were evaluated at temperatures ranging from 20°C to 1400°C. Micro- 
structure, chemistry, and physical properties were a1 so investigated. 

In the third phase, the 

During the past six months (April 1990 through September 1990), 
evaluations of one Sic and two Si,N, ceramics were conducted. 
tensile and flexural dynamic fatigue was evaluated at 20°C and 1300°C 
for Norton/TRW NT-154 Si,N,. 
at 1300°C on the flexural strength were investigated. Tensile cyclic 
fatigue of Carborum Hexoloy SA Sic and NT-154 Si,N, at 1300°C was 
also measured using loads of 200-400 MPa. During this reporting 
period evaluation o f  Garrett's GN-10 Si,N, was also initiated. 

The 

In addition, the effects o f  oxidation 

ExDerimental Drocedures 

The tensile strength measurements were made using buttonhead 
cylindrical specimens on an Instron Electro-Mechanical Test System 
(Model 1361) equipped with Instron "Super-Grip" universal coup1 ing 
and water-cooled holders for high-temperature tensile testing. 
high-temperature measurements an Instron high-temperature short 

For 

Research sponsored by the U.S. Department of Energy, Assistant f 

Secretary for Conservation and Renewable Energy, Office o f  
Transportation Systems, as part of the Ceramic Technology for 
Advanced Heat Engines Project o f  the Advanced Materials Development 
Program under Contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc., Work Breakdown Structure Subelement 3.3.1.4. 
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furnace was use . 
loading rates (actuator speeds o f  0.0 
determine strength and calculate dyna 

~ ~ ~ ~ ~ ~ ~ m ~ ~ t ~  were made using both fast and slow 

The flexural strength measure 
Unjversal Testing ode1 1123) fo l  
Test specimens wer 
polished to a 16-microinch finish. The test speci 
both fast and slo loading rates ( achine crosshea 

s made at eleva 

ade using an Instron 

ile surface ground and 
s were loaded at 
peeds of 0.004 and 
temperatures an 

'TS #3320 high-te erature furnace and four-point bend fixture o f  S i c  

During this reporting period cyclic tensile-testing a t  1300°C 
was initiated using buttonhead tensile spec-i ens of NT-154 iand 
Hexoloy SA. 
in Table 1. Sixteen NT-154 specimens ere evaluated a t  ~ ~ a ~ ~ ~ u ~  
tensile loads o f  20 
hours). Nine Mexoloy re also evaluated at ~ a ~ i ~ ~ ~  
tensile loads o f  200 t o  300 MPa for a f f l a x i ~ ~ ~  450,000 cycles. 
specimens withstanding 450,000 cycles were fast loaded t o  failure. 

The cyclic tensile testln ~ ~ ~ c ~ ~ u ~ e ~  used are aut1 ined 

00 cycles (-10 

Test. 

Tensile strength measurements were use 
i c  fatigue of NT-154. Flexural strength measurements were 

used t o  determine strength and dynamic fatigue and to study the 
e f f e c t s  of oxidation at 1300°C on NT-154. Flexural ~ t r ~ n ~ t h  
measurements were also used to characterize GN-10. 

During this reporting period dyna ic  fatigue analysis o f  NT-154 

eeats a t  20°C using rapid and slow loading rates (crosshead 
f 0.004 and 0.00004 cm/s) verified the susceptibility of 

To further evaluate the slow crack 

at 20°C continued. In the last reporti g period, flexural strength 

N'b-1154 t o  slow crack growth. 

flexure specimens coated with oil was measured at the slow loading 
rate. 

aviar o f  NT-154 at 20°C the Flexural strength o f  five 

The NT-154 flexure test specimens were placed in a glass 
container which was evacuated by a ro ghing pump t o  approximately 
1 Torr. The specimens were then heat d t o  200'C and held a t  this 
temperature for 48 hours while maintainin the vacuum in the 
container. Upon cool ing to room te perature, the container was back- 
filled with a methyl polysilaxane diffusion pump oil (Oow Corning DC- 
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Table 1. Cyclic Tensile Testing Procedures 
_--__ - _-L_ -.__- 

1. Seating of tensile specimens in copper collets (slow loaded to 
1000 lbs for 5 min.) 

2. Specimen heating and cyclic tensile loading 

a) heat to 1300°C 
b) hold at temperature for 15 min 
c) initiate tensile loading 

- starting load formula 

- load values for amax levels investigated are 

Load in lbs amax (MPa) 
200 784 
2 50 980 
300 1176 
3 50 1372 
400 1568 

d) loading sequence 
- reset function generator 
- set sawtooth ampl itude on load control1 er 
- set function generator on sawtooth with a ramp time of 

- set load controller limits slightly higher than function 

- reset cycle counter 
- start function generator 
- set load controller to interlock 

0.2 sec 

ampl i tude 

3 .  Fast fracture procedure specimens which survive 450,000 cycles 
are fast fractured (crosshead speed 0.1 in/min) 



385 

Techn i ca8 srogsess 

mic Fatigue Studies o f  NT-154 

The tensile dyna .a'c fatigue of NP-154 as analyzed 
1300°C. Ten specimens ere slow loaded ( 0 .  seg: cposshea$ 
speed) a t  bath 20°C and 1300°C. 
loaded (0.004 c sec) at 1380°C. 
these three d i f  rent conditions are tabulated i n  Table  2, 
purposes o f  comparison, the average t e n s i l e  strengt measured (based 

In 
addition, the results o f  the flexural st r  ents o f  ~ ~ - 1 5 4  
at 20'C and 1300°C using t he  fast and sla 
included i n  Table 2 ,  as are t h e  results of the flexural stt-ength 
measurements made on the oil-coated specimens at 20°C. 

In addition, 10 specimens were fast 
The tensile strengths measured a& 

For 

1~ 15 specimens) at 20°C at f a s t  loading conditions is included, 

oading rates also 

These results 
1y reinforce earlier findings. a u t  the susceptibility of f(f-154 

he dynamic fatigue results 
flexural and tensile) f o r  NT-154 are shown graphically in 

perature stress corrosion. 

Figure 1. 
f a t i gue  at bo th  20°C and 1306 
moistu~e corrosion and t 1380" i t  appe rs t o  be creep related. 

These results demo strate the susceptibility of FIT-254 t o  
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Figure 1. Dynamic fatigue analysis o f  NP-154 tested a t  20°C. 

Oxidation Studies o f  NT-154 

The effects  of extended exposure a t  1300°C in a i r  on the room- 
temperature flexural strength o f  NT-154 were investigated. 
f ive  flexural t e s t  specimens were exposed for  100, 500, and 1000 
hours a t  1300°C. 
was measured a t  20". 
specimens exposed for  500 hours was measured a t  1300°C. 
of these flexural strength measurements are presented in Table 3. 
For purposes of comparison the as-received flexural strength in 
included in Table 3. 

Sets o f  

The flexural strength o f  a l l  the exposed specimens 
In addition the flexural strength of f ive t e s t  

The resu l t s  

Table 3. Effects of Oxidation on the Flexural Strength of NT-154 
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After  100 hours exposure a t  1 
strength drops to 802 MPa (12 

s exposed for 58 

', the room-temperature flexural 
rop). A f t e r  500 hours exposureg the 

-temperature strength dro further t o  735 a (19% drop).  The 
t 1380°C had 

SI ightly higher flexural strengt an the values 
temperature (735 Pa). This higher strength may be due t o  
ccts o f  craek heal ng. Similar behavior as observed for t h e  

GPE PY6 speci ns tested Burin the  previous reportin 
100 hours o f  
flexural stre ick is slightly 
flexural strength ~ e a s ~ r ~ ~  a f t e r  50 ours o f  exposure. Considering 
the limits o f  variation, it would s 
flexural strength a f t e r  500 hours o f  exposure in air a t  1368'C is not 

different from the roo - t e ~ ~ ~ ~ ~ ~ u r ~  stre gth a f t e r  1680 hours O f  
exposure, This behavior i s  siiPiailat. t o  the be avior observed far PY6. 
The major  difference between the PY6 nd IMT-154 Si,ld, ceramics was 

nitude o f  flexural stren t h  decrease measured a t  20°C after 
100, 500, and 1000 hours o f  exposure i i r  a t  1300°C. The NT-154 
F1 exural strength decreased fro t o  14x, respectively, as 
compared t o  the PY6 flexural strength 
to 43.5*6,, respectively. 

the average roo 

eh decreased from 34 to 43 

Cyclic tensile/tensile fatigue studies o f  NI-I54 

The results o f  t h e  cyclic tensile t e s t s  for NT-154 are 
presented graphically in Flgure 2. 
to have initiated a t  both surface and volu 
fracture analysis is in pr yress; however, 
indicate that the failure echanism is by the nucleation and 
coalescence of v o i d s  generated during cyclic f tigue., 
Figure 2, one o f  five speci ens loaded t o  300 Pa survived t h e  

survived the  450,000 cycles. 

1300°C a t  arid above loads o f  300 

F P ~ C ~ M P ~  failures were observed 

As shown in 

cycles. All three of the specimens loaded ta 260 MPa 
These results would suggest that NT-1% 

ay no t  be effective hen subjected t o  cyclic tensile loading at 

The results o f  the cyclic tensile t e s t s  fer Wexoloy SA are 
ure 3 .  All the Hexoloy SA tensile 
th o f  surface-initiated f l a w s .  As shown 
ur tensile speci lens loaded t o  200 
and only one o f  the four tensile 

in Figure 3 ,  t 
survived the 4 
specimens 1 oad survived ~~~~~~~ cycles. The results of 
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Figure 2. Cyclic tensile test results for NT-154 at 1300°C. 
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Figure 3. Tensile cyclic fatigue test results f o r  Hexolay SA. 
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cyclic loading tests would suggest that Hexoloy SA would not be 
suitable i n  applications requiring loads above 200 #Pa at 1300°C. 

Characterization o f  Garrett's GN-10 

An evaluatian o f  GN-IO was initiated using flexural strength 
measurements t o  characterize GN-10 at 20°C and 1300°C. Flexural 
strength of 20 test specimens was measured at 20°C usSng a machine 
crosshead speed of 0.004 cm/s, and 310 specimens were teste 
crosshead speed o f  0.004 cm/s. 
a t  a machine crosshead speed o f  .80004 cmJs. In addition, the 
density o f  five test specimens was measured by immersion methods. 
The average density obtained from these measurements was 3.33  g/cc. 
The results of the flexural strength measurements for GN-10 are 
compiled in Table 4 .  

Ten specimens were tested at 1300°C 

Table 4. Results of Flexural Strength Measurements of Garrett's: G 

Temperature 
("C) 

20 

All the 

444 63 

Fracture 
Origin 

12 surface flaws 
( 7  at inclusion) 
8 edge chips 

18 surface flaws 
_I-- 

Difficult t o  

large amount o f  
slow crack growth 

specimens ~~~~~~~d had a mottled appearance which 
extended throu~h the volume. 
Figure 4 .  The mottled surface w 
no change in chemistry or crysta 

A typical mottled surface is shown in 
examined by EDXA and XWD; hawever, 

be detected. 

As shown i n  Table 4,  the average a s t  fracture flexural 
strength dropped 28% from 20°C t o  1300 
t o  the strength decrease measured for 
the strength decrease measured for PY6. 
flexural strength was 21% higher than the slow fracture flexural 

. This decrease i s  similar 
-154 and is not as severe as 

A t  1300°C the fast fracture 
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-9 

Figure 4. A typical mottled surface found for GN-10. 

strength. The lower strength a t  the slower loading condition 
reinforced the observation o f  the fracture surface which showed 
slow crack growth at  1300.C. 

Status of milestones 

Milestone 331409 i s  completed. 
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Low Heat Re.iection Diesel Coupon Tests 
C. R. Brinkman, R. L. Graves, 6. H. West, and K. C. Liu (Oak Ridge 
National Laboratory) 

0b.iecti ve/scope 

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 Droqress 

1. Engine Combustion Chamber Temperature Measurements 

Additional in situ thermocouple measurements have been made in both 
the single and two cylinder engines in an effort to define an appropriate 
post engine exposure rupture test temperature for the MOR bar tests. 
thermocouple (3.2 mm dia., type K) was inserted in the diesel combustion 
environment and quickly reached a steady state temperature o f  782°C in the 
single cylinder engine. This was in good agreement with earlier estimates 
of average temperature in either engine. 
of 14.5-15.0 ft-lb (20 N-m), and 1800-1900 RPM. 
from 10.0 to 17.5  ft-lb only made the temperature vary from 741 to 816°C. 

cylinder engine showed a somewhat cooler steady-state temperature o f  593 to 
616°C. Increasing the load far above the normal operating point still only 
produced temperatures in the 700°C range. Reasons for this cooler tempera- 
ture in the two cylinder engine are unclear. Plots of cylinder temperature 
as a function of fuel flow rate (per cylinder) showed a near linear in- 
crease in temperature with flow rate for both engines but the curves did 
not overlap. The fuel flow rate (per cylinder) used for all bar exposure 
conducted to date was 0.3-0.32 cc/s. 

In an attempt to quantify the differences in the two engines, cylinder 
pressure measurements were made. On "motoring" the engine (cranking with 
no fuel flow so the engine did not start), the cylinder pressures were 
essentially the same, indicating that the compression ratios were the same. 
Several pressure traces (at least 10 cycles) were then recorded for each 
engine at several different loads in order to evaluate the relation between 
fuel flow and cylinder pressure. As expected from the temperature data, 
the two cylinder engine ran at lower peak pressures. 
cylinder pressure as a function of fuel flow rate (per cylinder) showed a 
linear relationship. 
experienced a fouled injector problem, it was suspected that perhaps the 
new injector on that engine could be responsible for higher cylinder tem- 
peratures and pressures (due perhaps to better mixing). 
the "old" injectors was taken from the two cylinder engine and installed in 
the single cylinder engine, no change in temperature was recorded. A t  

A 

This temperature was at a setting 
Moving the load around 

Tests at the typical load and speed in either cylinder of the two 

Plots of average 

During the past year the single cylinder engine 

Therefore, one of 
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present, we have no explanation for the differences in the engines. Based 
on the above, it was decided to use 700°C as the post engine exposure test 
temperature for bars exposed in either engine. 

2. Silicon Nitride (Norton NT-154) 

Results of post engine exposure MOR tests conducted at room tempera- 
ture along with control bar strengths are given in Table 1. 
Weibull statistics for these four-point bend tests are also given in 
Table 2. The data given in Table 2 show that the average strength of the 
engine exposed bars is about the same iregardless of which engine was used 
for the 100 h exposure. A comparison of the combined data for the engine 
exposed bars indicates that the strength o f  the exposed bars was not 
adversely influenced by engine exposure and in fact may have increased 
slightly as shown in the Weibull plot given in Fig. 1. 

conducted at 700°C on both engine exposed and unexposed material. The 
tests were conducted at several strain rates ranging from 1.1 x to 
1.1~10 s . Average values for a given strain rate and exposure condition 
are plotted in Fig. 2 as rupture strength as a function of strain rate. 
The plot shows little or no influence of strain rate or exposure condition 
on the rupture strength of the bars tested. 

Similarly, 

Results are given in Table 3 for four-point bend rupture tests 

-4 -1  
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Table 1. Results o f  four-point bend rupture tests  
conducted on 

.... ____ II__ ...___l_..__l__ 

Engine exposeda 

Single cylinder Two cylinder 
- - .~- -1111_ ___.__I__ Unexposed control 

Specimen Strength Specimen Strength Specimen Strength 
no. (MPa) no. (MPa) no. (MPa) 

81.0 
82.0 
83.0 

84.0 
85.0 

86.0 
87.0 
88.0 

89.0 
90.0 

91.0 
92.0 

93.0 

94.0 

95.0 
96.0 
97.0 

98.0 
99.0 

100.0 

101 .o 
102.9 
103.0 
104.0 

105.0 
106.0 

107.0 
108.0 

109.0 

110.0 
111.0 

112.0 
113.0 

114.0 
115.0 

116.0 

117.0 
118.0 
119.0 
120.0 -l.l__ 

769.8 24 
748.1 15 

785.1 12 
714.9 30 

676.4 21 
621.9 18 
730.1 20 
738.1 21 

767.0 8 
761.0 31 

871.7 6 

748.9 13 
755.6 25 

764.2 5 
870.8 28 
969. o 14 
890.8 19 
815.5 29 

839.5 26 
836.8 7 
830.2 
846.6 
890.1 
874.9 

729.3 
792.4 

877.1 
735.2 

755.8 
850.2 

673.9 

639.2 

647.5 
762.9 
809.7 

712.8 
780.4 

805.5 

657.8 

934.3 
919.5 

897.0 

am.  7 
872.6 
870.2 
862.7 
852 ~ 2 

852.0 
848.6 

834.9 

831.6 
821.3 

817.3 
785.1 
765.1 
153.2 

743.7 
707.4 
696.9 

10 
22 
9 
38 

16 

17 
37 

23 

36 
39 

959.9 
089.7 

885.0 

841.9 

829.7 
816.2 
799.4 
776.3 

732.0 

720.6 

_..... _..lll_ 569.9 
__I ..... ~ ._-_____.- 

aExposed f o r  100 h in the combustion chambers o f  t h e  indicated diesel 
engine prior to rupture testing. 
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Table 2. Room temperature four-point bend rupture strengths f o r  engine 
exposed and unexposed Norton NT-354 s i l i c o n  nitride 

Weibull summary Wei bull summary 
linear regression maximum likelihood 

Number Average Standard 
Exposure o f  rupture deviation Weibull Wei bull 

No. conditiona specimens strength (MPa) modulus Intercept modulus Intercept 

1 None 40 771 80 11.6 -77.9 11.8 -78.7 
2 Single 10 825 74 13.3 -89.5 12.3 -83.2 
3 Two 20 828 67 14.9 -100.3 15.4 -103.8 

cy1 inder 
engine 

( s i n g l e  
& two 

cy1 i nder) 

4 Combine 30 82 7 68 14.8 -99.8 14.0 -94.3 

aEngine exposure consisted o f  100 h in the combustion chamber o f  the indicated engine. The 
engines were run for approximately 8 h per day. 

E 
-1 

ORNL DWG 90-15622R 

6.3 6.4 6.5 6.6 6.7 6.8 6.9 

Ln(M0R) 

Fig .  1. Comparison of engine exposed and unex- 
posed four-point bend room temperature rupture 
strengths o f  Norton NT-154 silicon nitride. 
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Table 3. Rupture Strengths of(MO 
unexposed Norton NT-154 silicon nitride subse- 

quently tes ted  a t  700°C a t  several strain rates. 
~~ 

Unexposed 
c o n t r o l s  I_ 

S t r a i n  
S t reng th  r a t e  

(MPa) ( l /S )  

627.5 1 . 1 ~ 1 0 ' ~  
507.5 I .  1x10 .~  
609.4 i . 1 ~ 1 0 - ~  
640.0 1 . 1 ~ 1 0 ' ~  
731.7 1.1x10-6 
636.2 1.1x10-6 

-III____cII- 

580.8 1. 1x106  
817.8 1 . 1 ~ 1 0 - ~  
458.3 1 . 1 ~ 1 0 . ~  
596.4 1 . 1 ~ 1 0 ' ~  
693.9 i . i ~ i o - ~  
710.9 1. IXIO-~ 

696.5 1 . 1 ~ 1 0 - ~  

845 2 i . 1 ~ 1 0 - ~  

748.0 1. lxlO-' 

697.9 1.1~10.'  

Exposed 100 h 
s i n g l e  c y l i n d e r  engine-- 

S t r a i n  
S t reng th  r a t e  

(MPa) ( I /S )  

627.0 1 . 1 ~ 1 0 . ~  
788.6 1. Ix lO- '  
702.3 1 . 1 ~ 1 0 - ~  
792.3 1.1x10-6 
471.8 1 . 1 ~ 1 0 . ~  
732.3 l . l x l O - '  
778.5 1 . 1 ~ 1 0 - ~  

Exposed 100 h 
--._ two c y l i n d e r  engine - 

St reng th  r a t e  
S t r a i n  

WPa) ( V S )  

596.2 1 . 1 ~ 1 0 ' ~  
704.0 1 . 1 ~ 1 0 ' ~  
675.7 I .  1 x 1 0 ' ~  
674.9 1.1x10-6 
538.4 1 . 1 ~ 1 0 ' ~  
717.4 1.1x10-6 

608.8 1 . 1 ~ 1 0 ' ~  
685 I 8 1.1x10-4 
677.2 1 . 1 ~ 1 0 ' ~  
687.0 I .  1 x 1 0 ' ~  
625.0 1 . 1 ~ 1 0 . ~  

600.2 1 . 1 ~ 1 0 "  

ORNL DWG 90-15621 

STRAlN P A W  (i lr) 

F i g ,  2. Fracture strengths o f  engine exposed 
and unexposed Norton NT-154 silicon nitride obtained 
at several strain rates and at 700°C. 
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3 . 4  FRACTURE MECHANICS 

Testinn and Evaluation o f  Advanced Ceramics at H i g h  Temperature in 
Uniaxial Tension 

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) 

0b.iect i ve/Scope 

The purpose of this effort will be testo 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: 

Task 1. Specifications for Testing Machine and controls + 

Task 2. Identification of Test Material ( S I  + (procurement of 

Task 3. Identification of Test specimen configuration 
Task 4. Specifications for Testing grips and Extensometer + 

(Procurement) 
Task 5. Specifications for Testing Furnace (Procurement) and 

controls 
Task 6. Development of Test Plan 
Task 7. High Temperature Tensile Testing 
Task 8. Reporting (Periodic) 
Task 9. Final Report 

(procurement) 

spec i mens 1 

It is anticipated that this program will help in understanding t he  
behavior of Ceramic materials at very high temperatures in uniaxial 
tension. 

Technical Proaress 

During the reporting period, creep tests were completed on GTE 
SNW-1000 (Si3N4) specimens at temperatures of 1200 deg. C and 1100 

deg.C. For tests at 1200 deg. C, applied loads were 1625 N (57 ma), 
2600 N (92 MPa), 3223 N (115 MPa), 3858 N (138 ma), and 4492 N (161 
MPa), which are 0.25u, 0.4~. 0.5a, 0.6r, and 0.70. respectively of the 
tensile strength (u) of this material at 1200 deg. C. For the tests at 
1100 deg. C, applied loads were 6132 N (224 ma), 8585 N (314 MPa), and 
10624 N (381 ma), which are O.%, 0.7cr, and 0.850. respectively of the 
tensile strength (crlof this material at 1100 deg. C. A set of platinum 
flags attached to the sample along with Zygo laser system were used to 
measure the deflection between the flags. Figure 1 shows the strain 
versus time f o r  all the five specimens tested at 1200 deg. C. The 
results are compiled and given in Table 1. Figure 2 shows strain versus 
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time f o r  all the three specimens tested at 1100 deg. C. The results are 
compiled and given in Table 2. The creep rates at I200 deg. are higher 
than those at 1100 deg. C even at lower applied stresses. This indicates 
that the creep behavior of the silicon nitride is dependent on 
temperature. The influence of temperature on creep behavior is somewhat 
similar to the tensile behavior, because the creep strength is 
determined in parallel to the magnitude of the tensile strength. 

The steady creep rate as function o f  applied stress is shown in 
Figure 3 and plotted logarithmically in Figure 4. The strcss exponent n 
are = 4.0 and = 3.1 for 1200 deg. C and 1100 deg, C respectively for 
this material. Figure 5 show the plot o f  log steady state creep rate 
versus log rupture time. As shown in Figure 5, the creep rupture 
behavior of this material can be approximated by a straight line on 
logarithmic plot of steady state creep rate YCT"SUS creep rupture time, 
regardless o f  test temperature o r  applied load. The magnltude of the 
slope of the line is about 0.2. The data points with a r ~ o w  in Figure 5 
represent the crccp tests in which the specimen did not break. 

Figures 6 ( A )  and 6(B) show the polished and unetched microstructure 
o f  the creep tested specimen. 'The microstrcture surface is 2 mm away 
from the  fracture surface. Initial observation indicates that t he  pores 
are larger in size than the average pore sizes in specimens untested and 
tested in tension at various temperatures previously. It may be further 
observed that the edges o f  the pores are softening and the fissures are 
advancing beyond the pores into the specimen (Figure 6 ( R ) ) .  Figure 6 ( C )  
is the fracture surface under high magnification showing evidence of 
intergranular fracture mode. 

Status ox Milestone 

Tasks 1-7 are complete. 

Publications & Presentations 

None 

Research sponsored by the U. S. Department of Energy under prime 
contract DE-ACOS-840R21400 with the Martin Marietta Energy Systems, 
Inc. , subcontract 19X-89R67C. 
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Table 1. The r e su l t s  of the creep tes t ,  SNW-1000. 1200 deg. C 

Specimen 1 2 3 4 5 

1 oad 1625 2600 3223 3858 4492 
(N) 

stress (c )  57 92 115 138 161 
MPa ( 0 . 2 5 ~ ~ )  ( 0 . 4 ~ ~  1 ( 0 .  5cf) (0. 6rf 1 ( 0 . 7 ~ ~ )  

log(0.) 7.756 7.964 8.061 8.140 8.207 

175 560 33 1 306 58.5 
did broke broke broke 

duration did 
of test ( t )  not 

(hour) break break sect ion sect ion sect ion 
not at gage at gage at gage 

log( t 1 / / 6.076 6.042 5.323 

s t r a in  rate 
(2nd s tage)  
1 / s  5.5 2.4 8.8 1.7 5.4 

( k )  E-10 E-9 E-9 E-8 E-8 

log(k1 -9.260 -8.620 -8.056 -7.770 -7.268 

(note: uf is the tens i le  fracture stress at 1200 deg. C) 
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Table 2. The results of t he  creep test, SNW-1000, 1100 deg. C 

__-I -._- 

Specimen 6 7 8 

1 oad 
(N) 

6132 8585 10624 

log(0-1 8.35 8.50 8.58 

470 
did 
no to 
break 

clurat ion 
of test (t) 
( hour 1 

89 
did 
I10 t 
break 

42 
broke 
at gage 
sect ion  

log(t 1 / / 5.174 

strain r-ate 
(2nd stage) 
1 / s  1.04 

( k )  E-9 
1.52 
E-9 

6.08 
E-9 

log(k1 -8.981 -8.818 -8.216 

(note: u is the tensile fracture stress at 1100 d e g .  C )  
f 
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Applied stress (MPa) 
Figure 3. Steady state c r e e p  rate vs a p p l i e d  stress 

-7 -! -5 I 

-10 

slope, ~ 4 . 0  
1200 c 

1 slope, n=3.1 
i 

Log (apphed stress) (Pa) 
Figure  4 .  Log c r e e p  rate vs log applied stress 
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-4 
-5 

-6 

Figure 5 .  

slope, n=0.2 

Log (rupture time or time) (sec) 

Log creep rate vs log rupture time 
4 

Figure 6 .  GTE SNW-lOOO, creep tested specimen, 

(A) Polished surface 

1206 c ,  138 MPa 
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(B) Pore showing softening 
(C) Fracture surface close to fracture initiation area 
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s s  
S .  M. Wiederhorn, D. C. Cranmer, D. Kauffman and D. E. Roberts 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

This project is concerned with the development of test equipment 
and test procedures for measuring the tensile strength and creep 
resistance of ceramic materials at elevated temperatures. Inexpensive 
techniques for 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. 
development of a data base and a test methodology for the structural 
design of heat engines for vehicular applications. 

The ultimate goal of the project is to assist in the 

Technical Highlights 

During the past six months, the creep and creep rupture behavior 
of silicon nitride was studied as a function of applied tensile stress 
and temperature. 
investigated: Norton/TRW NT-154, and Allied-Signal GN-10. 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. 
presents data collected on both materials. 

Two commercial grades of material are being 

This report 

ExDerimental 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 =2 mm. 
approximately 2.5 mm and 10 mm respectively. 

in an earlier phase of the project. 
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 fl pm in the measurement of 
distance between the two flags. 
precision of 5-2 pm in the displacement measurements during the 
evaluation of creep curves for each specimen. Details of the 
experimental apparatus were published previously [l]. 

In the studies on NT-154, the test temperature ranged from 1300°C 
to 1400°C. Tests were conducted in air, with a short =24 hour anneal 
to assure thermal equilibrium within the test furnace prior to 

The width and length of the gauge sections were 

Creep tests were conducted using the tensile equipment developed 
The gauge length of the test 

This level of accuracy resulted in a 
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Figure 1. Specimen configuration. A l l  dimensions are i n  mm. Note 
the double reduction i n  specimen gauge sect ion.  
the holes are tapered a t  an angle of ~ 1 5 " .  

Also, 

appl icat ion of the stress. 
MPa. Most s tudies  t o  date were conducted on the NT-154, which Is a 
HIP-ed grade of Si,&,  using Y,O, as a s in t e r ing  a id .  The b i l l e t s  used 
w e r e  made spec i f i ca l ly  for t h i s  study, and do not r e l a t e  to b i l l e t s  
used on other pa r t s  of the DOE heat engine program. 
e f f ec t s  were observed i n  the creep of the NT-154 during the previous 
six-month period, long-term creep measurements were Lnitiated and are 
continuing on two specimens t o  c l a r i f y  the e f f e c t  of p ime  a t  
temperature con the creep r a t e .  
t h a t  rupture occurred within a r e l a t ive ly  shor t  t i m e ,  < 250 h r .  
were then expressed i n  terms o f  a Monkman-Grant curve i n  which the 
creep r a t e  was p lo t ted  as  a function of the t i m e  t o  f a i l u r e .  

Similar experiments have been conducted on the G N - 1 0  with 
temperatures ranging from 1200 to  1350°C and applied s t r e s ses  ranging 
from 75 t o  125 MPa. Several specimens have been loaded t o  leve ls  such 
tha t  f a i l u r e  has occurred a t  times less than 1000 hrs. 

Applied s t r e s ses  ranged Ero in  75 t o  175 

As t rans ien t  

Other specimens were loaded t o  a l eve l  
Data 

Results and Discussion 

I n i t i a l  t e s t s  on the NT-154 indicated long t e r m  t rans ien t  creep 
behavior f o r  t h i s  mater ia l .  
term creep specimens, and as  i l l u s t r a t e d  i n  Ftgure 2 ,  t rans ien t  creep 
is observed for the full t e s t  period (>350O h r ) .  One specimen has now 

This has been confirmed on other long 
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Figure 2. Exte 

Sintered Silicon Nitride 

21 October 1990 

0.0080 

0.0060 
c .- 
E! + 
u' 0.0040 

0.0020 

0.0000 

ded creep curve for NT154. Note that tr nsient reep 
occurs over the entire creep period, The minimum creep 
rate was determined by a least squares fit aver the last 
200 hr. of the creep curve. 

been creeping for over 3500 hrs, the second for over 2000 hrs. 
specimens exhibit creep rates of less than 2 x 
exhibiting decreasing creep rates with increasing time, and are still 
showing non-steady state behavior. 

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 affected the creep rate 
when the narrowest boundaries between the grains became devitrified. 
TEM studies on the material will be completed durIng the next 6 months 
to determine if the NT-154 is behaving in a similar fashion. 

Because the apparent activation energy for creep, 1,183 W/mol, is 
greater than the heat of formation of Si,N,, 744.8 kJ/mol [2], 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 NT-154 [3,4]. TEM 
studies presently underway at NIST have confirmed the formation of 
cavities in NT-154. Cavities in Si,N, usually form in the glass that 

Both 
s - l ,  are 

The long transient behavior suggests that the microstructure of 
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surrounds the Si,& grains, so the estimation of the activation energy 
for cavitation given here is specific for cavity formation in glass. 
From the work of Raj and Ashby, the activation energy for cavity 
formation is 1 6 * n . r 3 / 3 - a 2 ,  where P is the surface tension of the 
cavity, and o is the local stress. 
value fox glass at high temperature) and 0-1 to 2 GPa (i.e. the 
cohesive stress of glass) an activation energy ranging from 600 to 
2400 J/mol can be calculated. 
consistent with those measured in the present experiment, tending to 
support our assumption that creep is a Cavitation contralled process. 

energy for creep indicates a sharp transition in the performance of 
this material at elevated temperatures. Based on other creep studies 
conducted at NIST on structural ceramics, the only material that has 
better creep behavior i s  a-Sic. However, this material has a lower 
fracture toughness ("2 MPa-m* for the SIC compared to --6 MPa-rn% for 
the Si,&), which reduces its susceptibility to thermal shock arid t o  
foreign particle damage. 

To determine the susceptibility of the NT-154 to stress rupture, 
seven specimens were crept to failure. Both the time to failure and 
the creep rate were measured during these experiments. A tensile 
creep stress exponent (n) of 4.7 has been determined from the data 
obtained at 1350°C over the range of applied stresses from 75 to 150 
MPa. As can be seen in Figure 3, all of the creep rupture data fall 
on a single curve when the creep rate is plotted as a funct'Lon of the 
time to failure. This curve, in combination with creep curves, can be 
used to establish stress allowables for high temperature applications. 
This is shown in Figure 4 ,  where preliminary lifetime predictions for 
this material are shown, The predictions indtcate that the material 
can withstand a eombdned stress and temperature of 50 MPa and 1370°C 
for a period of about 1 year. 

Six tensile creep tests on Garrett's GN-10 have also been 
conducted at temperatures from 1250 to 13QO°C, and applied stresses 
from 75 to 150 MPa. The creep rates range from approximately 5 x 
lo-' to 10-7s-' over these conditions. Times to failure taken from 
five of these specimens range from 25 to 850 hrs, and, when p l o t t e d  in 
a Manban-@rant fashion, exhibit a slope of 0.91s 
close to that obtained previously on the NT-154 material, although the 
amount of data is limited. Additional experiments on the GN-10 will 
be conducted during the next reporting period. 

By assuming r-0.3 J/m2 (a normal 

This range of activatlon energies is 

From a practical point of view, the high apparent activation 

This value is very 
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HIP- ED SILICON NITRI 
TENSILE TEST SPEClMENS 

l e - 0 7  
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le-10 
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Time to Failure, hr. 

Figure 3. Creep rupture data: minimum creep rate as a function of the 
time to failure. Time-to-failure seems to be determined 
uniquely by the rate of creep. 

Lifetime Predictions 
HIP’ed Silicon Nitride (NTI 5 

Figure 4 .  

I- 

Applied Stress ( 

Preliminary lifetime predictions for NT-154 silicon 
nitride. Material is expected to survive combined stress 
and temperature of 50 MPa and 1370’C for 1 year. 
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Status of Milestones 

All milestones are o n  schedule. 

Publications 

1, Is, J. Hockey, S. M. Wiederhorn, W. Liu, J. G. Baldon1 and 
S.-T. Bafjan, "Tensile Creep of Whisker R e i n f o r ~ ~ ~ d  Silicon 

accepted for publication in J. Mat. Sci, 

2 .  S ,  M. Wiederhorn and S. J. Hockey, "IWtgh Temperature Degradation 
of Structural Composites", to be published in Proceedings of  the 
Seventh C L m t e c  World Ceramics Congress, 1'390. 

3 .  S .  H. Wiederhorn, B. J. Mackey and T.-J. Chuang, wCrcack Growth, 
Creep, and Creep Rupture at High Temperatures", to be published in 
Toughening Mechanisms i n  Quasi-Brittle Maeerials, 1990. 
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4. L, Chuck, private eommuni.cation. 
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The objective of this study is to develop a technique for measuring 
hness in thin films and small volumes on a spatially resolved basis 

using the Mechanical Properties Microprobe at 
The MPM is currently used to measure both ha 
a spatial resolution of better than 1 pm. Once devel 
useful in probing toughness at the scale of the 
establishing impartant relations between micmtruct 

The method we are pursuing is based on the crackin which occurs 
when brittle materials are indented by a sharp indenter, su as a Vickers 
diamond. The indentation cracking method has been developed by several 
investigators over the last 15 years’-’2. A critical review sf its predictive 

tPilities tias been presented by ~ n s t i s  et ai.’, who have applied ttie methad 
wide variety of ceramics and glasses and found its accuracy to be better 

The basis of the method is to compute the fracture tau hness, K,, from 
than 40%. 

the length of the cracks, c, through the semi-theoretical reliatian’ 

Here, Q is alii empirically determined geometric constant (for a Vickers indenter, 
its value is about 0.01 6 ’), P is the indentation load, and E and H are the elastic 
modulus and hardness of the n~aterial, respectively. One attractive feature sf 
applying this ethod with the MP is that, in addition to being able to produce 
very small in e positioning, the load-displacement data 
provided by the instrument can be used to establish the local moduRus and 
hardness. Since a knowledge of both these quantities is needed for the 

for obtaining all th data needed to measure toughness on a spatially resolved 
basis. 

To date, the indentation cracking method has been applied ta indents 
which, by MPM standards . The indents typically used in the 
indentation cracking meth at loads of 1060 rns or greater, 
and the cracks are of the or so in length. Si the size 0.6 the 
cracks sets a limit on the spatial resolution of the technique, much of the work in 
the early stages of the program will oncerned with how the indent size can 
be reduced without having the meth eak down or become impractical. 

The main issue we have addressed during this period con 
there are often well defined loads below which indentation crac 

nts with vel-)! pre 

cQmgutZltiOrP Of tOLe hness, the MPM provides a simple and convenient means 
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occur. For example, for a Vickers indenter, cracking thresholds in most ceramics 
are about 25 gms or r n ~ r e ' ~ ~ ' ~ .  Since the indents associated with these loads 
are relatively large (several microns wide), cracking thresholds piace severe 
restrictions on the spatial resolution which can potentially be achieved. 

Our approach to reducing cracking thresholds has been to use indenter 
geometries different from the Berkovich geometry used standardly in the 
Nanaindenter. The Berkovich indenter is a three sided pyramid with a depth to 
area ratio the same as a Vickers indenter ( 
indenter shape influences cracki 
allows for in situ optical obse 
transparent materials. The device includes a video 
image fracture events while conc~r r~n t?y  record 
indenter and the load ap ed to the specirne 
behavior of soda-lime gl s, fused silica, an 
showed that thresholds can be s u b s t ~ ~ t i ~ ~ ~ ~  reduced by c h a ~ g ~ ~ ~  t h e  ind 
geometry. The study also indicated that  for certain geometries, the preda 
cracks are radial cracks which consistently form during loactin 
contrast to the behavior of the Berkovich or Vickers indenters, fa 
cracks predominate (such as cone cracks), thereby limiting the materials to 
which the method can be applied. 

~ h r e ~ ~ ~ ~ d  can be reduced, a 
study was undertaken in which indents in the ~ ~ ~ o j n d e n t e r  over a 
wide load range using one specific indenter geometry which appears to &e 
quite promising. Indents were made in four brittle materials - soda-lime 
fused silica, sapphire, and silicon. Scanning electron micrographs of the 
indents showed that radial cracks form consistently in all of the materials at 
loads as low as 0.5 grams. For lower loads, it is difficult to image the indents, so 
what the true threshold loads are is yet to be established. Nevertheless, the 
thresholds are substantially reduced, and this paves the way for implementation 
of the method in the Nanoindenter. It is worth noting that of the four materials 
studied, the only one which cracks with the Berkovich indenter at loads which 
can be achieved in the Nanoindenter (12 grams) is silicon. 

Po establish the extent to which the cracki 

All milestones are proceeding on schedule. 

Pub k a t  i o ns 

A short paper entitled "New Evidence for a Pressure-induced Phase 
Transformation During the Indentation of Silicon'' was prepared for publication 
as a rapid communication in the Journal of Materials Research. This paper 
results from SEM observations of cracked indents in silicon. 
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Mondesiructive Characterization 
D. J .  McGuire (Oak Ridge National L a ~ o r a t o r y ~  

Objec t i  ve/Scope 

The purpose of t h i s  program i s  t o  ~ ~ n ~ ~ ~ t  nondestructive w a l  
( N D E )  development directed a t  identifying approaches for  quant i l ’a t  
d ~ ~ e r m j n ~ ~ ~ o ~  o f  conditions (including bath properties a 
ceramics t h a t  affect  t h e  structural  performance. Those 
been seriously considered f o r  ~ ~ ~ ~ i ~ a t ~ o n  i n  
b r i t t l e  materi a1 s whose fracture i s affected a1 features whose 
dimensions a r e  on the  order o f  the dimerasi 
Th is  work seeks t o  characterize those feat  
ultrasonics and radio raphy t o  detect ,  s ize ,  
to measure nondestructively the e l a s t i c  properties o f  t,he hos t  material .  

T e c h  i cal Prsqress 

Ultrasonics - W .  A .  Simpson, Jr. and K. V. Cook 

We have determined ~ ~ ~ ~ ~ $ ~ ~ ~ c t j v e . ~ ~  the e l a s t i c  properties o f  a number 
o f  ceramic samples ranging  f r om a l U ~ ~ ~ u ~  t i t ana te  t o  mirco i a  containing a 
range o f  additives. Since a l l  o f  these samples were. f i n e  
exhibited no ~ e a ~ ~ r a ~ l e  degree o f  velocity dispersion ov 
employed, d ig i ta l  pulse-echo v e l o c i t y  ~ e a ~ ~ r ~ ~ e ~ t ~  
accurate for  the purpose. T e quantit ies determine 

samples, 
v a r i o u s  amounts o f  such ad itiives as yt t r ium an t h e  Young’s ~ o ~ u ~ ~ ~ ~  
vel ocj t y  ~ e ~ ~ w ~ e ~ ~ ~ t ~  were foun 
te r ine  t h e  change i n  ~ ~ d u ~ ~ s  w i  
~ 1 ~ ~ i n U ~  t i t ana te  samples, d e s t r  

nd yielded resu l t s  i n  excellent 

IUS,  bulk  SnOdUlUS, P Q i S S O F I ’ S  ratio and the YO us  fo r  each o f  t h e  
O f  particular interest for t h e  risrc s was t h e  e f f e c t  of 

The? 
e ~u~~~~~~~~~~ accurate t o  c h a y a c -  

a~~~~~ o f  each additive. For the 

detect  s ing le  flaws whose s i z e  
small e s t  i n t e n t i  onal 
were about 50 grn i n  
t i v i t y  of our surfac 
nitride modulus o f  r MOR) bars cantaini g 1 aser-dri I 7  
controlled diameters ths. Three o f  the bass contained 

hose depth was equa diameter. The diameters were 10 
and 10 pm. The f o u r t h  bar containe three zones having 
d i  ameter hole i n  each zone, The d pths O f  these holes 
were 20 pm, 1 pm, and 5 pm, respectively. None of the 

i s  c 

I n  o;..dr?r t o  investigate the ultimate s e n s i -  
ich we have ~ ~ e ~ ~ ~ u ~ ~ ~  been a b l e  t o  produce 

we  ha^^ ~ ~ t ~ i ~ e ~  four  silicon 
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ed b u t  had tapered ends terminating in a point. The reported depths 
easured from the surface of the sample t o  the terminal paint. 

The specimens were examined using a 5Q-MHm, f/0.2 surface wave trans- 
ducer. This unit produces a radially propagat ing  surface wave which i s  
capable of detecting cracks in any orientation and i s  maximally e f f ic ien t  
for detection of holes o f  circular  cross section. Each bar  was scanned 
using a 25-pm index along both  the x and y axes, which i the f ines t  index 
available with our current hardware. 
gray-scale recorder, which has rather poor discriminatio for  adjacent- 
level amp1 itude d a t a .  A color system having excellent adjacent-level d i s -  
crimination was available b u t  was n o t  used for  reasons which will become 
evident shortly. 

standard), i t  was advantageous to  focu 
as possible, thereby inimining the surface wave damping, cornmensurat.e with 
maintaining adequate separation between the d i rec t  ( f ront  surface) signal 
and the delayed surface wave signal.  As t h i s  i s  d i f f i c u l t  t o  achieve f o r  
separations o f  less  t h a n  50 ns because of the ring-dawn time of the  front 
surface signal , the procedure 
(- 1 mm) a i r  bubble o n t o  the s rface of the transducer lens. This bubble 
will s e t t l e  a t  the exact center of the lens, thereby blocking the direct  
front surface signal. The only signal present w i l l  then be the surface 
wave, which may be gated in the usual manner. If the transducer i s  f i r s t  
focused so as t o  produce ample separation (say, 100 ns or so) between the 
direct  and surface wave signals before introduction of the bubble, the 
surface wave response can be def ini t ively identified,  After introduction 
of the bubble, the transducer focus can be raised t o  provide minimal 

ave damping with confidence that  i t  i s  the surface wave rather 
d i rec t  wave which i s  being rriianitored. 
which i s  the highest available with our current gray-scale hard- 

ware, the a i r  bubble will r in firmly in place. 
iameter hale was readily detected and easi ly  

discerned on the gray-scale display. We have often imaged holes as small 
as 50 pm i n  diameter w i t h  t h i s  display, however, and thus th i s  sample 
provided no challenges t o  our  hardware. For the 29-prn diameter hole, on 
the other hand ,  the display showed only one d ig i t i ze r  unit change f o r  a 
single pixel. I t  was recordable, b u t  one could n o t  identify i t  as  a flaw 
without a priori knowledge, On the analog A-scan display, however, the 
presence of the hole was easi ly  seen as an abrupt drop  in the surface wave 
amplitude. Phis resul t  suggests that  the 50-MHz surface wave has adequate 
sens i t iv i ty  t o  detect the 20-pm hale, b u t  the resolution o f  o u r  d ig i t i ze r ,  
which i s  a four-bi t  unit ,  i s  n o t  adequate t o  record rel iably the amplitude 
change produced by the hole. For a four-bit  d ig i t i ze r ,  the maximum resolu- 
tion between the two highest levels i s  0.6 dB, which means t h a t  the signal 
must change by a t  l eas t  t h i s  amount t o  be recordable. 

The response from the 10-pm flaw could n o t ,  o f  course, be recorded. 
To our  surprise, however, i t  was discernable i n  the A-scan display, where 
the amplitude change varied from 0.3-0.5 d8, depending on how near the 
exact center of the hole an acquired data point could be located. (Since 
the scan index was 25 pm, which i s  larger t h a n  the hole, in b o t h  the x and 

rections, the acquired data point could be as much as one hole diameter 
ved from the center of the hole.) Since the change produced by such 

The acquired data ere displayed on a 

Because the holes t o  be examined ere so small (except for  the 100-pm 
the transducer as  near the surface 

as fac i l i t a ted  by introducing a small 

For scan speeds of up t o  

As expected, the 100-p 
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small f l a w s  was not  sufficient t o  produce a one-uni t  change i n  our  d i g i -  
t i ze r ,  there would be t~ advantage i n  using a c o l o r  d i s p l a y .  

were recorded.  
d i s c e r n a b l e  i n  the A-scan d i s p l a y .  

For the MOR bar  which contained numerous 1Q-prn holes,  no i n d i c a t i o n s  

m deep holes  a l though som form o f  hard copy record  would probably 
s s a r y  t o  achieve this res 

I t  i s  ev iden t  from our  resu 

Those holes which were IQ- o r  20-pm deep, however, were 
We could not  d e f i n i t i v e l y  l a c a t e  any o f  

on these samples t h a t  an 
speed d i g i t i z e r  i s  

ch a u n i t  would u t ion  o f  0.03 dB and should be 
16 t o  r e c ~ r d  the 

aws smaller than about 20 ym. 

e are c u r r e n t l y  examining two such 
s and prepar ing  a s p e c i f i c a t i o n .  
u~ s t u d i e s  on t he  use Q 
t i o n  were also  cont inue  

c a p ~ ~ t ~ ~ ~  ~ ~ ~ ~ n i ~ ~ e s  f a r  ceramic 
e ~ ~ e ~ ~ ~ u ~ ~ ~  reported bo th  plane-  

which can be programmed t o  
aus ing  between ad jacen t  

sample i s  d i g i t i z e d  and 
sterns have been i d e n t i f i e d  and a r e  being 

e ~ e ~ ~ n ~ ~ ~ ~ ~  as well as the 
f tware  t o  per ssary computations.  Curren t ly ,  

t o  the requir 
t s  whi le  the b 

these systems appears  t o  be r e a d i l y  adap tab le  t o  our  
a r e ,  b u t  a t r i p  t o  a t  l e a s t  one of the vendors w i l l  probably 

revi ousl y repor ted  

e a r s  t o  be inherently 



416 



417 

the need to perform temporal averaging at each point of the synthetic aper- 
ture; hence, the Scan controller must be capable of moving to the requisite 
point and then pausing until ordered to ove to the next location. Our 
present high-resolution commercia? scann ng system does not hawe this capa- 
bility. A second system for which we designed and built the controller and 
wrote the software can perform this function, but the spatial resolution 
and stepping accuracy and repeatability are not adequate for ceramic 
inspection. However, we have identified several commercial f i r m s  who pro- 
vide stepping motor controllers designed to plug into an expansion 
a standard PC-compatible computer. 
the specjfic motors used in our high-resolution can system. In addition, 

lution down to 25 pm. This package should allow us to convert our existing 
high-resolution scanner into a two-dimensional synthetic aperture system as 
well as upgrade our current 16-level amp1 {tude resolution hardware t o  
256-level. An optional modification to the scan controller card i s  avail- 
able which will allow scan resolutions o f  less than 1 pm, but this !eve1 s f  
performance is not justifiable with our present frequency limitation o f  
150 MHm. 

mainframe minicomputer to PC-based systems. 
and actually slower than our current 80386-based computers, which have been 
used primarily for computationally intensive applications such as our 
transducer beam distribution model1 ing. The minicomputer has been retained 
thus far because s f  superior graphics hardcopy capabilities and because it 
is already interfaced to a large ultrasonic scan tank. The first applica- 
tions programming t o  be transported is our software for determining ceramic 
transfer curves, i .e. ,  attenuation 9s. frequency characteristics, which are 
very useful for characterization o f  the ceramic microstructure. A PC-based 
W I B  card was obtained for extracting data from our high-frequency waveform 
digitizer. 
form acceptable to any of the several plot packages residing on our PC. 
Software has also been completed for plotting the rf waveform o f  tbe ultra- 
sonic data and for computing the Fast Fourier Transform o f  acquired 
signal s. The source code for performing the requi red deconvol uti on and 
computing the diffraction and water coupling corrections i s  currently being 
modified t o  run on the PC. 

A PC-based general purpose parallel I/O board has been purchased for 
interfacing our large scan tank, which is the system in which we generate 
color renditions o f  the ultrasonic response of the sample under evaluation. 
Unfortunately, the tank hardware does n o t  conform to any standard interface 
definition, and thus we are forced t o  write software in assembly language. 
We have succeeded thus far in generating the required interface signals, 
but we have not yet been able to get the system to run in full interrupt 
mode, which is necessary to operate the scanner correctly. \de are working 
to correct this problem. 

One such controller was designe 

he same vendor provides a card-level, 100-#Hz, -bit digitizing peak 
etector and a software package designed to imp1 ment scanning with reso- 

A specification for this system is being written. 
We have begun transferring our ceramic evaluation programming from a 

The former system is outdated 

Software was then written to convert the acquired data into a 
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Computerized Tomo~~raphy - 5. E. F o s t e r  

ine cylindrical silicon nitride tensile specimens (noted as 
ere received for inspection w i t h  the CT system. 
s done utilizing digital radiography. Any sample t h a t  showe 

any type of discontinuity was further eva uated with one o r  more CT slices 
through the longitudinal center o f  the  sa 

In t h i r t e e n  of the specimens, we no t  
or very short (less than l -mm)  linear ind ons. The indications were 
also noted i n  four  o f  the sarq-tles with s u  
357-2 contained a void $1,7-mm diameter, s 
1.0-mm diameter, specimens 367-1-4 and 340-1-2 each contained a srsrall 
linear indication. 
that were used i n  the  image reconstructions were inadequate far ceramic 
materi a1 s. 

working quite well. However, in order t o  o b t a i n  optimum beam hardening 
correctians for the cermic  samples, a beam hardening correction wedge 
(tri angl e) f a b r i  cated o f  si 1 icon nitride was needed. 
and has now been received. 
sides o f  158 X 256 X 35@- 

Addi ti onal operator ining f o r  the CT system was received at 
Scientific Measurement Systems, Austin, TX from July 9-20. Colorization, 
f i  1 teri ng en1 argi ng and coimiand 1 anguage programming ere some of the 
advanced areas covered during the training period. I t  as very bene f i c i a l .  

The defective power supply (5 volt) tias been replaced and the inopera- 
ti ve termi rial repai  red A I  1 systems are operating properly. 

The Exebyte (8-m short circuit and 
h a s  been ret.urned t o  the vendor far repair. The auxiliary TK-50 tape drive 
is being used for backing up data- 

Three ceramic (one silicon carbide and two  silicon nitride) rotors 
have been received for detailed evaluation with the CT system and i s  in 
progress. 

Initial 

ids (0.5- t o  l - m  

ent CT sl ices. Specinien 
en 340-2-1 contained a vo id  

I t  should be noted that the beam hardening corrections 

The high resolution beam hardening software has been installed and i s  

The wedge was ordered 
The triangle is approx i  ately 12-mm t h i c k  w i t h  

tape drive developed an internal 
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N l E  Standards for Advanced -Ceramics 
W. W ,  McCluny (Oak Ridge National Laboratory) 

reliability and acceptance o f  advanced structural materials. A new com- 
mittee, C-28, on Advanced Ceramics, has been organized in the American 
Society for Testing and Materials (ASTM) to address this issue. 
activities of the C-28 committee i s  nondestructive examination (NDE) .  The 
Task Group on NDE is reviewing existing standards on NDE (primarily de- 
veloped far metals) to determine potential applicability fo r  ceramics. Use 
o f  existing or modified standards is more efficient than generation a f  new 
documents and will assure t he  input o f  a large body o f  NDE expertise. 
Close liaison has been established with ASPM Committee E - 7  on 
Nondestructive Testing and documents are in various stages o f  review, 
recommendations for change, modification, and b a l l o t i n g .  R .  5a13 McClurig i s  
A member o f  both committees and the official liaison. 

Committees @-28 and E-7 .  To date, twenty-six E - 7  NDE standards have been 
revsewed i n  detail with recorninendations made t o  E - 7  for  modi f i ca t . i sns .  
Successful action is complete on thirteen 4Jirscumenat.s; E - 7  balloting action 
is in progress on eight items; the others require action by C-28. 
advisory C-28 (Task Group on NDE) ballot is in progress for  detailed r e v i e w  
on five additional E - 7  standards. 
o f  ultrasonic velocities in typical ceramic materials. After minor cor- 
rections, this will be submitted t o  E - 7  for incorporation i n  an existing 
MDE standard. A document an fabrication o f  seeded voids in pressureless 
sintered ceramics is being b a l l o t e d  in C-28 at the subcommittee level. 
guide1 ine document that describes avail abl e approved standards and their 
applicability for examination o f  ceramics  is being balloted at both sub-  
committee and comrnlittee levels o f  C-28. 

The development o f  standards i s  important for t he  establishment o f  

One o f  the  

Liaison and technical support have been continued between ASTM 

Another 

An NDE advisory ballot approved a table 

A 



421 

- W. A. Ellingson, 
N. Gopalsami (Argonne National Laboratory) and T. Luethi, 
(Visiting Scientist, EMPA Laboratory, Zurich, Switzerland) 

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 
for mapping short-range ( ~ 5  mm) and long-range (A 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. @T imaging is capable af 
interrogating the full volume of a ~ o m ~ n e n ~  and is nonwonta It is also relatively 
insensitive to part shape and thus can be used to inspect gx, 
shapes, such as turbocharger rotors, rotor shrouds, and large individual turbine blades. 

ents with complex 

During the current reporting period, we continued to assess the accuracy of X-ray CT to 
measure density variations in complex shaped ceramic parts. ?wo of the new Si3M4 
injection-molded phantoms (turbocharger rotors) received last period were used as the 
test sped mens. 

To better obtain an idea of X-ray CT sensitivity to density variations within the critical 
hub-blade region of a turbocharger rotor, a set of rotors was produced by Garrett Ceramic 
Components (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 SiaN4. Three insert slugs at the critical hubblade 

region have from 9.0 io 15.5 wt.% binder difference (see table 1) which resulted in an 
approximate 0.08 g/cm3 mass density difference per 2 wt.% binder from a nominal 2.28 
gkm3 base material. The slugs were inserted into the hub region so that part af the 
region has these known variations and part does not. 

We noted in our earlier report that the new T-25 turborotors were to be received from 
Cape Canaveral, Florida, following CT tests using a 6 k o  source. A change was made 
from the earlier set of samples in that the nominal concentration of organic binder of the 
main body was dropped from 15.5 W.% to 12.5 wt.%. Thus the inserts were also 
changed. Table 1 below gives insert code and wt.% of organic for these rotors. 
Photographs of the rotors with the inserts are shown in Fig. 2. 
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X-RAY CT TEST PHANTOMS 

AP=2wt .% 

A.B.C FITTED WITH 
INSERTS OF 
DIFFERENT BINDER 

T-25 TURBOCHARGER ROTOR 
(AS- INJECTION -MOLDED) 

CASE E: 
A.B.C LEFT AS 
VOID 

Fig. 1. Schematic diagram of the T-25 injection molded turbo rotors 
showing the general arrangement of the inserts with various 

concentrations of organic binder . 

TABLE 1 

Organic binder insert code for inserts in turborotors. 

Wt.% oroanic Densitv 

A 
B 
c 
D 
E 
F 

Rotor I 
Rotor II 

9.0 
10.0 
11.5 
13.5 
14.5 
15.5 
12.5 
12.5 
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. 'u 
.I , 

Fig. 2. Photograph of the T-25 injection molded SQN4 turborotors wifn various 
density inserts. 

We conducted a set of 3D microfocus X-ray CT scans of the rotors using the ANL designed 
and built 3D microfocus X-ray CT scanner. All data were acquired using a significant amount 
(.070 in 1.78 mm) of copper filtration at the X-ray source and we used extensive collimation at 
the image intensifier detector. The image intensifier was set at 9 field of view. We obtained 
1 mm thick cross-sectional images of the rotor starting upstream of the bladed section such 
that we obtained at least one cross-section without interference caused by blades. The 
purpose of this is to establish the extent to which blades degrade density values as 
determined by X-ray CT measurements. All data were obtained using 359 projections and 
used 256 x 256 reconstruction. The convolution filter selected was the Feldkamp filter. 
We used normalized image reconstructions (that is we used equal rnax-min gray scale values 
for the main rotor bodies), for the data presentation. Table 2 shows the approximate gray 
scale values obtained for each insert in the rotor at the upstream position of the blades. 
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TABLE 2 

X-ray computed tomography measurement of organic content. 

lnsed - red 
o/cm9 

A 
B 
C 
D 
E 
F 

9.0 
10.0 
11.5 
13.5 
14.5 
15.5 

Rotor I (ABC) 12.5 
Rotor II (DEF) 12.5 

228.1 
228.8 
233.7 
241.8 
244.0 
249.9 

230.2 
231.2 

If the X-ray computed tomography data are plotted against the organic content, as shown in 
Fig. 3, one can see that X-ray CT data are likely to be able to measure organic content of 
complex shaped bodies to better than 1/4 wt.%. However, one should also note that the main 
body, which was to have been 12.5 wt.% organic, does not behave in the predicted manner 
of the inserts. Using the linear relationship between the CT measured values and the known 
organic content, one would predict that the rotor was injected with a 10.5 wt.% content, not 
12.5 wt.% as was provided. However, the fabrication methods for the inserts and the turbo 
rotor were different. The inserts were cold pressed whereas the rotor was injection molded. It 
is not clear at this time why the CT data so drastically detects the difference in fabrication 
methods. 

Figure 4 shows 1 mm thick X-ray CT cross sections obtained through the rotors with inserts 
in the section upstream of the blades. Figure 5 shows a typical X-ray CT image taken 
through rotor I with inserts A, B, C, and Fig. 6 shows the CT image of the rotor I1 with inserts 
DEF. Next period we will compare data from the 6oCo NASA data to the polychromatic 
X-ray CT data obtained at ANL. In addition, a more thorough analysis of the ceramic 
inserts will be undertaken so that porosity, powder content, and other variables can be 
studied relative to the X-ray attenuation values. 
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8 9 10 11 12 13 14 1-5 1-6 
Organic Content, wt.% 

Fig. 3. Plot of X-ray computed tomography gray sale as a function 
of wt% organic in injedon W e d  hrrborotors. 

(a) (b) 
Fig. 4. X-ray CT cross section images taken upstream of the bladed region 

on both rotors (a) ABC, (b) DEF. 
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I 

Fig. 5. X-ray CT cross section (1 mm thick) taken 
through bladed region of rotor I with 

inserts ABC. 

Fig. 6. X-ray CT image of section (1 mm thick) 
through rotor I1 with DEF inserts. 
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- N. Gopalsami, 
S. L. Dieckman, W. A. Ellingson, and R. 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 program are to: utilize NMR imaging techniques developed at ANL 
to study the distribution of whiskers and other possible variations in composite green- 
state (as cast) billets; perform 3-D X-ray (in a related activity (3.5.1 5)) and optical 
microscopic analysis (to be performed by Garrett Ceramic Components a Division of 
Allied Signal Corp.) of the composite billets; correlate the results obtained from the NMR 
imaging techniques with those obtained from both the 3-D X-ray and the optical 
microscopy. 

cal Hiahlights: Part A - NMR S t u W  

The previous work has established the utility of two-dimensional (2-D) back-projection 
NMR imaging techniques for NDE of the semi-solid organic distributions in injection- 
molded green-state ceramics. In this work, two-dimensional back-projection techniques 
were employed because these techniques offer advantages over conventional slice- 
selection techniques for application to semi-rigid materials (such as the semi-solid 
organic binders.) However, for systems where there exists a great deal of molecular 
mobility, such as water in slip-cast composites, echo recalled techniques can be more 
conveniently and perhaps more accurately applied. In this reporting period, three- 
dimensional slice-selected echo-recalled (also termed spin-echo) techniques were 
developed for MRI imaging of the residual water in green as-cast slip-cast billets. 

The slice selection techniques have been well developed and have become the method 
of choice for medical diagnostic applications of magnetic resonance imaging. The 
principal of slice selection is based upon the selection of a narrow spatial region (a slice) 
in one direction, then encoding the remaining two dimensions in the slice. For example, 
in the slice-selected spin-echo pulse sequence shown in Fig. 1,  the shaped RF pulse 
occurring in concert with the Z gradient pulse selects a narrow frequency slice in the X-Y 
plane. The X and Y gradients then phase and frequency encode the signal along the X 
and Y directions, respectively. The experiment is repeated, varying the amplitude of the 
X gradient, to enable correct phase encoding of the two dimensional slice along the X 
axis. The data is then reconstructed using a variety of filtering techniques and 
multidimensional Fast Fourier Transforms (FFTs). 

Initial attempts at slice selection were made of a water filled spherical glass phantom on 
our custom solid NMR imaging accessory. Implementing the pulse sequence in Fig. 1,  
initial images were obtained of slices from various locations throughout the spherical 
sample (Fig. 2). Further work is in progress to improve the image signal-to-noise ratio, 
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resolution and aspect ratio. Additionally, experiments using specialized calibration 
phantoms will be performed to determine slice selectivity (thickness and position), as well 
as the spatial resolution, and sensitivity of the slice-selection technique. The slice- 
selection technique will then be evaluated for application to slip-cast composites. 

s of Milestow 

We were delayed on some milestones because the subcontract to Garrett Ceramic 
Components Division of Allied-Signal Aerospace Corporation was not finalized on 
schedule. 

RF I 
I- - 

Signal 

Fig. 1. Diagram of the three-dimensional slice-selected 
echo-recalled imaging technique implemented for 
characterization of "fluids" contained in green-state 

as-cast comwsites. 

Fig. 2. Three-dimensional slice-selected image 
acquired from a narrow region of a glass 
sphere containing water. The data was 

acquired using the pulse sequence 
were shown in Fig.. 1. 
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PHYS.ZCOCHEMICN, CHRRACITERIZATIQN AN11 SURFACE MODIFICATION--.-OF SILICON 
N I T R I D E  C E W I I C  POWDERS - Prof .  Marc A .  Anderson (Univers i ty  o f  
Wiscotisiri - Madison) 

Obi e c t i v e / s - c c  

This p r o j e c t  i s  designed t u  f u l f i l l  two primary ob jec t ives :  
1. c h a r a c t e r i z a t i o n  of t he  aqueous su r face  chemlstry of s i l i c o n  

n i t r i d e ,  which a l s o  r equ i r e s  t he  development of a standard f o r  
mobi l i ty  measurements and p a r t i c i p a t i o n  i n  a round-robin 
charac txr iza t ior i  of  t h i s  s tandard ;  and 

s i l i c o n  n i t r i d e .  
2 .  spec t roscopic  charac te r i -za t ion  of  aqueous suspensions of 

Our work i n  t he  pas t  s i x  months has focused on two primary a reas :  
1. analyze the  r e s u l t s  of the second round rob in  iising phosphated 

g o e t h i t e  and incorpora te  t h e  conclusions reached therefrom i-nto the  
design o f  a t h i r d  round robin  us ing  phosphated g o e t h i t e ;  and 

n i t r i d e  powder (%e E - I O )  exposed t o  s o l u t i o n s  of  d i f f e r e n t  pN by 
us ing  e l e c t r o p h o r e t i c  mobi l i ty  s t u d i e s  coupled wi . th  determinatioris of  
d i sso lved  s i l i c a  and ammonia I 

2 .  i n v e s t i g a t e  the  hydro lys is  r eac t tons  and k i n e t i c s  of s i l i c o n  

Round Robin Analysis of  Mobili ty Measurements: I n  the  las t  s ix  
month report, the pro tocols  used t o  prepare samples  of  phosphatxd 
g o e t h i t e  f o r  s tudy i n  the  round robin  were descr ibed .  Analysis of  t he  
second round robin  using phosphated g o e t h i t e  suspensions [Goethi te  
Elec t rophore t ic  Mobil i ty  Study (GEMS) 21 has now been completed w i r h  
the fol lowing concl.usions being reached. 

1. Vari-at ions i n  measured pH va lues  a t  pH 5 . 1  or  h igher  a r e  
l i k e l y  due t o  CO, di -sso lu t ion  w i t h i n  t he  suspensi.ons . Such d i s s o l u t i o n  
can occur during shipment o f  the samples as w e l l .  as during the  actual. 
measureinent o f  sample pH. 
performing pH measurements i s  t o  perform these measurements under a 
b lanket  of C0,-free gas ,  wi th  s t i r r i n g ,  u n t i l  a cons tan t  pH i s  
obta ined ,  This approach t o  p H  measurement is being  t e s t e d .  CO, 
d i s s o l u t i o n  Ln samples during shipping w i l l  be accepted bu t  w i l l  be 
s tud ied  by comparing the  pH o f  samples kep t  a t  the TJniversity of  
Wisconsin - Madison (UW) t o  t he  pH of  sampl-es shipped from UW L O  Oak 
Ridge and theti back t:o W. 

a t t r i b u t e d ,  i n  p a r t ,  t o  the pW var ia t i -ons  noticed under these  
conditi-ons I Since the mobi l i ty  of  goe th i t e  i s  pH dependent, 
vari.ati.ons i n  measured pH would lead  t o  v a r i a t i o n s  i n  measured 
mob i l i t y .  G i v e n  th.i.s problem, the agreement i n  measured mobi l i ty  

One method o f  mtnimizing CO, uptake w h i . l e  

2 .  Var ia t ions  i n  measured mobi l i ty  va lues  a t  h igher  pEI can be 



values is quite promising, especially considering that these values 
were obtained using four separate instruments. However, near the 
isoelectric point, mobility measurements on the PenKem System 3000 
appeared to be consistently more negative than mobility measurements 
on the Malvern Zetasizer. 

4 . 9  and 5 . 4 .  Thus, even though differences in measurements were 
noted, the isoelectric point is a reasonable indicator of system 
behavior. However, the differences between the two instruments in 
measuring mobilities near the isoelectric point resulted in the 
observation that isoelectric points obtained using the PenKem System 
3000 were between pH 4 . 9  and 5 . 2  while isoelectric points from the 
Malvern Zetasizer were between pH 5 . 2  and 5 . 4 .  
should be studied further. 

4 .  Other than for one or two isolated incidents, sample aging was 
not observed. 

5. Sonication of samples did cause significant effects on 
occasion, but no obvious trerids were apparent. Since both probe and 
bath sonicators were employed, a consistent sonication procedure 
should be utilized in future round robin measurements. It was decided 
that samples should be placed in a bath sonicator for 15 minutes 
before use. 

6 .  Enough questions remain to justify a GEMS 3 round robin. 
Measurement protocols will be controlled more closely than in GEMS 2 ,  
so that statistical evaluation of the results will be easier to 
perform. The effect of ionic strength on the measurements will be 
evaluated by preparing samples at three ionic strengths - 0.001 M, 
0.01 M and 0.05 M KNO,. 
prepared at five pH values - 3 . 5 ,  4 . 4 ,  5 . 2 ,  6 . 1  and 7 . 0 .  Thus, 1 5  
different samples will be measured on each measurement date. 
four or five sets of  measurements will be performed. 

measure samples which consist of two different particles with 
different mobilities. An attempt was made to answer this question by 
preparing a sample of silicon nitride particles (Ube E-10) mixed with 
polystyrene latex particles ( 0 . 5  micron diameter) in a 1:l volume 
ratio. 
only one mobility in this sample, but this result was shown to be due 
to heterocoagulation of the particles, not an inherent deficiency in 
the instruments. A valid test of this concern requires very careful 
preparation of the samples being used for the evaluation. 

3 .  Isoelectric points for the phosphated goethite lie between pH 

These differences 

The effect of using this procedure will be tested. 

For each ionic strength, samples will be 

Either 

Another question is the ability of  these different instruments to 

Both the Malvern Zetasizer and the PenKem System 3000 measured 

AginE - of Aaueous Suspensions of Silicon Nitride: Complex changes 
in electrophoretic mobility values as a function of pH are observed 
for aqueous suspensions of Si,N, which have equilibrated with air. 
These changes suggest that another surface reaction is occurring at 
the surface sites of hydrated Si,N, particles besides the expected 
protonation-deprotonation reactions. Curves of mobility vs. pH for 
these systems give clear pHI,, values (between pH 6 . 5 - 7 . 2 ) ,  after 2 h 
of equilibration at different pH values between 4 and 9.5. 
change in pH is noted in the suspensions over this time period. After 
20 h of aging under the same conditions, the pH values of the basic 

Little 
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suspensions drop considerably, t o  below pH 7 . 5 .  Under these 
conditions,  a l l  p a r t i c l e s  display pos i t ive  mobi l i t i es ,  with a minimum 
mobility a t  o r  s l i g h t l y  below pH 7 and higher pos i t ive  mabt l i t i es  a t  
s l i -gh t ly  higher pM values.  (These findings are s imi la r  i n  several  
respects  tio observations reported by Rutgers Univ.) Further aging 
gives even more complex behavior. These observations ind ica te  t h a t  
these o the r  types of  surface react ions are slower than the 
protonation-deprotonation process. 

suspensi.ons aged f o r  2 . 5  h and the pH,,, values f o r  these systems 
(between pH 6 . 5 - 7 . 2 )  a r e  p r a c t i c a l l y  independent of solid 
concentration (between 8 . 5  g/ l  and 60 g / l ) ,  t h i s  i s  not t rue  f o r  
suspenstons aged a t  l e a s t  20 h .  I n  addi t ion,  pIi is  the most important 
var iab le  a f f e c t i n g  the k i n e t i c s  o f  surface aging, as the differences 
i n  mobili ty values with t i m e  a r e  larger  a t  higher pN. Mobility values 
as  a function o f  pH f o r  S i 3 N 4  suspensions, which have been aged while 
the pH has been held near 9 . 5  f o r  20 h t o  a f e w  days previous to 
t i t r a t i . o n ,  a r e  very reproducible. No charge reversa l  i s  observed i n  
these systems and the p a r t i c l e s  develop a highly pos i t ive  charge, as 
indicated by the pHIEp of 8 . 5  (compare t h i s  value t o  the 2 . 5  h aged 
suspensions mentioned above wlie.tra pHIEP = 7 ) .  

These observations suggest t h a t  the Si3N4  surface (Ube powder 
which has been kept in a closed container under a i r  f o r  over one year) 
is probably covered with patches of s i l i c a .  Note t h a t  the enti.re 
surface is not  covered with s i l i c a  because the rneasiired pH,,, I s  too 
high. 
so lu t ion  would expose more N-H groups ( the exact form of these groups 
m u s t  s t i l l  be determined), shif t i .ng the pH,,, t o  more basic  values.  

1. ) Protonation-dep~~otonation react ions o f  organic amines i n  water 
typ ica l ly  display pK values o f  10 t o  11. 
2 . 1  ~ddi . t : ion of f i n e  s i l i c a  p a r t i c l e s  (surface area o f  90 m2//g> t o  
washed suspensions s h i f t s  the pH,,, t:o more a c i d i c  values ,  presumably 
due to heterocoagulation (adsorpt:.ion of the f ine s i l i c a .  part-icles onto 
the S i 3 N ,  sur face) .  

3 . )  
suspensions which have been aged f o r  more than 158 h near pM 9 . 5  i s  a 
function of s o l i d  concentration ( 2 E - 3  M a t  5 g/L, and 4 E - 3  M a t  10 

4 .  ) After discarding the supernatant so lu t ion  from the 5g/L 
suspension analyzed i n  #3 above, the remaining s o l i d  was reexposed t o  
a pH 9 . 3  so lu t ion .  After 24 h exposurer the dissolved s i l i ca  
concentration w a s  4E-4 M, compared to 1 .4 -E-3  M i.n the comparable 

5 . )  The concentration o f  dissolved ammonia i n  the same systems i s  
only 5% t o  10% of  the concentration o f  dissolved s i l i c a .  Rased on the 
stoichiometry o f  d i sso lu t ion  o f  pure s i l i c o n  n i t r i d e ,  we would expect: 
t o  observe a dissolved ammoni.a:silica ratio o f  4 : 3 .  

The complex mobility changes observed i n  these suspensions a f t e r  
long-term aging, without: base washing of the suspensions, can a l so  be 
explained by t h i s  hypothesis. 
l i t t l e  d i sso lu t ion  of s i l i c a  from the surface and l i t t l e  change i n  

Although the p r o f i l e s  of  (;he mobili ty YS. pH curves f o r  Si3N4 

Di-sso1uti.m of  s i l i c a  from t h i s  surface by aging i n  a high pI1 

Support for t h i s  suggestion comes from several  observations . 

The concentration of dissolved s i l i c a  i n  the supernate of  Si3N4 

g/L) .  

systern i n  N 3 .  

Aging under ac id ic  conditions causes 
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suspension properties over time. 
though, causes considerable silica dissolution and a net release of  
protons. Silica dissolution, as discussed above, shifts the 
isoelectric point to more basic values (at a given pH, the mobility 
becomes more positive). The net release of protons causes a fairly 
rapid drop in pH (from pH 9 . 5  to pH 7.2  after 20 h aging) with a 
concomitant increase in mobility. Although CO, absorption also occurs 
in these systems, the kinetics involved in this reaction (which also 
acidifies the system) are much slower because the reacting suspensions 
are kept capped. 

obtained by washing the powder in a basic solution for some time (pH 
9 . 5  for 24 hours worked well), then discarding the supernate and using 
the cleaned powder to prepare further suspensions under the desired 
conditions. It is clear that the as received powder is not completely 
covered with silica, as the pH,,, of the as received powder is still 
much too basic to be attributed to a pure silica surface. A 
reasonable description of the silicon nitride surface after 1 year 
aging in air would be that it is covered with patches of silica in 
places but that silicon nitride is exposed elsewhere. Whether this 
silica is amorphous silica or a silicate polymer on the surface is not 
yet known, although we favor the idea of amorphous silica because this 
form is the most stable. 

Further studies have been undertaken of SiO, dissolution kinetics 
from silicon nitride surfaces as a function of solid concentration. 
All systems are aqueous suspensions held at pH 9 . 5 .  The molybdenum 
blue colorimetric method was used to measure concentrations of 
dissolved Si02 in filtrates prepared by filtration of suspensions 
through 0.05 micron Nuclepore filters. The maximum SiO, concentrations 
measured and the time required to reach those concentrations are 
reported in Table 1. 

Aging under basic conditions, 

Thus, it appears that a more pristine Si,N, surface can be 

Table 1. Silicon Nitride Dissolution Kinetics 

Solid Conc. Max. Dissolved SiO, Time Needed to Reach Max. 
(in g/L) (in M) (in days) 

5 
10 
20 
40 
6 0  

2 . 0  10-3 
4.0 10-3 
6.2  10-3 
7 . 2  10-3 
7 . 2  10-3 

4 to 5 
between 2 and 7 

3 
2 
2 

Since the solubility limit for dissolved SiO, in water at pH 9 . 5  
is about 6 x M, the measured values at low solid concentrations 
show the system approaching this solubility limit, which has been 
reached when 20 g/L of solid is present. However, if this solubility 
limit is the only factor operating in these systems, then the maximum 
values at 40 and 60 g/L would also be about 6 . 2  x M. Two other 
explanations for these higher than expected values were investigated. 
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1. Very fine colloidal SiO, particles are being formed in systems 

Light scattering measurements were 
with high solid concentrations and are being measured along with 
dissolved SiO, during the analysis. 
made of  filtrates which have been passed through filters with 
different pore sizes. Fine particles are present in filtrates passed 
through 0 . 4  micron filters but not in filtrates passed through 0.05 
micron filters. However, both filtrates give identical concentrations 
of dissolved SiO,. It appears that the  presence of  colloidal S i O ,  
particles does not affect the analysis fur dissolved SiQ,, 

2. Another soluble silicate species, besi.des dissolved Si.O,, 
forms in systems with high solid concentrations and is measured along 
with dissolved SiO, by our analytical technique. Since we suspect that 
such a compound would contain both Si and N ,  possibly some form of 
silicon oxynitride, we performed several types of tiitrogen analysis to 
ob ta in  further information. 

First, a specific el-ectrode was used to measure dissolved ammonia 
(NM,) gas i.n the same systems used for dissoLution kinetics studies. 
The dissolved Ntl, concentx-ations are always at least an order of 
magnitude 1.ess than the corresponding dissolved SiO, concentrat ions. 
These concentrations should be similar, with [N] > [Si], if the 
dissolved Si.0, comes primarily from the pristine silicon nitride 
surface interacting with water” Thus, this observati.on shows t:hat 
dissolved SiO, in these systems arises primarily from islands of SiO, 
which are already presene: on the silicon nitride surface before the 
silicon nitricle is placed in water. Also, values f o r  dissolved NH, are 
very simi.l.ar in both closed systems and in systems open to the 
atmosphere, showing that movement of dissolved NH, gas to the 
atinosphere is very slow. 

Second, nitrogen concentrations of selected samples were 
determined by the K j  eldahl method, which measures both ammonia and 
organic nitrogen but not nitrite or nitrate nitrogen, and by a method 
for nitrate nitrogen. A l l .  systems were aged for 6 days at pH 9.5 in 
c losed  containers. Table 2 shows the results of replicate 
measurements. 

Table 2. Nitrogen Analyses of Aqueous Suspensions of Si,N4 

Solid Conc. T o t a l  Kjel.daIi1-N Ammonia-N Nitrate-N 
( i n  g/L) (in M) (in M) (in M) 

10 8 . 5  x 3.5 1 0 - ~  1.8 
10 8.5 x 4.2  x 1.4 

20 1 0 . 6  10-4 6 . 0  3 . 2  10-4 
20 1 2 . 4  1 0 - 4  5 . 3  1 0 - 4  3 . 9  1 0 - 4  

6 0  1 5 . 2  10-4 7.1 1 0 - 4  2.1 10-4 
6 0  1 6 . 3  7 . 4  10-4 3.2 10-4 



There is clear evidence for the presence of some nitrogen species 
in these systems which is being measured as organic nitrogen. 
Although the exact compound is not known at present, the concentration 
of this compound does increase with the solid concentration. If this 
species contains both Si and N, it could well be responsible for the 
anomalous dissolved SiO, concentrations which were observed at high 
concentrations of silicon nitride. 

CIR-FTIR Spectroscopy of Silicon Nitride Suspensions: CIR-FTIR 
spectra of positively and negatively charged silicon nitride 
suspensions show some differences in the region from 3600 to 3000 cm-l. 
This spectral region is associated with N-H and/or 0-H stretching 
modes of  the Si,N, surface groups. Since the Ube Si,N, has very low 
surface area (10 m2/g), the intensity of absorption bands coming from 
the surface is very weak in comparison with bands from the bulk solid. 
Thus, a higher surface area Si,N, should be used to obtain more useful 
information from in situ infrared spectroscopy. However, attempts to 
obtain higher surface area Ube silicon nitride powders have been 
unsuccessful. Other powders with higher surface area than the Ube may 
be available, but these powders would have somewhat different surfaces 
if they are prepared by different processes. Note that, because the 
energies of N-H and 0 - H  stretching modes are very similar, we expect 
to have some difficulty in making peak assignments for the infrared 
spectra we do obtain, even if we can locate the perfect powder for our 
studies . 
Status of Milestones 

1. Complete round robin characterization of "benchmark" colloid. 
Expected completion: Dec. 31, 1990. Delayed because of need for a 
third round robin study using phosphated goethite (Goethite 
Electrophoretic Mobility Study 3 - -  GEMS 3 ) .  

2. Complete initial round robin mobility testing of silicon 
nitride. Expected completion: Apr. 30, 1991. Delayed while GEMS 3 is 
performed. 

Expected completion: July 3 1 ,  1991. Delayed while GEMS 3 is 
performed. 

suspensions of silicon nitride. Expected completion: Nov. 30, 1991. 
On schedule. 

3 .  Complete round robin mobility testing of silicon nitride. 

4 .  Complete peak assignments for CIR-FTIR spectra of aqueous 

Pub1 ica t ions 

None. 



435 

Surface Thermodynamics 
J.-F. Wang, R. E. Rirnan, and D. J. Shanefield 
(Rutgers University) 

The purpose of this effort is to (1) identify and characterize thos 
aspects of the chemistry and physics of the ceramic pu 
powder/solvent interface that control processing, (2) develo 
methods of analysis for item ( l ) ,  and (3) develop proc 
writing specifications for ceramic powders to include any rnetheds of 
analysis developed in this project. 

Technical p roa res  

The work that has been done in the past six months is summarized 
as follows: (1) the electrophoretic properties of silicon nitride 
powder, UBE E-10, were studie as a function of pll,  electrolyte 
concentration, aging condition, and dispersant adsorption; (2) the 
distribution of electrophoretic mobilities sf UBE E-1 0 and a reference 
colloid, polystyrene latex, was studied and the size effect of 
polystyrene latex was investigated using the Malvern 4700c Size 
analyzer and Petasizer II; (3) goad dis ersants for silicon nitride 
powder were invest ted using sed entation, ball milling, 
rn icroe I ect r o p h o r es is, a thermal analysis; (4) round robin silicon 
nitride powder was divided into mples by a chute splitter 
and spinning riffler and se ther contractors; and (5)  goethite, 
a benchmark colloid, was prep% 
procedure and characterized utilizing XRD, BET, TGA, DT 
rnicroelectrop ho resis. 

sing the Univ 

The electrophoretic mobility of silicon nitride ~ ~ w ~ ~ r ,  UBE E-1 0, 
in aqueous solution as a function of pH, aging time, indifferent 
electrolyte concentration, and dispersant adsorption was measured. 
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The electrophoretic mobility of one day aged UBE E-10 (0.01 ~01%) as a 
function of pH is shown in Figure 1 for KN03 concentrations of 10-2 
and 10-3 M. The isoelectric point (IEP) measured is about pH 7.4 and 
the mobility curves obey the DLVO theory -- at higher electrolyte 
concentrations, a more depressed mobility is expected. The IEP 
obtained agreed well with the value reported at the last contractor 
meeting I 

The electrophoretic mobility of a series of aged UBE E-10 samples 
in 0.01M KNO3 solution was measured on a finer pH scale than for 
previous studies. A discontinuity inside the pH range 6 to 8 was 
observed for aged samples, which was smoothed out after 30 days of 
aging (Figure 2). This was also noticed by the coworkers at the 
University of Wisconsin-Madison and reported in the last contractor 
meeting held in ORNL. Based on their studies, this discontinuity was 
due to the different silica dissolution and re-adsorption rates from the 
surface of silicon nitride powder in different solution pH ranges. 

The dispersant-adsorbed UBE € 4  0 powder was prepared by adding 
0.5 wt% Darvan C (R. T. Vanderbilt Company Inc., Norwalk, CT) or KD-2 
(IC1 Americas Inc., Wilmington, DE) in a UBE E-10 powder suspension. 
The suspension was then well mixed by shaking and sonication and 
equilibrated for a certain period of time. A dilute dispersion, 0.01 vol% 
UBE E-1 0, for electrophoretic mobility measurement was prepared by 
using the centrifuged sediment obtained from the above equilibrated 
suspension. 

The IEP of the received UBE E-IO powder in 0.01M KNO3 aqueous 
solution for one day aging was 7.4. Since the Figure 3 shows that the 
measurements of the electrophoretic mobilities of UBE E-1 0 powder 
with 1- or 45-day adsorption of the dispersant gave no significant 
difference, the sufficient equilibration for the adsorption of Darvan C 
or KD-2 on silicon nitride powder surfaces in aqueous solution could be 
obtained within a day. 

Figure 3 also shows that the Darvan C, a highly negatively-charged 
ammonium acrylate polyelectrolyte, adsorbed strongly on the slightly 
positively-charged UBE E-10 powder surface and shifted the IEP from 
7.4 to 3.8. The zeta potential measured for the Darvan C adsorbed UBE 
E-10 powder in the pH range 6 to 10 was greater than -50 mV. The 
slightly cationic KD-2, polymer imide, moved the IEP towards the other 
direction from 7.4 to 8.1 and showed relatively less charging capability 
on UBE E40 powder than Darvan C. The stability of the UBE E-10 
suspension offered by KD-2 is believed to be contributed by steric 
hindrance effects rather than electrostatic effects. This will be 
discussed in the section of determination of dispersant effectiveness. 
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SQ rptio n mechan is rn of pa lye lectrol ytes on si 1 icon nit ride 
powder surf ees in aqueous utian could be explained by the 
e lectro p ho ret mobi I ity curves. hen the solution pH is higher than 
t h e  IEQ, the susfa es of cerarni swder will become more negatively 

Since the Darvan C is an anioni ~ o ~ y ~ ~ e ~ t ~ ~ ~ y ~ e  and highly 
, the adsorptian of it on U E E-IO surfaces should be 
tion pH increases. ~~w~~~~~ the curve shows that 

USE E-10 at pH r IEP is even more 
n C adsorption. 

, 

the mobility of the! Darvan C adsor 
negative than that  without any  D 

The adsorption of Darvan C shifts the whole mobility curve to 
ative side and its SI 

t pHr8, the adsarpti 
rbed Darvan C molecule 

more carboxylic acid groups than charge 
rptian of the Darvan C, therefore, gives 

8s little in the pH ran 

further adsorption. At pH<4, the Darvan C was only slightly charged 

to the surface sf the po 
Anather ~ x ~ ~ ~ ~ ~ ,  the adsorption sf K 

polyelectrolyte, bid not increase as the sol 
pHlr9. The electrophoretic mobility measure 
that without any KB-2 adsorption. 

All of the above phensmen observed made us elieve that the 
adsorption of the polyelectrolytes used was not mainly contributed by 
the electrostatic effect, The van der Waals attraction force between 
the powder su aces and the macromolecules of the polyelectrolyte 
was the domin ed factor for the adsorption. Therefore, t h e  surface 
property of the particle, e , e l e c ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~  mobility o 
potential, could be a way to 
adssrptian. 

pict the ~ ~ ~ r a ~ t ~ ~ ~ § ~ ~ ~  of the 
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Significant differences were noted at high pH. However, i f  
polystyrene latex was aged in the original dispersion as received from 
the company instead of in an electrolyte solution and stored in the 
refrigerator, the electrophoretic mobility of the x would deviate 
very little over a six months period (+3.4x16-9 m ) as reported in 
the last semi-annual report. 

The distribution of electrophoretic mobility of polystyrene latex 
became narrower regardless of solution pH after agin in O.01M KNQ3 
solution far more than seven days (F ure sa). In co rast, the UBE E- 
18 powder showed wider mobilit distributions for samples with 
longer aging time (Figure 5b). 

The distribution of electrophoretic mobility was also found to be 
broader at two ends of solution pH than in between, regardless sf 
sample aging time (Figure 5b). A11 the percentage widths reported in 
Figure 5 were relative to the %width of a sample with one day aging at 
lowest pH. Unfortunately, no correlations between the distribution of 
electrophoretic mobility and the aging factor can be macle in a 
conclusive manner. 

Two 0.01 VQI% suspensions (Le. polystyrene latex and UBE E-10 
powder), both with the pH value at about 10, were used separately or 
mixed to test the mobility resolution sensitivity of the Malvern 
Zetasizer I I. 

The electrophoretic mobility measurements of 7-day aged 
polystyrene latex and 2-day aged UBE E-16 powder were given as -7.88 
and -3.38~10-8 rnZ/Vs, respectively. The 1:l mixture of these two 
suspensions with or without one day equilibration all gave only a single 
and braad electrophoretic mobility distributi n with a mean value at 
- 5 2 5 x 1  0-8 m2/Vs. 

The results suggested that the instrument either might fail to 
separate the electrophoretic mobility distributions of a mixture or that 
the specific adsorption of polystyrene latices on the surfaces of UBE E- 
10 powder occurred. The adsorption could occur either via a strong van 
der Waals forces between the "fuzzy hairs" of the latex and the surface 
of the UBE E 4 0  powder or the formation of chemical bonds. 

Two suspensions prepared by identical procedures were sent to one 
of the contractors (the University of Wisconsin at Madison) to 
investigate this phenomena using Pen Kem 3000 system. According to 
their study, the adsorption of the latices on the USE E-10 surface has 
been observed through the microscope which is associated with the Pen 
Kem 3000. They also obtained the separated mobility distributions of 
the latex adsorbed UBE E-10 and the latex itself. However the 
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Figure 4. The electrophoretic mobility of O.Olval% Polystyrene latex in O.QlM KN03 
as a function of aging time. 
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(b) O.O1vol% UBE E-10 powder. 
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measurement is strongly dependent on the sample preparation and the 
reproducibility is not high. 

To avoid the problem of specific adsorption, mixtures of 
polystyrene latices were prepared, which has the same sulfated 
surface groups but with different sizes (Le. nominal 0.1, 0.5, and 1.0 
pm). The latices were characterized in terms of their electrophoretic 
mobility, particle size, and particle size distribution to investigate 
how particle size affects the mobility measurement. 

Particle size analysis from the Malvern 47QOc Sine Analyzer 
reveals that the nominal 0.5 ~ r n  latex has a mono-modal distribution 
with weight average at 0.4- p m  (Figure a). However, the 1.0 prn 
powder was found to be poly-modal with a weight average at 1.18 pm 
(Figure 6b). 

It was found that the average of the absolute mobility differences 
for the 0.5 and 1.0 pm powders for five pH values was (0.4433.0 
m2N.s (Figure 7). The 1.0 pm sulfated polystyrene latex consistently 
has a higher surface charge than the 6.5 pm powder. 

Unfortunately, our Malvern Zetasizer II was not successful in 
the mobility distribution of the 0.1 p m  latex, while the 

istributions for the 0.5 and 1.0 ym powders could be reliably 
determined. This thwarted our efforts in getting a clear picture of the 
size effect on mobility and mobility distribution measurements. 

The distribution of electrophoretic mobility for the 1:l mixture of 
0.5 and 1.0 pm latices at solution pH 5.5 also gave only a single and 
broad electrophoretic mobility distribution with a mean value at 
- 8 . 2 2 ~ 1 0 - 8  m W s .  This strongly indicates that the indistinct mobility 
distribution of a mixture is due to the insufficient resolution of the 
instrument. 

We expect to have difficulty i revolving the component mobility 
distributions from a system havin multiple distributions, unless we 
could perform the work with a machine offering much better resolution. 
Besides the instrumental resolution there are still many fact 
would complex the measurement of the mobility distribution. For 
example, they can be the particle size distribution of the sample, the 
homogeneity of the mixture, the inherent chemical property of powder 

needs much more research to understand the source of this not well 
understood field. 

surface, the property of the supporting electrolyte solution, etc. It 
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Figure 6 .  The particle size analysis of received poIysty~t=ne latices: (a) 0.5 prn (b) 1.0 pm, 
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The effectiveness of 
dis r both in water an 
propanol was studied by sedimentation. A series of 10 vsl% USE E-18 
suspensions was prepared both in ter and in i-prepansl, Three 
different solution pH values, 3.05, 4 and 9.48, were used. Four 
dispersants, Menhaden fish oil an ee polyelectrolytes, 
Darvan 821A, and KD-2 were utili The weight of disp 
relative to the wei t of solvent for % I 1  %us ensians was k 

n to settle in a F 
tube (with s d measuring the height of the sharp interface 
between the and the sup rnatant as a function 
of time. 

Figure 8 shows the fast sedimentation of suspensions in i-propanol 
with or without the addition of dispersant in the first 24 hours. 
However, th highest densities (-28”Oo oretical density) obtained 
were the sus ensions in aqueous media. u rvan C. These 
suspensions were stable and showed no 
hours. Darvara C performed well for a w 
KD-2 was found to be not so good as the pW el 

n was found t 

tati o n meaw re 1-118 r$ t s ere conducted by 

r interfaces for almost 2 
solution pH, wh 

In addition, the packing density of the UBE E-10 powder sediment in 
a function Of the amount  of disp 

). 18 VOl 
Darvan C or Daawan 821A ve t h e  highest sediment packing 

addition of 
ut the range 

from 0.5 ta 4. 
the stability of concentrated UBE 

E - l  0 suspensions, the charaeteri tion of ball milled USE E-10 
suspension in water and in i-propanol ith the addition of ~~~~~r~~~~~ 
acid, or base The maximum salids loading of the ball 

sity at 28.0°A or 21.6% 
2 gave the highest packing density at 28.1%T.D. 

In order to obtain and understan 

s conducted. 
milled UBE E- der by investigating the suspension 

to be much higher in the aqueous solution than in i- 
the addition of the di ersant, KD-2 ( 

A solids loading 45 voi% UBE er in water with 3 wtQ% 
MD-2 was achieved. 
KD-2, was found to be better than Ma-3, which was designed far 
nonaqueous systerns, In i-propanol, the maximum solid’s loading 
obtained was -30 wd% with an addition sf 5 wt% KD-2, 

According to the results obtained from t electrophoretic mobi I ity 
and from the solids loading data, we believ the suspension stability 
offered by MD-2 was mainly attribute by t h e  steric hindrance effect 
rather than the electrostatic: effect. Most likely, the K 

Intsrestingly, in i-propam!, an aqueous dis 
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Figure 8. Sedimentation height of 25wt% UBE E-10 as a function of time, solvent, pH, and 
dispersant. 
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Figure 9, Sediment derasity of 2Swt% UBE E- 10 powder as a function of wt% dispersant. 
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Figure 10. The maximum solids loading of ball milled IJBE E - 1 0  powder as a functioll of 
solvent and wa% dispersant. 
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physically adsorbed on the UBE E-IO powder surface and behaves both 
as a dispersant and a lubricant. 

The physical adsorption of the Darvan C also can be evident by 
simultaneous DTA/TGA analysis (Differential thermal Analysis / 
Thermogravimetric Analysis). Figure 11 shows a narrow range of 
burn-out temperature of KD-2 and a wider one of Darvan C from the UBE 
E-10 powder surface. The burn-out temperature of KD-2 starts from 
-250 OC which is same as its boiling point. 

The ball milled concentrated UBE E-1 0 suspensions containing acids 
or bases either in water and in i-propanol were also investigated. In 
aqueous solution using either without dispersant, with KD-2 or with 
Darvan C, the maximum solids loading observed was 29, 45, and 40 
vol%, respectively. All systems appeared to behave best at pH 5.7 
using the deionized water only without acid (HN03) or base (KOH) 
addition (Figure 12). 

In i-propanol, the maximum solids loading was strongly reduced 
with the utilization of base (NaOH) with or without dispersant (Figure 
13). However, the use of trichloroacetic acid up to 0.5 N in i-propanol 
did not change the maximum solids loading of UBE E-IO. 

The amount of dispersant added here was chosen from the optimized 
value obtained in Figure 10. The charging of UBE E-10 powder surface 
both in aqueous and in nonaqueous systems using either low or high 
solution pH did not improve the stability of the concentrated 
suspension regardless of the dispersant addition. The best result was 
obtained using aqueous dispersant-added solution only without any acid 
or base treatment (Figure 12). The utilization of different nonaqueous 
solvent (e.9. cyclohexane) will be conducted in the future. 

Pound robin UBE E-IO powder separation: A 50 Kg UBE E-IO 
powder received from the Oak Ridge National Laboratories has been 
divided and riffled using a chute splitter and a spinning riffler. The 
equivalent and packaged samples (e.g. nominal 1, 3, 6, 20, 200 and 
1,000 g) are being sent to each of the contractors for future round 
robin work. 

Goet hite (be nchmark colloid) p regaration and characterization: A 
batch of the electrophoretic mobility referencing material, goethite, 
was synthesized. The physical properties and the electrophoretic 
mobility of goethite were studied and compared to the round robin 
results obtained previously. 

Goethite was prepared according to a procedure obtained from the 
University of Wisconsin at Madison with the exception of hydrolyzing 
and aging the suspension at pH 13.0 instead of 12.5. The solid was 
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washed by settling and decantation until no further decrease in 
supernatant conductivity was observed (- 6 pS). 

The N2, single point BET surface area was 64 me/g and transmission 
electron microscopy revealed acicular, rod-like particles with 
approximate dimensions of 80 x 20 nm ( ure 14). X-ray diffraction 
confirmed the solid as goethite (Figure a The surface area and 
particle dimensions of the goethite prepared by the University of 
Wisconsin earlier were somewhat different; they were 86 m*/g and 66 
x 20 nm, respectively. 

ortion of the goethite was phosphated using KH2PO4 instead of 
NaWeP04 at the concentration of 160 pmol phosphate per gram of 

he solids content of goethite in the suspension was 
by freeze-drying technique. The electrophoretic mobilities 

of the phosphated and original goethite were determined using 0.01M 
KN03 solution as the buffer. 

The original goethite has an IEP near pbd 9-6, and the ph 
has an IEP at about pH 5.1 (Figure 16). The later one is al 
to the previously reported value that was obtained from the round robin 
study on the phasphated goethite prepared b the University of 
Wisconsin. not have the same 
specific surface area. 

A new batch of goethite will be synthesized to understarid the 
surface area effect on the mobility measurement. The surface area 
measurement will be conducte s i m u It an eo us I y at R u tg e r s U n i w e r s it y 
and at University of Wisconsin at Madison to take into account 
i ns t r u men tal factors . 

It should be noticed that even they di 
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Figure 14. The micrograph of synthesized goethite particle (~190,000). 

x DIFFRAC - 11 E O  ( O H 1 1 4  
0. In I 

C I P  
29-719 

TWO - THETA (DEGREES) 

Figure 15. The x-ray powder diffraction pattern of synthesized goethite particle. 
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Figure 16. The electrophoretic mobility of 0.01~01% phosphated or n 
goethite in 0.01M KN03  as a function of pH. 
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St at us of milestones 

Milestone 352004---Complete initial mobility testing of silicon nitride 
---is completed. 

Milestone 352005---Present mobility measurement of silicon nitride in 
program semi-annual report---is completed. 

Milestone 352006---Divide silicon nitride into equivalent samples and 
sent to other contractors---is completed. 

Milestone 352007---complete round robin mability testing of silicon 
nitride---is expected to be completed before the 
next contractor meeting held in Mayl991. 

Pub I i cat i o n 

J.-F. Wang, R. E. Riman, and D. J. Shanefield, “Reliable Electrokinetic 
Characterization Procedures for Ceramic Powders,” to appear in the 
Proceedings of Symposium A, k t t e r  Ce ramics Throuah Chemistrv IV, 
Spring Materials Research Society Meeting, April 16, 1990, S a n 
Francisco, CA. 
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4.0 TECHNOLOGY TRANSFER 

4 . 1  TECHNOLOGY TRANSFER 

4 . 1 . 1  Technology Transfer 

Technoloqy Transfer 
0. R. Johnson (Oak Ridge National Laboratory) 

Technol ogy transfer i n  the Ceramic Techno1 ogy Pro.ject i s  accompl i shed 
by a number of mechanisms including the following: 

Trade Shows - A portable display describing the program has been 
built and has been used at numerous national and international trade shows 
and technical meetings. 

News1 etter - A Ccrami c Techno1 ogy Newsletter i s pub1 i shed regul a r l y  
and sent tu a large distributian. 

Reports - Semiannual technical repurts, hich include contributions 

Open-literature reports 

by all participants i n  the program, are published and sent to a large 
distribution. Informal bimonthly management and technical reports are 
distributed t o  the participants in t h e  program. 
are required o f  all research and development participants. 

Direct Assistawg - Direct assi-stance is provided to subcontractors 
in the--'program via access to unique characterization and testing facilities 
at the Oak Ridge National Laboratory. 

Workshops ~ Topical workshops are held on subjects o f  vital concern 
to the ceramics community. 

__- International Cooperation - This program i s  actively involved in and 
supportive o f  the cooperative work being done by researchers in West 
Germany, Sweden, the United States, and, most recently, Japan under an 
agreement with the International Energy Agency. This effort is ultimately 
aimed at development o f  international standards and includes physical, 
morphological, and micru-structural characterization o f  ceramic powders and 
dense ceramic bodies, and mechanical Characterization o f  dense ceramics. 





457 

I E A  Annex 11 Elanaqement. 
V .  J. Tennery (Oak Ridge at ional Laboratory) 

Ob,iect i ve/scoee 

The purpose of this task is to organize, assist, and facilitate 
international research cooperation on the characterization o f  advanced 
structural ce ic materials. A major objective of this research i s  the 
evolution o f  This task, which is managed in the 
United States ORNL, now includes a formal IEA Annex agreement identiFied 
as Annex 11 between the United States, the Federal Republ ic o f  Germany, 
Sweden, and Japan. The original annex included four subtasks, including: 
(1) information exchange, (2 )  ceramic powder Characterization, (3 )  ceramic 
chemical and physical characterization, and ( 4 )  ceramic echani cal property 
measurements. The research in Subtasks 2 3 ,  and 4 is n w completed. For 
the new Subtasks 5 and 6, there are 35 an 
respectively. During CY 1990, agreements ve been reached for Japan to 
j o i n  the Annex, and for research in two n subtasks to be initiated. These 
include, Subtask 5, Tensile and Flexural operties o f  Ceramics; and 
Subtask 6, Advanced Ceramic Powder Characterization. The next IEA Annex I1 
Executive Commit,tee meeting will be held at Cocoa Beach, Florida, during 
the American Ceramic Society's Engineering Ceramics Division 15th Annual 
Conference on Composites and Advanced Cerami s meeting (January 17, 1991). 
Further work has been done i n  this period to ard finalizing the draft o f  
the new amendment. t o  this annex for final formal signature by representa- 
tives o f  the participating countries. The final version of the Amendment 
to Annex 11 (dated August 30,  1990) was received on September 6 from 
Dr. I-. Boesch. 

surement standards. 

45 laboratories participdting, 

I Technical rwaclress 

Subtask 2 - Ceramic Po der Characterization 

The final report on cera i c  powder characterization and analysis has 
This step completes 

The report "Characterization o f  Cer j c  Powders: D a t a  and Analyses 
a1 Report)" was sent to the followin Subtask 6 participants: one 
an participant and five United State 

eight Japanese participants on September 7,  1990. 

been published and copies distributed an April 3 0 ,  
Subtask 2. 

participants on August 9 and t o  

Subtask 5 - Flexural and Tensile Properties o f  Ceraniics 

United StaLtxs - M. K .  Ferber attended the I E A  Annex I1 Executive 
Committee Meetin held on June 28, 1990, in Mmtecatini Te~me, Italy, and 
presented an update t o  the committee o f  the status o f  Subtask 5 
this reporting period, 405 flexure specimens (30 for ambicnt-te 
and 15 for high-temperature t e s t s )  were sent t o  9 outside p a r t i  
laboratories (4/18/90). An additional 45 speci  ens arc being fractured a t  

tories visited were NASA-Lewis (June 92-13), Ford Research Laboratory 

s to all participating laboratories were completed for ambient- 
perature fl extire specimen strength measurements. The 1 aborn- 
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(June 14-15), Allison Gas Turbine Operations (June 18-19), Garrett Turbine 
Engine (June 26-27), General Electric Research Center (July 30-31), Corning 
(July 31-August 1-2), Carborundum (August 2-3), GTE Laboratories 
(August 6-7), and Norton High Performance Ceramics (August 8-9). The 
ambient temperature strength measurements have also been completed at ORNL.  
After fracturing 30 specimens of GN-IO silicon nitride at ambient tempera- 
ture, the gaged specimen measurements were completed. This completes the 
strain gage specimen measurements to the ten participating laboratories 
(including ORNL). To date, four of the participating laboratories 
(Allison, GE, Garrett, NASA Lewis) have returned the flexure fixture which 
was loaned to them for the ambient flexure measurements. Analyses o f  the 
gage outputs are in progress. Weibull and other statistical analyses on 
some of the strength data sets have been started at ORNL. The high- 
temperature flexural strength measurements on sets of 15 flexure bars each 
have been completed (except Corning, Inc.) in the participating 
laboratories and all of the data sets have been provided to ORNL. In 
addition we have asked each participant to provide us with a summary of the 
load cell calibration procedure (e.g., electronic or mechanical) for the 
high-temperature flexure fixture and a picture of the high-temperature 
fixture used. Fractography analyses have also been started at most o f  the 
participating laboratories. 

rods of GN-10 silicon nitride (June 7). We returned seven rod blanks (ten- 
sile) to Garrett Ceramic Components Division for replacement due to damage 
during machining. We received the seven replacement rods on June 13. 
addition, we received partial shipment (27) of our additional GN-10 tensile 
specimen blanks (June 13) for use in the tapered collet studies. The 
balance of this order was received September 5. 

A request has been received from a member o f  ASTM Committee C-28 
regarding consideration for additional strain gaging o f  the U.S.  tensile 
specimens to be fractured in Subtask 5 .  The additional gaging will provide 
a more complete indication of bending stresses in the specimens than the 
originally planned three gages. Funds for this purpose have been requested. 
The proposal includes use of 9 gages on each of 175 specimens. A total of 
210 tensile specimen blanks of GN-10 silicon nitride have been randomized, 
preparatory to machining into tensile specimens. A total of 175 tensile 
specimens will be prepared, including those to be exchanged with Germany, 
Sweden, and Japan. The remaining blanks will be held as spares. 
Justification for a sole source of this order was completed September 25.  

Letters were sent to the Federal Republic of Germany, Sweden, and 
Japan on July 25 indicating that we are proposing exchange of both tensile 
and flexure specimens within Subtask 5 research. Specifically, we plan to 
exchange 5 tensile specimens prepared for the straight collet grips and 30 
flexure specimens of our silicon nitride for 30 specimens of the Kyocera 
silicon nitride which will be studied in Japan, 30 specimens of the ESK 
silicon nitr.ide which will be studied in Germany, and 30 specimens o f  the 
ASEA silicon nitride which will be studied in Sweden as part o f  Subtask 5. 

Germanv - Letters were exchanged in August with a representative of 
Germany agreeing to exchange 30 flexure and 5 tensile specimens of the ESK 
silicon nitride, 

Sweden - We received an updated list on May 11 listing the Swedish 
participants in Subtask 5 (flexure testing): 

We have now received our full complement of the originally ordered 160 

In 

ABB Cerama, Swedish Ceramic 
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Turbine, Linkoping University and (tensile testing) Volvo 

exure specimens to be received in 
September 14, a let received from Mr. Nagamatsu in 

s from Japan will ). Flexure stren th measure~~nts 
rature using a con ure design are ow u ~ d ~ ~ w a ~  in 

that the length o 

Japan. 

Subtask 6 - Advanced Cera i c  Powder Characterization 

Major responsibjlity for this subtask i n  the United States is at NTST, 
and a detailed report of progress on this subtask is provided in the 
section of this report submitted by NIST.  Only a brief summary i s  provided 
here* 

eeting was held in Da as on April 22 including all national repre- 
sentatives to finalize the co itments of each participating laboratory to 
characterize ceramic powders. quality of the contributions of partici- 
pat i ng 1 abaratori es i s st i 1 1 being resol ved e 

A meeting o f  United States participants was held on June 7 and 8 at 
the Coors Ceramic Company, Golden, Colorado. Improvement suggestions for 
procedures to be used were presented by participants and resulted in 
essentially a finalization o f  the U , S .  pos tion on the various procedures 
ta be used for the analysis o f  ceramic pow ers as part of this annex. 

Technical leaders o f  Subtask ti et in Montecatini Terme, Italy, on 
June 26, and reviewed progress in e h country on the procedure tightening 
studies . 

The “procedures tightening” activity is in the final stages and 

the agreed t o  powder characterization procedures is also nearly completed. 
These final procedures are being compiled and will be distributed ta all 
participants with a set o f  powder samples. 

In addition, approximately 3500 new samples were prepared and are now being 
flame sealed. It i s  planned to sh ip  all of the powder samples by the f i r s t  
week o f  September, 

easurements are planned to start in the near future. Ruggedness testing o f  

Samples o f  all powders have been packaged and sealed in glass v i a l s .  

Status o f  milestones 

A letter report on initiation o f  the distribution o f  flexure speci 
was completed April 19 (OR0 Milestone 98CR-25). 

Pub1 ications 
V .  J .  Tennery made a presentation in Tokyo, Japan, on May 23, re- 

viewing some o f  the statistical analysis used in Subtask 4 of IEA Annex I1 
on fracture strength values obtained in Subtask 4 .  
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Characterization of Ceramic Powders 
S. G. Malghan, L.-S. Lum, J. F. Kelly, and S. M. Hsu 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

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 characterization of ceramic starting powders is a 
critical factor in achieving reliable ceramic 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 are (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 i s  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 Progress 

The technical progress covered in this report includes description 
of work on finalization of powder properties for evaluation, 
development of tightened procedures, distribution of powders samples 
and procedures, and data collection. 

Finalization of Powder ProDerties in Subtask 6 .  The properties to 
be included in the Subtask 6 were finalized in collaboration with 
participants in the F R G ,  Japan, Sweden and the U.S. Shown in Table 1 
are 28 properties of powders included in this study. Each participant 
has selected a set of properties from these three groups. 

DeveloDment of Tightened - Procedures. Procedures were collected 
from the participants f o r  each of the properties shown in Table 1. 
Through a series of consensus building discussions and meetings, one 
procedure for each property of  the powder was developed. These 
procedures were reviewed at various stages by the participants. 
Finally, several of these procedures were subjected to ruggedness 
testing to determine the effects of major parameters of the 
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procedures. The technical descriptians of these procedures In Group I 
and PI contained extensive details. 

Table 1, List of properties included in Group I, 11 and I11 of 
Subtask 6 .  

Group I - Physical Properties 
Particle Size Distribution by 
Gravlty sedimentation (Sedigraph) 
Centrifugal sedimentatfon 
Light diffraction 
Scanning electron microscopy 

Specific Surface Area by 
Single point BET 
Mul.tipoi.nt BET 

X-Ray Diffraction by 
Intensity ratio 
Height ratio 
Modified ratio 
Rietveld analysis 

Group I1 - Bulk Chemical Properties 

Major Impurities by 
Inductively coupled plasma 
Direct coupled plasma 
Atomic absorption spectroscopy 
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Group 111 - Surface Chemistry 
Spectroscopy by 

FTIR 
Raman 
ESCA 
NMR 

Electrokinetics by 
Z - Me ter 
Electrokinetic sonic amplitude 
Ultrasonic vibration potential 

Distribution of Powder SamDles and Procedures. Samples of five 
powders were prepared by riffling and packaging in glass sealed vials. 
Three of the five powders were involved in the preparation of new 
samples; whereas, the remaining two powder samples were prepared in 
1988. Approximately 3500 samples of 4.0 g each of silicon nitride, 
silicon carbide and aluminum nitride were prepared during June-August 
period. 
powder samples in September. The samples analysis phase is in full 
swing. 

Each participant received a set of finalized procedures and 

Data Collection. The Subtask 6 is a large program involving 4 5  
participants, 5 powders and 28 properties. As a result, the data 
collection will be an enormously large activity. Hence, computer 
programs are being developed to allow data input in a systematic 
manner. 

Status of Milestones 

On target 

Pub 1 ic a t ion 

Compilation of Powder Characterization Procedures. 
current participants, 
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