
3 4 4 5 6  0 3 7 6 5 2 6  3 



.......... . . I ._ -. .- _x--, . . . ..... ____ 



NOT 

ORNL/TM-12363 
: 7  i;L 
- 

{” i 
i y ‘  

Meta ls  and Ceramics D i v i s i o n  

CERAMIC TECHNOLOGY PROJECT 
SEMIANNUAL PROGRESS REPORT FOR 

APRIL  1992 THROUGH SEPTEMBER 1992 

D. R. Johnson 
P r o j e c t  Manager 

Date Publ ished:  J u l y  1993 

CE: T h i s  document c o n t a i n s  i n f o r m a t , m  o f  
a p r e l i m i n i r y  na ture .  
o r  c o r r e c t i o n  and t h e r e f o r e  does n o t  r e p r e s e n t  
a f i n a l  r e p o r t .  

I t  i s  s u b j e c t  t o  r e v i s i o n  

Prepared f o r  
U.S .  Department o f  Energy 

A s s i s t a n t  Secre tary  f o r  Energy E f f i c i e n c y  and Renewable Energy 
O f f i c e  o f  T r a n s p o r t a t i o n  Technologies 

M a t e r i  a1 s Development Program 
EE 51 01 00 0 

Prepared by t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831-6285 
managed by 

fo r  t h e  
U . S .  DEPARTMENT OF ENERGY 

under Cont rac t  DE-AC05-840R21400 

N A R T I ~ ~  MARIETTA ENERGY SYSTEMS, INC, 

3 4 4 5 6  037b526 3 



REPORTS PREVIOUSLY ISSUED 

ORNL/TM- 932 5 
ORN L/TM - 9 4 6 6 
ORNL/TM - 94 9 7 
ORN L/TM - 96 73 
ORNL/1 M-9947 
ORNL/TM- 10079 
ORNL/TM- 10308 
ORNL/TM-10469 
ORNL/PM- 10705 
ORNLITM- 10838 
ORNL/TM-11116 
ORNL/TM- 11239 
ORNL/TM-11489 
ORNL/TM-11586 
ORNL/TM-11719 
ORNL/TM- 11859 
ORNL/PM-11984 
ORNL/TM-12133 

Period March 1983-September 1983 
Period October 1983-March 1984 
Period April 1984-September 1984 
Period October 1984-March 1985 
Period April 1985-September 1985 
Period October 1985-March 1986 
Period April 1986-September 1986 
Period October 1986-March 1987 
Period April 1987-September 1987 
Period October 1987-March 1988 
Period April 1988-September 1988 
Period October 1988-March 1989 
Period April 1989-September 1989 
Period October 1989-March 1990 
Period April 1990-September 1990 
Period October 1990-March 1991 
Period April 1991-September 1991 
Period October 1991-March 1992 

Research sponsored by the U.S. Department o f  Energy, Assistant 
Secretary far Energy Efficiency and Renewable Energy, Office of 
Transportation Technologies, as part of the Ceramic Technology Project 
of the Materials Development Program, under contract DE-AC05-840R21400 
with Martin Marietta Energy Systems, Inc. 

i i  



I CONTENTS 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

0.0 PROJECT MANAGEMENT AND COORDINATION . . . . . . . . . . . . . .  3 

1 .o MATERIALS AND PROCESSI~G . . . . . . . . . . . . . . . . . . . .  5 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

1.1 MONOLITHICS . . . . . . . . . . . . . . . . . . . . . . . .  7 

1.1.1 Silicon Carbide . . . . . . . . . . . . . . . . . .  7 

High Temperature Hexolloy SX Si7 icon Carbide 
(Carborundum) . . . . . . . . . . . . . . . . . . .  7 

1.1.2 Silicon Nitride . . . . . . . . . . . . . . . . . .  16 

characterization of Attrition Iilled Silicon 
Nitride Powder (NIST) . . . . . . . . . . . . . . .  16 

Microwave Sintering o f  Silicon Njtride ( Q R N L )  . . .  21 

Cost Effective Sintering o f  Silicon Nitride 
Ceramics (SIU-C) . . . . . . . . . . . . . . . . .  35 

1.1.4 Processing o f  Monolithics . . . . . . . . . . . . .  43 

Improved Processing (Norton) . . . . . . . . . . .  43 

Improved Processing (ORNL) . . . . . . . . . . . .  56 

Rheology and Partic’le Packing o f  Chem- and 
Phys-Adsorbed, A7kylated Silicon Nitride 
Powders (University o f  C a l i f o r n i a )  . . . . . . . .  64 

1.2 CERAMIC COMPOSITES . . . . . . . . . . . . . . . . . . . .  87 

1.2.2 Silicon Nitride Matrix . . . . . . . . . . . . . .  87 

Characterization of Grain Boundary Phases in 
Si7icon Nitride Ceramics (University o f  

Optimization o f  Mechanica7 Properties of 
Silicon Nitride Ceramics (University o f  
Mi ch i  gan ) ,  . . . . . . . . . . . . . . . . . . . . .  92 

Michigan) . . . . . . . . . . . . . . . . . . . . .  87 

i i i  



In-Situ Reinforced Silicon Nitride (GCCD) . . . . .  93 

1.2.3 Oxide Matrix . . . . . . . . . . . . . . . . . . .  98 

Dispersion-Toughened Ceramic Composite (ORNL) . . .  98 

1.2.4 Silicate Matrix . . . . . . . . . . . . . . . . . .  115 

Low Expansion Ceramics f o r  Diesel Engine 
Applications (VPI) . . . . . . . . . . . . . . . .  115 

1.3 THERMAL AND WEAR COATINGS . . . . . . . . . . . . . . . .  137 

Fabrication and Testing o f  Corrosion-Resistant 
Coatings (ORNL) . . . . . . . . . . . . . . . . . .  137 

Development o f  Adherent Coatings to Reduce Contact 
Stress Damage o f  Ceramics (Boston University) . . .  138 

Wear-Resistant Coatings (Caterpillar) . . . . . . .  149 

Thick Thermal Barrier Coating ( I T B C )  Systems 
for low Heat Rejection Diesel Engines 
(Caterpillar) . . . . . . . . . . . . . . . . . . .  154 

1.4 JOINING . . . . . . . . . . . . . . . . . . . . . . . . .  168 

1.4.1 Ceramic-Metal Joints . . . . . . . . . . . . . . .  168 

Joining o f  Ceramics for Heat Engine Applications 
(ORNL) . . . . . . . . . . . . . . . . . . . . . .  168 

1.4.2 Ceramic-Ceramic Joints . . . . . . . . . . . . . .  172 

Analytical and Experimental Evaluation o f  Joining 
Silicon Carbide to Si7icon Carbide and Silicon 
Nitride to Silicon Mitride f o r  Advanced Neat 
Engine Applications Phase II (Norton) . . . . . . .  172 

2.0 MATERIALS DESIGN METHODOLOGY . . . . . . . . . . . . . . . . .  193 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  193 

2.2 CONTACT INTERFACES . . . . . . . . . . . . . . . . . . . .  195 

2.2.1 Static Interfaces . . . . . . . . . . . . . . . . .  195 

Elastic Properties and Adherence of Thin Films 
and Coatings (University o f  Tennessee) . . . . . .  195 

i v  



2 . 2 . 2  Dynamic 1 4 t e r f a c e s  . . . . . . . . . . . . . . . .  197 

Developmeht o f  Standard Test Methods f o r  
Eva lua t inb  the  Wear Performance o f  Ceramics 
(ORNL) . . . . . . . . . . . . . . . . . . . . . .  197 

2 . 3  NEW CONCEPTS . . . . . . . . . . . . . . . . . . . . . . .  2 0 0  

Advanced S t a t i s t i c a l  Concepts o f  F rac tu re  i n  
B r i t t l e  Ma te r ia l s  ( G f )  . . . . . . . . . . . . .  2 0 0  

3.0 DATA BASE AND L I F E  PREDICTION . . . . . . . . . . . . . . . . .  203  

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203  

3 . 1  STRUCTURAL QUALIFICATION . . . . . . . . . . . . . . . . .  205  

Mic ros t ruc tu ra l  Analys is  o f  S t r u c t u r a l  

Mechanical P roper t i es  and M i c r o s t r u c t u r a l  
Charac ter tza t ion  ............... (ORNL) . . . . . . . .  

........ (N IST)  . . . . . . . . . . . . . . . . . . . . .  

............... (ORNL) . . . . . . . . . . . . . . . .  
3 . 2  TIME-DEPENDENT BtHAVIOR . . . . . . . . . . . . . . . . .  223  

Frac ture  Behavior o f  Toughened Ceramics (ORNL) . . 223  

C y c l i c  Fat igue o f  Toughened Ceramics (ORNL) . . . .  229  

Rotor Datg Base Generation (ORNL) . . . . . . . . .  2 4 2  

Toughened Ceramics L i f e  P r e d i c t i o n  (NASA Lewis  
Research  C e n t e r )  . . . . . . . . . . . . . . . . .  254  

L i f e  P r e d i c t i o n  Methodology ( A l l i s o n )  . . . . . . .  269  

L i f e  P red fc t i on  Methodology (GAPD) . . . . . . . .  279  

3 .3  ENVIRONMENTAL EFFECTS . . . . . . . . . . . . . . . . . .  3 0 5  

Environmental E f f e c t s  i n  Toughened Ceramics 
( U n i v e r s i t y  o f  Dayton)  . . . . . . . . . . . . . .  3 0 5  

3 . 4  FRACTURE MECHANI~S . . . . . . . . . . . . . . . . . . . .  3 3 2  

Tes t ing  ayd Eva lua t ion  o f  Advanced Ceramics a t  
High Temperature i n  Un iax ia l  Tension ( N o r t h  
C a r o l i n a  @T S t a t e  U n i v e r s i t y )  . . . . . . . . . .  3 3 2  

V 



Standard Tensile T e s t  Development (NIST) . . . . .  340 

Development o f  a Frac ture  Toughness Microprabe 
( R i c e )  . . . . . . . . . . . . . . . . . . . . . .  353 

3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT . . . . . . . . . .  356 

Nondestruct ive Charac ter iza t ion  (ORNL) . . . . . .  356 

NDE Standards for Advanced Ceraniics ( O R N ? )  . . . .  37Q 

X-ray Computed Tomographic I m a g i n g  (ANL) . . . . .  371 

Nuclear Magnetic Resonance Imaging (ANL) . . . . .  379 

4 . 0  TECHNOLOGY TRANSFER . . . . . . . . . . . . . . . . . . . . . .  385 

4 . 1  TECHNOLOGY TRANSFER . . . . . . . . . . . . . . . . . . .  385 

4.1.1 Technology Transfer . . . . . . . . . . . . . . . .  385 

Techno7ogy Transfer  (ORNL) . . . . . . . . . . . .  385 

IL4 Annex I I  ~ ~ ~ a ~ e ~ ~ ~ ~  (ORNL) . . . . . . . . . .  387 

Characterization o f  Ceramic Powders (NIST) . . . .  390 

~eveaopment ( N I S T ~  . . . . . . . . . . . . . . . .  394 
Ceramic lrkchanica J Proper ty  Test Nethod 

v i  



CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT 
FOR A P R i L  1992 THROUGH SEPTEMBER 1992 

SUMMARY 

The Ceramic Technology Project was originally developed by the 
Department of Energy's Office of Transportation Systems (OTS) in 
Conservation and Renewable Energy. This project, part of the OTS's  
Material s Development Progtam, was devel oped to meet the ceramic tech- 
no1 ogy requirements of the ~ OTS' s automotive techno1 ogy programs. 

Significant accomplishments in fabricating ceramic components for the 
Department o f  Energy (DOE) National Aeronautics and Space Administration 
(NASA),  and Department of befense (DoD) advanced heat engine programs have 
provided evidence that the operation of ceramic parts in high-temperature 
engine environments is feasible. However, these programs have also 
demonstrated that addition$l research is needed in materials and processing 
development, design methodology, and data base and life prediction before 
industry will have a suffibient technology base from which to produce 
re1 iable cost-effective cebamic engine components commercially. 

developed with extensive ihput from private industry. 
original plan was updated through the estimated completion o f  development 
in 1993, The objective ofithe project is to develop the industrial 
technology base required fbr reliable ceramics for application in advanced 
automotive heat engines. 'The project approach includes determining the 
mechanisms controlling reliability, improving processes f o r  fabricating 
existing ceramics, developling new materials with increased reliability, and 
testing these materials in' simulated engine environments to confirm relia- 
bility. Although this i s  a generic materials project, the focus is on the 
structural ceramics for advanced gas turbine and diesel engines, ceramic 
bearings and attachments, kind ceramic coatings for  thermal barrier and wear 
applications in these engines. This advanced materials technology is being 
developed in parallel and close coordination with the ongoing DOE and 
industry proof-of-concept engine development programs. 
rapid transfer o f  this tec'hnology to U . S .  industry, the major portion of 
the work is being done in the ceramic industry, with technological support 
from government laboratories, other industrial laboratories, and 
universities. 

This project is managed by ORNL for the Office of Transportation 
Technologies, Office of Tyansportation Materials, and is closely coordi- 
nated with complementary ceramics tasks funded by other DOE offices, NASA, 
DoD, and industry. 
lished, with DOE focus on lautomotive applications and NASA focus on aero- 
space applications. A common work breakdown structure (WBS) was developed 
to facilitate coordination. 
according to the following/ WBS project elements: 

An assessment o f  needs was completed, and a five-year project plan was 
In July 1990 the 

To facilitate the 

A join,t DOE and NASA technical plan has been estab- 

The work described in this report is organized 
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0,0 Project M ~ n a g e ~ i ~ n ~  and Coordination 

1 .O Materi al s and Processing 

1.1 Monolithics 
1 . 2  
1.3 Thermal and Wear Coatings 
1.4 Joining 

Cerami c Conipos i tes 

2.0 Materials Design Methodology 

2.2 Contact Interfaces 

3.0 Data Base and Life Prediction 

3.1 Structural Qualification 
3.2 Time-Dependent Behavior 
3.3 Environmental Effects 
3 . 4  Fracture Mechanics 
3.5 Nondestructive Evaluation Devel opment 

4.8 Techno1 agy Transfer 

4 . 1  Technology Transfer 

This report includes contributions from all currently active project 
participants. 
breakdown striicture out1 i ne. 

'The contributians are arranged according to the work 



0.0 PROdECT MANAGEMENT AND COORDINATIBN 

~ D. R. Johnson 
Oak1 Ridge Nat ional  Laboratory 

Object  i ve/scoDe 

Th is  t a s k  inc ludes  t h e  techn ica l  management o f  t he  p r o j e c t  i n  
accordance w i t h  t h e  p r o j e c t  p lans and management p lan  approved by the  
Department o f  Energy (D0E)iOak Ridge Operations O f f i c e ,  and the  O f f i c e  o f  
T ranspor ta t ion  Technologies. 
f i e l d  work proposals,  i n i t i a t i o n  and management o f  subcontracts and 
in teragency agreements, and management o f  ORNL techn ica l  tasks.  Monthly 
management r e p o r t s  and b imonth ly  repo r t s  are prov ided t o  DOE; h i g h l i g h t s  
and semiannual t echn ica l  repo r t s  are prov ided t o  DOE and program 
p a r t i c i p a n t s .  
programs sponsored by o ther  DOE o f f i c e s  and federa l  agencies, i n c l u d i n g  the  
Nat iona l  Aeronaut ics and Space Admin is t ra t ion  (NASA) and the  Department o f  
Defense (DoD). 
and NASA j o i n t  management heet ings,  annual in teragency heat engine ceramics 
coo rd ina t i on  meetings, DOE, con t rac to r  coo rd ina t i on  meetings, and DOE Energy 
Ma te r ia l s  Coord inat ing Commi t tee  (EMaCC) meetings, as w e l l  as specia l  
coo rd ina t i on  meetings. I 

Th is  task  inc ludes  prepara t ion  o f  annual 

I n   addition^, the  program i s  coord inated w i t h  i n t e r f a c i n g  

Th is  coord ina t ion  i s  accomplished by p a r t i c i p a t i o n  i n  DOE 

3 





1 . Q i  MATERIALS AND PROCESSING 

INTRODUCTION 

This portion of the project is identified as project element 1.0 
within the work breakdown Structure (WBS). It contains four subelements: 
(1) Monolithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, and 
( 4 )  Joining. 
currently includes work activities on low cost Si,N, powder, green state 
ceramic fabrication, charalterization, and densification, and on struc- 
tural, mechanical, and physical properties of these ceramics. Research 
conducted within the CeramSc Composites subelement currently includes 
s i 1  icon carbide, si1 icon njtride, and oxide-based composites. Research 
conducted in the Thermal apd Wear Coatings subelement is 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 of processes to prbduce strong, stable joints between zirconia 
ceramics and iron-base alloys. 
cost of ceramic components, a new initiative in cost effective machining 
has been started e 

A major objective o f  fhe research in the Materials and Processing 
project element is to systematically advance the understanding of the 
relationships between ceratnic raw materials such as powders and reactant 
gases, the processing vari~ab'les involved i n  producing the ceramic 
materials, and the resul ta~nt microstructures and physical and mechanical 
properties of the ceramic baterials, 
will provide U . S .  companies with new o r  improved ways for producing 
economical, highly reliabl'e ceramic components for advanced heat engines. 

Ceramic research conducted within the Monolithics subelement 

As part of an expanded effort to reduce the 

Success i n  meeting this objective 

5 
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~1.1 MONOLlTHICS 

1.1.1 Siliam Carbide 

€€id Tempwn hue H m l o y  SX Silidon Carbide 
S. K. Lau and G. V. Srinivasan 1 

In traduction: 

Hexoloy SX has been demonstrated to possess higher toughness and strength than Hexoloy 
SA@*.[l] Its toughness is about 50% to 100% higher than that of SA and its typical room 
temperature MOR value ranges between 620-915 MPa (90-133 ksi). Moreover, these are 
only preliminary data, it is believed that the mechanical properties can be further improved 
via proper optimization of composition, powder selection and processing conditions. 

Scope and Objective: 

The approach taken for this wotk is to first establish a complete mechanical property 
database and conduct detailed microstructural characterization on the first generation SX 
material currently available. After that, the emphasis will then be focused on the selection 
of a best S ic  powder source and the optimization of processing conditions for this first 
generation material via a systelmatic designed experimental method. In parallel, a 
Carborundum in-house sponsored program with the objective of identifying a second 
generation additive composition with improved high temperature properties will also be 
conducted. Once this second gen'eration composition is identified, the information will be 
fed into the current program. Then further experiments will be conducted to optimize the 
properties of this second generation SX material. Finally, the complete property database 
will then be established for the second generation composition. 

The three major objectives for thk current program are as follows: (1) to establish property 
database and conduct detailed characterization for the current best SX material, (2) to 
improve the processing conditiond of that material via a designed experimental method, and 
(3) to develop a second generatio? SX material with improved properties. 

Task 1 Objective: Complete Characterization of Generation I SX-Sic Material. 

Completed, details reported in last semi-annual report. 

Task 2 Objective: Sic  Powder Selection. 

Completed, details reported in last semi-annual report. 

Task 5 Objective: Development s of an Improved Dispersion Process. 

Completed, details reported in last semi-annual report. 

Task 3 Objective: Property Optimization for Generation I SX-Sic 

The objective of Task 3 was to)optimize Ilexoloy SX-GI properties through a designed 
experiment approach by varying  the three most influential processing parameters, namely, 
the sintering temperature, the po$t-treatment temperature and the post-treatment pressure. 
The upper and lower limits for qach of these factors are listed below: 

I 

* Hexoloy SA, registered trade mark of Carborundum Company 
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Sinter Temperature: ST1 and ST2 
Post-Treat Temperature: PTl and E T ,  
Post-Treat Pressure: Pi and PZ 

A main factor plus interaction model was used to design this series of experiments. The 
upper and lower limits of these three factors form a design experiment cube. Totally, there 
were 10 sets of experimental conditions, with 8 at the corners of the cube and 2 experiments 
at the center of the cube (Fig. 1). 

The responses used to monitor these experiments included room temperature MOR and 
toughness, MOR and toughness at 1232"C, and dynamic fatigue at 1232°C 

To prepare the test samples, the powder processing technique first chosen was turbomilling 
because this process had demonstrated the potential of achieving very high mechanical 
properties as reported in Task 5. However, processing reproducibility remained a major 
issue. The most difficult part of this process was to overcome the chipping of the grinding 
media which resulted in significantly lower density and strength. Alternate approaches to 
overcome the chipping problem were evaluated, including the use of sintered SX media and 
milling with no or lower amounts of grinding media. However, these initial attempts were 
unsuccessful. It was determined that more effort was required to overcome this problem. 
Carborundum, therefore, recommended the use of the traditional milling process used in 
Task 1 to complete the remaining Task 3 work while an internal Carborundum program was 
carried out to define acceptable turbomilling conditions. 

With the concurrence of the ORNk technical monitor. A new SX-GI mix was then prepared. 
All the 10 experiments were successfully conducted. The final densities obtained were 
between 97.7% to 100.0% T.D. with 6 out of 10 conditions showing densities over 99.3% T.D. 

The appropriate mechanical testing and microstructural characterization were then conducted 
according to the contract specifications. 

The responses as a function of densification conditions are shown in Table 1. The densification 
conditions are normalized, i.e., - 1  for the lower limit and +1 for the upper limit of the 
conditions. There is no significant change in IC1, for various densification conditions, while 
a significant change in RT MOR is evident as a function of densification conditions. 

A maxinium average NOR at room temperature of 140 ksi was obtained for the processing 
conditions of lower sintering temperature, higher post-treatment temperature and pressure. 
This strength is 24% higher than that of the previous Task data (1 13 ksi). It was observed 
that the higher MOR at RT also resulted in a higher MOR at 1232°C. Furthermore, no slow 
crack growth was evident from dynamic fatigue studies at 1232°C for any of the densification 
conditions. 

Fractographic obscrvation confirmed that the strength limiting defects are still the silicon 
rich "pools". These pools are actually clusters of phases resulting from reactions of yttrium 
aluminates with SIC as suggested in Task 1. It appears that the severity of the reaction is 
lower at lower sintering temperatures and higher post-treatment pressures. 

To better analyze the experimental data, contour plots were also generated. From these figures 
(figures 2 to 7), it can be concluded that lower sintering temperature is preferred for achieving 
maximum final density and strength. Higher post-treatment temperature and pressure also 
yield higher strength. More importantly, the analysis from the designed experiment also 
reveal that the optimum post-treatment conditions are in fact falling outside of the 
experimental cube iniplying that the mechanical properties can still be further improved. 

Deliverables of 20 MOR bars were then fabricated using the best densification conditions 
from the design experiments. However, this first batch of bars yielded a lower than expected 
MOR (108 ksi vs. 140 ksi). This may indicate the current process is very susceptable to 
minor variations in processing conditions. A new batch of plates were sintered and 
post-treated. Satisfactory densities were obtained. The plates have been sent out for machining 
into MOR bars. 



9 

/e . . . . . .  
. . . . .  . . . . . . .  

. . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . .  . . . . . . .  . . . . . .  \ . . .  . . . . .  
-41 

PT2 

ST1 Sintering 'Temperature ST2 

Post-Treat 
. . . . .  Temperature 
. . . . . . .  

Figure 1,  Experimental Design Matrix 



Table 1 

PT. 
Temp. 

0 
-1 
+ I  

+ l  

+1 

6 

-1 
- 1  
- 1  

+ I  

0 

+ B  
- 1  
a1 

+1 
0 

I-1 

- 1  
- 1  
- 1  

-- 

*Slow Crack Growth. No SGG means N is approaching infinity. 
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o Task 4 Objective: Continue Optimization of SX-@I 

Prior to the start of Task 4, under B Carborundum in-house sponsored program, efforts to 
develop a second generation SX composition (5x42) as well as improve the processing 
conditions of turbomilling were conducted. Results obtained revealed that although there 
were several compositions identified to possess wider processing windows, the SX-GI 
composition developed previously after several years of intensive W Q T ~  still remains the best 
one as far as RT and high temperature MORS are concerned, On tlnr other hand, these 
internal efforts have also successfully identified approaches to improve the reproducibility 
of the turbomilling process which in turn can be expected to further enhance the mechanical 
properties. 

Based on these considerations, Carborundum believed that it was not warranted at this point 
to conduct the full mechanical property characterization on SX-G2 as outlined in the original 
program plan. Instead, the technical approach proposed for Task 4 is to conduct a second 
series of design experiments to further improve the SX-Gl composition using the results 
described above and those reported under Task 3. The proposed experimental conditions 
are: 

Powder Processing Techniques: 
Sinter 'Temperature: ST3 to ST4 

Post-Treat Pressure: P3 to P, 

Improved Turbomilling Process 

Post-Treat Temperature: P'T, to PT, 

The upper and lower limits for each of the furnacing parameters are selected based on the 
findings described earlier as well as previous Carborunduin in-house research data For 
example, although it has been found that lower sintering temperstut es and higher 
post-treatment temperatures axe preferred, Carborundum in -house data has shown that below 
T3, SX-GI cannot be sintered to the minimum density required to achieve >99% post-treatment 
density. This defines the lower temperature limit. While on the other hand, at above T4, 
excessive silicon pool fornation will occur, which defines the upper temperature limit. 
Regarding isle post-treatment pressure, preliminary in-hsuse data revealed that at or above 
PA, the mechanical properties obtained are rather poor. Similar observations 09 Si3N4 furnaciag 
indicated that too high a gas pressure could have the effect of "pumping" gaseous species 
into the material microstructure and retarding the sintering cycle. The upper limit for the 
post-treatment pressure has, therefore, been set at P4. 

It is estimated that a total of 11 experiments are needed to complete the experimental matrix. 
After the evaiuation of the resulting mechanical data, including MOR at room temperature 
and 1232"C, toughness at room temperature and 123i"C, and dynamic fatigue at 1232'0, the 
optimrmnnn fur nacirng conditions will be selected. Two sets of samples will then be fabricated 
using these conditions. 'I'he first set of samples will be characterized for tensile strength and 
MOR at room tempcrarure, 1000, 1232 and 1371°C. The slow crack growth and creep 
behavior of the optlrnized G1 material is not expected to be different from the earlier GI 
material tested for Task 1 .  Hence experiments involving slow crack giowth and creep need 
not be conducted again. The second sct  of samples will be del!vered to OKNL for other 
detailed evaluation and characterization. 

Upon the approval from OKNL for this revision to Task 4, powder processing work for Task 
4 was then initiated. 

After an initial series of expcrimecls to define the ogtimuni turbomilling processing conditions, 
turbomilling wzis can ied out in several batches at Southern Illinois 1 Jniversity to yield 40 
p ~ u n d s  of premix. These powder batches were then further piocessed at Carborundum. The 
particle size analysis and BL'K surface area measurements are consistent from batch to batch. 
The surface area increased frorr about 15 sq. m/grn. to about 22 sq. m/gm after this improved 
milling process. The powder was then spray dried. Green plates have been pressed and 
baked out. The  sintering and post-sintering experiments under the new design conditions 
are in progress. 
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Plan - complete the design experim' nts, conduct limited mechanical property evaluation 
to identify the optimum pro7essing conditions. Prepare samples for full property 
characterization. I 

I 
l 

o Communications/Visits/Travel: 

None. 

o Problems Encountered 

Sensitivity to processing variables has resulted in a lower than expected strength in the test 
bars for the deliverables under Task 3. It is hoped that an enhanced turbomilling procedure 
combined with the further optimizedl process conditions from Task 4 will reduce this 
variability . 

o Publications: 

None. 
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1 . 1 . 2  S i l i c o n  N i t r i d e  

Character i za t ion  o f . -At t r i t ion  Hi1 1 ed Si1 icon N i g ~ i l e  Powder 
S .  G .  Malghan and D. R. Hinor 
(Nat ional  I n s t i t u t e  of Standards and Technology) 

Ciirrent‘ly , t he  s t a r t i n g  materials i n  the  manufacture of s i l i c o n  
n i t r i d e  ceramic components are f i n e  powders, These fine s i -zed powders 
tend t o  forin agglomerates due t o  t h e  van de r  Waals a t t r a c t i v e  f o r c e s .  
For improved r e l i a b i l i t y  i n  the  manufacture of ceramic components , t h e  
agglomerates i n  the  powders should be e l imina ted  s i n c e  they  form 
d e f e c t s .  I n  a d d i t i o n ,  the powders should have an appropr i a t e  range of 
s i z e  d i s t r i b u t i o n  and s p e c i f i c  su r face  area f o r  achiev ing  a nea r -  
theore t ica l .  d e n s i t y  o f  the ceramic a f t e r  d e n s i f i c a t i o n .  These f a c t o r s  
n e c e s s i t a t e  t.he use  of  powder ail.l-ing as one  o f  t h e  major powder 
process ing  u n i t  ope ra t ions .  Therefore  ~ m i l l i n g  of powders i s  an 
in tegra l .  unit: opernti.011 i n  the  manufacture of s i l i c o n  n i t r i d e  components 
f o r  advanced energy a p p l i c a t i o n s .  The product ion and u s e  o f  t hese  
powders r e q u i r e  the  use of e f f i c i e n t  m i l l i n g  techniques and 
underst:anding o f  c h a r a c t e r i s t i c s  o f  t he  mi l l ed  powders i n  a given 
environment. High energy a t t r i t i o n  m i l l i n g  appears  t o  o f f e r  s i -gr i i f icant  
advantages over cornventi.oria1 tumbling and v i b r a t o r y  n i l . l s  

The major ob jec t ives  of t h i s  p r o j e c t  a r e :  1. e s r a b l i s h  
repeatahi.3.ity o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  and o t h e r  r e l e v a n t  
c h a r a c t e r i s t i c s  o f  s l u r r i e s  mi l l ed  i n  a h igh  energy a g i t a t i o n  m L l l  
( H E M )  ; 2 .  determine process ing  and d e n s i f i c a t i o n  c h a r a c t e r i s t i c s  o f  
powders mi l l ed  i n  HEAML; and 3 .  compare proper-tFes o f  powtle31, and 
r e s u l t i n g  ceramic obta ined  by m i l l i n g  i n  the  HEAM vs. v i b r a t o r y  ball 
m i l l  i n  a co l labora t i -ve  p r o j e c t  wi th  N O K ~ C X I  Company. 

Technical  P r o m e s s  

tit: Errors: Experiments t u  eva lua te  r e p e a t a b i l i t y  o f  mi l l ed  
powder p r o p e r t i e s  and comparison wi th  v i b r a t o r y  m i l l i n g  have been 
i n i t i a t e d ,  These wepeat;ability experiinents have been planned i n  
c o n s u l t a t i o n  with a s t a t i s t i c i a n .  One o f  t he  goa ls  o f  t h i s  study i s  t o  
e s t ima te  various e r r o r s  i n  the  c h a r a c t e r i z a t i o n  of  mi l l ed  powders. For 
example, i n  t he  de te rmina t ion  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  e r r o r s  due 
t o  measurement a.nd satupling have t o  be incl-uded i n  t h e  o v e r a l l  s ta tement  
o f  r e p e a t a b i l i t y .  We i n v a s t i g a t e d  t h e  measuremen.t e r r o r  i n  cons iderable  
d e t a i l ,  i n  Zlie a n a l y s i s  o f  rriilled powders, I t  turned  ou t  t o  be a non- 
t r i v i a l  i s s u e  s i n c e  equipment l i m i t a t i o n s  and ag ing  o f  powder i n  aqueous 
environment were major problems. Procedure f o r  the det;ermi na t ion  of  
measurement e r r o r  cons i s t ed  of r e t a i n i n g  and r eus ing  t h e  same d i s p e r s i o n  
over and (9ve:~. T h i s  i s  no t  t o o  d i f f i c u l t  i n  t h e  use of  Horiba LA-900 
p a r t i c l e  s i z e  ana lyzer .  However, l o s s  o f  a small. f r a c t i o n  of t h e  
pa r t i c l e s  eannot be r u l e d  o u t .  We have minimized thi.s error by 
development a of  c a r e f u l  sample c o l l e c t i o n  procedure.  



Additionally, reagglomeratkon of particles in dilute suspension is a 
critical issue. Since the' procedure calls for reusing the same sample 
over a period of one week1 by different operators, no changes to the 
sample are to be made. We 'found that dispersion in the original sample 
could not be held stable after the first day. As a result, we were 
unable to evaluate measurelhent error by this procedure. Subsequently, 
we have explored the possibility of obtaining a compound effect which 
includes errors due to measurement and sample. In this method, one 
sample of dispersion from a 1.0 g of powder in 20 ml water was prepared 
and subsequent subsamples were obtained from it. These data show that 
a relative standard deviadion for d,, is at 3 % ,  if we eliminate aging 
during week-end. 

I 

Repeatability Experiments: In the meantime, we initiated milling tests 
to define repeatability. The first experiment was completed and 
essential data were obtained. It appears that only 60 minutes of 
milling is sufficient to increase the specific surface area from 6 to 9 
m2/g. This milling test showed that the mixture of SNE-10, 5 and 3 had 
a very low viscosity at 50% V loading, which indicates that the packing 
density of the particles isl better than that of the SNE-5 and 3 mixture. 
The particle size distribution and specific surface area during milling 
exhibited a linear relatiohship with milling time. The milled slurry 
was cast into 3 in. x 3 in. blocks of approximately 3/8 in. thick. 
Initially, we experienced~ considerable difficulties in obtaining a 
crack-free green body. Discussions with Dr. Vimal Pujari, Norton 
Company, revealed that the gypsum blocks had to be wetted prior to 
pouring the slurry for cahting. Pretreatment of the gypsum block by 
wetting for 5 to 10 min. appears to be sufficient to prevent fast drying 
at the initial period. The tests conducted in this exercise indicate 
that dry gypsum blocks tend to remove water from the slurry at a fast 
rate which appears to inducle drying cracks due to inhomogeneous draining 
of water. I , 

Milled powders containing 4% YzO, in dry form have been analyzed for 
particle size distribution and specific surface area, and slurries have 
been analyzed for pH, conductivity, electrokinetic sonic amplitude 
(ESA), and isoelectric pH. These data have been collected at 0, 20, 3 2 ,  
50 and 80 min. milling time so that milling kinetics can be evaluated. 
The milling kinetics data show that most of the size reduction has taken 
place in the first 20 mindtes, indicating that deagglomeration is the 
primary mechanism in the initial stages. Since deagglomeration is 
accompanied by a significant increase in specific surface area, it 
indicates that the agglomerates containing smaller particles in the as- 
received powder have undergone deagglomeration. Mechanistically, the 
largest agglomerates ard the first to undergo nearly-complete 
deagglomeration, followed $y the next size smaller particles. Strength 
of bond between the primary particles in these powders appears to be 
strong since application of ultrasonics at 30 watts from 3 min. was not 
sufficient to fracture these agglomerates. A s  a result of such 
mechanism which is typical for this powder, we are able to arrive at 8 - 9  
m2/g specific surface area,within 60 minutes. 



A comparison o f  particle size distribution f rom aEP five t r~s1-s  indicates 
expansion of the repeatability band with the increase of particle size. 
In otherwords, at d,, the data arc? more reproducible than?; at d5,, where 
the subscripts of d stand f o r  percent weight o f  particles finer than the 
stated size in micrometers. In addition, at- shorter- milling times, 
reproducibility is better than at longer milling times. The data are 
being analyzed using statistical methods to obscrve trends, There are 
no obvious reason to explain the range of variability. The slurry data 
also show some degree of variability in repeatability. The initial pHIe, 
at 6 . 4  3. 0.3 of slurry containing silicon nitride powder, water, 1000 
ppm polymethacrylate surfactant and 4% yttria remains almost at the same 
level even after milling f o r  80 min., while thc specific surface area 
changed from 5.8 +_ 0 . 3  m2/g to 11.2 +_ 1.0 m’/g. 

A batch of milled slurry from the latest test has been sent to DE. V. K. 
Pujari, Norton-St, Gobain, for slip casting followed by densification. 
The green body showed a higher density than that of  s l u r r y  produced in 
a vibratory mill. Additional milling tests will be conducted based on 
the results o f  this evaluation. 

Analysis of Slurry Preparation: The slurry preparation step, involving 
mixing of water, dispersant, followed by a slow addition o f  silicon 
nitride powder, was studied in detail using electroacoustic, pN and 
conductivity measurements. T h e  slurry preparation procedure involves 
the use of a high speed mixer and orderly addition of amioniixn hydroxi.de 
(to pH = 9 . 5  k 0 . 2 ) ,  and polymethacrylate dispersant. T h e  silicon 
nitride powder addition tu this solution is carried o u t  over a period o f  
30-40 minutes while the mixer is operated at a high speed to keep the 
slurry in suspension. Once approximately 30% v/v slurry is prepared, 
the slurry is passed through the mill for s i z e  reduction. In the first 
10 min. of  mllling, the entire powder is added to reach a slurry density 
of 50% v/v. The powder addition is carried out by adding slowly, but: 
steadily at the same rate throughout the 10 m i n ,  The slurry is milled 
fo r  an additional 11 nin. to a total 21 rn?.n. when the Y,O, powder is 
added within a 2 min. interval. The milling is continued up to a total 
o f  80 min. Samples are taken at 0, 20, 3 2 ,  50 and 80 min. during 
milling, and set of  anal.yzec1 for physical. and surface chemical 
properties. Table 1. shows a typical data oE pH, electrokinetic sonic 
amplitude ( E S A ) ,  conductivity and pHiep. T h e s e  data show an excellent 
agreement at 80 min., while the agreement of these data is not as good 
as one proceeds from 80 m i i i .  to 0 m i n .  milling, Therefore, as milling 
proceeds for a longer period, the slurry components have a longer time 
to become homogeneous. The variation in these paranecers i.n the initial 
stages of milling is primarily due to the lack of homogeneity, different: 
levels of deagglorneration, and different concentration of powder as a 
function of milling time in the slurry. It is I.ogical to assume that 
the sooner we achieve overall homogeneity during the mi.1.1.i.ng period, 
higher the likelihood of getting repeatable slurry parameters. In the 
remaining tests, we plan to further t ighten the ~ K O C E ~ U ~ ~  to achieve a 
higher level of repeatability. 



Hilling of Experimental Powder: At the request of Dr. V. K. Pujari, 
Morton-St. Gobain Company, de examined the feasibility of  milling -100 
mesh silicon nitride powdet produced by their proprietary process. 
Using the procedure described above, a 2 kg sample of the powder was 
milled in an aqueous envitoment, and the resulting samples were 
analyzed by the measurement pf  a slurry properties. This experiment on 
mi.lling of slurry containing1 50% v/v powder demonstrate the feasibility 
of milling a coarse size powder. In the milling of Ube powders, most of 
the size reduction is primarlly due to deagglomeration of strongly held 
particles. As a result, poGer consumption i n  the mill is very small. 
However, the new powder ~ studied contains large particles and 
agglomerates exhibiting triaodal size distribution. In addition, the 
agglomerates appear to be much stronger. Therefore, the power 
consumption in the mill was on the order of 20 amps, which is two times 
the power drawn during milling of Ube powders. The initial trimodal 
particle size distribution changed to bimodal and finally to monomodal 
within 30 minutes. , 

I 

Table 1. Comparison o f  yH, 1 Conductivity, ESA and pH,,, of the Milled 
Samples 

Test No. Sample 0 20 32 50 80 
Time (min.) 

I. pH 4 1. 8 . 2  9 . 4  9 . 6  9 . 5  9 . 7  

42 8 . 5  8 . 3  5 . 4  8 . 8  8 . 6  

43 8 . 0  7 . 9  8 . 2  8 . 4  8 . 5  

4 4 7 . 4  8 . 9  8 . 9  8 . 6  8.5 

11. ESA 41 - 0 . 3 4  - 0 . 6 0  - 0 . 4 4  - 0 . 5 3  - 0 . 5 2  

42 - 0 . 4 5  - 0 . 4 7  - 0 . 4 9  - 0 . 4 7  - 0 . 5 1  

43 -0 .37  - 0 . 5 0  - 0 . 4 7  - 0 . 5 0  - 0 . 4 9  

44 - 0 . 4 9  -0.51 - 0 . 5 2  -0 .50 - 0 . 4 9  

111. Conductivity 
41 , 

42 

43 

44 I 

22 54 5 3  71 83 

22  59  6 4  7 3  85  

22 4 3  46 52 68 

4 2  42 46 4 9  60  
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IV * PHi ep 41 

4 2  

4 3  

44 

6 , 7  6 . 7  7.1 7.1 6 . 9  

6 . 7  5.8 6 . 4  6 . 6  6 . 4  

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

5.1* 6 . 4  6 . 2  6 .O 5.3 

* Ultrasonicated before pH,,, measurement 

Status of Milestones 

O n  target. 

Communicationsflisits 

Dr. V. Pujari, St. Gobain-Norton Company visitcrd NIST in September to 
carry out milling test. 

Pub 1 ica t ions 
None 
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hhofer, and K. L. Ploetz 

ective of this research element is to j d e ~ ~ i f y  those aspects of micro- 
f silicon nitride that might (1) accelerate densification, (2) permit 

ensity with much lower levels of sintering aids, (3) lower the 
rature, or (4) pr'oduce unique microstructures. The investigation of 

first approach comprises sialon 
ns in the 2.45- or 28-GH 

microstructure deve~opment is ,being done on dense silicon nitride materials 
~crowave furnace. The si Ves two 

approach deais with 
ed silicon nitride as the starting material and is done entirely in 

w e  furnace. 

- In c ~ ~ t i n u i n g  work on 
ed, and sintered in the 

samples are shown in 
ring are shown in Tables 2 
in two separate steps for 

machined into mechanical property test specimens. A summary of the strengths 
determined to date is given in Table 4. 

perties ob the 
-cost powders, but are 

appropriate for a number of applications at IQWW t e m ~ ~ r a ~ u r ~ ~  and stress levels.1 
At ambient temperature, typical strength, tou hness (Klc), and hardness values of 

be desirable to improve both the strength and toughness of the materials. 
Consequently, additional samples were fabricated using different processing 
procedures and materials to improve these properties. For example, isopropyl 

Previously, it has been phown that the mechanica 
WSRBSN are not equal to cgramics made from the hi 

aterials are 480 MPa, 4.8 MPa 7 m, and 14 GPa, respectively. It would 

PA) has been substituted for the water in the, milling step. This reduces the 
ickup and improves ditridation of the silicon at lower temperatures, thereby 

the a-SigM4 content of the compacts prior to high-temperature sintering.* 
This should result in more etongated grain growth and an increased fracture 
toughness. Use of !PA will also reduce aggJomeratiori of the silkon and decrease 
the aging time he previous samples. The newer samples 
are also nitride 01 % He in the Nz-t-42 atmosphere to further 
increase the a- mpacts.2 Additional compositions are being 
fabricated to in se will have on densification behavior and 
pro pe dies. Nom i w ai I include Si3N4-9% Y z 0 ~ - 3 %  A1203 and 
Si3N4-5% Y203- 2% 
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Table 1. Compositions af sintered reaction-bonded silicon nitride materials. 

Mat e rial Mate rial 
Silicon an Additive a-Si3N4 cost - ($Ab) cost - ($Ab) 

Sample (w ”/.I size (Pm) (wt Yo) (M yo) fabric edb sinteredc 
purity ide contents content as- as- 

TM-13 < Q.51 3.4 91 5% 54 4.06 2.90 
R. f . 3  

TM-13 < 0.052 4.2 11.5 % 5 7.2 5.17 
La2036 

aAll compositions contain the same molar content of sintering additives. 
bMaterial cost base on purchase price in 10-kg lots, Cost will decease 

’Elkem Metals Co., uffalo, N.Y.; grade metallurgical Si. 
2Elkem Metals Co., uffalo, N.Y.; grade SI-HQ. 
3Molycorp, White Plains, N.Y.; grade 521 0, rare-earth mixture 

%tar&, Berlin, Germany; grade S1 Si3N 
SStarck, Berlin, Germany; grade LC-1 ON 
6Molycarp, White Plains, N.Y.; grade 5205, >99.9% La203. 

yield of 58% from nitridation of silicon. 

(<I% Ce0;r). 

Table 2. Summary of results on nitridation of readion-bonde silicon nitride 
compositions. Samples were heated to 1480°C in a 24-h period. 

Atmosphere was nitrogen-4% hydrogen. 

Silicon weight Fraction silicon 
Sample Heating type gain (Yo) reacted (Yo) 

J Conventional 52.8 
TM-139J, TM-139K Conventional 48.1 

-1 390 Microwave 55.9 

81 
74 
86 



e n s ~ ~ i ~ t ~ o ~  results on sintered reaction-b 
s duri~ng microwave and conventional he 

I 
~ _ _ -  - 

~ Sintering 
I conditions Density (g/crns, 

Heating type ("C/h) Yo T. D.) 
~- - 

TM- 1 381 Conventional 1800/4 3.06, 91.3 
Mi crow ave 18001'4 

TM-1393 Conventional 180014 3.20, 95.4 
Microwave 1800/1 2.92, 86.5 

1 800/2 3.23, 96.4 

ary of flexural strengt of SRBSN samples. 

Flexural strength (MPa) 
ensification 
t e ~ h ~ i ~ u ~  25°C 11 ooooc 

TM-138E icrowave 466 +_ 34 338 k 52 
TM-138F 422 I34 325 -4: 

269 f 31 CQ nve nt io n ai 415 s% 54 

The first CRABA is with Garrett 

bars. I 
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Table 5. Summary of results on microwave annealing of GS-44 silicon nitride- 

Properties 

Flexural Strength QMPa) 
25°C 931 f 5 910 k 3 3% s3 
900°C 690 f 11 710 f 5 341 9 
1 1 00°C 434 f 3 4.48 f 7 386 f 5 413 f 5 
Fracture Toughness 

8.04 k 8.16 8-05 1 0.1 4 8.699 r f i  0-1 4 7.79 f 0.51 

0.0 h >24 h 4.21 h 0.01 h 
9063"C-379 MPa 0.3 h r24 h >24 h 0.07 h 

Samples of Norton NY-154 with high a- base contents have been annealed. 
The results are reported in a following section A secsnd set of samples 
wave annealed and is currently being machined into test specimens. Ad 
samples of Norton 
machined into test 
to previous siarnpks. The resuit 
currently ready to be microwave 

Samples of Norton reacti 
microwave reaction-banded and sintered. The results are summarized in a following 
section. 

154 with high a-phas~ contents have been annealed, 
cimerss, and tested under dynamic fatigue conditions identical 

re shown in Table 6 .  Another set of samples is 

silicon nitride have been fabricated and 

I .  T. N. Tiegs, J. 0. Kiggans, and K. L. Ploetz "Cost-ETfedivs Sintered Reaction- 
 on^^^ Silicon Nitride for Structural 
Proe., American Ceramic Society. 

to be published in Ceram. E 

2. R. 6. Stephen 881 F. k. Riley, "The Iwflwsnc of Prs-Oxidation on the Processing 
of Silicon Powder," . 367-14 its 4th ~~~~~~~~~~ I Syrnpoosk,.m on Ceramic Material 
@QimponenfS for Engines, ed. W. Carisson, T. Johawsson, and L. Kahlrnan, Elsevier 

plied Science, New York, 1992. 

3, B. Q. Lei, D. A ~ ~ ~ ~ ~ ,  T. Johansson, atad T. Lindbgdck, ""Optiminatian of the Silicon 
Nitridation Process," pp. 633-40 in 4th ~ ~ t ~ ~ ~ ~ t i ~ ~ ~ ~  Sympmjupxi on Ceramic Material 
Components for En hes, ed. R. CarIsson, T. Jshansson, at7d L. Kahlman, Eisevier 

lied Science, New Yark, 1992. 

All milestones on schedule 



Table 6. Summary of ddnamic fatigue results at 1370°C on microwave- 1 annealed NT-154. 

Sample 

~ Dynamic fatigue 
exponent, 

a-Si3N4 content (%) 

MW8 
MW9 
MW10 

12.7 
17.3 
22.0 

16 
4 
23 

Corn mu n icat ion slvisit slt ravel 

Travel by T. N. Tiegs to Washington, D.C., on April 9, 1992, to attend the 
CTAHE Bi-monthly Project Meeting. A presentation was made entitled, "Cost- 
Effective Sintered Reaction Bdnded Silicon Nitride for Structural Ceramics." 

Travel by T. N. Tiegs frbm April 42-16, 1992, to Minneapolis, Minnesota, to 
attend the American Ceramic Society Annual Meeting and present a paper entitled, 
"Cost-Effective Sintered Reaction Bonded Silicon Nitride for Structural Ceramics." 

Travel by J. 0. Kiggans; from April 27-30,1992, to San Francisco, California, 
present a paper entitled, 
ide by Microwave 

to attend the Materials Reseakh Society Fall 
"Characterization of Sintered Reaction- Bonde 
Processing ." I 

I 

Travel by T. N. Tiegs frbm August 11 -24, 1992 to Melbourne, Australia, to 
attend the Austcerarn'92 Meeting and present a paper entitled, 'Sintered Reaction 
Bonded Silicon Nitride for Structural Ceramics.'" 

Travel by J. 0. Kiggans from September 21 -22, 1992, to West Lafayette, 
Indiana, to present a seminar to the Purdue University Graduate Seminar entitled, 
"Microwave Processing of Cerpmics." - I 

None I 
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Development of Microwave Procesdinq of Silicon Nitride Cornponents 
for Advanced Hear .€mine Appficatibns Reaction Bonded and Sintered 
Reaction Bonded Silicon Nitride - d. A. Willkens (Saint-Gobain/Norton 
Industrial Ceramics Corporation) ~ 

CRADA NO. ORNL 90-0036 I 

0 biective/Scoae 

Microwave processing offers potential advantages, such as decreased nitriding and sintering 
times, nitriding of larger cross-sections and unique microstructures, as compared to traditional 
sintering techniques. This CRADA project will apply Microwave processing technology 
developed at ORNL to unfired reaction bonded silicon nitride (RBSN) and sintered reaction 
bonded silicon nitride (SRBSN) materials processed at NRDC. Powder compacts produced at 
NRDC will be brought to ORNL for microwave nitriding and sintering studies. The properties of 
microwave nitrided and/or sintered silicon nitride will be directly compared against same lot 
materials traditionally "fired" at NRDC. 

Technical Prowess 

RBSN 

Presintered silicon powder tiles werf? microwave nitrided at ORNL using the 6 kW, 2.5 GHz 
furnace. Three types of silicon, hading different particle size distributions, purity and green 
density were evaluated. A narrow particle size distribution, having a green density of -1.45 g/cc 
was nitrided using a temperature cycle having a number of different ramp rates, but no 
intermediate soaks except for a finql 1 hr soak at 1440OC. Four 2 x 4 x 0.2 inch tiles were 
nitrided in a cycle. Figure 1 shows the microwave power output during the cycle. The decrease 
at -1200OC was due to the controller compensating the output due to detection of the reaction 
exotherm. Sample temperature is monitored at the tile surface with a thermocouple during the 
cycle. 
the samples looked very uniform after nitriding. A broader, coarser particle size distribution, 
having a green density of 1.53 g/ccj was microwave nitrided in a separate cycle. The power 
output is shown in Figure 2. This run was smoother than the previous run with only a single 
decrease in power to maintain ram0 rate. A very smooth ramp rate was maintained throughout 
the cycle, even at low temperatured. Again, the samples looked very uniform after nitridation. 
Table 1 compares results of the microwave nitrided tiles with the results from same lot tiles 
nitrided by conventional furnacing at NRDC. The weight gains are very similar. Samples were 
machined into bend bars at NRDC and sent to ORNL for mechanical property evaluation. 
Microstructural characterization of the baseline, RBSN - Narrow, showed a slightly higher free 
silicon level for the microwave nitrided (0.4%) as compared to the traditionally nitrided (0.2%) 
The alpha content was similar at 81% for microwave and 83% for traditionally nitrided. The 
room temperature bend strengths (MIL-STD-I 942A, Sample Size B) were similar, a limited 

One of the four samples had a small region of silicon meltout of the bottom. Otherwise, 
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number of bars (3) of each have been tested. Testing was on machined surfaces. A higher 
purity silicon was used for sample 6120. The iron level of this silicon was 200 ppm as compared 
to -2000 ppm for the above samples. The weight gains were similar (Table 1), and both showed 
a slight amount of meltout. 

Table 1 - Current RBSN Results 

SRBSN: 

SRBSN precursor tiles that were conventionally nitrided at NRDC were microwave sintered at 
ORNL in the 6 kW, 2.5 GHz microwave furnace. One of the compositions was also nitrided and 
sintered in a single microwave cycle. Two compositions were evaluated, SRBSN-A (lower 
eutectic) and SRBSN-B (higher eutectic). Both are experimental compositions from NRDC, not 
commercial products. Two tiles, 3 x 3 x 0.300 inch, of a given composition were sintered in each 
microwave cycle. Sample 61 20/7044, composition 8, was nitrided conventionally using two 
different final soak temperatures, 1 370OC (Sample 6120/7044) and 1 44OoC (Sample 
6120/6220). The 137OoC soak temperature resulted in -5% residual silicon. Table 2 shows the 
current results from the SRBSN study. Tiles of Composition B, that had no free silicon and also 
a lower alpha silicon nitride conteqt after conventional nitriding (6120/6220), did not heat by 
microwave at low temperature (<5OO0C). Both microwave and conventionally sintered tiles of 
7078/7084 showed residual silicon, and microporosity. Failure origins were large grains of silicon, 
up to 60 pM, that appeared to have coalesced during sintering. Tiles of 7078, Composifion A, 
were also supplied for nitriding and sintering in a single microwave cycle. The density of this 
sample was slightly lower than the, combination of conventional nitriding and microwave 
sintering. Figure 3 shows the miorowave power output during the sintering cycle for 6120/7044. 
The decrease in power at -1490°C is thought to be due to formation of the intergranular liquid 
phase resulting in dielectric relaxation. Figure 4 shows the output for 7078/7084. The rise in 
power starting at -1 1 OO°C is due to the increase in temperature ramp rate called for by the 
controller. The decrease at -125dOC is believed due to either nitridation of any residual free 
silicon or the formation of the intekranular liquid phase resulting in dielectric relaxation. Figure 
5 shows the output for 7078/8055 hhere nitridation and sintering were done in a single 
microwave cycle. Future work will focus on these single-cycle materials using composition A. 
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Table 2 - Current.SRBSN Results 

7078/8055 microwave 
nitride + sinter 

Samples were machined into bend bars at NRBC and sent to QRNL for mechanical proper&y 
evaluation. Composition 7078/7084 showed full conversion to beta silicon nitride for both 
microwave and traditional sintering methods. 
porosity and free silicon was significant, resulting in the relatively low strength and fracture 
toughness. Both were nitrided traditionally using a low final soak temperature. The sarne 
composition (7078/8855) was both microwave nitrided and sintered in a single cycle. There was 
also a significant amount of residual silicon and porosity. The amount of porosity is related to 
the amount of residual silicon and increases going from the outside to the inside of the compact. 
A portion of the porosity may in fact be silicon pull~ufs. The relatively low eutectic temperature 
of this composition is likely causing for partial sintering to occur prior to full nitridation. 
Composition 6120/7044 microwave had a density of 3.26 g/cc and showed oniy minor porosity 
(-1 -2 micron diameter). Preparation of additional samples of Composition 7078 was hindered 
due to a hydration problem with one of the sintering additives. This resulted in cracking of the 
tiles prior to the pr-esinter step. Additional samples are being prepared using Composition 6120 
variations, which will be both microwave nitrided and sintered in the 5ame cycle. 

Polished sections showed the amount of residual 

Status of Milestones 

On schedule. 

Publications 

None 
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I MICROWAVE ANNEAL~NG I 

R.L.Yeckley(SGNiC), T.N.Tiegs, J.O.Kiggans, K.L.Ploetz(ORNt) 

CRADA No. ORNL 90 - 0037 
~ 

0 biectivelscope I 

The purpose of the annealing tridls is to improve the fracture toughness and creep 
resistance of HIP silicon nitride with 4% flrja by promoting growth of elongated grains. 

Technical Progress , I 

Earlier microwave experiments at QRNL found that sintered silicon nitrides with retained 
alpha silicon nitride would complete transformation during annealing. In addition to the 
transformation, significant grain grovdh occurred with some toughness improvement. In 
these same trials, HIP silicon nitrides with 100 YO p silicon nitride did not show a n y  grain 
size changes. Microwave anneqling improve the high temperature deformation 
resistance of both materials Therefore, the first series of microwave annealing trials 
investigated the changes occurring to HIP silicon nitride with untransforrned alpha silicon 
nitride. The alpha content before annealing was 24%. Below a certain annealing 
temperature no transformation das observed as seen in table 1. 

Mechanical Properties - Mechanical testing was done with a 3 mrn by 4 mm flexure bar 
on a 4-point quarter point fixture kfih an outer span of 40 mm. Toughness was 
determined by the indentation fracture procedure. The indent load was 10 kilograms. 
All the annealed fracture toughness values are lower than the silicon nitride after HlPing. 
The grain boundary crystallization accounts for part of the toughness decreases. Yttrium 
disilicatc was not detected in the as HIP material. Yttriia disilicate was present after all 
annealing triais. The toughness of MW2, 3, 4, and 7 is typical of as HIP silicon nitride 
with yttria disilicate. The lowest toughness were found in annealing trials during which 
further CI to p transformation accurred. The greater toughness decrease is expected to 
be due to a number of factors such  as: anneai temperature, time at temperature, extent 
of crystailization. 
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The higher I 37Qu C fast fracture strengths arid improved resistance to slow crack 
growth are obtained brb-srn the lower temperatures within the microwave anneal matrix. In 
general, crystallization of t h e  intergranular ph 
micrastructare are expected to be the primary factors im 
behavior. The stressing rate exponents determined from flexure tests at 1370 are in 
Tabla 2. Testing was done w 
fixture with an outer span of 
Only the microwave anneal BcaW2 showed a signi 
exponent. The MW2 fracture surfaces at the lo 
exhibit any apparent slaw crack growth. Typical 
stressing rates o f 0  1 MPa/s. MW2 will be dupii 
verify this experimental point. 

a 3 mrn by 4 mrn flexure bar an a +point quarter point 
mm. The stres nt far standard NTI54 is 16.7. 

t ~ ~ p r ~ v ~ ~ ~ ~ t  in the stress 
s i n g  rates of .QQ? MPals did not 

crack growth is observed at 
d further analysis is planned to 

16.6 
65.7 
18,3 
22.5 
13.3 
13.9 
163 

sonent at 1370 C. 

The improved dynamic fatigue behavior of MW2 occurred even though this material still 
had 25% (L Si3N4 and a finer grain size than NT154. A o step microwave anneal trial 
has been completed. The first step at high temperature canipletes the IX to p 
transformatian. The second step at the same conditions as MW2 wilii crystallize the 
grain boundary phase The dynamic fatigue behawar of this material wil! be compared 
to MW2 

Anneatinq.~,TIals - Improved slow crack growth at 1370 C was measured for one of t h e  
microwave annealing trials completed. No evidence of ii~creased silicon nitride aspecr 
ratio was observed for any of the annealing conditions. A final set of annealing traiis are 
planned These last annealrng trials will focus around the apparent optimum condition 
for siow crack growth determined in previous experiments. 
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Cost Effective Sinterinq of SiIicon Nitride Ceramics (S!U-Cl 
D. E. Wittmer (Associate Prof' ssor, Southern Illinois University 
at Carbondale, Carbondale, I r 62901 

Obiective/Scope 

The purpose of this wbrk is to investigate the potential of cost effective 
sintering of Si,N, through the development of continuous sintering techniques 
and the use of lower cost Si,N, powders and sintering aids. 

Technical Hiqhliqhts 

The project research goals for Phase I are divided into 4 major tasks: 

Task 1. 

Task 2. 

Task 3. 

Task 4. 

Task 5. 

Conduct eco$omic comparisons of continuous sintering with 
batch sintering. 

Assess the effects of heating rate on densification, 
microstructurb and properties. 

Determine fesisibility of using lower cost Si,N, powders. 

Determine feasibility of using alternate materials and furnace 
design to improve load and throughput. 

Final Report., 

I 

I 

I 

I 

Task 1 .  Conduct econdmic comparisons of continuous 
sintering with bhtch sintering. 

This task was essentially completed during this reporting period. 
Further work was conducted on comparative analyses of the costs involved 
with continuous sintering and batch sintering. Different furnace sizes and 
constructions were considered which would allow for the sintering of a large 
number of parts roughly the,size of a small roller cam follower. Additional 
refinements of the economic' model were made which allowed for variations in 
furnace volume and throughput for both the belt and batch furnaces. Also the 
cost of the Si,N, powder and processing cost of the part were considered. 
Some specific results for different furnace configurations for sintering a 5 gram 
Si,N, part are given in Table1 I. Assumptions were made of the same process 
hours per week and that the scale-up of the batch furnace would reduce the 
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yield. A $200/kg processed powder cost was used in determining the actual 
pari cost, this number could be reduced with the use of lower cost Si,N, 
powder and sintering aids and automated shape fabrication. The yield was 
used in determining the total Si,N, consumption and is reflected in the overall 
cast per part (including powder processing). 'This model does not allow for 
uriexpected furnace down-timex annual maintenance, or overheads, 

Table I .  Sample of Sintering Cast Comparisons for Belt and Batch Furnaces 

Property 

Process 
Hss Per 
Week 

Parts Per 
Year 

(million) 

Yield % 

$/Part 

-- 

Sintering 

$/KG 
Sintering 

$/Rut 
Including 
Powder 

Task 2. 

168 168 

4.44 8.88 

........ _I$__ ......... 

98 I 98 ...... 

0.05 1 0.03 

187.76 

. ..- 

2.03 

-. ~ ......... II 

3atc-h Furnace 

12X12X12 24X18X36 
Graphite Graphite I 

2.25 I 12.9 

0.18 I 0.08 

36.63 16.17 

--I---- 
I ' O 5 l  

1.61 

___^--- 

Assess the effects of h~at'i 
densification, m icsaslsuctus 

As repcprted previously, several batches of Si,N, containing sintering 
aids were processed $8 uniform green density by processing methods 
developed as part of subcontract 1 9X-SA796CS WSS Element 1.1.1.8 
Improved Processing of Ceramics Composites (SlU-C) I The processing 



employs turbomilling' for homdgenization of the Si,N, powders and sintering 
aids, followed by pressure casting, drying, and isopressing. The Si,N, 
compositions and formulations/ prepared included: 

=A4Y13--4 wt.% AI$, (Geralog), 13 wt.% Y,O, (Starck) and 83 wt.% Si,N, 
(2 batches using StarCk LC-10 and Ube E-1 0) 

*A4Y13--4 wt.% AI,O, (CeraloA), 13 wt.% Y2O3 (Starck) and 83 wt.% Si,N, 
(Ube E-10) containing 5 wt. % p-Si,N, seed. 

=A4Y6--4 wt.% AI,O, (Ceralox), 6 wt.% Y,O, (Starck) and 90 wt.% SI,N, 
(3 batches using Starck LC-10, Starck LC-12SX and Ube E-1 0) 

eA4L6-4 wt.% AI,O, (Ceralox), 6 wt.% La$, (Molycorp) and 90 wt.% Si,N, (3 
batches using Starck LC-10, Starck LC-12SX and Ube E-IO) 

=A2Y8--2 wt.% AI,O, (Ceralox)I, 8 wt.% Y,O, (Starck) and 90 wt,% Si,N, 
(2 batches using Starck LC-10 and Ube E-10) 

*A6L8--2 wt.% AI,O, (Ceralox); 8 wt.% La,O, (Molycorp) and 90 wt.% Si,N, 
(2 batches using Starck LC-10, Starck and Ube E-10) 

=A4Y6L7-4 wt.% AI,O, (Ceralox), 6 wt.% Y,O, (Starck) 7 wt.% LqO, 
(Molycorp) and 83 wt.% Si,N, (Ube E-IO) 

Several of these Si,N, fbrmulations (in the form of disks approximately 
7.5 cm in diameter by 1.5 cm thick) were sintered in the Centorr Furnaces 6- 
BF belt furnace in flowing N, dt 1625, 1675, 1725, 1750, 1775, 1800, 1825 and 
1850 C for 30 to 90 min,. with poor to excellent density results. Compositions 
sintered at 1800i)C and above were severely decomposed and reacted with 
the Mo boat material. This was anticipated due to the lack of N2 over- 
pressure to retard the Si,N, dpcomposition. At lower temperatures most of 
the compositions sintered with very good to excellent results. In order to 
eliminated cracking due to thdrmal shock, it was necessary to run the belt 
furnace with the first hot-zone off for compositions with lower sintering aid 
additions. I 

The turbomill is a high shear: mixing/grinding apparatus o-iginally developed 
by the Bureau of Mines and is presently being manufactured by Noble 
Technologies Group, RR I ,  f3hx 120B Ridgewood Drive, Gilmanton, NH 03237 

1 

(603) 267-6344 I 
I , 
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Some disks were selected from the initial sintering runs whi&i produced 
relatively high sintered densities. Some of these disks were machined into 
standard test bars, while for others the faces were machined t3 determine the 
extent of surface reactions. Table II shows the results from density 

Table 11. Density and Flexural Strength Results far Some 
Selected Sntering Trials 

Sample 
ID 

9- 1 

20-5 

20-9 

23-6 

24-1 8 

23- 1 

. . 

I 

A4Y13-EI 0 1725/90 min. 3.32 (99.5) I 1084 ........ _I_.. .- ..... ^__I_._ 



measurements and flexural tefting for some of the selected disks. As seen in 
this table, A4Y13, A4Y13 with is% p-Si,N, seed, and A4Y6L7 were sintered to 
near full density with excellent~flexural strengths. Also, A2Y8-E1 0 (Ube E-1 0 
Si,N,) gave excellent flexural strength for only 94% dense material. 
Microstructural examination is currently underway on all compositions; 
however it is expected that, in order achieve such strength in law density 
material, the porosity is very fine and well dispersed (as has been observed in 
other continuously sintered SiLN,). 

made to observe the sintering rate dependence on temperature for the lower 
liquid phase additions. Specifically the A2Y8, A2L8, A4Y6,and A4L6 
compositions, usin both Starck and Ube Si,N, powders, were sintered in the 
Centorr 6-BF belt furnace in the temperature range of 1675 to 1750°C for 30 
to 90 min. Typical data for the best sintering runs are given in Table 111. 

Following the initial sintering trials, additional sintering trials are were 

Table Ill. Best to Date Sintered Densities of Si,N, Compositions Sintered 
in the Belt Furnace 

Composition 

A4Y6-LC10 

A4Y6-LC12 

A4Y6- E 1 0 

A2Y8-LClO 

MY8-ElO 

A4L6-LC 1 

A4L6-LCl2 

A4L6-E10 

A2L8-LG10 

A2L8-EI 0 

A4Y13-ASN34 

, 
Firing Temp 

OC 
I 

1700 I 

1725 
I 

1700-1 75b 

1758 ~ 

1675 ~ 

1700 , 

I 

1750 1 -- 
I 

I 

1758 
I 

1750 I 
I 

1725-1 7510 
I 

1675-1 726 

Firing Time Bulk Density % Theor. 
min g/cc Density 

0-90 I 3.25 1 99.5 

98 3.231 99.1 

30-90 3.33 100 
-- 

The disks represented ~in Table I I I  are presently being machined into 
standard test bars for flexural~ strength and fracture toughness measurements. 
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As seen in Table I l l ,  ASN-34 %i,N, from Pedormawce Ceramic 60. (92% 
cr-Si,N,, with a surface area of 9.5 m'/g and an 0, content 3f 1.8 %) in the 
A4Y13 formulation was sintered to 100% of theoretical density in the belt 
furnace at 1675-1 700" C for 38 to 90 min. 

provided by Morton/TRW, Salem, NH, were successfully sintered to greater 
than the target density in separate belt furnace runs. The effect of continuous 
sintering on the microstructure and properties was examined by Nortsn/fRW 
and found to be comparable to their best batch sintered material. 

Due to the success of continuously sintering Si,N, a modification of the 
present contract has been granted to continue this task as a milestone for 
another year. The concentration will be to generate more data by sinterin 
large volume of Si,N, for a specific formulation. 

Also as part of this task, several samples of Norton Co. N'T-451, 

sibiMy of using I 

This task was initiated through the use of 3 commercially available Si,N, 
powders as part of Task 2. These 3 Si,N, powders have a range of puri 
cost, with the Le-18 being the lower cost and purity and Ube E-10 being the 
higher in cost and purity. Formulations prepared from both Le-I 0 and E-1 0 
were sintered to high densities in the belt furnace, however Phose prepared 
from the E-10 Si,N, had somewhat higher densities for the same sintering 
conditions. Several SI,N, powders and a small amount of spherical SI,N, 
milling media have been received from Performance Ceramics, Peninsula, OH 
for testing. ASN-34, containing 92% a-Si,N, with a surface area of 
9.5 m2/g and an 8, content of 1.8 %, was processed by the standard 
turbomilling and pressure casting methods in the A4Y13 formulation. The 
Si,N, milling media on loan from Performance Ceramics was used during 
turbornilling. For %a 2 h milling cycle there was no measurable wear on the 
media. As reported in the previous task, disks prepared from the A4Y13- 
ASN34 mix were sintered in the belt furnace to complete dmsity for a wide 
range of temperatures and times. 

Additional formulations containing law cost SiJ, powders from 
Performance Ceramics Co. and low cost Lanthana concentrate from Molycap 
were prepared in a A2Y4LaC4 formulation. The slurries tended to gel at fairly 
low solids content and produced very low as-cast green densities. The 
sintered density of these disks was on the order of 75 to 80% at theoretical at 
1 700 C. 

As part of the contract extension, this task will also be continued, 



Task 4. Determine feasiC)ility of using alternate 
furnace design do i ~ ~ ~ o ~ e  loading and throughput. 

This task was complet d during this reporting period. Initially the use 
of alternate construction mat 1 rials and design of the belt were investigated to 
improve the loading and part~throughput. The impact of improving the 
loading and throughput on the per part cost were incorporated as part of the 
input in the economic modellihg in Task 1. A change in the belt design was 
tested which allowed for at least double the load capacity of the previous 
design. In addition, alternate ~ setter and crucible materials were investigated 
as a means of improving heating uniformi 
between the Si,N, parts and the setter. These modifications were tested 
successfully in Task 2. I 

major issue in determining both the load capacity and ope*rating costs for a 
continuous sintering furnace. Several options have been considered which 
need to be addressed by further research. 

and reducing the reactions 

Also, the construction materials for the furnace elements and belt are a 

Contract Modification 

Due to the demonstrated potential of continuous sintering for 
compositions with reduced sintering aids, additional funding was requested for 
the following tasks: 1) refine &conomir: model and design for a chosen 
furnace, 2) continue the evaluation of sintering parameters on properties of 
selected Si,N, composition, 3) continue evaluation of low cost 

Given the success of tbis additional research, it is antici 
Phase Il would involve the design, construction and testing of a pilot scale belt 
furnace with improved load blearing c 
component, 3) sintering of parts prov 
continued evaluation of sintefing parameters an properties of selected Si,N, 
composition, and Phase I l l  w$uld involve co ucting pilot scale production of 
heat engine components, and the assessrn of properties, production yields 
and manufacturing costs relaked to continuous sintering of actual heat engine 
component(s). 

city for specific heat engine 
by industrial partner@) and 4) 
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Status of Milestones 

1. Conduct economic comparisons of continuous Completed 
sintering with batch sintering. 

2. Assess the effects of heating rate on On Schedule 
densification, microstructure and properties. 

3. Determine feasibility of using lower cost On Schedule 
Si,N, powders. 

4. Determine feasibility of using alternate materials Completed 
and furnace design to improve load and throughput. 

5. Final Report on Schedule 

Publications 

Presentations 

None 



1.1 -4 Processinn of Monolithics 
I 

improved Processin 
V. K. Pujari, D. M. Fracey, M. k. Foley, A. K. Garg, N.I.  Paille, 
P. J. Pelletier, L.C. Sales, C. A. Willkens, R. L. Yeckley  orto ton Company) 

0 B J ECTl VE/SCO P E 

The goals of the program are to develop and demonstrate significant 
improvements in processing m’ethods, process controls, and 
nondestructive evaluation (NDE) which can be commercially implemented 
to produce high-reliability silicon nitride components for advanced heat 
engine applications at temperatures to 1370°C. Achievement of these 
goals shall be sought by: - The use of silicon nitride - 4% yttria composition which is 

The generation of baseline data from an initial process route 

Fabrication of tenbile test bars by colloidal techniques - 
Identification of (critical) flaw populations through 

Correlation of mebsured tensile strength with flaw populations 

Minimization of these flaws through innovative improvements 

consolidated by glass encapsulated HlP’ing. 

involving injection molding. 

injection molding and colloidal consolidation. 

fractographic analysis. 

and process parameters. 

in process methods and controls. 

- 
- 
- 
- 
- 
The quantitative program goats are: 1) mean RT tensile strength of 

900 MPa and Weibull modulus  of 20, 2) mean 1370°C .fast fracture tensile 
strength of 500 MPa, and 3) mean 1230°C tensile stress rupture life of 100 
hours at 350 MPa. I 

TECHNICAL PROGRESS 

Process cptimization efforts were completed during the reporting 
period according to the Stage Ill experimental plan which invoived 
processing 16 iterations of buttonhead tensile bars. The iterations served 
as factorial designed experiments based on control variables established 
in Stage I of the Program. The outcome of successive iterations relative 
to targeted mechanical properties was used to establish the optimum 
control variable cornbinations/levels for the Stage I l l  final process 
demonstration scheduled betdeen 6/1/92 and 1 1/30/92. 

I Stage I I  Process ODtirnization 

In Stage I I  colloidal conSolidation processing methodology was 
optimized using a series of process iterations each starting with SisN4 - 
4% Y2Q3 mill batches capable1 of yielding approximately 75 buttonhead 
tensile rods. These in turn we~re used for the determination of the tensile 
strength distribution representbtive of the iteration. Each iteration served 
as an experiment in a test matlix which was designed using the critical 
process parameters identified in Stage I of the program. Extensive NDE 
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and fractography data were generated to establish the nature of failure 
precursors for guidance an the process improvements necessary for 
strength and reliability enhancement in subsequent iterations. 

From the strength and fractography data generated during the latter 
part of Stage 1 1 ,  HIP paraineters, past-machining treatment and machining 
related flaws were found to be significant. Therefore, controlled 
experiments were designed to reevaluate the HIP and past-machining 
treatments and to optimize the machining process to a level sufficient for 
the current study, as described below: 

i) Evaluation of HIP and Post-Machining Treatments 

Specimens from Iteration AC were test to confirm the 
optimized HIP cycle and past-machining heat eatment, Fast 
fracture tensile strength data for 36 room temperature and 8 high 

perature (137Q"G) tests are summarized in Tables 1 and 2. 
eimens were processed with either the standard or optimized 

HIP cycle and either with no post-machining heat treatment or with a 
modification of the previously optimized treatment, 

The room temperature data clearly show that the optimized 
HIP cycle produces higher strength specimens ( 30 vs, 702 MPa) 
than the standard cycle, The modified heat treatment degrades 
strength (630 vs, 702 MPa, 678 vs. 838 MPa), contrary to the 
strength enhancement found with the optimized heat treatment. The 
data also suggests a high temperature strength degradation (348 vs. 
379 MPa) attributable to the modified heat treatment. These results 
validate the optimized HIP cycle and post-rnachining heat treatment 
as SOP (Standard Operating Procedure) for Stage III process 
demonstration. 

Table 1 : Room Temperature Tensile Strength -Iteration AC 
-. 

Heat Average Standard Number 
HIP Treatment Strength Devi at i o n Specimens 

~ (MPa) (MP4 



Table 2: 137 ' q  Tensile Strengt - Iteration ac 

ii) 
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Table 3: Machining Procedure Strength Data 

iii) Fabrication of MLP (Machined from Large Piece) Specimens 

Fabricability of the 50 mm diameter MLP specimen using the 
colloidal consolidation ltechnique was demonstrated during the 
reporting period. These specimens were also fully densified using 
the HIP process. To examine the uniformity through the cross- 
section, MOR bars (3 x 4 x 50 mm) were machined from various 
sections of the specimen for room temperature and 1370°C fast 
fracture flexure strength and fracture toughness (4-point indentation 
st re n g t h) m eas UI re rn e d't s . 

The fast fracturd flexure strength data are presented in a 
Weibull plot in Figure 3. Room temperature tests were performed 
on a group of specimens which were oxidized and on a group given 
no heat treatment. Similar to previous experience in testing NSF 
tensile bars, the oxidation treatment was found to enhance the 
characteristic strength, but diminish the Weibull modulus: (I01 8 
MPa, 12) vs. (873 MPq, 24). Excellent 1370'C strength was 
measured (660 MPa, 46) especially in view of the fact that these 
specimens were not given a post-HIP crystallization heat treatment, 
Seven fracture toughnpss tests were performed and these provided 
an average toughness of 6.8 f 0.36 MPadrn. 

Staae Ill Demonstration Set fabrication and Testinq 

tensile bars using SOP established in Stage II commenced during the 
reporting period for demonstration of the optimized aqueous processing 
methodology. This demonstration will conclude by November 30, 1992. A 
minimum of 300 room tempet-ature fast fracture tests will be conducted to 
establish the strength distribution associated with the optimized 
methodology. A minimum of 25 specimens will be tested to establish 
elevated temperature fast fracture strengh (1 370°C) and stress rupture 
(1 230°C) properties. I 

effort are discussed. All required tensile bars have been processed 
through the steps of milling,  casting and HIP densification and are being 
machined and tensile tested las per schedule. Details of Stage Ill 
processing activities are summarized below: 

Large scale productioq of NCX-5102 net shape formed buttonhead 

In this section, currentl issues and data related to the demonstration 
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Six 30 kg batches (6634 - CO40) were prepared using t h e  
closed loop aqueous milling procedure. Using sastisialishsd SPC, the 
required physical and chemical properties af the powder 

s have been assured. Amongst various charactsrization 
the casting rate of the suspension is measured to 

establish its suitability for cast density uniformity. An upper control 
limit (UCb) has been established for the slope of the thickness 
squared vs time curve in casting trials using puck shaped samples, 
As discussed below and indicated in Figure 4, batches CO34 - C836 
were fsurad unsuitable far casting. 

In the early stages of the Stage Ill activities, 8 new !oZ of 
powder (Lot E) was found to be  significantly different than previous 
lots (Lots A,B,C,D). Lot E powder showed a measurably higher 

rie paint (JEP) thus affecting dispersion and casting rate. 
wder after milling showed decreased casting perfsrmance in 

regard to cast density. Only part of this decrease was attributable 
ta a narrower paaticle size distribution, primarily due to a finer EQ3. 
Samples of milled powder, with yttria, prepared using hot D and eat 
E silicon nitride were sent to Dr. Subhas MaDghan at NIST far 
measurement of the isoelectric point using the Matee E S A  8QQO. 
The kat. E powders gave a higher isoelectric point than the Lot: D 
powder. Samples of only the starting silican nitride pswcier were 
then measured at Mater: in Hopkinton, MA on the Matec ESA 8808. 
The raw E63 and E10 powder also showed a trend of decreased 1EP 
for &at 0 as compared to Lot E. Using our PenMern System 70066 
Acoristophoretic Titrator (PenKern, Bedford Hills, NY), these relative 
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differences were confirmed. Various conditioning treatments were 
evaluated for adjusting the surface chemistry of the powder, and 
shown to be successful by the PenKem 7000. FTIR analysis using a 
Nicolet 51 OP, diffuse reflectance, confirmed the effectiveness of the 
conditioning treatments on controlling the surface groups. These 
treatments were then introduced for preparin small batches, and 
were shown to be effectiv 
behavior as compared to 
powder, Large batch& ( and C035) were then prepared using 
one of these treatments. Only partial provement in casting 
behavior was obtained, and this correl 
point. Apparently this particular conditioning treatment did not 
scale-up well. Adjustments to the illing process (CQ36) resulted in 
additional improvements (decreas isoelectric point) but did not 
meet prior casting resd  with Lot 19. Pre-shipment samples of Lot 
F powders were receive and measured by Sedigraph and PenKem 
7000. These Ube lots' were shawn to have preferred particle sire 
distribution and isoelclctric point as compared to Lot E. Iteration 
batches 6037 through C040 were processed with the new Lot F 
silicon nitride powder., The casting results were the best to date, 
even compared to Lot D. The final size distribution and isoelectric 
point correlated nicely, with the improved casting performance. As a 
consequence of this eFperience, specification for isoelectric point 
has been added for qualification of incoming powder and milled 
slurry. 

stically improving the casting 
eated Lot E Ube silicon nitride 

d well with the isoelectric 



ii) Cast in i  

The milled aqueous suspensians rnen%ioned above were 
processed through closed loop, computes controlled casting 
equipment. A programmed pressure profile was designed and 
applied automatically to assure reproducibility of casting. From 
each milled batch approximately 128 SF bars were cast;, Cast 
weight and green density were monitored as SPC parameters. 

i i i) 

process optit-t-simed during Stage II of this ps cessing program. The 
HIP process was optimized to achieve fracture tabagkness in  the 6.2 
- 6.5 MPadrn rawye and greater than 90% yield. 

has been st3 for the  HIP operation. Density values for ower 400 
acceptable Stage Il l  tensile rads are platted in Figure 5. 

De ri s if i ea t: i 8 n 

The cast bars are densified using a gDass encapsulated HIP 

A lower control limit of 99.5% theoretical density (3.23 g/cc) 

iv) Mechanical Testing 

The inspection a n d  testing of Stage Il l  net shape formed 
buttanhead tensile bars are being carried out fallowing the 
procedure outlined in the flow diagram of Figwre 6. Briefly this 
involves measurements for dimensional tolerances and serface 
finish, NDE for vcplurne and surface flaws, loading to fast fracture at 
a 60 MPa/sce rate using lnstron buttonhead s u p e r  rips, optical an 
SEM fractography and finally, analysis of the strength, NDE and 
fracltography data. 

To date, 489 tensile rods have been qualified through the HIP 
operation for machining, Approximately 48 rods per week are being 
machined until the end of October. As of September 30, 8 total of 
101 room temperature tensile tests had been completed, Of these, 
89 were successful gage section fractures. The remaining rods 
fractured either in the transitron region (5) ,  shanks (5) or 
buttonheads (2). Elevated temperature testing, (fast fracture and 
stress rupture) is scheduled far October and November. SEM 
fractography of the $9 gage failures has bertn completed, 
Preliminary analysis of the strength, NDE and fractogiaphy data is 
being pursued. 

V. Non Destructive Evaluation 

a. .._.I__ Micrafocus XL-rAax 

Radiography is being employed at various points of the 
process far detection of contaminants in the raw material and 
slip and  for detection of defec t s  in the green and final 
machined specimens. During the reporting period, this in- 
process inspection technique was instrumentai in detecting an 
air leak in the casting system. A sudden  rise in radiographic 
void indications led to the discovery of a Beak which was 
causing ais entrapment voids in the cast specimens. 
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MECHANICAL TESTING 
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Corrective actions were completed after only a minor 
interruption in the casting process. 

MFX was also used to evaluate the effect of chemical 
treatment of t h e  plaster of Paris mo!ds on the low 
region that develops at the filtration surface. The study was 
pursued as part of the hot E powder evaluation discussed 
above. Radiographs of tensile rod cross sections clearly 
established that t h e  treatment substantiaily reduces the depth 
of penetration 0.6 this low density zone (from 1.2 to 8.3 mm). 

The machined and ready to test 
been examined far voladnie flaws by M 
examined so far, six were found to contain high density 
inclusions suspected ta be introduced from the mold material. 

Ells0 
rs 

b.  11^111_------.-1111 UI t rasoni cs 

A set of 13 machined NSF bars from Iteration AE were 
examined for volume flaws (using 1 QQ MkiZ toric: transducer) 
and surfaee/.sub-surfaee machining flaws (using focused 100 
MHZ spherical transducer in surface wave mode). 

The specific toric transducer used in this study scanned 
an annuler region betwecn 1.5 and 2.5 mrn below the surface. 
No detectable flaws were faunell in the gage section af the 
bars. Two other toric transducers are required to scan the 
remaining volume of the gags section. So far several 
unsuccessful attempts have been made to fabricate these two 
transducers. The fragile nature of PVQF transducer material 
resulted in premature cracking during stretching and casting 
operations of the PVDF films. 

Surface and sub-surface machining flaws were 
examined using the surface wave imaging procedure 
described in the February-March 1 992 bi-monthly report. 
Machining scratches and surface pits ahove the 40 pm 
detection limit were clearly abserved in the C-scans of some 
of the bars. C-scans of two separate specimens are shown in 
Figure 7. The vertical direction in those C-scans represents 
the "unwrapped" cylindrica! surface of the bars. This 
svaiuatian procedure will be utilized on a select basis for 
Stage Ill NSF ba6 QA.. 

e. I__-..... NMR SpscPrsscopv 

NMR has been utilized by Dr, R. Batto at Arganne 
N at i Q n a I Lab Q r ai o a y t Q Q La t ai n f u n d a rn e n t a I s c% s pe n s i o n 
c h a r act e r i za t i a n d ab a to c a m p I i m e n t sf an d a r d rn e as u re rn e nt s 
such as pH,  viscasity, IEP, reha potential and casting rate. 
During this period; tests were conducted to establish 
adsorption isotherms of 40% Si& stock slurries prepared 
with two different surfactants, S-1 and S-2. 

surfactant on the surface of the ceramic powder was 
developed previously. This method involves standardization 
of integrated signal intensity from methyl protons in a 

A standard NMR inethod for monitoring adsorption of 
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a 

b )  Specimen w i t h  a dominant surface defect 

Figure 7: UT C-scans of "unwrapped" gage surfaces 
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standard solution of the surfactant against !he signal from an 
analytically prepared aqueous NMR reference standard. The 
NMR reference chosen was 3-(trimettiylsilyl) propionic -2,2,3- 
d, acid, sodium salt (TSP). 

Subsequently, this method was found to be suitable for 
monitoring the adsorption of the surfacta 
of surfactant S-2 exhibits an intense, well res 
signal necessary for quantitation in B,O salut 
the ' W  NMW spectrum of S-1 in 8,6 lacked such an intense 
characteristic N M W  signal. The overlapping 'H freq 
reduce the resolution and signa! intensity in the NM 
spectrum of surfactant S-1 severely, this rendering 'H NMR 
spectroscopy unsuitable for monitoring the adsorption of the 
type SI surfactant. 

The adsorption of surfactant S-2 in a 8,O slurry of SI,N, 
(containing 37.5 wt% solids) was measured as a function of 
time at two initial Concentrations. Within experimental error, 
no adsorption of surfactant S-2 was observed over a period of 
eight days at either the 1 wt% or 0.1 wt% initial level. At this 
point the experiment was terminated. 

The water 'H NMR relaxation times T, and T2 were 
previously observed to change as the Si& slurry aged. 
Clearly, liquid-solid interfacial changes must be occurring as a 
function of time, The initial surfactant concentrations in this 
preliminary study were substantially higher than those 
typically used in investigations of this type, Perhaps 
adsorption equilibrium was reached quickly and/or the initial 
surfactant concentrations used were too high to observe 
changes in signal intensity with adsorption of the surfactant. 
Therefore, the experiment will be repeated using initial S-2 
levels in the range of 0.01 wt% to 0.001 wt%. When a 
suitable initial concentration level has been determined, the 
adsorption of surfactant S-2 will be monitored as a function of 
time, and the adsorption isotherm of surfactant S-2 in a 40% 
Si,N, slurry will be determined. 

Status of Milestones 

All milestones are on schedule. Key milestone #I 14168 - "Complete 
Factorial Design Experiments for Process Optimization" completed on 
schedule April 30, 1992. 

Publications 

1. "NMRS Characterization of Ceramic Slurry for Pressure Casting", 
A.K. Garg, V.K. Pujari, D. French and R. Botto was presented at the 
ACS Annual Meeting in Minneapolis, MN, April 15, 1992 by A.K. 
Garg. 

2. "Green Microstructure Control in \ h e  Colloidal Consslidation of 
Siiicon Nitride", was presented by V.K. Pujari at the 23rd Annual 
Meeting of the Fine Particle Saciety/Syrnposium on Ceramics, Las 



Vegas, Nevada, July 116, 1992. 

"An Investigation of Residual Stresses in Machined Silicon Nitride", 
D.J. Snoha and M.R. Foley, Army Materials Technology Laboratory 

I 

3. 

TR 92-46, July 1992. I 

4. "Processing Methodology for the Production of Reliable High 
Strength Silicon Nitride" by V.K. Pujari et.al. was submitted August 
25, 1992 for Preprints of Automotive Technology Development CCM, 
November 2-5, 1992. 

"In-Process Inspection and Control for High Reliabiiity Si3N4" was 
presented by D.M. Trdcey at the DoE/ORNL Advanced Ceramic 
Manufacturing Workshop, Washington, D.C., September 22, 1992. 

5.  

6. "High Strength Silicon' Nitride Production Through Advanced 
Processing", by D.M. Tracey, V.K. Pujari, M.R. Foley, L.C. Sales 
and P.J. Pelletier has been accepted for presentation at the MRS 
fall meeting, Boston, MA, Nov. 30 - Dec. 4, 1992. 

"Microstructural Development of HlP'ed Si3N4 With 4% Y203" by 
R.L. Yeckley and M.J. Mangaudis has been scheduled as a poster 
paper at the MRS fall meeting, Boston, MA, Nov. 30 - Dec. 4, 1992. 

"Process Control Methods in the Consolidation of Highly 
Concentrated SuspenSions", V.K. Pujari, L.C. Sales, and N.I. Paille 
has been scheduled as a poster paper at the MRS fall meeting, 
Boston, MA, Nov. 30 - Dec. 4, 1992. 

7.  

8.  
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To determine and develop the reliability of selected advanced ceramic processing 
methods. This program is to be conducted G:I a sca't that will parnit the  potential far 
manufacturing r , m  of candidate piocesses to be cvaImis2. T iw emphasis is on silicon 
nitride. Issues of practicality; safety, hygiene, and enuirer~mcntal issues; and i~i-proeess 
testing rnethscls are ho be addi cssed in arddiii0.n to techriica! feasibility. The rraethadalogy 
includes selection of candidate processes atad evaluation of their s s r p  of applicability to 
various kinds of catTsrnercially available ceramic powders 

1. Silicon Nitride Gelcasting 

Several silicon nitride compositions were yicpaaed usirg two of the ~ E W  gelcasting 
systems that are being evaluated as lower-toxicity replacements fur acryilamide. The 
two slystenis am: methacryiamide monomer (PI;?AM) with pdyethylene glycol 
dirnethacry!ate (PEG1 OCrODMA) crosslinkins agerrt and MAM with methylene 
bisacrylasnide (MBAM) crosslinker. The cc?mpssiticrns that were pi epared are shown 
in Table 1. All sf the compositions contained UBE Si,N,, eithrr grade E-10 (0.2 ,urn 
average particle size] or ai blend of grades -03 (1 .O i c rn) ,  CSP(6) 7 pn-t), and E-IO. In 
addition, oxides were added as sintering aids. 

The cornpositior is prepared in the IhrlANIPEG system eontalncd silicon nitride 
powder plus 6 wt 96 yttria and 4 W 54 alunha as sinteiing aids. It.  was dsured that a 
slip containing 45 VOI % ceramic was tas viscods to allow adequate deairiiig when 
UBE €-IO silicon nitride was used (batch 1). In gsncrai, it is more diffkult la 
disperse fine powders such  as Ithe E-1 Q silicon nitride, which results in a high 
viscosity slip. Batch 2, having the same coi~ipasitian but propared using a blend of 
UBE silicon chide grades E-10 (10 wt %), ES? (30 .ut %), 2nd F-03 (60 w? %), had 8 
low vismsiby and was easily deaired arsd cast. No air bubbles were observed in the 
cast parts after they wesz removed from the molds. S m $ e s  cast From this batch 
had a green density of I .7 g/cm3 (53% thearetical) a ~ e r  drying. I he samples were 
fired at d-i'FjO'C for 4 h under 1 atm of nitrogen, and the! sintered density  as 96% of 
the Ithe@retical density. 

- 

Several silicon nitride batdies were gelcast using the MAM/bIf3AWl system. These 
compositions are aka shown in Table 1. Thc batches contained 45 vol % ceramic 
and were prepared with various sinteshg aids aria' eithsr iJEE E-I 0 silicon nitride or 
a blend of UBE silicon nitride grades E-itl, ESP, %-id E-03. The batches were mixed 
using a Rutbo mill to produce !om-viscosity SiuiiiL?s whish were cast and gelled. 

Sar~lples prepared with U8E E-TO containing 8.5 i'~: 7" b_a,O, and 2"O M 96 Al,Q, 
(batches 3 and 4) were fired at 1750" C for 4 h and a6 1830" C for 5 io. The density 



Table 1. Gel4ast silicon nitride batch compositions 

I Weight % 
Batch Gelcast SiSN, * 

number system grade Si,N, Y,O, La$, AI,O, SiO, 

1 MAM/PEG E-10 90.0 6.0 4.0 

2 MAM/PEG E-b3 54.00 6.Q 4.0 

ESP 

E-ll 0 

3 MAM/MBAM E-10 

4 MAM/MBAM E-10 

, 

5 MAM/MBAM E-103 

ESP 

E-10 

6 MAM/MBAfVl €-lo 

7 MAMIMBAM E-\ 0 

8 MAM/MBAM E-1 0 

9 MAM/MBAM E-1 0 

27.80 

9.00 

89.50 8.5 2.0 

89.50 8.5 2.0 

53.70 8.5 2.0 

26.85 

8.95 

91.80 7.4 0.8 

91.80 7.4 0.8 

91.8Q 7.4 0.8 

92.00 6.0 2.0 

UBE Industries, Grades E-15, ESP, and E-03. * 

of the samples from the 1$5Q0 C firing was 97%, while those fired at 1800" C had a 
density of 98%, as summarized in Table 2. Gas-pressure sintering (GPS) of this 
composition did not significantly increase the density. 

Fired ceramics from  batch^ 4 were machined into modulus of rupture (MOR) bars 
and tested in 4-point bending for flexural strength. The samples fired at 1750" C 
had a strength of 580 * 129 MPa; those fired at 1800" C had a strength of 574 * 
120 MPa. While these strhngths are respectable for sintered silicon nitride, the 
standard deviations are quite high. Examination of the fracture surfaces revealed 
that the low-strength samples failed at internal pores, which appeared to have been 
formed by trapped air butqbles. These pores were much finer than those that have 
been observed in the pas4 but were still serious, strength-limiting defects. 

A similar composition (batch 5) prepared using a blend of UBE grades, as in 
batch 2, sintered to only 91% density when fired conventionally and 94% when 
gas-pressure sintered. While the blend resulted in a very fluid and easily cast slip, 
the large fraction of relatively coarse silicon nitride particles appears to strongly 
inhibit densification. I 

I 



Table 2. Gelcast silicon nitride property measurements 

Batch Firing * Temp. Time Pressure Density Density Strength Toughness 
number method ("C) (h) (Psi) (d4 (%I (MPa) (MPaJrn) 

2 
3 
3 
3 

4 
4 
5 
5 
5 

6 
6 

-7 
7 

8 

9 

1750 
1750 
1800 
1850 
1868 

1800 
1750 
1900 
1850 
1990 

1850 
1900 

1850 
1900 
1850 
1900 
1850 
1900 

1750 

1 aoo 

1 300 

4 
4 
5 
2 
1 
4 
5 
4 
5 
2 
1 
5 
2 
1 
5 
2 
1 
2 
1 
2 
1 

15 
15 
15 

100 
300 

15 
15 
15 
15 

108 
300 

15 

300 
15 

1 00 
300 
100 
300 
100 
300 

1 oa 

3.1 2 96.0 
3.25 96.9 
3.28 98.Q 

329 98.3 
3.25 96.9 
3.28 97.9 
3.06 91.3 
2.80 83.7 

3.1 6 94.4 
2.83 86.0 

3.28 99.6 
2.48 75.4 

326 94.Q 

3.22 97.7 

3.23 99.2 

Tiso f 129 
574 * 120 

339 k 59 3.85 f 0.19 

673 * 76 7.65 i 0.06 

"Samples WOE fired conventionally (1 atm N,) or by a two-step gas-pressure sintering method. 

MAM/MBAM campositions containing La20d and SO;, as sintering aids (batches 6, 
7, and 8) were difficult to sinter conventionally but achieved very high densities 
(912 to 100%) by GPS. However, the mechanical properties (measured on 
gas-pressure sintered batch 7) were poor. As shown in Table 2, the fracture 
strength was only 340 MPa. The fracture toughness, measured by the controlled 
surface flaw method, was about 3.9 MPaJm. These samples are being examined 
for micrastructural features, which may explain the cause of the low strength and 
toughness. 

Batch 9, which used the MAM/MBAM gelcasting chemistry and contained yttria and 
alumina sintering aids, reached high density by GPS and had very good mechanical 
properties. The density was greater than 99%, the average fracture strength was 
674 MPq and the fracture toughness was about 7.0 MPaJm. These samples are 
also being examined to characterize the microstructure and to determine the 
fracture wig ins. 

Evaluation of these new gelcasting systems and modifications to improve the 
gelcasting process will continue. 



2. Sintered Reaction Bonded Silicon Nitride (SRBSN) Gelcasting 

?he gelcasting of Si for fokming SRBSN parts is being evaluated in the MAM/MBAM 
gelcasting systems. The initial attempts at preparing gelcast batches have been 
unsuccessful due to the reactivity of Si metal in the aqueous slurry. Pretreatment of 
the Si powder by aging in1 water at room and at elevated temperatures, oxidizing in 

been tried to passivate the powder surface and reduce reactivity. Thus far, these 
efforts have been u n successf u I .  

I rand partially nitriding the powder at 1200" C are methods that have 

In addition, batches have been prepared using isopropyl alcohol or a mixture of 
alcohol and water to redwe gas evolution at the Si surface. While this method 
helped during the milling process, gas formation was observed when the catalyst 
and the accelerator were added to the batch prior to casting. Further efforts will be 
required to determine the best possible processing conditions for preparing gelcast 
silicon. I 

3. Alumina Gelcasting 

An alumina batch was prepared and gelcast using the ~ A M / M ~ A M  system. The 
alumina powder used was Reynolds RCHP DBM with 0.05 wt % MgO, which is a 
sinterable grade of alumina having an average particle size of less than 0.5 pm. The 
solids loading in the gelcast slurry was 60 vot %. The mixture had a low viscosity 
and was easily cast and deaired. The resulting tiles were sintered at 1 500OC for 4 h 
and reached a density of 3.95 g/cm3 (99.3%). MOR bars were cut from the samples 
for flexure strength testing. The bend strength was 527 f 168 MPa. This compares 
very favorably with typical values of 300 to 450 MPa for dense, high-purity alumina. 
The standard deviation was quite high, and examination of the fracture surfaces 
revealed that the low-strength samples failed at regions af inhomogeneity, which 
may have resulted from poor mixing or nonuniform gelation. No evidence was 
observed of pares resultiqg from trapped air bubbles in the gelled material. 

4. Alternate Gelcasting Systems Gel Characterization 

Several alternative low-toiicity gelcast g systems are being evaluated to replace the 
neurotoxic acrylamide system. Two, in particular, the MAM-PEG and the 
MAM-MBAM systems, have shown excellent promise as replacements for the 
acrylamide system. However, during the initial investigation of the gelation process, 
there is a need to characterize the gel in order to determine the physical properties 
that may define acceptable gels. In the past, this has been done qualitatively by 
visual observation and by pushing a glass rod into the gel. To obtain quantitative 
physical characterization  of the gels, it is necessary to measure some rheological 
properties of the gels. ' 
Samples of the three gel$: acrylamide, MAM-PEG, and MAM-MBAM, labeled A, B, 
and C, respectively, werd sent to the laboratories of three rheometer vendors for 
characterization. All three laboratories ran oscillatory experiments in both frequency 
sweep and amplitude (strain) sweep modes. The following parameters were 
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rrreasured: G’, the stor 
q *, the c ~ m p l e x  viscas 
measurements yield quantitative data for characterizing the els. Two of the 
laboratories also carried out creep and relaxation tests on the gels. 

8 or elastic modulus; G”, the loss or viscous moduius; 
and t m  6 ,  the bant-9pk-q or lass ratio (G”/G’). These 

The data showed that the gels were viscoelastic, with the elastic component being 
larger than the viscous curnponent for all three gels as shown in Table 3, an 
abbreviated SldPnrnnB 
samewhat from on 
dependence of the properties on both the amplitude and the f 
applied straiii.) Tlae viscous cstmysnent far gel C, the MAM-M 
much larger than for the other Lws gels as sl.aowsr in Table 3 and clearly illustrated 
by the data plot from Lab 2, which is shown in Fig. 1. 

of some of the test results. (The values far a given gel vary 
b to another due to variations in test condilisns and the 

Table 3. Charaderisfic prape-lies of the gels at 5 Hr 

Gel A 
Lab0 rat0 ry 

Go! €3 Gel c 

1 32.0 
2 23.0 
3 22.0 

G’ 

Storage QT Elastic Modulus, kPa 
25.0 
20.0 
17.8 

35.0 
18.0 
19. 

1 4.20 
2 0.55 
3 2.1 0 

G 
Loss or Viscous Modulus, kPa 

3.80 
0.51 
2.1 0 

16.00 
5.30 
6.00 

1 8,131 
2 0.024 
3 0.095 

tan 6 (GiJ/Gs) 
Loss or Damping Ratia 

0.1 52 
0.025 
6.1 23 

0,457 
0.279 
0.31 6 

Figure 2 (also from lab  2) compares G’, the eiastic moduli bar the  thee gels, at 
varying frequencies. The elastic moduli far gels A and B s ow negligible variation 
over the frequency range, while that of gel C shows a wide variation. This implies 
that gels A and B are weli crosslinked compared io gel C, which has a much lower 
level of crosslinking. This resuBt agrees well with the qualitative ~ ~ ~ ~ ~ ~ t i ~ n ~  and 
with the !eve[ sf crsssiinking morsorvlers actually incorporated into the original 



61 

, 
I 0 RN L-DW G 93-5848 
I ... 

10-3 
10-1 

Fig. 1. Comparison of tan 8 in frequency sweeps. 
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I 
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Fig. 2. Comparison of G' in frequency sweeps at room 
temperature. ~ 
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monomer solutions. The test rsu l ts  indicate that an appropriate rheometer may be 
used to characterize the gels, thus enabling the quantitative sekct im of gels for 
altet native low.:oxiciky systems. 

5. Garrett Coapesative Research and Development Aga esment (C9iADA) 

Binder burrrocrt - Qr~e of the iiew yeli:asting systems baing evaluated is the MAM 
and the crosslinking agent plyethy!cne g l y c ~ l  dlmcthacryylaie (PEG DMA). A 
sample of the dried MAM/PEG gel was exan~ined using thermogravimekric analysis 
to determine the temperatures wher dscomp~si8ion occeits, As sfrown by the plot 
in Fig 3, the weight ioss ctme exhibits sharp inflections (rapid changes In the rate 
of weight loss) at about 170 and 355°C. These twpcratures will bs used ta help 
establish an eiiicimt binder burnout schedule for removing the polymers from parts 
cast using this gel system. 

Status of milestones 

On schedule 

0. 8. Bmahcte, "Rneoiogy sf Zirconia ABumjna Gelcasting Siurries,!' presented at 
the 1992 Spring Meeting of the Materials Research Society, San Fraiicisco, 
California, April 27 - May 1 ,  1992. 



too 

80 

60 

40 

20 

0 

63 

ORNL-DWG 93-5850 

I 
G0C/min. 

1 

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

Temperature, "C 

Fig. 3. Thermdgravimetric analysis (TGA) of the decompo- 
sition of a dried monpmer methacrylamide/polyethylene glycol 
(MAM/PEG) gel. ' 
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T. Garner and F. F. Lange (University of California) 

Three alcohols with extended carbon chain lengths between = 1 to 2 plm were 
chexra-adsorbed on a Si3N4 powder by reasting with hydroxyl surface groups at 

temperatures I 200 "C. Slurry rheology, particle packing density and body rheology 

were determined for toluene and dodecane slurries formed with these chem-adsorbed 

powders. These same properties where determined for slurries where the alcohol was 

simply added, but not reacted with the powder (phys-adsorbed powders). The 

viscosity of chern-adsorbed slurries are shear-thinning with longer chains producing 

lower viscosities at a given shear rate. The relative density of powder compacts 

produced by pressure filtration (10 MPa) was high (- 0.60) for octadecanol and 

dodecansl reacted powders, and lower (- 0.50) for the octanol reacted powder, When a 

sufficient amount (> 10 times that required for chem-adsorption) of the same alcohol 
was simply added to the unreacted 5i3N4 slurry system, the phys-adsorbed slurries 

exhibited similar rheological behavior as the chem-adsorbed slurries, but unlike chem- 

adsorbed slurries, their packing density was lower and their slurries were de-s tabilized 

by water vapor. Stress relaxation experiments showed that bodies fornicd with the 

octadecanol chem-adsorbed powders where plastic after consolidation, whereas phys- 

adsorbed bodies were brittle (fractured before flow). All evidence suggests that the 

short chained alkyl groups are steric 'stabilizers' at small interparticle distances, and 

thus prevent the particles from making surface-surface contact in common organic 

liquids, i.e., they produce a short-range interparticle, repulsive potential. Chern- 

adsorbed molecules, but not phys-adsorbed molecules, persist during pa stick packing 

and in moist environments. 
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I I. Introduction I 

It has been shown I t 2  that weakly attractive interparticle potentials can be 

achieved in aqueous alumina slurries by adjusting the pH to produce a highly repulsive 

interparticle potential (pH I. 4) and adding a large concentration of an indifferent 

electrolyte. When the electrolyte is ddded, the counterions diminish the magnitude of 

the repulsive, long-range electrostatic potential and produce a short-range, repulsive 

potential not suggested by classical Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory.3 When the salt concentration exceeds a critical value, 1 2  known as the critical 

coagulation concentration (CCC), the initially dispersed particle network becomes 

attractive. Above the CCC, the yield'strength of the particle network increases with salt 

content until a concentration wherd further additions have no further effect. 2 The 
short-range repulsive potential due ;to added salt has been confirmed with sapphire 

plates in the surface force apparatus by Ducker et al. 4 The short-range interparticle 

potential is currently believed to be 'due to a hydrated layer similar to that found for 

mica surfaces 5 and suspected for clay surfaces. 6 

Pressure filtration and centrifugation studies show that alumina bodies produced 

with slurries where particles are attractive, but non-touching exhibit high particle 

packing. 1 7  It appears that the short-range repulsive forces can act as a 'lubricant' to aid 

in the rearrangement process required for particle packing. 8 Due to the attractive 

nature of the interparticle potentials, bodies can be formed by centrifugation without 

mass segregation 9 as recently demoha ted  by the processing of unique multi-layered 

transformation toughened composites. Pn addition, bodies formed from coagulated 

slurries exhibit plastic-like body r h h o g y  11 and can be reshaped. In many respects, 

coagulated slurries and the bodies they form can have rheological characteristics similar 

to clay systems. 
with aqueous Si3N4 slurries 

exhibiting an isolectric point at pM 6 show that an indifferent electrolyte can produce 
similar effects as observed for alumida slurries when the Si3N4 surface has a net positive 

I 

Recent rheology and particle packing studies 

charge density (low pH), but not when the surface has a net negative charge density 

(high pH). In addition, although the short-range repulsive potentials appear to be 
present in the slurry state, they disdppear during particle packing, viz., the saturated, 
Si& bodies crack before they plastikally deform. 

We have considered using thd steric effect of very small adsorbed molecules as a 

second means of producing a short!range repulsive potential. It is well known 3 that 

large adsorbed macromolecules can produce long-range repulsive interparticle 



potentials. It is also well know that the macromolecules are much more effective when 

they are strongly attached, e.g,, chemically bonded (chern-adsorbed), to the surface 

rather than weakly bonded, e.g., hydrogen bonded (phys-adsorbed), Thus, adsorbed 

molecules that are short enough to dlow particles to be attractive due to their van der 

Waals potential, but sufficiently long enough to keep particles from touching and thus 

falling into a deep potential well, are expect to produce the weakly attractive particle 

network found for the salt added, alumina slurries. We chose to demonstrate this 

concept by using the reaction of different alcohols with -M-OH surface groups, a 

method patented by Iler 13 for grafting carbon chains to the surface of silica particles for 

lubrication applications. Since fler's work, bath methanol and ethanol were reported l 3  

to produce some "additional stabilization" preventing particles from coalescing or to 

form weak instead of hard agglomerates. 

Other short, adsorbed molecules have been reported to produce effects 

suggesting the presence of a short-range repulsive potential. Johnson et al. 14 note that 

oleic acid or steric acid adsorbed onto an alumina surface do not yrodwce stable non- 
aqueous dispersions but reduce the viscosity of the slurry relative to uncoated powders. 

Since these molecules are not long enough to produce a stable dispersion by steric 

stabilization, they term this the 'semi-steric effect'. They attribute this 'semi-steric effect' 

to a decrease in the apparent energy minimum because the bound molcsules prevent 

the surfaces from touching and to a reduction in the effective Hamaker constant as 

described by the Vold model 15. Bergstriim et al. 16 have shown that a series of 

adsorbed fatty acids that increase the steric barrier thickness from = 0.7 nm to 2.5 nm, 

can progressively iiicrease the maximum particle packing density. A variety of 

adsorbed, potential-deterrsnini~g counter ions (sulfate to citrate anions) are believed to 

produce short-range steric effects l7 responsible for decreasing the yield strength of 
aqueous, ZrO2 slurries. 18 

As we show below, alcohols, both chem- and phys-adsorbed on Si3N4 par ticks, 

produce short-range repulsive effects in non-aqueous slurries that are proportiana 1 to 

their molecular length. Only the stron ly bonded, chern-adsorbed molecules persist in 

a moist environment and during particle packing. Chem-adsorbed inolecules produce 

high particle packing and a plastic body rheology, whereas, phys-adsorbed molecules 

produce a lower particle packing and a brittle body. 

2. Experimental Procedure 

2.1 Preparation of Chem- and Phys-adssr 
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perfectly balanced. If a two-step weight loss was served (observations suggest that 

phys-adsorbed alcohol desorbes at a lower temperature relative to the pyrolysis of 

chem-adsorbed species) the sample was rewashed before repeating the experiments. 

Weight loss experiments were also carried out with as-received silicon nitride powder 

to obtain baseline data. 

2.3 Infrared Measurements 

FI?R spectroscopy e was use to test the hypothesis that the alcohol chemically 

attaches to the surface during the heat treatment. A sample of the E-18 powder was 

reacted with octadecanol (20OoC/2h) and a second sample of E-40 was simply mixed in 

a solution of actadecanol and toluene to phys-adsorbed the alcohol onto the surface. 

Both of these samples were then washed by repeated rinsing and decanting with 

toluene. This washing was expected to remove the phys-adsorbed but not the chem- 

adsorbed species. Each were prepared for the HR spectrometer by g indhg  the washed 

powders with KC1 powder before consolidating them under vacuum with a bolt press; 

all were uniformly translucent and gave an acceptable signal in the FTHR spectrometer. 

2.4 Kheolo@cal Measurements 

To understand the role played by the three different chem-adsorbed carbon 

chains in modifying the interparticle interaction, the viscosity vs shear rate behavior of 

each slurry was measured in a constant stress rh r f. A. cone and plate geometry 

(diameter = 5.0 cm, angle = 0.04 rad) was ch cause the stress-range of the 

instrument and slurry were compatible. Measurements were ~ ~ ~ ~ o r ~ ~ d  by placing = 1 

ml of slurry on the bottom plate and lowering the cone into place. Preliminary tests 

were run to determine the proper stress range for the sample. The sample was then pre- 
sheared at 1000 s-l for 30 s. A stress ramp (from 0 to z to 8, where T is the stress required 

to produce a shear rate of at least 1000 s-1) was then applied to the sample and the rate 

recorded as a function of both increasing and decreasing stress. Only octadecanol, 

which produced the weakest particle network, was used to compare the rheology of 

chem- and phys-adsorbed slurries. Phys-adsorbed slurries were prepared by mixing 
0.5, 1, 2, and 5 wt % of octadecanol with the Si3N4 (20 vol %) in dodecane. These 

slurries were equilibrated for at least 16 h and then remixed immediately before 

rheological measurements. The viscosity of the flocced slurries (no added alcohol) was 

too large for similar measurements. 

The effect of temperature on slurry rheology was also examined. After applying 

a stress-loop to the slurries at room temperature, they were cooled to either 5 or 10°C 
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were another stress-loop was appli4, and then the temperature raised to ambient for a 

third measurement. For some sahples, the excursion to lower temperatures was 

repeated. Condensed water was obkeved on the tool during the first runs. A nitrogen 

purge was used to prevent condendation and a comparison made between the purged 

and un-purged samples. 

The rheology of the consolidated bodies were determined with stress relaxation 

experiments were performed within a servo hydraulic mechanical testing machine g. 

Only bodies consolidated with chem- and phys-adsorbed octadecanol slurries, as well 

flocced slurries, were examined; the second batch of E-3 powder was used for these 

experiments. Details of the test ark described elsewhere. 11 Because dodecane has a 

very low vapor pressure relative 40 water, unlike experiments described for water 

saturated, consolidated bodies, it was not necessary to contain the dodecanc saturated 

consolidated bodies in a plastic bak to prevent evaporation during testing. After the 

consolidated body was placed on t i e  bottom platen, the piston was carefully raised to 

bring the top portion of the consolidated body in contact with the upper platen. A small 

compressive load of 0.5 to 2 N was applied to the sample to ensure that both platens 

were in good contact with the spech$en. 

An experiment consisted of' applying a 2% compressive strain at a relatively 

rapid strain rate of 2 see-I. After attaining the 2 % strain, the cross-heads were fixed and 

the relaxation stress was recorded with time. The stress was calculated assuming that 

the area of the specimen did not change during straining. Each experiment was 

terminated after = 20 minutes. Aft& the applied load was relaxed to zero by lifting the 

loading platen, a second experiment was conducted by applying a second strain of 2% 

to the same specimen. 

I 

I 

2.4 Pressure Filtration 

The pressure filtration devicd detailed elsewhere 19 was constructed of stainless 

steel and consisted of a cylinder with a sintered filter at one end and a movable plunger 

sealed to the wall with an wring at the other. In operation, a Teflon membrane filter (0.2 
pm pores) covered the partially dense, stainless steel filter and trapped the particles. 

Pressure was applied with a hand-operated press and consisted of an initial low- 

pressure segment until the plunger- motion ceased (=lo minutes) after which pressure 

was increased to 10 MPa. Cons lidation was estimated to be complete after the 

pressure would remain constant far a period of 1 minutes. Immediately after the 

consolidated body was removed forb the &e cavity, its dimensions were measured and 

it was weighed. Bodies prepare9 for density measurement were dried at room 

0 
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temperature in a hood. When the sample teased to lose weight (typically 1 day), the 

final weight was recorded. The initial and final weights were used to calculate the 

particle packing density -within the saturated body assulnrPling the body consisted of two 
compon~ents: silicon nitride and dodecane (or toluene) with known densities. 

3. Results 

3.1 Extent of Reaction 
Table 1 shows thes results from the TGA weight loss for thc E-3 pzcwder. The 

chemically bound organics pyrolyzed at - 250"@, while phys-adsorbed organics were 

removed at - 150°C. 'l%e values of weight-l~ss were near the precision of the thermal 

analysis system and the smallest are just a ve the weight loss observed for the as- 

received powder. For this reason, the determination of the surface site density of akly 

chains is not accurate However, it is clear that the dcohols with the higher molecular 

weights produce the largest weight loss during pyrolysis. In addition, reacted and 

washed powder were very hydrophobic, whereas phys-adsorbed and washed powders 

became hydrophilic. 

Figure I shows the IR spectrum of E-10 powder after reaction with octadecanol. 

Absorption bmds (2858 ern-1) indicative OP hydrocarbon chains of moderate to high 

molecular weight can be seen. For comparison, the spectrum from a phys-adsorbed and 

rinsed sample showed that these absorption bands are absent, indicating that phys- 

adsorbed alcohol is easily removed from the surface. This comparison is a strong 

indication that, in the rctaskion process, stronger chemical bonds form between the 

surface and the alkyl chain. [Note that the absorption bands between 2400 and 2300 crri- 
1 are the result of atniospheric r1302.11 in addition, the washed, reacted powders were 

strongly hydrophobic, whereas the washed, phys-absorbed powders were hydrophilic. 

3.2 Relative Density via Pressure Filtration 

Table 2 shows that the molecular weight of the alcohol had a strong influence on 

the particle packing density produced by pressure filtration, viz., packing densities 

produced by either chern-adsorbed octadecanol and dodecanoi were = 60 % of 
theoretical, whereas &ern-adsorbed octa no1 o Py produced a packing density of =: 50 %. 
These data suggest that a chain length for the chernxa-~d~~rbed species must > - 'I iim to 

achieve a high particle packing densiky. 

Relative density data for chem- vs phys-adsorbed (5 weight 70) octadecanol and 

for flocced slurries were ~bt&d for the second lot of E-3 wdes and are also shown 



Summary ob thermal an nl ysis Tablel resulfs for various reaction products. 

Molecular weight length* 

Azcohol (%I igimdd nm 

Octadecanol 0.17 

Dodecanol 0.15 

Octarpol 0.07 

none 0.05 

270.5 

186.3 
130.2 

2.3 
1.5 
1 .O 

* extended bond length calculated assuming a bond length of 0.154 nm and a bond 

angle of 110". I , 

0.75 

3"cJ 
:hain 
iydracarbon 

0.65 I-. 
3200 3000 

Figure 1. IR spectra of Si3N4 
simply mixed with octadecanol(5 
rinsed with toluene. The peak at 2 

1 
atmospheric 

chemisorbed 

atmospheric 

chemisorbed 

2800 2600 2400 2200 2000 

Vavenumber (em-') 

owders, one reacted with octadecanol and another 
 IT^ %, relative to powder). Both have been repeatedly 
50 cm-1 is the result of the &em-adsorbed alkyne. 
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Table 
d processing results d m  cham- a slurries containing 20 

Octadecanol them- 2.0 

Dodwanol them- 5.3 
Oct anal &em- 

Octadecanral pkys- (1%)" 20"" 
Oct adecanol phys-(2-%%)* 8 
Octadecanol chcm- 2 

none --- _- 

' weight % of alcohol added relative to Sifl4 powder 
** second 1st of Si3N4 powder 

*** Pressure Filtration, 10 MPa 

Density *** 

$0 
59 

51 

53"" (5%)' 

55"" 

48** 

-- 
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in Table 2. It can be Seen the relative backing density of the chem-adsorbed slurry is = 5 

% lower relative to the first lot of powder. In addition, the packing density of the phys- 

adsorbed powder is between that of the chem-adssr and flocced slurries of this same 

powder lot. I 

3.3 Rheological Measurements 

Both toluene and dodecane pkoduced identical results. Without any alcohol, 
S i 9 4  and dodecane mixtures formed thick pastes for volume fractions examined (2 

0.20). Namely, without either chem-absorbed alcohol or sufficient concentrations of 
phys-adsorbed alcohol, the Si3N4 dar ticle networks were strongly attractive; their 

viscosity was too high to be measured with the current instrument (slippage would 

occur at either the cone or plate beforp slurry flow. Slurries with sufficient fluidity for 

viscosity measurements could be piepared with either &em-adsorbed or sufficient 

phys-adsorbed alcohols. Figure 2 shows that slurries formed with powders that were 

chemically reacted with the specified h ~ o h ~ l s  exhibited a shear-thinning behavior. The 

lower the molecular weight of the rdacted alcohol, the higher the viscosity at a given 

shear rate. Table 2 lists the Binghad yield stress determined from this same data by 
extrapolating the stress vs shear rate data to zero shear rate. Mote that the yield stress 

scales inversely with the chain-length bf the reactant alcohol. 

Stress vs strain-rate data fo$ different phys-adsorbed, octadecanol-toluene 

slurries are shown in Fig. 3a. Similh data, illustrated as viscosity vs shear rate are 

shown in Fig. 3b for the second lot bf E-3 powder as dodecane slurries. This data 

shows that the behavior of powders mixed and equilibrated with = 1.5 to 5 weight % of 
phys-adsorbed odadecanol are similar, suggesting that the = 2 weight % octadecanol is 

sufficient to cover the surface of the powder, and to be in equilibrium with octadecanol 

in solution. These figures also show that a much smaller c ~ ~ ~ e ~ t r a t i o ~  of chem- 

adsorbed alcohol produced a lower dscosity at any shear rate, viz., the chem-adsorbed 

network was much weaker relative to the phys-adsorbed network. The rheology of 

powders mixed and equilibrated wkh the 0.5 weight 96 octadecanol could not be 

measured with our instrument due to ;heir very high viscosity. 

The rheology of selected chem- and phys-adsorbed slurries were examined over 
the temperature range of 5 to 25°C bo si cant changes were observed far chern- 
absorbed slurries under any cond tion. Fig. 4 shows the effect of 
temperature excursions on the stress vs strain-rate behavior of the phys-adsorbed 

toluene slurry prepared with 5 weigkt % octadecanol. These temperature excursions 

were done in air; water was observeb to condense on the apparatus. As shown, the 

However, i 
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labeled surface treatments. 

Viscosity of Sifl4-toluene slurries from alcohol-reacted powders with the 
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Figure 3. Rheology of Sifl4-dodeca.he slurries comparing chem- and phys-adsorbed 
octadecanol. a) Shear stress vs strain rate illustrating different Bingham yield stresses. 
b) Viscosity vs strain rate date for seconp lot of E-3 powder. 
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phys-adsorbed slurries were stron'gly affected by condensed water during these 

excursions. When a nitrogen purge ?as used to protect the samples from condensation, 

these changes were not observed. 

Figure 5 illustrates typical stress relaxation data for consolidated bodies formed 
with a) &em-adsorbed octadecanol, b) 5 weight % phys-adsorbed octadecanol and c) 

flocced slurries formulated with the iecond lot of E-3 powder as dodecane slurries. As 
shown, bodies formed with chem-adsorbed slurries are plastic, viz., rapidly relax the 

applied stress. The yield stress (retaiked stress after an extensive relaxation period) for 

both phys-adsorbed and flocced bobies is a significant fraction of the applied stress 

required to achieve 2 % strain. The hacked body shown in Fig. 6 is typical of both the 

phys-adsorbed and flocced bodies bbserved after the stress relaxation experiment 

(portions of the cracked body removeb), Le., these bodies were brittle. 

I 

4. Discussion 

4.1 Estimating Interparticle Potentials 

To estimate the effect of adsokbing small molecules onto the surface of silicon 

nitride, the van der Waals potential was calculated as a function of interparticle 

separation distance using the methodology developed by Hough and White 20 with the 

optical properties of silicon nitride *1, 22 and dodecane 20. These calculations assume 

that the Hamaker constants of the adsorbed species are identical to the solvent; the 
effective Hamaker constant for Si&in dodecane calculated to be A = 4 x 10-20 J. Using 

the short-range approximation (h <c a) for the van der Waals potential (E): 

A a  

12 h '  
--- E =  

where a is the particle radius and h is the surface to surface separation distance. 

tential as a function of distance from 

the surface for a pair of 0.4 p diaieter particles. Twice the length of octyl, dodccyl 

and octadecyl chains are marked ox the plot, representing the separation distance 

where fully extended adsorbed modecdes on approaching particles would begin to 
interact. As shown in Fig. 7, the length of each molecule is too short to produce a long- 

range repulsive interparticle potential, viz., the van der Waals potential is strong 

enough to cause the particles to be attractive before the molecules interact. With the 

assumptions that a) the work done by the van der Waals forces is insufficient t~ remove 

Figure 7 shows a plot of this calculated 
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Figure 5 Stress relaxation after consolidated body was strained to 2 % for a) plastic 
behavior for body consolidated from chern-adsorbed, octadecanol, dodecane slurry, b) 
body formed with phys-adsorbed octadecanol, dodecme slurry, and c) body formed 
with flocced, dodecane slurry (no alcohol). dies in latter two figures are brittle (crack 
before flow-see Fig. 6).  
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Figure 6 Cracks observed after sfdess-relaxation experiments in bodies produced 
with a) phys-adsorbed (octadecanol) and b) flocced (no alcohol), Si3N4-dodecane 
slurries. Portions of body in b) are removed to show fractured body. Both bodies are 
brittle, viz., fracture before flow. (Diameter of pressure filtered bodies are 25 mm). 
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the adsor olecules as the ticles approach e another and b) the equilibrium 

particle s e ~ ~ ~ ~ ~ ~ n  distance du  the short-range repulsive potential produced by the 

he extended chai h, it is clear that for this size 

range of molecuPes, small differhces in molecular chain length translates into large 

differences in the de th of the potential well were article reside due to the attractive 

ied here will produce 

an attractive, but ~ o n - ~ ~ ~ c ~ ~ g  pdrticle network, where the de of the potential well, 

and thus the network strength, w h  be inversely gr iional to the molecular weight of 
s simple model s ts that the short-range repulsive 

potential might e varied by chathging the  la^ weight of an adsorbate. Because 

an attractive parlide network for 1 shear thin (work 

is required to reak apart the attractive partic and that the viscosity at any 

given shear rate will be inversely p ~ o ~ o ~ ~ i o ~  th of the potential well (the 

maximum force required to separate the past ned €ram the differential of 

tential curve, increases with well dept ted rheological behavior is 

observed: all slurries are shear t ~ ~ ~ n ~ ~ g  and slurries with higher molecular weight 

I 
I 
I 

organic chains. 

nts had lower viscosities. 

4.2. Particle Fa ng Density vs M ~ l e c u l ~  

ange and shod-range repulsive forces can be effective lubricants 117 

for the rearrangement processes~ required to increase the packing density with forces 

applied to the particle network. In effect, repulsive forces lower the coefficient of 

friction between particles to allok easier ~ ~ a ~ r ~ ~ e ~ ~ n ~ .  It is known that when only 

attractive van der Waals interparticle potentids exist, it is difficult to achieve a high 

acking density due to the strongly cohesive particle network. .19 It can be 

tween particles is roportional to the 

depth of the potential well in which attractive particles reside. Namely, for a given 

particle surface morphology, the 'highest coefficient of friction will exist when only van 

der Waals interparticle potentials exist. A short-range repulsive potential, summed 

with the van der Waals potential hill decrease the coefficient o€ friction in proportion to 

the change in depth of the poteniial well. Wi s reasoning, one can understand why 

particles with reacted octyl chains pack to the lowest density, v k f  as suggested in Fig. 7, 

octyl chains are expected to res$lt in the deepest p o t e n ~ ~ ~ l  well relative to the longer 

chains examined. uce the strongest attractive particle network observed 

through rheological measureme+s. 

ight of Adsorbed Species 

at the caefficienlt of friction 
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4.3. Chem- vs Phys-ad 

Although slurries made from chem-ads rbed and phys-adsorbed molecules 

show similar shew thinning behavior, larger mounts (> 2 wt %I of alcohol are required 

to produce the same rhml ical prcaperties as observed for the chem-adsorbed slurries 

(e 0.2 wt %) and phys-adsorbed slurries have higher Bingham yield stresses. The 

chemical bond formed during the reaction makes the &ern-adsor cd samples resistant 

to water contamination during processing. For the ghys-adsorbed species, the water 

appears to replace the alcohol on surface sites elininathg the short-range repulsion 

potential. In addition since the phys-adsor d slurries did not pack as well as the 

d slurries, and phys-adsorbed bodies were brittle, it appears that the 

compressive force between particles that exists during consolidation is sufficicn t to 

'push' away phys-adsorbed molecules. 

Although our studies only used alcohols as phys-adsorbed species, other species, 

such as acids or amines, may provide stronger 

range repulsion potentials at lower concentrations. One khe ~ t h ~  hand, the polar 

nature of these bonds will also make them susceptible to water as observed for the 
phys-adsorbed alcohol studied here. The large decrease in packing density of A1203 
powders with the molecular weight of adso d fatty add reported by ergstrom et a1 

16 strongly suggests that the fatty acids were also weakly bonded to the surface and 

could be 'pushed' away during particle packing. 

5. Summary 
wders react with low molecular weight alcohols at 

moderate temperatures and reasonable times. gh 

do not form stable dispersions, but form a eakly attractive article network in liquids 

in which the alcohol is soluble. Rheological and packing measurements strongly 

suggest that the particles are not in surface to surface contact because the short chain 

uct prevents this contact in a manner similar to the well known steric 

effects 2 produced by much larger, adsorbe macromolecules. Namely, the short chain 

molecules on the surface pr uces a short-range repulsive p tential. We propose that 

the depth of the potential well in which the particles reside due to the sum of the van 

der Waals atwactive and short-range repulsive potentials is inversely proportional to 

the chain length (or molecular weight) of the reaction product. For this reason, the 

attractive, but non-touching particle network exhibits shear thinning behavior and the 

strength of the network, and thus the viscosity of the slurry, is inversely proportional to 

The surfaces silicon nitride 



the chain length of the reaction product. High particle packing is achieved during 
pressure filtration when the attractitie network is weak, where the short-range repulsive 
forces act as effective 'lubricants' required for particle rearrangement. Non-reacted, 
phys-adsorbed molecules can also' produce weakly attractive networks with in the 
slurry state, but phys-adsorbed milecules due not persist in moist environments and 

during particle packing. A minus&.de amount of chem-adsorbed alcohol is needed to 

produce the short-range repulsive interparticle potential; the presence of a strong 
chemical bond with the surface ate attractive for processing, viz., slurries are not 
effected by moisture (do not age); The chem-adsorbed alcohols have several 
environmental advantages, viz., they produce very smaller volumes of gas during 
pyrolysis and the organic liquids $sed in the slurry are stable and easily purified for 
reused. The major by-product of the powder-alcohol reaction is water. 

As expected, preliminary observations show that alkylated surfaces can be 
produced with most ceramic powders. The similarity of the alkylated surfaces of nearly 
all ceramic powders is of great tecl?nological significance. Namely, discounting large 
differences in the Hamaker constani for different particle chemistries, the rheology and 
particle packing behavior of mixed powder systems are expected to behave in a similar 
manner described above. In addition, the attractive nature of the mixed, particle 
network will prevent phase segregation 9# and will thus lead to more homogeneous 
mixtures, especially for systems ljke Si3N4 which requires the addition of a second 

phase powder to achieve densifica&n. 

I 
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1.2.2 Silicon Nitride bfatrix ~ 

Ch-actenza~km of G r h  Bounddry Phases iri Silicon N i t d e  Ceramics 
1. M. Peterson and T. Y .  Tien (The University of 

The objective ofthis investigation is to develop silicon nitride ceramics with 
high flexural strength, high fracture toughness 
resistance. The fiber-like structure of the R-Si3 
sintering the silicon nitride ceramics at higher temperature under higher 
nitrogen pressure. The composition of the sintering additives will affect the 
microstructural development, grain boundary characteristics, and hence , the 
mechanical properties. The grain boundary phases have never been 
synthesized separately and thdir properties have never been studied. The 
goal of this project is to synthesize and characterize the grain boundary 
phase and ta understand the relationships between the nature of the grain 
boundary phase and the properties of silicon nitride ceramics. It is believed 
that with a thorough understanding of these relationships, ceramics with 
optimum mechanical properties can obtained. 

Glass forming compositions in the system Si& 
study. Compsotions studied were in the compatibility 
condierite and N-phase. N phalse has a composition 2SiZNZQ:MgAl204. 
Both cordierite a 
that of silicon ni 

re selected for this 
gle Si3N4, 

N-phase have thermal expansion coefficients lower than 
I 
I 

Technical Promess 

The glasses w e  synthesized frpm the starting powde~s~ A2203, Si3N4,Si02 
and 
mor 
melted at tempera 
composition, for two hours under '110 atmospheres of N2. Th 
quenched by turning off the power to  the hmace, and cool 
temperature in approximately '3 hours. The compositions were verified by 
EPMA after firing. The presenpe of crystalline phases was determined by x- 
ray difiaction: only samples which did not show any crystalline peaks were 
used to determine the thermal: expansion coefficient and Tg. 

d by'hand with isopropyl alcohol with an agate 
, and dold pressed into pellets. The pellets were 
etween 1650°C and 1700"C, depending on the 

The thermal expansion coeffkilent was measured from room temperature to 
1208°C using an al-mina single rod dilatometer calibrated with a fused silica 
standard. The value of the theha1 expansion coefficient form room 
temperature to 51.5"C was calculated. The Tg was determined from the 
dilatometer trace. I 
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As shown in Figure 1, the thermal expansion coefficients of cordierite-based 
glasses with up to PO wt % Si3N4 show the ~ x p e c k d  decrease in thermal 
expansion coefficient with increasing nitrogen content. The effect of varying 
the cation ratio can be seen from Figure P as well. For  co positions with the 
same N/Si ratio, the addition of Si3N4 as the nitrogen s rce causes a larger 
decrease in the thermal expansion coe cient than the addition ofN phase as 
the nitrogen source. When N-phase is used as a nitrogen source Mg and Al 
ions are added to  the cordierite glass which would lower the average 
coordination number of the cations in the glass and partially offset the eEect 
of the nitrogen. 

The glass transition temperature shows alinear increase as the weight 
percent of Si3N4 increases, regardless of changes in the cation ratio as shown 
in Figure 2. The glass transition temperature far cordierite-based glasses can 
be fitted to an equation of the form: 

Tg = 829,5 -+ 10.9 X 

where X is the weight percent silicon nitride added. If Tg is plotted as a 
function of Si/O ratio, the effect of the cation content is evident in the 
separation of the two thermal expansion vs composition curves. The addition 
of nitrogen in the form Si3N4 has a greater effect on Tg than the addition of 
the same amount of nitrogen in the form ofN phase. Once again, this reflects 
the change in the structure of the glass with a change in cation ratio. 

Status of Milestones 
On schedule 

Publica tiong 
None 
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Optimizatiorz of Mechaitical Properties of Silicon Nilride Ceramics 
K .  Houser, K.  J. Lee, and T. Y. Tien (The University of Michigan) 

Objective/$coDe 

The objective of this project is to develop processing techniques to obtain 
silicon nitride ceramics with a controlled grain morphology for optimum 
mechanical properties at room temperature as well as at high temperatures. 
Silicon nitride ceramics exhibit high flexural strengths and high fracture 
toughness when the microstructure contains fiber-like P-Si3N4 grains. 
Obtaining these fi er-like P-Si3N4 grains depends upon the sintering 
conditions and the grains' interaction with other phases present. Ideally, if 
the equilibrium conditions between the phases present are understood as 
well as the kinetics controlling the growth of these fiber-like grains, one could 
ultimately tailor a silicon nilride ceramic's microstructure for certain 
mechanical properties. This project will focus on these structure-property 
relationships for one composition in the Si,Al,Y/N,O system. 

This project will be working with compositions from the P-Si3N4 - a'-SiAlON 
two-phase region along the Si3N4-U203:9AlN join in the Si,Al,Y/N,O system. 
The a'-SiAIQN phase has a cornposition Y 1 / 3 m S i l 2 - ( m + n ~ l ~ + * ~ ~ ~ - n O n ,  
which can be obtained by mixing the proper amounts of the compounds 
Si3Nd9A1203, AlN, and Y2O3. During hot pressing, this composition was 
found to form a liquid phase that aided in densification during the initial 
stages of sintering and was later reabsorbed into the silicon nitride lattice. 
One objective will be to  see if this transitional liquid phase sintering is 
possible under pressureless sintering conditions, and if the resulting 
microstructure contains any liquid phase at  the grain boundaries. This work 
will be performed initially using a composition of 3Owt% a'-SiMON and 
70wt% p-Si3N4 . Once the feasibility of pressureless sintering has been 
established, a controlled study of the growth of the fiber-like p-Si3N4 grains 
and the a'-SiAlON grains will be performed. 

Status o f Milestones 
On schedule. 

Publications 
None. 



In-Situ Reinforced Si7  icon^ Nitride 
H. Yeh and J. Pollinger (Ghrrett  Ceramic Components) 
C-W. L i  and J .  Yamanis (Allied-Signal Research & Technology) 

OBJECTIVE/SCOPE 

The object ive of this~program i s  t o  develop compositions and 
processes t o  o b t a i n  h i g h  f rac ture  toughness and strength f o r  s i l i c o n  
n i t r i d e  (Si3N4) based cerahic materials t h r o u g h  microstructure 
control .  Resulting microstructures would have elongated grains  t h a t  
would promote crack bridgihg and def lect ion toughening mechanisms. 
These types of materials khown a s  i n  s i tu  reinforced ( I S R )  Si3N4, are  
intended f o r  application io advanced heat engine components. A 
s i g n i f i c a n t  amount of the improved mechanical propert ies  must be 
retained t o  elevated ternpet-atures. The properties should n o t  
subs tan t ia l ly  degrade over' time and would thus allow the material t o  
survive s t r e s s  under extended exposures a t  h i g h  and  moderate 
temperatures in oxidizing knvironments. The mechanical property goals 
of the program are  l i s t e d  below: 

Modulus o f  Rupture a t  ~ 2 5 O C *  
Modulus of Rupture a t l  12OO0C* 
Modulus of Rupture a t  14OO0C* 
St ress  Rupture a t  1000°C# 
St ress  Rupture a t  120$loC## 
Wei bull Modulus+ I , 
Fracture Toughness, K i c  a t  room temperature** 
Maximum Use Temperatute 

900 MPa (130 k s i )  
630 MPa ( 90 k s i )  
490 MPa ( 70 ks i )  
630 MPa ( 90 ks i )  
490 MPa ( 70 ks i )  
20 
10 MPaJm 
1 4OO0C 

The technical e f f o r t  +is divided i n t o  two s tages .  The f i r s t  stage 
shal l  be a refinement stagb (Tasks 1 and 2 )  and  shall  focus on the 
e f f e c t s  and interact ions of the chemical composition and  thermal 
processing var iables  on mikrostructure, mechanical behavior, and 
oxidation res i s tance .  
the required amount o f  s in te r ing  aids ,  room temperature s t rength,  
Weibull s t a t i s t i c s ,  and c r i t i c a l  flaws shall  be assessed. The goal 
f o r  t h i s  stage shall  be  to^ ident i fy  conditions which improve the 
base1 ine material and t o  map composition-processing-property 
re la t ionships .  The second stage shall  be an optimization stage (Tasks 
3 ,  4 and 5)  and shall  focu! on the development o f  ISR S i 3 N 4  with 
optimized microstructure and properties which meet or exceed the 
property goals and on  the hstablishment of composition-processing- 
property cor re la t ions .  
shal l  be fabricated i n  o r d e r  t o  demonstrate process f e a s i b i l i t y .  

I n  b a r a l l e l ,  the e f f e c t s  o f  green processing on  

 in^ a d d i t i o n ,  a simulated engine component 

I - - - - - - - - - - - - - - - - - -  
* Four p o i n t  f lexure using Department of Defense MIL-STD-1942 

# ** 
t 

( s i z e  B) t e s t  Specification 
S t ress  a t  w h i c h  $ample shall  survive 100 h a t  1000°C. 
Measured by Chevron notch method. 
As determined byimaximum likelihood method. 
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The t e c h n i c a l  e f f o r t  was i n i t i d t e d  i n  February 1992.  During t h i s  
r e p o r t i n g  per iod  (Apri l -September  1992) ,  Task 1 was completed 
(Milestone 122601) )  and Task 2 was i n i t i a t e d .  

I- Technical Hiqhl i q h t s  

TASK 1 - Composition and Process Development 

'Ihe o b j e c t i v e s  o f  t h i s  t a s k  i s  t o  determine t h e  r c l a i i o n s h i p s  
among the  v a r i a b l e s  which cont ro l  t h e  development of  m i c r o s t r u c t u r p  o f  
t h e  proposed i n  s i t u  r e i n f o r c e d  S i  Nq.  The focus i s  d i r e c t e d  t o  t h e  

which had been developed a t  Al l ied-Cignal  prior t o  t h e  i n i t i a t i o n  o f  
this program. The AS800 Si3N4 b a s e l i n e  compoTition i s  composed o f  
three s i n t e r i n g  a i d s  (des igna ted  S A I ,  SA2  and SA3, p r e s e n t  i n  arriorint-s 
of  W1, W2 and W3, expressed a s  weight percent  o f  t o t a l  b a t [ h  mass, 
r e s p e c t i v e l y )  and a g r a i n  growth  modi f ie r  (GGM p r e s e n t  i n  an airiount o f  
W, weight p e r c e n t ) .  S l i p  c a s t i n g  has been chosen as t h e  b a s e l i n e  
green forming process  for  t h i s  prograiii i n s t e a d  o f  t h e  cold  i s o s t a t i c  
process which had been uced i n  t h e  prior development work. 
commercial, h i g h  p u r i t y ,  and f i n e  s i 1  icon n i t r i d e  powder r i c h  i n  
a - S i 3 N 4  has been chosen as  t h e  b a s e l i n e  powder ( B S N ) .  

ref inement  o f  the  b a s e l i n e  mdter ia  i( composition (ASSSOj and processes  

A 

E f f e c t s  o f  thermal p r o c e s s i n g ,  g r a i n  g r o w t h  m o d i f i e r ,  s i n t e r i n g  
a i d  SA3 c o n c e n t r a t i o n ,  and g r a i n  boundary c r y s t a l l i z a t i o n  on 
mechanical p r o p e r t i e s  and o x i d a t i o n  behavior have been examined. 
Although o t h e r  mechanical p r o p e r t i e s  were a1 so measured, f o u r - p o i n t  
bend strength w a s  used a s  t h e  major  proper ty  t o  e v a l u a t e  t h e  e f f e c t  o f  
process ing  and composition v a r i a t i o n s .  
report ,  some d a t a  were presented  o n  t h e  s t r e n g t h ,  toughness (short  and 
long crack  toughness)  and o x i d a t i o n  behavior  of  AS800 ceramics  
obta ined  from v a r i a t i o n s  i n  t h e  base1 ine  thermal process ing  c o n d i t i o n s  
and i n  the  amount o f  g r a i n  growth m o d i f i e r .  
the  i n c o r p o r a t i o n  of  an i n i t i a l  hold per iod in  t h e  d e n s i f i c a t i o n  c y c l e  
improved t h e  mechanical p r o p e r t i e s  o f  t h e  f i n a l  ceramics .  (The 
b a s e l i n e  d e n s i f i c a t i o n  c y c l e  only comprises two hold p e r i o d s ,  
hencefor th  des igna ted  a s  i n t e r m e d i a t e  and f i n a l  s t a g e s ,  r e s p e c t i v e l y . )  
Addit ional  experiments  were performed i n  t h i s  report- i  rig period t o  
f u r t h e r  e v a l u a t e  t he  e f f e c t s  o f  thermal process ing  and composi t ion.  
D e t a i l s  were r e p o r t e d  i n  t h e  l a s t  t h r e e  bi-monthly r e p o r t s .  
i s  p resented  bel ow. 

I n  t h e  l a s t  sonii-annual 

-. 
Ihe d a t a  suggested t h a t  

A summary 

During Task 1,  a t o t a l  of twenty-s ix  ( 2 6 )  batches o f  AS800 of 
v a r i e d  composi t ions and s i n t e r i n g  c o n d i t i o n s  were f a b r i c a t e d ,  and 
e x t e n s i v e  c h a r a c t e r i z a t i o n s  were conducted, inc luding  s t r e n g t h  a t  room 
and h i g h  t empera tures ,  i n d e n t a t i o n - s t r e n g t h ,  s t r e s s - r u p t u r e  t e s t i n g ,  
o x i d a t i o n ,  and c r y s t a l l i z a t i o n ,  e t c .  The r e s u l t s  were used t o  a s s e s s  
the  e f f e c t s  (or  t r e n d s )  of t h e  composition a n d  s i n t e r i n g  c o n d i t i o n s  on 
f i n a l  m a t e r i a l  p r o p e r t i e s .  

With regard t o  composition e f f e c t s ,  i t  was found that,  t h e  
b a s e l i n e  composition and i t s  m o d i f i c a t i o n s  can be s i n t e r e d  t o  f u l l  



dens i ty  under a va r i e ty  o f  ~ s in t e r ing  condi t ions .  The r e s u l t a n t  dense 
ISR s i l i c o n  n i t r i d e  ceramics possess good p rope r t i e s .  
p rope r t i e s  and processing b a r m e t e r > ,  a processing window was defined 
which i s  i m p o r t u n t  f o r  the ~ successful rrianufdcture o f  engine components 
from t h i s  mater ia l .  In t h ~  middle of Task  I ,  an  a1 t e r n a t e  S i 3 N 4  raw 
ma te r i a l ,  designated a:, AS!/ powder. was found t o  have a benef ic ia l  
e f f e c t  on thr? s t rength  proper t ies  o f  the  AS-800, and i s  commercially 
ava i l ab le .  S i n c e  then ASN'has then been se lec ted  a s  the  standard 
Si3N4 powder for  t h i s  proyram. 

mater ia l  were pores a r i s i n b  from unoptimized green processing. After  
s l i p - c a s t i n g  process was improved, t h e  super- large n-Si3N4 gra in  near 
the  t e n s i l e  sur face  o f  the  f lexure  bars became the  predominant 
f r a c t u r e  o r i g i n  o f  the  ma te r i a? ,  instead o f  the  processing pores.  
Therefore,  one o f  t he  m a i d d i r e c t i o n s  i n  l a s k  1 has been t o  f ind  ways 
t o  reduce the  s i z e  and poplilation of there  super - la rge  g ra ins  in  the  
material  without s a c r i f i c i n g  t h e  toughness I 
modif icat ions,  e . $ .  , changing the  c o n t e n t  of the  gra in  growth  
modif ier ,  have shown some t f f e c t s ,  i t  wds founcl t h a t  the  f i r i n g  
schedules have a much s t ronger  impact on reducing the  super - la rge  
gra in  s i z e  and, henre, impk-ove the  s t rength  of the  ceramic. A t h ree  
s tage  s i n t e r i n g  process was developed. The s tages  and t h e i r  funct ions 
a re :  i n i t i a l  s t age ,  c o n v e r p i o n  o f  a - S i  Nq t o  f i - S i ? N $ ;  in termediate 

microstructure  developmenti; and f i n a l  s tage :  f u l l  derisi f i c a t i o n  with 
grain-growth control I (he '  e f f e c t s  of temperatures and  times of the  
th ree  s t ages  were evaluated and  the  experimental r e s u l t s  i nd ica t e  a 
thermal schedule o f  ( r  +15p0c,tI), (1Z-250L,tk0.5h), and (-r3-zo0c,t3- 

exce l len t  s t reogth  with high toughness ( inden ta t ion - s t r eng th ) .  
However, i t  s h o u l d  be p o i n t e d  ou t  t h a t  these  condi t ions a re  optimum 
f o r  a s l i p - c a s t  block h a v i b g  d imens ions  o f  - 2 . 7 5 "  x 2 . 7 5 "  x 1 " .  
the  composition 8.8W3 SA3 i ( t o t a l  s i n t e r i n g  a ids  amount unchanged from 
t h a t  of the  base l ine ,  \ d o ) ,  @.331J,, GGM, a n d  ASN Si3N4.powder. Further 
optimization may be reyuir~d f o r  changcs i n  composition, s i l i c o n  
n i t r i d e  powder., block dimensions, e t c .  

Based on the  

I 

I n  the  ea r ly  s tages  o f  t h i s  t a s k  the c r i t i c a l  flaws i n  the  

A I  though composition 

stage, dens i f i ca t ion  t o  a dens i ty  o f  - 4 2 - 9 7  t heo re t i ca l  and 

l h )  yenerdtes a micros ! rucfure  which  irnparts t o  the  ISR ceramic 

and 

Oxidation behqvior  o f  AS800 was inves t iga ted  a t  t he  intermediate  
temperature (.-EQOO%C) and h i g h  temperatures (rlJO0OC). 
t h a t  t he  o x i d a t i o n  behavio'r i s  n o t  only a f fec ted  by camposition b u t  
a l so  on s i n t e r i n g  sched16le, GMM content ,  and gra in  boundary 
c rys t a l  1 i z a t i  on .  a 1 o w  f i  r s t - s t a g e  s i n t e r i n g  
temperature tends t o  dcqrape the  intermediate temperature oxida t ion ,  a 
higher content o f  the  GGM tends t o  degrade the h i g h  temperature 
Oxidation r e s i s t a n c e ,  and 'a c r y s t a l l i z a t i o n  treatment tends t o  reduce 
the  weight g a i n  a t  intermuldiate temperature and increase the  weight 
gain a t  h i g h  temperatures. '  Notwithstanding these  complications,  i n  
general samples containiny W3 o f  SA3 tend t o  show a higher weight gain 
a f t e r  a 13QO°C/lQ0 hr treatment t h a n  the  sample containing O.8W3 o f  
SA3 and samples containiricj l e s ?  t h a n  O.SW3 tend to show excessive 
weight gain a f t e r  a l Q @ @ ° C i / l O O  hr oxidation heat- t reatment .  

I t  was f o u n d  

Speci S i  c,al 1 y 



96 

Table 1 summarizes the typical  proper t ies  f o r  AS-800 mater ia l s  
generated in the  l a t e r  s tage o f  Task 1 .  Note t h a t  property values a re  
rounded numbers which represent  typical  p roper t ies ,  and  s p e c i f i c  batch 
t o  batch proper t ies  can be found i n  the  e a r l i e r  b i m o n t h l y  r epor t s .  As 

the  RT Weibull modulus, 1 2 0 O O C  and  1400°C s t r eng th ,  and  the  
1200 C s t r e s s - rup tu re  proper t ies  a l l  meet the  program goals ,  while 
o ther  proper t ies  need fu r the r  improvements. 

TABLE 1. Typical Experimental AS800 Proper t ies  

Properties Exp. AS800 Prog .  G o a l  

4-pt Bend Strength (MPa) 
RT 
120OoC 
14OO0C 

We i b u  11 
Fracture Toughness (MPa.dm) 
O x i d a t i o n  Weight Gain (mg/cm ) 2 

1000°C/lOO h 
1300°C/100 h 

1000°C/lOO h 
120OoC/1OO h 

Stress Rupture Life (MPa) 

8 5 0  

6 5 0  

5 5 0  

20  

8 . 5  

0.1 
0 . 4  

500 
550 

900  

6 3 0  
490 

2 0  

1 0  

-I 

- 

6 3 0  

490 

TASK 2 - Material Property Character izat ion 

Task 2 requi res  the  se lec t ion  o f  a t  l e a s t  four compositions, 
based on Task 1 r e s u l t s ,  f o r  a more comprehensive cha rac t e r i za t ion ,  
including s t r eng th ,  toughness, oxidat ion,  post-oxidat ion s t r eng th ,  and 
c r y s t a l l i z a t i o n  behavior. I n  se lected cases ,  the  s t r e s s - r u p t u r e  l i f e  
a t  l Q O Q ° C  and creep r e s i s t ance  a t  high temperatures sha l l  a l s o  be 
evaluated.  Moreover, the  microstructure  ( 2 - D  g r a i n  s i z e  and aspect 
r a t i o )  of  se lec ted  materi a1 s sha l l  be charac te r ized .  The r e s u l t s  wi 11 
be used t o  guide the  f ina l  optimization of the  material  under Task 3 - 
Composition and Property Optimization. 

Four compositions have been se lec ted  f o r  Task 7. and  a r e  given in 
Table 2 .  The to t a l  amount o f  s in t e r ing  a ids  wil l  be kept constant  a t  
W Q .  
Fabrication of t e s t  specimens a re  under way. 

More compositions may be included i f  deemed necessary.  
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Table 2 .  ~ Compositions f o r  Task 2 , 
1 Composition S A 3  Contdnt GGM C o n t e n t  Molar SA2/SA1 Ratio1 

0 -  6IW3 
0.80W3 
0 .  80W3 
0.80W3 

O.33Wm 
0. 33Wm 

0. 33Wm 
0 .  oow, 

MO 
MO 
MG 
4 M ~  

Examination o f  the limi'ted d a t a  collected i n  Task 1 shows t h a t  
one area w h i c h  needs more at tent ion i s  the e f f e c t  o f  c r y s t a l l i z a t i o n  
on the thermal and mechanical properties o f  the f ina l  ceramic. I t  has  
been observed t h a t  c r y s t a l l i z a t i o n  o f  g r a i n  boundary phase typ ica l ly  
reduces the RT strength by -10%. Therefore, character izat ion o f  b o t h  
the as-s intered and the crysltallized materials will be performed under 
this Task t o  obtain a more complete understanding. 

Status  of Milestones I 

Milestone 122601 (Refinement o f  baseline composition) was 
completed on schedule i n  thi 's  reporting period. 
other milestones are on schedule. 

The progress o f  a l l  

Communications/Visits/Travel 

C - W .  L i ,  J .  Pollinger,  
15-16 t o  present an update c 

Problems Encountered 

None 

Pub1 ica t ions  

None 

1. Yamanis a n d  H. Yeh v i s i t e d  ORNL on J u l y  
I' t h i s  program. 
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1.2.3 

. J. Jones, K. k. Ploetz, 
isnal Laboratory) 

Initially, this work involved development and characterization of Sic whisker- 
ceramic eaniposites for improved mechanical performance. To date, 

most of the efforts involving Si@ whisker-reinforced alumina, mullite, silicon nitride, 
and sialon have been completed. In addition, studies of whisker-gro 
were initiated to improve the mechanical properties of Si@: whiskers by reducing their 
flaw sizes and, thereby, improving the mechanical properties of the composites. 
Currently, in situ acicular grain growth is being investigated to improve fracture 
toughness af silicon nitride materiak. 

Microstructure Development Pressure-Sintering (GP 
ctures and obtain high- 

h~ases. Samples have been 
reviously. The refractory grain 

one technique used $0 grow elongat 
silicon nitrides with refractory grain-b 
fabricated at ORNb and initial resuit 
beunday phases fall into two general ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ j ~ ~ ~ ~  (1 ) rare-earth silicates, based 
on MzSi2O-r as the crystalline intergranular phase, where M = Y, Yb, La, or Nd; and 
(2) grain boundary phases based an the rare-earth-sxidc and nitride apatites, such 
as Sr2Yg(SiO4)602, Ba2Yg(Si04)602, Mg2Y~(Si04)602, ~ r 2 ~ ~ ~ ~ ~ i 0 4 ~ ~ ~ 2 ,  and 

Samples were fabricated by turb milling 1 to 12% rare-earth-oxide ("20 
ba283, or Yb203j and 1 to 8% Si02 additives. The apatite materials also had 
MgO, or BaO added to the mixtures. Both slip-casting and col&s-issstatjc-pressing 
(CIFP) have been used as the green forming method. Initial densification results were 
reported previous1y.1 

prepared. These specimens contain Ube E-18 silicon nitride and t 
sintering aid additives ts form the desired crystalline intergranular 
campositions were formulated with 0 to 2Y6 excess Si02 and c ~ n t  
4.3 to 8.0 equivalent '$4 total initial oxygen. Several batches of sarnpl 
pressure sintered in two-st e cycle furnace runs, and the densification results are 
summarized in Tables 1 a 2, Densification as a function of equivalent oxygen con- 
tent for selected furnace R is shown in Figs. 1 and 2. As shown in Fi 
the samples with t-are-eai-th silicate grain bauncla phases densified to 
T. D. As shown in Fig. 2, sampies with the rare- rth apatite grain bau 
and having excess Si02 densified ta >99% T. D. (samples TRSN-2, -3 
Hawever, the other sairrpies with no excess Si02 densified readily anly at the 
1900 bo 1950°C sintering conditions. Preliminaty X-ray results indicate the formation 
of some intermediate phase formation at temperatures of 1760 to 1860°C. 

s r2Li%@( Si04)&@. 

Additional compositions cant ing a reduced amount of sintering aid were 



Table 1 , Compositions, dens'ities, and properties of gas-pressure sintered samples. 

I 
Density and Property Measurements 

Composition ~ Fracture strength 
Sample Sintering w t %  Theoretical Bulk Percent % Open % Weight 

Sintering Conditions: 1850°C 2 h 50 psi/19OO"C 2 h 300 psi 

ID aid oxides density density th. dens porosity loss FIT* 1200°C 

SC-281 Silicate 7.6Y4.2Si 1 3.25 3.24 99.7 0.09 1.86 
56-282 Silicate 3.4Y5.3La4.1Si ~ 3.30 3.27 99.1 0.27 1.47 672 t 39 525 t 25 
SC-283 Silicate 10.6La4.1Si ~ 3.34 3.32 99.5 0.05 2.17 556225 574t 74 

SC-290 Apatiie 11.2Lal.kr3.3Si ~ 3.37 3.34 99.1 0.01 2.06 
SC-291 Apatite 7.9Y2.7Ba3.4Si 1 3.29 3.02 91.9 0.15 2.34 
SC-293 Apatite 8Y1.8Sr3.4Si ~ 3.27 3.26 99.6 0.14 2.58 730t51 464234 

Sintering Condiions: 1850°C 2 h 50 psVl95O"C 2 h 300 psi 

SC-281-4 Silicate 7.6Y4.23 i 3.25 3.27 100.5 0.07 3.46 471 t 15 200t 122 
~ ~ - 2 ~ 2 - 4  Silicate 3.4~5.3~a4.1~i  ~ 3.30 3.28 99.5 0.11 2.42 424 t 151 4902 41 
SC-283-4 Siiicate 10.6La4.1Si ~ 3.34 3.33 99.8 0.09 3.28 499 t 101 555 t 40 

SC-290-4 Apatite 11.2La1.8Sr3.3Si , 3.37 3.34 99.1 0.12 2.97 

SC-293-4 Apatite 8Y1.8Sr3.4Si 3.27 3.29 100.5 0.41 3.50 647 i 17 4.24 i 30 
SC-291-4 Apatite 7.9Y2.7Ba3.4Si ~ 3.29 3.06 93.1 0.78 3.34 752 f 64 3752 19 

I 
Sintering conditions: 1750°C 4 h 15 psi 

SC-281-5 Silicate 7.6Y4.2Si 3.25 3.10 95.4 0.02 1.99 
SC-282-5 Silicate 3.4Y5.3La4.1Si ~ 3.30 3.21 97.2 0.03 2.25 707t 8 411 i 103 
SC-283-5 Silicate 10.6La4.1Si 1 3.34 3.30 98.8 0.08 3.11 647 t 33 510 t 53 

I 

I 

SC-290-5 Apatite 11.2Lal.8Sr3.3Si ~ 3.37 3.31 98.2 0.12 3.08 
SC-291-5 ApatPe 7.9Y2.7Ba3.4Si ~ 3.29 2.55 77.6 14.82 3.99 
SC-293-5 Apatite 8Y1.8Sr3.4Si ~ 3.27 3.20 97.9 0.00 2.19 77at 28 447* 20 

SC-281-6 Silicate 7.6Y4.2Si ~ 3.25 3.19 98.1 0.03 2.36 §78t 11 549 i  11 

I 
Sintering Conditions: 18OO'C 4 h 15 psi 

SC-282-6 Silicate 3.4Y5.3La4.1Si ~ 3.30 3.22 97.7 0.02 2.13 465i8 456t47 
SC-283-6 Silicate 10.6La4.1Si 3.34 3.31 99.0 0.08 2.48 4 6 3 ~ 4 7  546t46 

SC-290-6 ApatPe 11.2Lal.BSr3.3Sl ~ 3.37 3.34 99.2 0.07 2.30 

SC-293-6 Apatite 8Y1.8Sr3.4Si ~ 3.27 3.23 98.9 0.00 1.26 697 t 56 475 i 20 

Sintering Condltians: 1850% 4 h 15 psi ~ 

~ 

, 

SC-291-6 Apatite 7.9Y2.7Ba3.4Si ~ 3.29 2.81 85.4 6.00 2.21 

SC-281-3 Silicate 7.6Y4.251 ~ 3.25 3.21 98.9 0.01 2.83 531 237 488*8 
SC-282-3 Silicate 3.4Y5.3La4.1Si ~ 3.30 3.28 99.4 0.04 3.81 745 i 25 471 i9 
SC-283-3 Silicate 10.6La4.1Si 3.34 3.32 99.5 0.06 na 612 t 26 532 t 6 1  

SC-290-3 Apatiie 11.2La1.8Sr3.3Si ~ 3.37 3.35 99.4 0.00 na 
SC-291-3 Apatite 7.9Y2.76a3.4Si ~ 3.29 2.67 81.3 13.33 6.09 
SC-293-3 Apatite 8Y1.8Sr3.4Si ~ 3.27 3.21 98.2 0.00 3.47 543 i 41 526 t 49 

~ 

*RT = room temperature. I 
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Table 2. Compositions, densities, and properties of gas-pressure sintered samples. 
Sintering Conditions: 1850" C 2 h 50 psi 1 900" C 2 h 300 psi. 

Density and Property Measurements 
._._I 

Composition Fracture strength 
Sample w t %  Theoretical Bulk Percent % Open % Weight 

ID oxides density density th. dens porosity loss RT 1200'C 

Sintering CondBions: 185O'C 2 h 50 psi/19OO"C 2 h 300 psi 

THSN-1-1 

TRSN-2-1 
THSN-3-1 
TRS N -4- 1 

TRSN-5-1 
TRSN-6-I 
TRSN-7-1 

THSN-8 
TRSN-8 (bar) 

TRSN-10 

TRSN-11-1 
TRSN-12-1 
TRSN-13-1 

TRSN-14-1 
TRSN-15-1 
TRSN-16-1 

THSN-17-1 
THSN-18-1 
TRSN-19-1 

TRSN-20-1 

sc-281-7 
SC-282-7 
SC-283-7 
SC-289-7 
sc-293-7 

TRSN-9-1 

Standard 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Silicate 
Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 

Silicate 
Silicate 
Silicate 
Apatite 
Apatite 

6Y2A1 

1 1.2La5.5Sil.8Sr 
8Y5.7Sil.8Sr 
11 .SNd5.5Si1.8Sr 

10.6La6.3Si 
7.6Y6.5Si 
3.8Y5.3La6.4Si 

5.3Y3.3Si 
5.3Y3.3Si 
7.6Nd3.2Si 
7.4La3 2Si 

5.6Y2.7Sil.3Sr 
7.9La2.7Sil.3Sr 
8.1Nd2.7Si1.2Sr 

7.8Y4.3Si 
10.8La4.2Si 
1 l.lNd4.2Si 

8 2Y3.5Si1.9Sr 
11.4La3.3Si1.8Sr 
11.7Nd3.3Sil 8Sr 

9.6Y5.3Si 

7.6Y6.5Si 
3.8Y5.3La6.4Si 
10.6La6.4Si 
8Y5.6Si1.8Sr 
8Y5.6Sil.8Sr 

3 27 

336 
3 27 
3 39 

3 33 
3 25 
330 

3 24 
3 24 
3 32 
329 

3 25 
3 32 
3 34 

3 26 
3 35 
3 39 

3 28 
338 
3 41 

3 28 

3 25 
330 
334 
3 28 
3 28 

3.25 

3.35 
3.24 
3.38 

3.33 
3.25 
3.29 

3.22 
3.24 
3.32 
3.29 

2.36 
2.80 
2.76 

3.24 
3.34 
3.39 

2.63 
3.23 
3.07 

3 27 

3 25 
3.29 
3.33 
3.28 
3.28 

993 

998 
990 
998 

999 
100 0 
998 

993 
999 
1000 
999 

72 7 
843 
82 7 

995 
996 
100 0 

80 I 
95 6 
900 

998 

100 1 
99 6 
997 
99 9 
100 1 

0.1 1 

0.03 
0.03 
0.03 

0.03 
0.09 
0.00 

0.00 
0.22 
0.00 
0.00 

12.40 
2.04 
0.15 

0.11 
0.29 
0.10 

7.35 
0.24 
0.85 

0.34 

0.05 
0.05 
0.05 
0.00 
0.05 

0.23 

2.39 
1.31 
2.50 

1.99 
2.37 
2.90 

1.31 
2.31 
1.73 
1.48 

2.20 
2.71 
1.64 

0.55 
1.44 
2.55 

1.40 
2.27 
1.72 

0.79 

2.61 
2.10 
2.95 
1.72 
2.91 

765 i 70 

542 i 50 
452t  19 
510 t 9 

341 i 142 

310 i 16 

631 i 8 0  
470 i 68 

460 t 109 
411 t 55 
412 t 102 

376 i 40 

672 i 32 
712 i 40 
767 t 60 

447 i 18 

310 i 9 
258 t 26 
378 t 61 

525 t 61 

3 8 5 i 2 9  

543 
498 t 55 

370 i 66 
288 i 115 
436 t I22 

420 i 37 

506 t 59 
422 i 157 

Sintering Conditions: 1900°C 2 h 100 psiil95O"C 2 h 300 psi 

TRSN-I -2 Standard 6Y2AI 3.27 3.24 99.2 0.03 0.57 525 t 79 354 t 40 

TRSN-2-2 Apatite 11.2La5.5Si1.8Sr 3.36 3.35 99.7 0.09 3.26 374 t 54 309 t 32 
TRSN-3-2 Apatite 8Y5.7Si1.8Sr 3.27 3.27 99.9 0.22 2.26 475 t 33 297 i 45 
TRSN-4-2 Apatite 11 SNd5.5Sil .8Sr 3.39 3.39 99.9 0.09 na 444t 126 333t  18 

TRSN-5-2 Silicate 10.6La6.3Si 333 3.30 99.0 0 03 2 5 8  
TRSN-6-2 Silicate 7.6Y6.W 3 25 3.25 100.1 0.00 3.35 398t  197 
THSN-7-2 Silicate 3.8Y5.3La6.4Si 3.30 3.30 99.9 0.00 3.69 3 4 4 i  113 

TRSN-8-2 Silicate 5.3Y3.3Si 3.24 3.24 100.1 0.00 1.51 503t  88 4 9 6 i  6 
TRSN-9-2 Silicate 7.6Nd3.2Si 3.32 3.31 99.8 0.04 1.88 379 i 80 343 i 24 
TRSN-10-2 Silicate 7.4La3.2Si 3.29 3.29 99.9 0.04 2.42 5 1 8 i  28 5 3 3 i  12 

TRSN-11-2 Apatite 5.6Y2.7Si1.3Sr 3.25 2.47 75.9 21.00 2.55 
TRSN-12-2 Apatite 7.9La2.7Sil.3Sr 3.32 2.94 88.5 1.25 3.04 

- 

TRSN-13-2 Apatite 8.1 Nd2.7Sil.ZSr 3.34 2.96 88.7 0.00 2.90 

TRSN-14-2 Silicate 7.8Y4.3Si 3.26 3.26 100.1 0.17 1.18 4 2 7 t M  291 i 3 8  
TRSN-15-2 Silicate 10.8La4.2Si 3.35 3.34 99.8 0 09 183 311 i 133 435t 58 
TRSN-16-2 Silicate 11.1Nd4.2Si 3.39 3.38 99.7 0.21 2.08 508 319 i 72 

TRSN-17-2 Apatite 8.2Y3.5Sil.9Sr 3 28 2.77 84.3 11.97 1.86 
TRSN-18-2 Apatite 11.4La3.3Si1.8Sr 338 3.35 99.1 006 2.26 480 i 25 442 t 13 
TRSN-19-2 Apatite 11.7Nd3.3Si1.8Sr 3.41 3.28 96.2 0.09 2.44 320 i 27 262 i 160 

TRSN-20-2 Silicate 9.6Y5.3Si 3 28 3.28 100.1 0.03 1.25 386 i 23 309 i 24 
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Fig. i. Sintered density of gas-pressure 
sintered silikon nitride containing rare-earth- 
silicate sintering aids as a function of the equiva- 
lent percent oxygen in the starting composition. 

, 
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Rire Earth Apatites 

EqJivalent Percent Oxygen 

Fig. 4. Sintered density of gas-pressure 
sintered silicon nitride containing rare-earth- 
apatite sintdring aids as a function of the equiva- 
lent percent oxygen in the starting compositions. 
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Formation of these phases is believed to decrease %he amount af liquid phase 
present during sintering and inhibit particle rearrangement an 

additional samples we 
Tables 3 through 5. A 
compcssitians for thes 
densified easily in pr 
through -7, did nod e 
These samples are currently being exam 
ano rnaioans behavi o r. 

from sintered samples reveaie 
tions (Figs. 3 through 5)- As s h  
La2Si2Q’y as the grain ’rsounda 
equivalent %, a duplex grain size disdributian was p 
lated to contain %r;qYg($i04)$32 or Sr2L.a 
(Figs. 4 and 5) ;  extensive grain growth oc 
nitrogen overpressu res. 

summariaed in Tables 1 and 2. As shown, the ~~~~~r~~ strengths for 
samples are consistently low compared %a many advanced silicon ni 
The major reason fs 
The TRSN-series sf 
Apparently, hard ag 
over into the parts. The strengths are simiiaa to ather GPS samples that were 
isopressed.2 EX iraattion sf Fracture surfaces showed differential shrinkage around 
these hard agglo sates and the farmation of large defects. This behavior is 
illustrated in Table 6 with a c~mparison of CPed matwials with the same ~~~~~~~- 
tion that was slipcast into specimens. It shows a consistently higher strength e 

cast materiais under bath identical sintering conditions (TRSN-3-1 vs. SC- 
similar conditions. In fact, samples SC-293-5, 

strengths even though they had lower densities than the CPed materials, Our 
tian had started using CIP to eliminate macro-defet3.T;, suck as 

Future samples will be prepared by bath C P  a 

Examination of fracture urfaces by scannin electron nikiosc9spy (SEM) 
d in S Q M 8  composi- 
formulated to contain 
n content of 7.7 

Mechai-~i~aB PrapertZies - Ths specimens that achieved >95% T. D. were 

SN 
ate rials. 

avior appears to be the gree f 0 rm i r2g tech n iq u e 
ned, 2nd CIPed. 

teps and were Carrie 

ined into bend bars far mechanical property testing, These results are 

and -3 s3awed higher 

ping, that ascurred cluing dryi of our initial siip-cast specimens. 

Another factor affecting the strength was exaggerated grain growth experi- 
some of the compositisns. Far example, Fig- 6 shows the la 
in TRSN-15-2 (Si3N4-10.8”/, bap03-4.2 % Si82 sintered at 

h-1 95B°C/2h), which had a r o o ~ - t ~ ~ ~ ~ r ~ ~ u r ~  strength of 31 1 MPa. Such large 
grains are well known to have detrimental effects an the strength sf silicon nitride 
materials. Similar grain growth was observ n other compositions, Modification of 
the sintering cycle tempseatvrre, times, and scires will be used to cantrol the 
grain growth behavior. 

the intergranular phases and the farmation sf nitrogemrich phases. These 
are metastable at m e  atmosphere, The 
crystallization step used in the present s 

During GPS, the high gas averpressures result in dissohtion of nitrogen into 
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Table 3. Compositions 
Sintering Conditions: 

and densities of gas-pressure sintered samples. 
1750" C 2 h 1 00 psi/l800" C 0.5 h 300 psi. 

Con4 posit ion 
Sample Sintering h% Theoretical Bulk Percent % Open 

ID aid &tides density density th. dens porosity 

TRSN- 1 -3 

TRSN-23 
TRSN-3-3 
TRSN-4-3 

TRSN-53 
TRSN-6-3 
TRSN-7-3 

TRSN-8-3 
TRSN-9-3 
TRSN-103 

TRSN-11-3 
TRSN-12-3 
TRSN-13-3 

TRSN-143 
TRSN-15-3 
TRSN-16-3 

TRSN-17-3 
TRSN-183 
TRSN-19-3 

TRSN-20-3 

TRSN-21-3 
TRSN-22-3 

TRSN-23-3 
TRSN-24-3 
TRSN-25-3 
TRSN-263 
TRSN-27-3 

Standard 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Apatiie 
Apatite 
Apatite 

Silicate 

Apatite 
Apatite 

Silicate 
Silicate 
Silicate 
Silicate 
Silicate 

I 

6Y2Al~ 

11.2Lab.5sil.8Sr 
8Y5.7Sil.8Sr 
11.5Nd5.5Sil.8Sr 

10.6La6.3Si 
7.6Y6.5Si 
3.8Y5.3La6.4Si 

5 . 3 ~ 3 . k i  
7.6Nd3.2Si 
7.4La3.2Si 

5.6Y2.YSil.3Sr 
7.9La2.7Sil.3Sr 
8.1 Nd2.7Sil.2Sr 

7.8Y4.3Si 
1 0.8ta4.2Si 
1 1.1 Nd4.2Si 

8.2Y3.5Sil.9Sr 
11.4La3.3Sil.8Sr 
1 1.7Nd3 3Sil.8Sr 

9.6Y5.3Si 

10.9~&.2sii . 7 ~ r  
5.8La6,5Yb5.2Sil.7Sr 

8.8Yd.2Si 
4Y2.5S;i 
5.7La2SSi 
5.8Nd2.5Si 
6.8Yb2.5Si 

I 

I 

I 

3.27 2.98 

3.36 2.74 
3.27 2.52 
3.39 2.72 

3.33 2.74 
3.25 2.82 
3.30 2.90 

3.24 2.63 
3.32 2.80 
3.29 2.83 

3.25 2.09 
3.32 2.36 
3.34 2.37 

3.26 2.60 
3.35 2.67 
3.39 2.61 

3.28 2.12 
3.38 2.73 
3.41 2.36 

3.28 2.83 

3.36 2.81 
3.41 2.93 

3.36 2.77 
3.22 2.41 
3.27 2.58 
3.28 2.64 
3.32 2.70 

91 .o 

81.5 
77. I 
80.4 

82.3 
86.8 
87.9 

81 .O 
84.4 
85.9 

64.3 
70.9 
71.1 

79.8 
79.6 
77.0 

64.7 
80.9 
69.3 

86.4 

83.7 
86.0 

82.6 
74.9 
78.9 
80.5 
81.2 

2.03 

13.71 
20.50 
12.88 

13.69 
2.59 
0.38 

12.61 
7.55 
6.08 

32.30 
22.68 
23.61 

17.44 
17.46 
17.03 

34.49 
14.07 
26.72 

3.28 

7.88 
4.95 

11.74 
21.55 
15.50 
15.56 
13.10 
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Tabie 4. Compositions and densities of gas-pressure sintered samples. 
Sintering Conditions: 1850°C 0.5 h 100 psi/l80OoC 2 h 300 psi. 

Composition 
Sample Sintering uR% Theoretical Bulk Percent '36 Open 

ID aid oxides density density th. dens porosity 

TRSN-1-5 

TASN -2-5 
TRSN3-5 
TRSN-4-5 

TRSN-5-5 
TRSN-6-5 
TRSN-7-5 

TRSN-8-5 
TRSN-9-5 
TRSN-10-5 

TRSN-11-5 
TRS N - 1 2-5 
TRSN-13-5 

TRSN-14-5 
TRSN-15-5 
TWSN-16-5 

TRSN-17-5 
TRSN-18-5 
TRSN-19-5 

TRSN-20-5 

TRSN-21-5 
TRSN-22-5 

TRSN-23-5 
TRS N-24-5 
TRSN-25-5 
TRSN-26-5 
TRSN-27-5 

Standard 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 

Apat&s 
Apatite 

Silicate 
Silicate 
Silicate 
Silicate 
Silicate 

6Y2A 1 

1 1.2La5.5Sil.Sr 
8Y5.7Sil.Sr 
11 5Nd5.5Sil.8Sr 

10.6La6.3Si 
7.6Y6.5Si 
3.8Y5.3La6.4Si 

5.3Y3.3Si 
7.6Nd3.2Si 
7.4La3.2Si 

5.6Y2.7Sil.3Sr 
7.9La2.7Sil.3Sr 
8.1 Nd2.7Sil.2Sr 

7.8Y4.3Si 
10.8La4.2Si 
1 1.1 Nd4.2Si 

8.2Y3.5Sil.9Sr 
1 1.4La3.3Sil.Sr 
11.7Nd3.3Sil.Sr 

9.6Y5.3Si 

10.9La5.2Sil.7Sr 
5.8La6.5Yb5.2Sil.7Sr 

8.8Yb3.2Si 
4Y2.5Si 
5.7La2.5Si 
5.8Nd2.5Si 
6.8Yb2.5Si 

3.27 

3.36 
3.27 
3.39 

3.33 
3.25 
3.30 

3.24 
3.32 
3.29 

3.25 
3.32 
3.34 

3.26 
3.35 
3.39 

3.28 
3.38 
3.41 

3.28 

3.36 
3.41 

3.36 
3.22 
3.27 
3.28 
3.32 

3.06 

3.1 1 
2.94 
2.94 

3.06 
2.94 
2.99 

2.82 
3.01 
3.00 

2.24 
2.55 
2.53 

2.91 
3.02 
2.77 

2.49 
2.67 
2.50 

2.82 

2.97 
3.09 

3.00 
2.62 
2.83 
2.93 
2.92 

93.7 

92.5 
90.0 
86.7 

92.0 
90.3 
m.5 

87.0 
90.6 
91.2 

69.Q 
76.9 
75.7 

89.1 
90.3 
81.6 

75.9 
79.0 
73.4 

86.0 

88.4 
90.6 

89.3 
81.3 
86.6 
89.3 
88.0 

0.65 

0.09 
1.67 
6.12 

0.08 
0.03 
0.05 

5.68 
2.24 
2.19 

28.14 
15.16 
14.69 

1.03 
2.27 
16.07 

18.26 
19.15 
23.45 

8.55 

2.83 
1 .oo 
2.90 
13.14 
6.75 
3.63 
5.57 
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Table 5. Compositions and densities o? gas-pressure sintered samples. 
Sintering Cbnditbns: 1758" C 1 h 108 psi/d 980" C: 2 h 306 psi. 

Composition 
Sample Sintering w t %  Theoretical Bulk Percent % Open 

ID aid oxides density density th. dens parosity 

TRSN-1-6 

TRSN-2-6 
TRSN-3-6 
TRSN-4-6 

TRSN-5-6 

TRS Fa -7-6 

TRSN-8-6; 
TRSN-9-6 
TRSN-10-6 

TRSN-I 1-6 
TRSN-12-6 
TRSN-13-6 

TRSN-14-6 
TRSN-15-6 
~ a w - i  6-6 

TRSN-17-6 
TRSN-18-6 
TRSN-19-6 

TRSN -20-6 

TRSN-21-6 
TRS N -22-6 

TRSN-23.6 
TRSN-248 
TRSN-25-6 
TRSN-26-6 
TRSN-27-6 

Standard 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Siiicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Silicate 
Silicate 
Silicate 

Apatite 
Apatite 
Apatite 

Si S icate 

Apatite 
Apatite 

Silicate 
Silicate 
Silicate 
Silicate 
Silicato 

6Y2.41 

11 .2La5.5Sil.8Sr 
8Y5.7Si1.8Sr 
11 5Nd5 5Sil.8Sr 

10.6La6.3Si 
7.6Y6.5Si 
3.8Y5.3La6.4S i 

S. 3Y3.3S i 
7. GN d3.29 
7.4La3.2Si 

5.6Y2.7Sil.3Sr 
7.91@.7Sil.3Sr 
8.1 Nd2.7Sil.2Sr 

7.8Y4.3Si 
1 0.8ia4.2S i 
1 1.1 Nd4.2Si 

8.2Y3.5Sil.9Sr 
11.4La3.3Sil.8Sr 
11.7Nd3.3Sil .$Sr 

9.6Y5 3Si 

10.91a5.2Sil.7Sr 
5.8La6.5Yb5.2Sil.7Sr 

8.8Yb3.2Si 
4Y2.5S i 
5.7La2.5Si 
5.8Nd2.5Si 
6.8Yb2.5Si 

3.27 

3.36 
3.27 
3.39 

3.33 
3.25 
3.30 

3.24 
3.32 
3.29 

3.25 
3.32 
3.34 

3.26 
3.35 
3.39 

3.28 
3.38 
3.41 

3.28 

3.36 
3.41 

3.36 
3.22 
3.27 
3.28 
3.32 

3.07 

3.28 
3.09 
3.22 

3.19 
3.17 
3.28 

3.45 
3.19 
3.19 

2.31 
2.71 
2.70 

3.12 
3.27 
3.29 

2"so 
3.10 
2.- 

3.16 

3.48 
3.24 

3.29 
3.82 
3.17 
3.15 
3.24 

93.9 

97.6 
94.4 
94.9 

95.9 
97.4 
99.4 

97.2 
96.2 
37. 1 

71.0 
81.7 
80.8 

95.9 
37.7 
97.2 

79.1 
91 .s 
87.6 

95.4 

94.5 
94.9 

97.9 
93.9 
96.8 
96.2 
97.7 

0.00 

0.08 
2.78 
0.00 

0.00 
0.80 
0.09 

-0.04 
0.00 
0.76 

29.36 
8,78 
1.86 

0.00 
0.00 
0.80 

20.48 
1.14 
2.28 

0.00 

0.00 
-0.03 

0.00 
0.00 
000 
0.17 
0.00 
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28509 

Fig. 3 
formulated tc 
boundary ph 
at 1850°C fC 

Fracture surface of silicon nitride 
contain &Si207 as the grain 
68. Sintered at 0.2 MPa nitrogen 
4 h. Density is 99.5% T. D. 
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Table 6. Comparison of flexural strengths for cold isostatically pressed and slip- 
cast specimens of Si3N4-8% Y203-5.6 540 SiO2-1.8% SrO sintered to high 

density. The slip-cast specimens consistently showed higher strengths. 
I 

I 
I Flexural Flexural 

Sintering strength at strength at 
Density Cold forming conditions 25°C 12OOOC 

Sample (g/cm3) technique1 (“cm (MPa) WPa) 

T RS N -3- 1 3.24 q P  

TRSN -3-2 3.27 CIP 

SC-293 3.26 Sli p-Cast 

SC-293-4 3.29 Slip-Cast 

SC-293-5 3.20 Slip-Cast 

1850/2 452 k 19 258 4 25 
190012 
1850/2 475 k 33 297 k 45 
1950/2 
1850/2 730 k 51 464 k 34 
1900/2 
185012 647k 17 424 f 30 
1950/2 
175014 778 5 28 447 f 20 

~ 

SC-293-6 3.23 Slip-Cast 1800/4 697 k 56 475 rt 20 

SC-293-3 3.21 4lip-Cast 185014 730 4 51 526 k 49 

I 

1 CIP = Cold-isostatically pressed. 
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31 749 
.I 

Fig. 6. Example of exaggerated grain 
growth in gas-pressure sintered silicon nitride. 
Sample TRSN-15-2. 

nitrogen), excess nitrogen came out of solution and formed gas bubbles as shown in 
Fig. 7. Modification of the crystallization cycle temperature, times, and pressures will 
be systematically varied to eliminate these types of defects. 

Microstructure Development - Small samples of the compositions listed above 
were fired to 1700 or 1800°C and held at temperature for only 15 min. Densities and 
I3/(O+a) ratios were measured to determine the progress of microstructural develop- 
ment during the early stages of densification. The results on selected samples are 
given in Table 7. As shown, significant a-to-I3 transformation takes place in some 
samples, like TRSN-1, prior to densification. Generally, the lower the eutectic liquid 
formation temperature, the higher the a-to4 conversion as indicated in Fig. 8. 

1. T. N. Tiegs et ai, "Dispersion Toughened Ceramic Composite," pp. 158-69 in 
CeramicTechnology Project Semiannual Ptvgress Report for October 1991 through 
March 7992,ORNVTM-12133, Martin Marietta Energy Systems, Inc., Oak Ridge 
Natl. Lab., 1992. 
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31 675 

Fig. i 
in gas-pres! 
TRSN-1-2. 

Evidence of gas &bble formation 
re sintered silicon hitride. Sample 
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Table 7. Phase composition af selected samples 
partially fired to determine a-to-0 transformation 

during early stages of densification. 

Density W(a-to- 0) 
(% T. D.) Ratio 

TRSN-1 
TRSN-2 
TRSN-3 
TRSN-14 
TRSN-18 
TRSN-20 

TRSN-I 
TRSN-2 
TRSN-3 
TRSN-14 
TRSN-I 8 
TRSN-20 

1700°C for 15 min 
77.6 
61.4 
53.2 
57.7 
48.2 
61.6 

1800°C for 15 min 
82.2 
68.8 
66.1 
70.2 
74.9 
74.1 

41 
27 
32 
18 
16 



1 

n 

v 
u c s 
V 
8 

113 

ORNL-DWG 93-5832 

0 170OOC 

0 1800°C 

40 50 60 70 80 90 

Density (% T. D.) 

Fig. 8. &Silicon nitride content as a function of density. 

2. E. Tani, S. Umebayashi, K. Kishi, K. Kobayashi, and M. Nishijima, "Gas-Pressure 
Sintering of Si3N4 With Concurrent Addition of AI203 and 5 wt % Rare Earth Oxide: 
High Fracture Toughness with Fiber-Like Structure," Am. Ceram. SOC. Bull. 
65(9),1311-15 (1986). 

s of milestones 

Milestone 1231 11, "Fabricate high-toughness silicon nitride materials with 
elongated grain rnicrostructuresyR was not completed due to previous delays in 
operation of the GPS. I 

S. D. Nunn attended the Annual Meeting of the American Ceramic Society 
from April 11 -1 6, 1992, in Minheapolis, Minnesota. 

P. A. Menchhofer attedded the Annual Meeting of the American Ceramic 
Society from April 1 1-1 6, 1992, in Minneapolis, Minnesota. 

Travel by T. N. Tiegs dp September 29, 1992, to Knoxville, Tennessee, to 
present a seminar to the 
"Development of Silicon 

rsity of Tennessee Graduate Seminar entitled, 
Ceramics for Structural Applications." 
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written by T. N. Tiegs entitle "Whisker Synthesis 
-oxide Ceramic Engineering, an Nostrand Reinhol 
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I 
1.2.4 Silicate Matrix ~ 

Low Expansion Ceramics for Diesel Enqine Applications 
D. A. Hirshfeld and J. J. Brown (VPI) 

Obiective/Scope 

Optimize the chemistry, properties, and processing of selected low thermal expansion 
compositions based on the zircon (NZP) and the P-eucryptite-AlPO, systems. These 
materials also exhibit stable properties above 1200OC. The major objective is to 
demonstrate fabricability and to prgmote commercialization of these ceramics. 

Technical Hiahliahts 

Zircon (NZP) System I 

Three forming methods of (Cao.elMgo,4)Zr4( PO,), [CMZP] monolithic ceramics have been 
studied: 1. Hot Pressing, 2. Pressureless Sintering, and 3. Hot Isostatic Pressing 
(HIPping). Hot pressing was undertaken at Caterpillar, Inc. by Dr. M. H, Haselkorn. 
Various processing conditions were analyzed using single phase, sol-gel formed, 
amorphous powder. Densities here all greater than 97% of theoretical. The 
microstructure of the densest specimen showed minimal porosity with a grain size of 6-7p 

with some grains >lop (Figure 1). Hot pressing conditions of 5OC/min to a final 
temperature of 1290OC for 4 h and applying a 5600 psi pressure at the final temperature 
resulted in the 4 point Modulus of Rupture value of 136 MPa. 

Since some of these hot pressed samples exhibited evidence of liquid phase sintering, 
it was theorized that sol-gel CMZP powder should be able to be cold-pressed and 
sintered. Following the "optimal" hot pressing conditions, sol-gel powder was pressed 
and fired to 1 250" C for 4 h. Maximum density achieved was 85% of theoretical. Judging 
from the unsintered agglomerates i? the microstructure, the sintering time was upped to 
24 h, which increased the density 'to 93%. The resultant microstructure consisted of 
porous agglomerates with no distinct grain structure. 
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10 .0 )J  1 7 9  -7 

Fig. 1. Fracture Surface of Hot Pressed CMZP, 
fracture surface, 98% theoretical density 

To enhance the sintering process and improve densification, ZnO and MgO were added 
to the dry amorphous powder. Agrawal and Stubican' reasoned that the ionic radii of 
Mg2+ and Zn2+ are similar to Zr4+ (0.86, 0.89, and 0.86i. respectively) which may lead 
to improved sintering via an ionic exchange mechanism. Equally important is the liquid 
phase formation from the Mg and Zn phosphates which melt below the sintering 
temperature (about 1186 and 1000°C), aiding in densification. Table 1 shows that 
adding 2 wt% ZnO led to a density 96% of theoretical and 5 wt% MgO resulted in 94% 
theoretical density. Some porosity was visible on fracture surfaces and the grain size was 
10 and 2Q4, respectively, as shown in Figure 2 and 3. Figure 4 plots theoretical density 
against sintering aid content. 

To determine if further densification was possible for flexural strength studies, HlPping of 
monolithic CMZP was also studied. Taguchi methods have been applied to optimize the 
HlPping process. Two levels of each factor were tested: HIP temperature, pressure, and 



Table 1. Cold 
OC/min Comoosttioa .. 
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Pressing and Sintering Summary 
OC h Densitv Micr~ructure 

CMZP 

CMZP 

CMZP + 2wt% ZnO 

CMZP + 5W% MgO 

5, 12 85% unsintered 
agglomerates, very 
porous 

93% porous agglomerates, 
no grain structure 

96% relatively dense, few 
pores, grain Size 15- 
24u 

10, 1 94% uniform grain ,24 
structure, small 
pores, grain size -*.; ., ,? 

2 

* applied: 20-25 ksi 

Fig. 2. Fracture eurfaco of CMZP yrith 2wt96 ZnO, 
Cold-pressed an sinterad, 96% theorektlcal density d 
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Fig. 3. Fracture surfaceof CMZP with 5 wt% MgO, Cold-pressed and sintered, 94% 
theoretical density 
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Figure 4. Density vs 

wt % MgO 

Sintering Aid Content of CMZP 



time. The experiment resulted in densities greater than 98% of theoretical with optimal 
levels at 1050°C, 15 ksi, and 30 min, as shown in Table 2. The microstructure was very 
dense with minimal porosity (in size and number of pares) and the  grain size was 
approximately 2-3p as seen in Figure 5. 

Ceramic Composites 

The densification of Sic whisker and chopped Nicolan-Sic fiber reinforce 
composites (SiCw/CM P and SiCf/CMZP, respectively) using hot isostatic press 
the room temperature flexural strength of SiCw/C composites and the effects of 
whisker content and WlPping parameters on the str were investigated. The Flexural 
strength of SiCwICMZP composites was found to i e with whisker content. All the  
SiCw/CMZP composites containing 20 vol% of whiskers HlPped at temperatures from 
1030 to 1070°@ exhibited flexural strengths higher than 110 MPa. The best H 
tempeFatture-pressure-time co 
composites was determined to be 105 

i2e the flexural strength of Sic 

To prepare composite: samples, sol-gel derived amorphous ZP powders and Sic 
whiskers or chopped Nicoian-SiC fibers were first mixed and ed in water to obtain 
homogeneous mixtures. The mixtures were then air-dried and cold pressed into billets. 

Table 2. Taguchi Experimental Conditions for HlPping 

[*C, ksi. minl Density Grain Structure & Size 

1050, 10, 15 95.2% very dense, 2-3p 

rocessing Parameters 

1050, 15, 30 

1150, 15, 15 

very dense, uniform 
Structure, 2-3/.~ 

93.8% 

94.5% 
distribution, 2-3 & 4- 
slightly more porous 

bimodal grain size 
distribution, 2-3 l? 4-5p, 
slightly more parsus 
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c 

I 

Fig. 5. Fracture surface of IPped CMZP, 98% theoretical density " 
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illets were fire at 1 QOQQC for 6 hours to re ove volatiles prior to encapsulation in 
Pyrex glass tubes under v a c ~ i ~ r n  at temperatures aroun 800°C then HIPped. During 
HIPping, the crystallization of amorphous CMPP matrix an densification af the composite 
take place simultaneously. 

Because SiGwiCWIZP is a new syste 
determined by trial-and-error, Based on experience in hot pressing 
composites, HDPping experiments at temperatures between 1250 and 1 400OC; at 
pressures of 10 and 15 ksi for times between 1 Q minutes and 2 hours were examined as 
shown in Table 3. 

IPping parameters co 

Table 3. Densification of SiCw/CMZP Composites by HlPping 

HIPping parameters Porosity 
ITemperature. Pressure, J/L 

"1 vel% whisker content: 
OQC, 15 ksis 1 h 

130OT, 15 ksi, 1 h 
13QO"C, 15 ksi, 2 h 
1350"C, 15 ksi, 0.5 h 

3 - 4  
5 - 6  

(aging: 11 OO°C/l 0 h) 
6 - 7 (aging: 1 l0O0C/10 h) 

28 v ~ l %  whisker content: 

1250°C, 15 ksis 16 min. 
OC, 15 ksi, 1 h 

1350%, i O / l %  ksi, o.s/s,aS 
14000C, 15 ksi, 8.5 h 

6 - 8  
10 - 12 (aging: 1 100'C/10 h) 
1 0 -  I 2  
8 - 9  

The results indicate that at the tabulated pressures, ernperature above 
1 250 a C and/or extending soaking time does not pro ion. On the other 
hand, standard X-ray diffraction analysis (XRD) showed that in the le, containing 20 
voI% whiskers HlPped at 125BBC for 10 minutes, only Sic and phases existed, 
while phases other than SIC and CMZP were found in the samples with the same whisker 
content but HlPped at 1350°C. The results suggest that HlPping should be performed 
at lower temperatures and for shorter times. 

To facilitate the stu y af the densification, Taguchi methods were us to design another 
up of experim ts and analyze the results.' Examining the re ts of the previous 

periments, the Hlbping temperature (T), pressure (P), and soaking time (t) were found 
to significantly affect the densities. To compare their effects and consequently find 
desirable T-P-t combinationQs) to achieve high densities far Si@w/CMZP composites, a 



three factor-two level (l,(Z3)) array' was~chosen to arrange the second group of HlPping 
experiments with the following settings: ~T, = 125OoC, T, = 11 5OoC; P, = 15000 psi, f2 
= 10000 psi; t, = 30 min., t, = 15 mip. The HlPping parameters and the achieved 
densities in this group of experiments are summarized in Table 4. 

Table 4. Densification of SiCw/CMZP Composites by HIP 

HlPping parameters Density (%) 
(OC. psi, min.) 10 ~01% ,whiskers 20 vol% whiskers 

1250, 15000, 30 
1250, 10000, 15 
11 50, 15000, 15 
11 50, 10000, 30 

98.5, 
97.0 ~ 

98.51 
99.6 

96.7 

99.7 
99.6 

97.8 

Analysis of the variance of density as a function of HlPping temperature, pressure, time 
and whisker content is shown in Table 5. It can be seen from Table 5 that of among 
these factors, temperature causes the llargest variance in density, followed by soaking 
time, pressure, and whisker content in a descending order of the importance. 

Table 5. Analyses of Variance in Density 

Source Degree of freedom Yariance in Density (%J 

Temperature 1 
Pressure 1 
Soaking time 1 
Whisker content 1 
Error 3 
Total 7 

6.845 
0.045 
0.245 
0.005 
0.885 
1.399 

Although densities greater than 99% were achieved by HlPping at 11 5OoC, analysis of 
the results using the Taguchi method suggests that at the tabulated pressures and times, 
the HlPping temperature can be lowered, and at the lower temperature@), equal or higher 
densities can be achieved but the variahce in density due to temperature change can be 
minimized. As HlPping at low temperatures can decrease processing costs and usually 
results in a better microstructure, a third group of experiments was designed and 
executed to study the densification of hiCw/CMZP composites in the temperature range 
of 1150 - 105OOC. (Table 6). 

I 
I 
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Table 6. Densification of CMZP/SiCw Corrsposites by HI 

Density (%) 
("C, psi. rnin.) 10 vol% whiskers 20 vol% whiskers 

"7 
.6 
.5 

99.6 

99.8 
99.9 
99.7 
99.6 

The phase composition of the eight samples was determined by standard X 
techniques and no phases other than CMZP and Sic were found, The samples were 
dark green in color ex or those WlPped at 1050°C which were lighter. This color 
difference indicates th e is a possibility of a reaction between Sic and CMZP and 
the tendency of the reaction increases with temperature. To further explore the possibility 
to densify SiCw/CMZP composites by HlPpin at lower temperatures, two samples with 
Sic whisker contents of 10 and 20 vel%, respectively, were HlPped at 1 OQQOC at 4 5 ksi 
for 30 minutes. Although densities of >99% were achieved for the bath, XRD analysis 
indicated that the CMZP matrix was not completely crystallized, Thus, for the tabulated 
pressures and times, a HlPping temperature of about 1050°C is required to form 
crystalline composites. 

Analysis of the variance in the 
the temperature range of 105 
affecting the density, i.e. the factor contributing the largest variance in densityl is now the 
whisker content rather than ai HlPping parameter (TI P, or t). These results indicate that 
HIPping at temperatures about 1050*C at pressure of 40800 to 15008 psi for 15 to 30 
minutes is favorable for the densification of SiCw/CwIZP csmposites. 

as a function sf HlPping and whisker c 
O C  is shown in Table 7. The mast im 

Table 7. Analyses of Variance in Density 

Source Degree of freedom Variance in Density (%*I 

Te rri pe rat u re 

Soaking time 1 

1 
Pressure 1 

er content 1 
Error 3 
Total 7 

0.281 
0.1 51 
0.1 01 
0. 3 
0.1 42 
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It is concluded from the results that: (1) using amorphous CMZP powder and Si@ whisker 
as starting materials, nearly fully densified SiCw/CMZP composites with a desirable phase 
composition can be prepared by cold pressing - pre-sintering - HlPping (2) optimum 
densification of SiCw/CMZP composit&s is achieved by HlPping at about 1050°C at 
pressures of 10000-15009 psi for 15-30 minutes, and (3) because the density is near 
100% and no longer sensitive to small changes in processing parameters, the desirable 
HlPping 1-P-t combination(s) should be found to optimize the mechanical properties. 

Based on the experience obtained from processing SiCw/CMZP composites, Si@f/CMZP 
composites were HlPped at temperatures from 1050 to 125OOC at pressures 10000 to 
15000 psi for 15 to 30 minutes. The HlPping parameters and achieved densities for the 
SiCf/CMZP composites are summarized in Table 8 and indicate that the best temperature 
for the densification by HlPping is 11 5OOC. 

Table 8. Densification of SiCf/CMZP Composites by HIP 

Processing parameters Pensity (%) 
OC. psi. min.) 10 vol% fibers 20 vol% fibers 

1050, 15000, 30 97.9 
1050, 10000, 15 97.6 
1150, 15000, 15 98.5 
11 50, 10000, 30 98.0 
1250, 15000, 30 97.9 
1250, 10000, 15 97.7 

98.2 
98.1 
98.9 
98.5 
97.8 
97.3 

To find the desirable HlPping T-P-t combination(s) to optimize flexural strength, 
SiCw/CMZP composites were prepared by HlPping at temperatures from 1 030 to 1 07OOC 
at pressures from 10000 to 15000 psi for 15 to 30 minutes, and then their room 
temperature flexural strength was determined. Again, Taguchi methods were used in 
designing the experiments and analyzing the results. The HlPped samples were 
machined into 2-4 MOR bars according to Military Spec. 1942 €3 then tested following the 
same specifications. The processing parameters and measured strength of the samples 
are summarized in Table 9. All the samples listed were measured to have a density 
greater than 99% of theoretical and determined by standard XRD to have no phases 
other than CMZP and Sic. 

I 
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Table 9. Flexural Strength of SiCw/CMZP Composites 

Whisker HIPping parameters Strength values 
contentfvoW1 1°C psi. min.1 Aleraw? (MPal 

5 1030, 10000, 15 
5 
10 
10 1070, 
20 1030, 
20 
20 1056, 
20 
20 1070, 

84.42 1.9 
11 6.1 t-0.6 
111.54.0 

0000, 30 126.7-t-0. 
5000, 15 135.6c 10.6" 
0000,15 126.1 k7.1 

2Q 1 19.0k5.2 

Among these saniples, the lowest strength value measured was 47 MPa for the sample 
containing 5 vol% of SiCw and WlPped at 1O3QoC: at 10008 psi for 15 minutes, the 
highest is 148 Pa for the sample containing 20 vol% of SiCw and HlPped at 1050OC at 
15000 psi for 15 minutes. 

The flexural strength is plotted a a'lnst whisker content in Figure 6 for SiCwlC 
composites HlPped using different T-P-t combinations. It can be seen from Table 9 and 
Figure 6 that the flexural strength of the SiCw/CMZP composites increases with whisker 
content. In fact, some of the HIPped SiCw/@MZP composite samples containing 5 or 10 
vol% of Sic whiskers broke during machining while ail the saniples with Sic whisker 
contents of 20 vol% survived under the same machining canditions. Furthermore, 
compared to monolithic CMZP hot pressed at temperatures between 1260 and 1290OC 
with flexural strength varying from 73 to 136.3 MPa,3 the SiCw/CMZP composites, 
especially the ones containing 20 vsl% of whisker, exhibited a much smaller strength 
variation (Table 9). 

Analysis of the flexural strength of the SiGw/CMZP composites containing 28 vol% of 
whisker as a function of HlPping temperature, pressure, and time using Taguchi methods 
is summarized in Figure 7, 8 and 9. The results indicate that the best HlPping P-Pt 
combination to optimize the flexural strength of the SiCw/CMZP composites is 1Q50°C- 
15000 psi-15 min. 

P-Eweryptite-AIPQ, System 

The mechanical properties of modified P-eucryptite glass ceramics 
[96%(Lio.,,Cao.o,)Al(Sio~,5,iPo,,)0,~5, 4% Tis,] are improved through the formation of in-situ 
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Fig. 8. Flexural strength of 20 wt% SiCwdCMZP composites 
as a function of WlPping pressure 
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composites as a function of HlPping time 
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TO, whiskers as summarized in Table1 10. 

Table 1 0. Mechanical properties of AIPO, modified P-eucryptite glass-ceramics 

Crystallization Elastic Modulus MOR K l C  

original glass 62&9“ 66*5 1.1+0.03 

85Q°C, 2h”’ 67+8 81 t l 2  ..- 

Heat Treatment (G,&J /MPa) /Mpa*J m-i 

95OoC, 1Oh”’ 68-t-13 724-1 9 1.2k0.07 

104OoC, 20hnn* 85&8 134k13 1.6k0.04 

“95% confidence intervals shown 
m m  

i s m  
Glass-ceramics without TiO, whisker precipitation 
Glass-ceramic with TiO, whisker precipitation 

Strengthening of the in situ TiO,-reinforced AIP0, modified p-eucryptite ghss-ceramic 
matrix composite is attributed to thred factors: 

(1) 

(2) 

Precipitation of TiOz whiskers which are stiffer (E=283’GPa)4 and stronger (over 
300 MPa)’ whiskers than the AIPO, modified P-eucryptite glass-ceramic matrix. 
Average aspect ratio of the precipitated EO, whiskers is 28, which is much greater 
than the critical aspect ratio (I/d-8) which is determined from an empirical equation 
developed by Termonia6 where E, is the elastic modulus of the Ti@ whisker (E, 

= 283 GPa) and E, is the elastic modulus of the AIPO, modified P-eucryptite glass- 
ceramic (E,,, = 67’ GPa). 

(3) No whisker pull-outs were observed on the fracture surface of the in situ 
composite, indicating strong interfacial bonding between the whisker and the 
matrix. 

I 

, 

The increase in elastic modulus of AIPP,-modified P-eucryptite glass-ceramic from 67 GPa 
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to $5 GPa is attributed to TiQ, whiskers which have a high elastic modulus (2 

The modulus af the randomly criented TiOz whisker-reinforced composite can be 
estimated using an empirical equation7 

where E, and E, are the Bongitudinal and transverse moduli, respectively. These moduli 
can be calculated using the Halpin-Tasi equations* 

and 

where 

an 

The glass-ceramic heat treated at 1040°C for 20 h contains about 12 vol% of randomly 
oriented TiQ, whiskers with average aspect ratios of 28. Using E, = 283 GPa, E,, = 67 

a, V, = 0.12, and (I/d) = 28 in the Halpin-Tsai equatians., the modulus is calculated 
as E, = 84 GPa which confirms the value (85 GPa) measured experimentally. 

Fracture toughness, K,, measured by the indentation method using a 9.8 N load was 
increased with the formation of TO2 whiskers. The indented surface observations 
revealed that crack deflection and crack branching by the TiQ, whiskers may contribute 
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to improving fracture toughness of t is composite (Figure 10). The degree of crack 
deflection is governed by residual stresses around the whiskers which arise due to a 
thermal expansion mismatch and the interfacial bonding strength between the whiskers 
and the matrix. The bulk coefficient sf thermal expansion of TiO:, is approximately 7.3 x 
1 Q-'/OC which is much larger than that of modified P-eucryptite (less than 0.4 x 10-o/oC). 
Khaund et ala9 have shown that localized stress concentrations, Le., those resulting from 
expansion mismatch, may increase the crack tip stress intensity factor and thus result in 
a lowering of the applied stress required to propagate cracks. In order to examine the 
residual stress effect on the fracture toughness, an experimental study was conducted 
where samples were quenched in air or water. 

v 

Samples of modified P-eucryptite glass were heat treated at 740°C for 1 h and at 1040°C 
for 20 h to allow in situ growth of TO,' whiskers, then cut into blocks (4 x 5x 15 mm) and 
polished. To introduce different level9 of residual stress, the blocks were quenched from 
4QOo6, 6OO0C, 80OoC, and I000OC'into either air or water at 25OC. Critical fracture 
toughness, Klc, was determined by indentation using 8 indents with a 9.8 N load. 

As shown in Table 11, air quenching has no effect on the K,, values. However, there 
was a decrease in the average fracture toughness with water quenching, with a significant 
decrease noted for the sample quenbhed from 800OC. This sample exhibited localized 
regions of microcracking. The sample quenched from 1 OOO°C into water exhibited more 
severe localized microcracking and 'a higher value of Klc, possibly due to microcrack 
toughening. I 

No change in the K,, value with air quenching indicates that the actual residual stresses 
due to thermal expansion mismatch in the given fabrication conditions (cooling from the 
in situ composite fabrication temperature in a furnace with 60°C/h cooling rate) do not 
affect fracture toughness value. Therefore, crack deflection around the whisker is 
governed by bonding between the whisker and the matrix. Strong interfacial bonding 
between the TiOz whisker and the glass-ceramic matrix acts effectively in this composite 
to improve strength of the material but does not affect fracture toughness significantly. 

I 

I 
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Fig. 1 0. Scanning electron micrographs showing indentation crack 
propagation in an in situ TiO, whisker-reinforced modified 

p-eucryptite glass-ceramic 



Table 1 1. Fracture toughness of Ti02 whisker reinforced 
modified P-eucryptitd glass-ceramic as a function of 

quench tem~perature and condition 
I 
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Quench Temp. 
0 Quench Condition -IC K Crack Formation 
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400 

600 

800 

1000 
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water 1.44+0.05 no 

air 1.64k0.12 
water 1.42+0.06 

no 
no 

air , 1.64k0.06 no 
water 1.1 9k0.06 localized 

air 
water 

1.67+0.10 no 
I .5920.10 more severe 

than 800OC 

'95% confidence interval 
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Status of Milestones 

A nine month no cost extension has been granted to allow completion of the evaluation 
of mechanical properties of the ceramics and composites, 

Comm u nicat ionsNisi ts/Trave I 

Dr. Q. A. Mirschfeid and Mr. W. S. Russ visited Dr. Michael Haselkoan at Caterpillar Corp., 
Peoria, IL on April 2, 1992, to discuss hat pressing of CMZP. 

Drs. J. J. Brown and D. A. Hirschfeld attended the Law Expansion Ceramics Workshop 
in Knoxville, TN on April 30, 1992, and presented a paper on "Research in Low Expansion 
Ceramics at Virginia Tech." 

Dr. D. A. Hirschfeld presented a paper entitled "NZP Ceramics - High Temperature Heat 
Resistant Materials" at the 1 I th  Annual High Technology R&Q Trade Fair, Arlington, VA, 
May 18, 1992. 

Dr. D. A. Hirschfeld presented a seminar entitled "Development of New Low Expansion 
Ceramics: CMZF and Modified p-Eucryptite" at Benet Labs, U. S, Army Armament, 
Munitions and Chemical Command, Watervliet, NY, on July 16, 1992. 

Mr. K. H. Lee and Dr. D. A. Hirschfeld attended the Fourth Symposium on Nucleation and 
Crystallization in Glasses and Liquids at the Glass and Optical Materials Meeting, August 
16-1 9, in Stone Mountain, GA. Mr. Lee presented a paper entitled "in-Situ Reinforced 
Glass-Ceramic in the Lithia-Alumina-Silica System." 

Problems Encountered 

None 



Figure 11 Status of milestones 
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Publications 

On April 7, 1992, U. S. Patent No. 5,102,836, "Ceramic Materials with Low Thermal 
Conductivity and Low Coefficients of Thermal Expansion'' was granted to J. Brown, D. 
Hirschfeld, D. Liu, Y. Yang, T. Li, R. Swanson, and J, Kim. 

Two patent disclosures were filed with Virginia Tech Intellectual Properties on July 9, 
1992: 

1. "Processing of NZP Ceramic Foam with Superfine Open Cell Structure'' by T.K. Li, D.A. 
Hirschfeld, and J. J. Brown, Jr. 
2. "CMZP Coatings" by T K  Li, D.A. Hirschfeld, and J.J. Brawn 

One patent accepted by patent examiner to be issued in March, 1993: 

1. 
K.H. Lee. 

"An In-Situ Whisker einforced Glass-Ceramic" by J.J. Brawn, D.A. Hirsehfeld, and 
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0 biective/scope 

Sodium corrosion of Sic and %i,N, ~ ~ ~ ~ o ~ e ~ t s  in gas turbine engines is a 
potentially serious problem. The outer surfaces of rts oxidize at high 
temperatures to form an SiQ, layer that i ~ ~ i ~ ~ t s  furt wever, sodium that is 
present in high-temperature combustion atmospheres reads he SiO, layer, such that 
it is no longer protective. The objective of this program is to op a coating that will 
protect the underlying SIC or Si , from sodium corrosion and provide simultaneous 
oxidation protection. To evalu the behavior of potential materials such as stabilized 
ZrO, or HfO,, TiO,, Al,O,aTi in s o d ~ u m - ~ o n t ~ ~ n i ~ g  atmospheres, the cor- 
rosion resistance sf hot-pressed samples af these materials will first be evaluated. A 
chemical vapor deposition (CVD) process will be developed for the application of the most 
promising coatings. The effect of the combustion environment upon coating character- 
istics such as microstructure, strength, adherence, and other properties will then be 
evaluated. 

Technical hiqhliahts 

The development of oxide coatings ?o protect Sic or Si& heat engine components 

coatings and inimize the porosity or voids 

good adherence since no 
e coating temperature. Coated Sic 
g/cm2 of sodium sulfate to the 

t 1000°C dsr 1 0 0  h. Observation of 
on microscopy revealed no visible 

from sodium corrosion continued this riod. Processing conditions were systematically 
explored to optimize the m ~ r p ~ o ~ o g ~  
present in the coating. Even thopgh coatings consisted of large columnar grains that do 
not grow completely together, the coatings 
spalling was observed even after rapid cooling 
samples were corrosion tested by applying 
surface of a Ta,O,-coated specimen and an 
the annealed samples by optical and scann 
reaction between the sodium suffate and the Ta,O,. 
diffraction (XRD) showed that th; Ta,O, was unaffect 
A technical publicati as com(Aeted that ~ v e l o p ~ e ~ t  of corrosion- 
resistant oxide coati 
Corrosion Resistant 
for publication in the Proceeding$ of the 1992 ~ ~ ~ ~ i # ~ ~  for Advanced Heat Engines 
Workshop, Monterey, California, August I 992, 

The development of a CVp process for the application of ZrTiQ, coatings was 
initiated this period. ZrTiO, was selected because of its potential corrosion resistance and 
its very low coefficient of thermal expansion t 
Si,N,. ZrTiO, coatings wiif be ddposited by separ 
ZrCI, and TiCI, and reacting t 
initial experiments identified 
Examination of coated Sam 
coating was deposi 
conditions for the a 
experiments will be 
ZrTiO, coatings. 

ination of the materials by X-ray 
the exposure to sodium sulfate. 

. The paper entitled ""Chemical Vapor ~ e ~ o ~ i ~ ~ o n  of T%05 
tings," written by D. W. Graham and D. P. Stinton, was submitted 

cation of no, coati 
ated to determine p 
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Development of Adherent-Coatings to Reduce Contact 
Stress D a m a g g  of C e r a m i c ?  
V. K. S a r i n  (Bostan University) 

Obiect.ive/Scope 

The development of ox ida t ion /cor ros ion  r e s i s t a n t ,  high 
toughness ,  adhe ren t  c o a t i n g  c o n f i g u r a t i o n s  f o r  si.l.icon 
based ceramic s u b s t r a t e s  f o r  use i n  advanced gas  t u r b i n e  
engines .  

Technical Prosress  

A 1 2 0 3  coa t ings  have been s u c c e s s f u l l y  grohm on S i 3 N q  

s u b s t r a t e s  i n  a r e a c t o r  geometry t h a t  i s  a l s o  s u i t a b l e  f o r  
d e p o s i t i n g  S i 0 2 .  Severa l  d i f f i c u l t i e s  w e r e  encountered i n  
t r y i n g  t o  depos i t  A1203 i n  t h e  same r e a c t o r  geometry. As 
was previous ly  repor ted  Si02 coat ings  had been depos i ted  on 
S i 3 N 4  us ing  Tet rae thoxys i lane  [ S i  (0C2HS) 4 ]  as t h e  source a t  
8OOOC and 50 t o r r  p r e s s u r e .  Growth r a t e s  were t y p i c a l l y  i n  

t h e  range of 1 prfi p e r  hour ,  Process parameters  used f o r  
d e p o s i t i n g  A 1 2 0 3  were v a r i e d  wi th in  t h e  range es t -ah l i shed  
f o r  Si.02. The r e a c t o r  geometry and process  parameters had 
t o  be a d j u s t e d  so  a s  t o  accommodate both  Si02 and A1203 
c o a t i n g s .  I n - s i t u  formed A l . C l 3 ,  and H20 formed by t h e  
w a t e r - g a s - s h i f t  r e a c t i o n  of H2 and CO2 were used as t h e  
r e a c t a n t s  i n  formation of A1203. Figure  1 shows an SEM 

micrograph of  A1203 coa t ing  on S i 3 N 4  grown a t  900°C and 50  
t o r r  p r e s s u r e .  T h e  growth r a t e s  w e r e  i n  t h e  o r d e r  of 0 . 5  

pm p e r  h o u r .  Adherence of t h e s e  c o a t i n g s  i s  b e i n g  
eva lua ted ,  t o  help i n  opt imizing t h e  process  parameters .  

A 1 2 0 3  c o a t i n g s  have a l s o  been grown on SiO, coa ted  

S i 3 N 4  samples. Figure 2 shows a 3 pi t h i c k  S i O ,  coa t ing  on 

S i 3 N 4 .  F igure  3 shows a 1 pm t h i c k  A 1 2 0 3  c o a t i n g  on t h e  
S i 0 2  coa ted  S i 3 N 4  s u b s t r a t e ,  I n v e s t i g a t i v e  s t u d i e s  a r e  
be ing  made t o  extend t h i s  t o  produce A1203-Si02 l amina ted  
coatings. 
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Figure 1 :  SEM microgra h of A1203 coating grown on S i 3 N 4  s 
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F i g u r e  3 :  SEM micrograph of A1203 coa t ing  grown on Si02 
coated S i 3 N 4  

Successful deposi t ion of A1203 has enabled us  t o  co- 
depos i t  Si02 and Al2O3. Figure 4 shows an SEM micrograph 
of t h e  A l 2 O 3 / S I O 2  composite coa t ing  on S I 3 N 4 .  Reactant 
concentrations and process parameters are being ad jus ted  t o  
c o n t r o l  composition, s p e c i f i c a l l y  the  A l z O 3 / S i O 2  r a t i o .  
Energy Dispersion Spectra  and Quant i ta t ive  Analysis were 
performed t o  determine these ratios. The a c c e l e r a t i o n  
voltage of the  f i lament  i n  the scanning microscope w a s  
selected so as t o  reduce t h e  i n f l u e n c e  of s u b s t r a t e  
material. To v e r i f y  t h i s  effect A1203 coa t ings  have been 
grown on WC-Co s u b s t r a t e s .  F igure  5 shows t h e  energy 
d ispers ion  spec t r a  of A1203 coat ing grown on WC-Co. As can 
be seen, only A 1  i n  the coa t ing  and Au i n  t he  conductive 
coa t ing  were detected. This confirms t h e  fact  tha t  t h e  
s u b s t r a t e  material had no effect on t h e  energy d ispers ion  
spectra a t  the  chosen f i lament  voltage. A v a r i e t y  of 
process condi t ions  have been i n v e s t i g a t e d  t o  f i n d  their  
i n f l u e n c e  on the A 1 2 0 3 / S i O 2  ratio i n  these composite 
coatings. 

Thermodynamic a n a l y s i s  w i l l  be performed t o  optimize 
the  r e a c t a n t  concentrat ions,  p ressures ,  and temperatures  
t h a t  would produce  c o a t i n g s  w i t h  t h e  r e q u i r e d  
stoichiometry.  
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I 
Figure 4 :  SEM d c r o g  of Al2O3/SiO2 composite coa t ing  
grown on S i 3 N 4  

show t h e  energy d ispers ion  spectra 
d on three samples tha t  

u n t s  of Tetraethoxysi lane,  
ng Si02.  The  r e a c t a n t s  

p a r t i c i p a t i n g  t i o n  of A1203 were kept constant  
through these e , The relative proport ions of the 
c o n s t i t u e n t  e the  c o a t i n g  w e r e  c a l c u l a t e d  by 
normalizing the  percent t o  100. The gold present  i n  
the spectra is n conductive coa t ing  on the  samples. 
T h e  i n c r e a s e  con ten t  i n  t h e  c o a t i n g s  from 
Figures 6 to 8 is o m  the spectra. The Al:Si 
ra t io  i s  approxi  i n  f i g u s e  6 ,  ver sus  3:2 i n  
figure 8 .  Te i e n t  from the w a l l  to t he  cen te r  

ve an effect on the 
Figures  8 ,  9, and 10 
t o  t h e  other on a 

i n  the reactor. Experiments are 
e v a l u a t e  t h i s  effect. The 

between t w o  p o i n t s  at  the same 
related t o  t h e  change i n  t he  
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STANDARDLESS EDS ANALYSIS 
(ZAF CORRECTIONS V I A  HAGIC Y) 

ELEHENT KlXGJiT ATORIC PRECISION 
L LINE PERCENT PERCENT+ 2 SIGiYA X-RATIO** ITER 

A 1  KA 39.77 72.53 0.19 0.4661 
Si KA a. 27 14.49 0. 09 0.091 7 
Ao PIA 51. 96 12.98 0.58 0.4402 4 

TOTAL 100.00 

*NOT&: ATUHIC PERCENT is normalized t o  100 I 
Figure 6: Energy Dispersion Spectra and Quantitative Analysis 
performed on composite coating with low Si content 
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STANDARDLESS EDS ANAL rsrs 
(ZAF CORRECTIONS VIA WAGJTC YI 

LJ 

A 1  Kh IS. 78 44.81 -&la e , i m  
Si KA i8.36 27.77 0.11 e.1282 
Au HA 73. a6 28.22 8.69 0.6815 6 

QMOTE: ATUHIC PERCEMT is aornaZized t o  10% 

Figure 8: Energy Di spe r s ion  S p e c t r a  and Q u a n t i t a t i v e  Analysis 
per fo rmed  on  composite c o a t i n g  w i t h  high Si c o n t e n t  close t o  
t h e  c e n t e r  of t h e  reactor 
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STANDARDLESS EDS ANAL YSIS 
(ZAF CDRRECTIUNS VIA WAGIC Y) 

ELEHENT WEIGHT A TOXIC PRECISION 
& &I&& PERCEHT PERCENT* 2 SIEM K-RATIOt 

A l  A'A 45.27 75.31 0.22 0, 5272 
si R A  8. 91 14.25 0.10 8.0957 
Au EA 45.82 10 .44  0.58 0.3771 

TOTAL 100.00 

*NOTE: ATDKIC PERCENT is normalized to 200 

Figure 10: 
performed on composite coating close to the reactor wall. 

Energy Dispersion Spectra and Quantitative Analysis 
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A new process controller manufactured by MXS 
Instruments has been added to the s y s t e m .  This c o n t r o l l e r  
would enable u s  to accura t e ly  c o n t r o l  the react ion and 
source temperatures, gas flow rates,  and chamber pressures. 
This sys t em also allows the user to run the process from a 
preset vfreci.pe" providing consistency between experiments. 
T h i s  controller is a valuable asset  in deposing composite/ 
laminated c o a t i n g s  w i t h  gradually changing compositions 
from i n n e r  to the ou te r  layer  af the coat ing.  

Deposition of chemi.cally graded 5/92 Qn Schedule 
Si02 coa t ings  on subs t ra tes ,  
Coanposite A1203/Si02 coat ings 12/92 On Schedule 
on Si02 coated substrates.  
BeveLopment of the complete 6/93 on Schedule 
coating conf igu ra t ion  for contact 
s t r e s s ,  oxidation, and corrosion 
res i s tance  e v a l u a t i o n ,  
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The goal of this technical p r o ~ ~ a m  is cc3 develctp w ~ a ~ ~ ~ ~ § i s t ~ n ~  coatings for pistm ring and 
cylinder liner ~ ~ i ~ ~ i ~ ~ n t ~  for low heat-loss diesel engines. 

Friction and wear screening in b a s  1 identified plasma ~ ~ ~ ~ y ~ d  high carbon iron- 
~ ~ l y ~ e n u ~  and chromia-silica coatings as candidate piston ring wear coatings. Plasma 
s p ~ ~ y e ~  ~ h ~ ~ ~ ~ - s i ~ ~ ~ ~  and high carborn ~ ~ ~ n - ~ ~ o ~ y b ~ ~ ~ ~  coatings, as well as, a low 
temperature arc vapor ~ p ~ s ~ ~ ~  (L‘I‘AVDT)) cha-cria-rt: nitride coating werc identified as 
candidate cylinder liner wear coatingb. The cast iron ~ ~ ~ e ~ ~ ~ n  enamel coatings exhibited 
~nsatisf~tory wear rates because of porosity in the coating. 

The three main technical tasks for Phase 11 are further o p t ~ m ~ ~ a t ~ o n  of the LTAVD chrome 
cast iron porcelain enamel w e u  coatings and the process scale-up of wear- 

resistant plasma coatings for cylinder liners. 

The optimization of the ETAVD chrmne nitride coating involves the development of an 
adherent 15 micron thick coating which meets the friction and wear goals of this program. 
The cast iron porcelain enamel process ~ p t ~ i n i ~ a t i ~ ~  centers on developing a CTPE compo- 
sition with a ~~i~~~~~ of porosity. The process scale-up of the plasma coatings will first 
develop I D ,  plasma spray parameter$ for coating cylinder liners, Next, simulated cylinder 
liner specimens will be coated and the friction arid wear properties of these coatings he 
detennined using reciprocating friction and wear testing using both new and “used” engine 
oil. 

I 

I 

In Phase I, a 3-5 micron thick low tem$eraturc: arc v a ~ o r ~ ~ ~ s ~ t ~ ~  (LTAVB) chrome nitride 
coitting was applied to cast iron substrates which met the friction and wear goals of the 
conitract. However, wear curves generated :;howd that even with wear coefficients of less 
than 10-8 mm3/N-m, a 5-micron thick coating will not meet commercial chesel engine 
durability requirements. The WearcuFes showeda 15- micron thick LTAVD chrome nitride 
coating is needed to meet these durabirlity requirements. For this reason, the overall goal of 
this task is the development of a 1.5 
can be applied to the inner diameter 

icron thick, adherent chrome nitride coating which 
,ran cylinder liners. ”his task was divided into 

four subtasks : 
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1. Optimization of LTAVD chrome nitride coating parameters, 

2. Development of a 15-micron thick LTAVD chrome nitride coating 
containing an intermediate layer, 

3. Determination of the effect of single vs. multiple alternative 
layers on the adherence of 15-micron thick LTAVD chrome nitride 
coatings, and 

4. Friction and wear characterization of selected 15-micron thick 
LTAVD chrome nitride coating systems. 

The LTAVD chrome nitride coating development has been completed. Only ni?rogen partial 
pressure and substrate cleaning procedures had any significant effect on the LTAVD chrome 
nitride coating adherence or microhwdness. Incorporating achromium or alayered titanium/ 
titanium nitride intermediate coating in combination with either a 15-micron thick 
chromium nitride or a 15-micron thick "layered" coating (consisting of alternating layers of 
chromium and chromium nitride) resulted in LTAVD chrome nitride coating systems which 
had excellent physical appearances, hardnesses and adhered well to a cast iron substrate. In 
addition, these coating systems were able to withstand both up and down-cycle thermal 
shock testing from room temperaturz and 650 C. 

Upon conipletion of the thermal shock and adherence testing, three LTAVD chrome nitride 
coating systems were selected and applied to cast iron Hohman A-6 rub shoes. These shoes 
will be evaluated for friction and wear running against a plasma-sprayed, high carbon iron- 
molybdeum coated disk. The three LTAVD chrome nitride coating systems selected were: 

1.15-micron thick chrome nitride top coat over a chromium intermediate layer (System I), 

2. 15-micron thick top coat consisting of alternating chrome nitride and chromium layers 
over a chromium intermediate layer, (System 2), and 

3. 15-micron thick top coat consistirig of alternating chrome nitride and chromium layers 
over a layered titanium and titanium nitride intermediate layer (System 3). 

Table 1 lists the results of the friction and wear characterization of the three LTAVD chrome 
nitride coating systems. 
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~ TABLE 1 
Fridtion aild Wear Test Results 

After 1000 Mihutes of Testing at 350 C, Lubricated 

LTAVD Chrome Nitride Average Shoc Wear Rate 
Coating System (mm3/N-m) (mm3/N-m) 

Average Disk Wear Rate 

System 1 

System 2 

3.0xE-8 1 .GxE-S 

No measurable wear 7.6xE-6 

No measurable wear 4.2xE-6 

These friction and wear results showed that after 1000 hours of running against a plasma 
sprayed high carbon iron molybdenum counterface, under lubricated conditions at 350 C, 
all threeLTAVD chrome nitride systems had average wear coefficients which meet the goals 
of this program. I 

While the LTAVD chrome nitride shoes meet the wear goals of the contract the high carbon 
iron-molybdenum disk exhibited wear r a t s  which did not meet the contract’s goals. 
However, the high wear coefficients of the $asma sprayed high carbon iron-molybdenum 
disks were caused by the lubricant charring dzlring the test and forming hardcarbon particles. 
These particles then became trapped at the rub shoe/disk interface and galled the surface of 
the plasma sprayed high carbon iron-molybdenum disk. 

I 

Using the results of thermal shock tests, andthe friction and wear characterization, along with 
an estimate of the production costs for application for each chrome nitride coating system as 
a guide, Systems land 2 were selected for further process development. 

Phase 11 Task 2-- 
Process Scale-up Of Wear Resistant  plasma Coatings for Cylinder Liners 

The overall objective of this task is the optimization of inner diameter plasma spray gun 
parameters for both the chromia-silica composite and high carbon iron-molybdenum blend 
powders. Statistical experiments were designed and run to determine the effect of primary 
gas flow, current, voltage, spray bias) deposition efficiency. 
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The results of these experiments were. then used to build a predictive eqlnatioii to select three 
sets of I.D. plasma sprday gun coating parameters for barb thc chmrnia-silica and high carbon 
iron-molybdenum powders. The cozrting paramcters selected by the madel will produce thc 
optimum plasma spray coating micro jtructures and ksmdnesses along with the highest coating 
deposition efficiencies Three sets of Hohman A-6 conforming mb shoes were plasma 
sprayed with each powder using an I. D. plasma spray gun with the spray paraanaeters selected 
by the 8ndel (Sets 1-3). The counterfaces iun against thesc shoes were disks plasma sprayed 
with the opposite powder; i.c., high carbon iron-niolybdewrn shoes ran against chaomh- 
silica disks 

Table 2 contains the results of the Honman A-6 friction and wear cPiamctCrizatian sf  the Ian. 

selected for either powder will result in average wear coefficients between 10 -* and 
10 -9 mrri3/n-m for both the rub shcm and disks. 

plasma spray coatings. I’he initial test results show that the: I.D. plasma spray p- UTRXXlett2l-S 

TABLE 2 
Friction and Wear Charactcrizatim 

I D ,  Plasma Spray Coating Optimization 

Chromia-silica Sa 2 high carbon iron- 1 . 2 ~ - 9  6” OX- 8 
molybdcnurn 

Chromia-silica sea 3 high carh-30 iron- 3 . 0 ~ ~ - 9  8 . 0 ~ - 8  
m sl  y bdcnmm 

~~ 

High carbon iron-b4o - Set 1 chromia-silica 1.1 xc-8 2.OXe-9 

Another part sf the praxss scalc-up !ask involved deternrining methods fop. cost-effectively 
finish machining the plasma spr~?yedcoatings applied to the I D .  of acylinder liner, Norton’s 
Ceramic Machining Ttxhnolngy Ccsstsr-was selec t d  to do the initial machining stdies. A 
fully programmable Huffman H S - ~ ~ I B ,  5-axis, CNC grinder was used for tkiese ariachining 
studies. Norton rotated the machine 13ea.d 90 dcgrms and built a special chuck to enable the 
Huffman to do surface grinding. 
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Norton has completed all the machi ing and has returned the specimens t~ Catm$?ibr. '?"be 
initial. results of this machining stu i y were: 

1. Best surface finish was achieved'with 15-micron diamond grit, irrespective of the bond 
type9 

2. Increasing depth of cut or diarnsbd grit size increased material removal rates, 

3. Reducing feed rates with 15-micron diamond grit in a vitreous bonded wheel and large 
&pth af cur resulted in the best surface finish with the highest material removal rates. 
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Thick Thermd Bgrrier Coatizg (TE3C) S ystenis for Low Neat Rejection Diesel Englines 
M. B. Beardsley (Caterpillar Tnc.) 

The objective of this pr~grat~i is to advance the fundamental understanding of thick 
thermal barrier coating systems for application to low heat rejection diesel engine combus- 
tion chambers. Arcas of TTBC technology that will be examined include powder charac- 
tcristics and chemistry; bond coat composition; coating design, microstructure, and thick- 
ness as they affect properties, du~ability, and reliability; and TI’BC “aging” effects 
(microstructural and property changes) under diesel engine operating conditiasns. 

Technical m-ogi-e~ 

a n c  POWDERS 

Fifteen TTBC ceramic powders have been acquired EO evaluate different chemistrks, 
different manufacturing methods, lot-to-lot variations, different suppliers and varying 
impurity levels, Table I .  The results of the powder characterization for chemistry, parrde 
size distribution, surface area, crystsllographic phases, apparent density and Hall flow are 
shown in Tables 2 to 4.  

In the chcrriical analysis it can be seen that the three spray dried and sinteredmaterials 
to be used in the impurity study (lots 34850, 34992, and 34993) range from low levels of 
alurnina and silica (34992), low alumina and mid-level silica (34850), and high alumina and 
silica (34993). Thc chmniscr-ies of the I-IOSP (proprietary Metco process), spray dried, spray 
dried and sintered, fusedandcrushed, and sol gel materials also show slightly differingranges 
of impurities reflecting the differing manufacturing methods. 

The particle sizc distributions of the fifteen materials show small variations in the 
mean and nzajor size ranges, Small variations in the “fines”content of the materials may br: 
prescnt and will be evaluated if major differences in spraying characteristics of the powders 
are evident, 

The surface arca of the powders does show a wide range even for similarly 
manufactured powders (lots 34850,24992,34993 and lots 34243,34382,34547). This may 
be the major factor in powder “lot-tis-lot” variations. The high surfacc area of the sol gck 
materia1 was unexpected. Examination of the powder by scanning electron microscopy 
(SEM) showed that the sol gel particles consisted of porous spherical shells enclosing balls 
of the material, Figure 1. Thus the surface inside the I~alls is iiicluded in the surface area. 

The crystallographic phase analyses of the materials were done using a peak intensity 
ratio method. This method i s  an industry standard used for fully reacted yttria-zirconia 
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_____-_l._l_ 
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34547 ~ 0 1  

34108 0.M 

34209 c.01 
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I^__ ..- 

32678 0.27 

34850 0.01 

281 0.03 

33440 <.Of 

3073 0.08 

1081MP 0.01 

8% Yttrl~.Lltr~lnia-SiD-S 
O l r  Ytlria.Zltconia.SiD~S 

34892 c.0 1 
34993 0 26 

Table 1 Powders acquired for evaluation of 
powder characteristics 

different 

MA TERIA L MFG 4ETHOD 

8% Yttria-Zirconia HOSP 
20% Yttria-Zirconia Spra Dried 
24% Ceria-Zirconia HOSJ 
Calcium Titanate Spray Dried 
Mullite Fused & Crushed 

DlFFERENT MANUFACTURtNG METHODS 

Spray Dried & Sintered 
8% Yttria-ZirCOnia Sprayed Dried 
8% Yttria-Zirconia 
8% Yttria-Zirconia Fused & Crushed 
8% Yttria-Zirconia SOL GEL 

DIFFERENT SUPPLIERS 

SUPPLIER 

METCO 
METCO 
METCQ 
METCQ 
METCO 

METCO 
METCO 
Norton 
METCO 

LOT NO 

34547-1 
341 08-2 
34209-3 
34849-4 
34542-5 

32678-6 
34850-7 

281 -8 
34440-9 

8% Yttria-Zirconia SprayedlCompactlSintered Zircoa 
8% Yttria-ZirCOnia Spray Dried & Sintered MET TECH 

39073-1 0 
1081 MP-11 

LOT-TO-LOT VAR!ATIONS 

8% Yttria-Zirconia HQSP 
8% Yttria-Zirconia HOSP ~ 

METCO 
METCO 

341 43-1 2 
34301-1 3 

IMPURITIES 

8% Yttria-Zirconia Spray L)r,ied & Sintered METCO 
8% Yttria-Zirconia Spray Dried & Sintered METCO 

34992-14 
34993-1 5 

Table 2. Chemistries of the TTBC powders 
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Table 3 Particle S i z e  Distribution o€ Selected TTBC 
P0wdeE.s 

MEAN 
LOT DIA. 10% 5Q% 90% 

MATERIA I NO. MlCRON MICRON 

8% YSZ-MOSP 34547 56.76 20.37 50.87 103.78 
20% YSZ-SID 34 108 74.15 30.16 66.36 124.11 
24% csz-HosP 34209 56.92 22.12 50.92 103.15 

MLaltlte 34542 96.22 52.32 94.38 147.98 
CaTQ 5 34829 75.61 39.23 67.09 119.88 

8% YSZ-$ID 32678 67.00 29.41 60.67 1'3.90 
8% KST-SID-S 34850 62.82 27.95 56.54 108-70 
8% YSZ-FIG 281 70.01 32.07 64.08 117.43 
8% vsz-Sol Gel 34440 62.59 33.62 57.22 1Ol.93 

8% YSZ-SIC-S 39873 68.30 34.74 63.83 110.45 
8% Ysz-sIbs 1081MP 60.42 29.01 54.95 102.47 

34143 59.90 25.23 54.08 105.31 
34302 56.32 22.85 49.65 102.46 

896 YSZ-SID-s 34992 59.91 26.08 53.e4 104.87 
8% YSZ-SID-s 34993 60.67 26.50 55.08 104.66 

Table 4 BET Surface A r e a  Analyses of TTBC Powders 

SINGLE 

POINT BET 
LOT NUdMSER M2,Q M ' / g  

8% VSZ-KBSP 34547 0.3346 0.3461 
20% YSZ-SID 34108 1.9386 2.0047 
24% CSZ-HQSP 34209 0.2994 0.303 1 
CaTB 5 34829 2.2343 2.3069 
Maulllle 34542 0.1833 0.1440 

8% YSP-SID 
0% YSZ-SID-S 
8% YSZ-FIC 
8% vsz-Sol Gel 

32578 
34850 

34440 
20 I 

3.6373 3.7554 
1.0337 1.0640 
0.0623 0.0442 
4.1542 4.2505 

8% YSZ-HOSP 
8% YSZ-HQSP 

34 143 
34302 

0.2559 
9.2671 

0.2664 
0.2790 

8% KSZ-SID-S 
0% YSZ-SID-s 

34992 
34993 

0.7742 
0.2544 

0.7970 
0.2706 
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Table 5 X-ray Diffraction Analyses of TTBC Powders 
1 
~ %CCUBlC& x 

% LOT ~ TETRAGONAL ~ O ~ O C L i N I C  
MAT'ERfAL NO. 1 ZlRCQNIA ziacoNiA Y T7RlA 

0% YSZ-HQSP 34547 91.1 8.9 ND 
2Q% Y SZ-S/D 34108 
24% CSZ-HOSP 34209 93.8 6.2 NO 
CaTO 5 -SlD 34829 1OO"'o Calcium Titanale 

* 

Mullite-FIC 34542 1 
* 

NO 

ND 

8% YSZ-SID 32678 
8% ysz-sics 34850 63.5 36.5 
8% YSZ-F/C 201 100 NO ND 
0% VSZ-Sol Gel 34440 100 ND 

8% YSZ-SIC-s 39073 85.7 14.3 NO 
8% YSZ-SfD-S 1081 NIP 62.5 37.5 ND 

8% YSZ-HOSP 34143 91.3 8.7 NO 
8% YSZ-HOSP 34302 93.0 7,O NO 

8% Y sz-SID-s 34992 1 73.5 
0% WSZ-S/D-S 34993 ~ 70.1 

26.5 NO 
29.9 ND 

Table 6 Apparent Denkity and Hall Flow of TTBC Powders 

HALL APPAHENT 
I FLO w DENSITY 

MATERlAL LQS NUMBER fSEC) Wee) 
8% YSZ-HOSP 34547 77.9 2.27 

20% 1ISZ-SIO 34108 47.3 1.52 
24% CSZ-HOW 34209 34.1 2.40 
CaTO 5 34829 117.4 1 .os 
Mullite ~ 34542 71.6 1.16 

l 

8% YSZ-Sol Gel 

I 

~ 32678 
, 34050 
1 281 
1 34440 

52.2 

45.1 
39.2 

. 1.44 
1.10 
2.55 
1.72 

I a% YSZ-SIC-s 1 39073 L 1.84 
8% YSZ-SIPS I 1081MP 40.3 2.00 

I 
8% YSZ-HOSP 
Bo& YSZ-HQSP 

I 
34 143 

' 34302 
51.3 
81.7 

2.27 
2.26 

0yQ YSZ-SID-S 
8% YSZ-SID-S 

~ 34992 
~ 34993 

L 1.97 
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Figure 1 
zirconia showing the porous spherical shell enclosing a 
spongy mass. 

SEM photograph of the sol gel produced 8% yttria- 

materials. When used for the spray dried yttria-zirconia materials, this method gave twice 
the yttria content from the chemical analysis. A review of this method is being perfomed 
at Metco to determine why this o c c d .  

The apparent density of the materials fall as expected from the particle size and 
chemistry of the materials. The lack of flow for lots 34850,39073, and 34992 is unexpected 
since no feeding problems were encountered during spraying of these materials. This may 
indicate that the Hall flow is not a useful measurement for plasma powders. 

Each of the 15 materials has been sprayed using 36 parameters selected by a design 
of experiments (DOE) to determine the effects of primary gas (Ar and NJ, primary gas flow 
rate, secondary gas flow rate (HJ, arc current, powder feed rate, carrier gas flow rate, and 
spraying distance. The deposition efficiency, density, and thermal conductivity of the 
resulting coatings are being measured. A coating with a high deposition efficiency and low 
thermal conductivity is desired from an economic stand point. Data to date has shown that 
as the deposition efficiency increases the thermal conductivity also increases, Figure 2. An 
optimum combination of thermal conductivity and deposition efficiency will be sought in 
follow-on experiments and deposition parameters will be chosen for making coating 
specimens for full characterization. 

BOND COATS 

Oxidation studies of four bond coat materials and two graded materials produced 
using air plasma spraying (APS) and high velocity oxy-fuel (HVOF) processes have been 
completed The nickel-based bond coat alloys studied were Ni-2O%Cr, Ni-SZAl, Ni- 
20%Cr-6%A1 and Ni- 178Cr-68Al-0.5ZY. Graded materials were made from mixtures of 
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Figure 2 
efficiency f o r  lot 34547 showing decreasing deposition 
efficiency with decreas'ing thermal conductivity. 

Thermal conductivity plotted versus deposition 
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the Ni-20Cr-6Al bond coat and an 8% yttria-zirconia ceramic and from a mixture of a 3 16 
type stainless steel and an 8% yttria-zirconia. The test coupons were obtained from free- 
standing deposits. The particle size, chemistry, phase analysis, and SEM particle morphol- 
ogy of the materials were determined similar to that for the TTBC powders. 
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Oxidation tests were conduc'ted for 100 hours at 400 C, 600 C, and 800 C in flowing 
air with 29% humidity. The specirneris were not given any post-spray surface treatment. The 
specific weight gains were measured following the oxidation tests. Metallographic exami- 
nation, using optical microscopy, an11 x-ray diffraction studies of the oxihzed coupons were 
conducted. I 

M 

R2 - 0 . 5  
, 

I I 1 1 1 

The specific weight gain resll,Its indicated that of the four bond materials, NiCrAl and 
NiCrAlY exhibited the best oxidati;on resistance, but the test temperature is also a major 
factor, Figure 3. For bond coat tem@atures below 500 C ,  the NiCr bond coat would have 
similar oxidation resistance as the NlCrAl and NiCrAlY bond coats. The NiCr, NiCrAl, and 
NiCrAlY materials were chosen to {le further characterized. 
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Figure 3 
materials versus three exposure temperatures ("C) f o r  3-00 
hours. 

Weight gain of four potential bond coating 
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bond coatings for characterization 

The NiCrAl and 8% yttria-4rconia materials showed increased oxidation when 
sprayed as a mixture, Figure 4. The higher the ceramic content, the higher was the oxidation 
rate. This is caused by the increase(1 surface area of the coating due to the introduction of 
porosity when the ceramic is added. ‘This is also shown in comparing the HVOF to the APS 
coating of the 100% NiCrAl which nas a lower porosity then the APS coatings and lower 
oxidation. The graded coatings produced with the HVOF process did not contain the same 
ratio of metal to ceramic as the starting powders. The ceramic does not melt in the oxygen- 
propylene flame and therefore has lto be physically captured in the molten metal phase 
resulting in alow ceramic phase cont4:nt. HVOF is therefore not a goodmethod for producing 
graded coatings. The APS produced coatings showed a nearly equal metal to ceramic ratio 
as the starting powders. 

1‘ 

of the NiCr, NiCrAl, NiCrAIY, and stainless steel 

Stainless steel, type 316, sprayed with the HVOF process had better oxidation 
resistance than the APS produced cdating and is comparable to the NiCrAl APS produced 
coating, Figure 5. (Note that the results shown in Figure 3 were obtained from a different 
run of the oxidation test while the results in Figures 4 and 5 were from the same run of the 
oxidation test. The differences in the NiCrAl results from Figure 3 to Figure 4 are due to run- 
to-run variations. The results in Figures 4 and 5 may be compared since they were run at the 
same time.) Due to the goodoxidation resistance of the HVOF stainless steel, it will be further 
characterized as a bond coating rnatcrial. 

The APS produced graded stainless steel materials show higher oxidation rates than 
the NiCrAl graded material. However, it is not known if this higher oxidation rate would 
cause a problem. Further characterization of the stainless steel graded materials is planned 
as well as additional testing of a 400 Series stainless steel and an additional 300 Series 
stainless (type 347). 

A nickel aluminide (Ni,AI) wire was obtained from ORNLand sprayed using a single- 
wire arc plasma under ambient atmospheric conditions. The hardness of the as-received wire 
was 541 DPH and the coating hardness was 243 DPH. X-ray diffraction indicated that the 
coating was virtually “pure” nickel.’ Oxidation of the aluminum from the alloy occurred 
during spraying. Similar results hav’e been obtained by other investigators when spraying 
nickel aluminides in a air. (Ref. 1) A nickel aluminide powder (INMET 310) has been 
obtained from Metallamics, Traverse City, MI, and will be sprayed using vacuum plasma 
spraying to determine if a nickel aluminide phase can be maintained. 

DESIGN, DEPOSITION, AND CHARACTERIZATION 
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75% 
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Figure 4 Weight gain of graded NiCrAl and 8% yttria- 
zirconia verses three exposure temperatures ('c) f o r  100 
hours. The percentages are the metal content with the 
balance being ceramic. Note the low ceramic content of the 
HVOF coatings which were sprayed w i t h  t he  same powder 
compositions as the APS coatings, 
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Figure 5 Weight gain'of graded 316 type stainless steel 
and 8% yttria-zirconia verses three exposure temperatures 
("C) f o r  155 hours. The percentages are of the metal 
with the balance the ceramic. The HVOF percentage are the 
starting powder compositions not the coating compositions 
which were much lower in ceramic. 
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Development of an axial fatigue test to determine the high cycle fatigue behavior of 
%TBCs has been underway at the Uiliversity of Illinois. A fatigue test apparatus has been 
designed and initial test work perfonned with i t  which demonstrates the ability to provide a 
routine method of axial testing of coatings. The test fixture replaces the normal load frame 
and fixtures used to transmit the hydraulic oil loading to the sample with the TTBC specimel~ 
itself, Figure 6. 

The TTBC specimen is a composite metal/coating with stainless steel ends, Figure 7, 
The coating i s  sprayed onto the mild steel center and the specimen is then machined. After 
machining, the specimen is piaced in an acid bath which etches the mild steel away leaving 
the ‘FT’BC attached to thc stainless steel ends. Plugs are then installed in the ends and the 
composite specimen is loaded in the lest fixture where the hydraulic oil pressurizes each end 
to apply the load. Since oil transmits the load, bending loads are minimized. 

A TTBC coating has been tcsted at room temperature using this method and the 
resulting strcss-Me c ~ i r ~ e  i s  shown in Figure 8. This data matches previous fatigue data for 
this material obtained in 4-point bending, but long life data was obtained with this test method. 
In additinn to the mom temperature data, specimens have recently been tested at 800 C with 
surprising results. At high temperalure, the TTBC exhibits much higher fatigue strength, 
Figure 9. ‘Ihis behavior is not understood at this time. It does indicate the need for additional 
testing to cover the teniperature range (300 to 800 C) that the coatings will experience. 

Reference 

S. Sampath, et al*? “Plasma Sprayed N i - N  Coatings”, Surface Engineering, 1989, Vol. 5 ,  NO. 
4, pg. 293-2538. 

Status of milestones 

All milestones are on schedule. 

Publications 

1. M.B. Beardsky, “Material Development of Thick Thermal Barrier Coating (TTBC) 
Systems for Low Heat Kcjection Diesel Engines”, to be published in proceeding to The 1992 
Coatings for Advanced Heat Engines Workshop, Monrerey, (:A. 

2, C. Demdt, et al., “Borad Coats for Thick Thermal Barrier Coatings”, to be published in 
proceedings to The 1992 Coatings for Advanced Heat Engines Workshop, Monterey, CA. 
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Figure 6 
the compressive fatigue strength of TTBC materials. 
that ail is used to lcjad the specimen ends which minimizes 
bending loads in the T'TBC material. 

Schematic 04 the test apparatus used to determine 
Note 
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Figure 7 Schematic of the campasite metal/ceramic 
specimen used to determine the fatigue response of TTBC 
materials, T h e  specimen is approximately 125 long. 

Life in Cycles 

Stress 

Figure 8 Room temperature fatigue data for a TTBC ceramic 
showing a significant reduction in strength with cycles. 
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Cycles to Failure 

0 Stress- 25'C 
0 Stress-8OS'C 

Figure 9 The TTBC materials fat,gue behavior is shown 
compared to the room temperature data shown in Figure 8. 
Note that at the highdr temperature, the TTBC exhibits 
increased fatigue strength. 
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1.4 JOINING 

1.4.1 Ceramic-Metal J O B  

Obiect ive/sco pe 

The ObjeC!iv@ of this task k3 to deVelOp Strong, rdisibk jOh28S COn%%inhg CWaiTik 

csmpanc~3ts for applicatialns in adpv.anced heat engines. The overall emphasis of this task 
is on studying the brazing characteristics; of silicon nitride and silicon carbide. The 
techniques of direct brazing, as well as vapor caatin ceramics to cireesmvent wettin 
problems, will be applie io these materials. The specific areas of e 
activity during FY 1992 will be on: (1) continuing the study of high-t 
silicon nitride and the effects of thermal aging an joint strength and (2) initiating a study of 
the brazing characteristics of sintered tr-Sic. 

Si,N, brazing: Several braze joints were made af 7i-vapor-coated SN220 Si,N, by 
vacuum brazing at 1 130°C with Au-25Ni-25Pd wt % filler metal. These joints and some 
rnofiolithic SN228 were prepared into test bass for creep testing. Testing is expected to 
begin duriiig the next reportin 

a variety of sxpeaimeots aimed at examiniriy the materials systems they developed in more 
detail, optimizing brazing conditians, and ultimalely improving the chanical propefiies of 
PYG-to-metal joints similar to those developed under the GTE join 
Preliminary experiments were done to evaluate both the wetting c: 
and SM-2 braze filler metals develapcd by GTE Laboratories and the characteristics of 
these allays for producing braze joints of PY6-to PY6, PY6-to-lncoloy, and Incoloy-ta- 
Incefoy. The experiments were done in vacuum at either 11 00 or I %OQ"@, and selected 

ABSO, some PY6 Si,N, ea baircd from GTE, ere prepared into specimens far 

specimens were prepared for ~~~~~~~~r~~~~~ analysis. 
The wetting experiments were done by placing small pieces (4 x 4 mm) of the SKI 

and SK-2 alloys on either Ti-vapsr-coated PY-6 or Irs,coloy 909 and holding them at 
temperature for 20 min. On the Ti-vapsr-ct=rateb PY-6, both filler metals a 
partially melt at. 11 00" C, while melting appeared fa be complete at 1200" 
obsesvatians loosely agree with !he melting behavirsr reported by GTE w 
temperatures were given as 1268" C for SM-1 and 1298" C for SK--2. The Io 
temperature observed in the wetting experiment could have resulted fro 
filler metals with the Si,N, substrate. On the Ti-vapor-coated PY-6 at 1 20Q°C, the wetain 
angles of the alloys w e r e  in the range of 18 to 20°, and there was no indication of 
undesirable ehemicall reaction. Neither alloy melted completely on incoloy 909. These 
results indicate that the SK-1 and SK-2 filler metals reacted wiih the substrate materials 
and that the reactions infliienced the melting and brazing characteristics of the alloys. 
Nevertheless, bath allays showed gsad x h x e n c e  to both substrates, even in conditions 
where partial mcliing occurred. 

to-PY.6 would be obtained taut that joints of PY-6-to-lncofoy 9C9 and I I - I C Q ~ C I ~  90940- 
lncolloy 909 would be more difficult ts achieve. This was not the c 

Based on the wetting experiments, it was expected that acceptable joints of PV-6- 
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PY-6-to-PY-6 bonded reasonably ~ well and had very good exterior appearance, but they 
contained large unbonded regioqs after brazing at both 1100 an 1200°C. No bon 
could be obtained in joints of PYI-6-to-lncoloy 909. In these joints, the filler metals adhered 
to the lncoloy 909 but not to the  ti-vapor-coated PY-6. Acceptable joints of incoloy 909- 
to-lncoloy 909 were obtained at both brazing temperatures even though the wetting 
experiments indicated that meltiflg was incomplete in both cases. The resuks of the 
brazing experiments suggest that there is no inherent difficulty in the bonding of these 
filler metals to lncoloy 909, On the other hand, they also suggest that reactions between 
the filler metals and the Ti-vapor-coated PY-6 occur, which are detrimental to forming an 
acceptable bond. Metallographic examination of these joints is proceeding. 

Also, the package developed by GTE for analyzing the stress state of cerarnic-to- 
metal joints and their behavior under applied loads was transferred to computers at BRNL 
and set up for general use. A license for the ABAQUS software was purchased, and this 
finite element analysis program was installed on an IBM RISC 6000 workstation. The 
ABAQUS portion of the analysis of ceramic-to-rnetal joints by GTE was rerun to verify its 
operation. Work to run the full analysis, including the treatment of failure wsing CARES, is 
continuing. 

Simultaneous to establishihg a capability to use the GTE analysis, an intensive effort 
was undertaken to analyze the siresses in a diesel engine glow plug tip using ABAQUS 
and to predict how well the glow plug would perform in service. The present glow plug 
design is based on a ceramic rob being press fit into the end of a metallic tube. However, 
it was decided to consider a glow plug with a brazed rather than a press-fit tip in order to 
provide for better electrical condbctivity and mechanical integrity. The general geometry 
of this part was similar to the shqft joint analyzed under the GTE joining subcontract, and 
it was decided to try to apply their work to the glow plug problem. The analysis was run 
after adjusting the part geometries to approximate those of the glow plug and assuming a 
bonding temperature of 830°C. The material properties used for the plug tip were those 
of PY-6 Si,N, because the properties of the actual glow plug material were not readily 
available. An overall view of the maximum principal stress distribution in the part after 
cooling to room temperature is shown in Fig. 1, The ceramic plug tip is situated inside a 
metal tube, and a vertical axis of symmetry is assumed. Figure 1 shows that bonding 
produces large stresses in both the ceramic tip and the metal tube. A detailed view of the 
region experiencing the highest Stresses is shown in Fig. 2. Residual stresses in the 
range of 200 to 300 MPa are predicted in the ceramic at the edge of the joint region. 
Residual stresses up to 500 MPa are predicted in the metal tube. Further analysis of this 
and similar ceramic-to-metal joinjs is planned. These results suggest that producing such 
a joint may be problematic unless further refinements of the joint design and materials 
selection processes are considered. 

I 

Status of milestones I 

141 1 1 1 Complete metallographic analysis of reactions of high-temperature braze filler 
metals with silicon nitridd. On schedule: December 31, 1992. 

Publications I 

M. L. Santella, "A Review of Tecdniques for Joining Advanced Ceramics," Gerarn. Bull. 
71 (6), 947-54 (1 992). 
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Fig. 2. Detail view of aximum principal stress distribution showing very 
high residual stresses are o d d  when the part is cooled from the bonding 
temperature of 830°C to r P m temperature. 

. . ~-.-. " .  . f.' 



172 

1.4.2 Ceramic-Ceramic Joints 

Analptical and Experimental Evaluation of Joining Silicon Carbide to 
Silicon Carbide and Silicon Nitride to Silicon Nitride for Advanced Heat 
E n g i n e  A~~lications Phase I1 
G. J .  Sundberg, J. A .  Wade, and C. S ,  White (Norton Company) 

OBJECTIVE/SCOPE 

Joins of hot isostatically pressed (HIP'ed) Si,N,-Qwt% Y,O, (NCX-5100 
family) and sintered Beta-SiC (NCX-4500) were developed during Phase I 
of the contract and were demonstrated to have mechanical properties 
attractive for advanced heat engine applications.' An experimental 
database was developed for both materials based upon limited MOR and 
buttonhead tensile tests. Within the limitations of this database, 
analytical/numerical models were developed for prediction of join 
reliability. The purpose of this program is to develop joining 
technologies for HIP'ed Si,N, with 4wt% Y,O, and €or a siliconized Sic (NT- 
230) for various geometries including: butt joins, curved joins and 
shaft to disk joins. In addition, more extensive mechanical 
characterization of silicon nitride joins to enhance the predictive 
capabilities of the analytical/numerical models for structural components 
in advanced heat engines will be provided. Mechanical evaluation will 
be performed by: MOR at 22OC and 1370OC, stress rupture at 137OoC, high 
temperature creep, 22OC tensile testing and spin tests. 

TECHNICAL/HIGHLIGHTS 

Si,& Butt Joints - Creep Resistance (Task 1.1L 

The objective of this task is to evaluate the creep resistance of 
parent (unjoined) and joined material. The examples of the data, 
presented below, are work in progress and illustrate the methodology for 
evaluating creep resistance of joined materials. Testing is currently 
underway on the parent (unjoined) specimens to determine if creep 
behavior diEfers from the joined specimens. 

Experimental Procedure - Twenty joined NCX-5101 specimens have been 
tensile creep tested according to the conditions summarized in Table 1. 
The specimen status after creep evaluation has been noted as the time to 
failure or suspension with the corresponding location of the failure when 
appropiiate €or each of the creep conditions. Table 1 will be discussed 
in detail later in the report. 

A laser extensometry system was used to measure and store the 
displacement: of four flags upon each tensile creep specimen (Figure 1). 
The relative displacement between any two flags has been used to 
calculate the strain of different segments of the gage section. Creep 
data is reported €or a specific flag couple. For example, the creep of 
the parent material (segments D1-2 and D3-4) and the join (segment D2-3) 
may be calculated independently or the combined creep of the parent 
material and the join (segment D1-4) may be determined. In this manner, 
creep strain as a function of time has been plotted to compare the creep 
of the joined interlayer and the parent material at varying temperature 
and applied stress. 

The theta projection curve (Equation 1) is fitted to the creep 
curve to obtain theta parameters. Theta projection is a convenient way 
to express the experimental strain as a function of time for the entire 
creep test. The four theta parameters have been generated for each of 
the experiiuentally derived strain versus time curves by fitting equation 
1 to the  test data using the simplex method (Table 2). Theta, e,, are 

Research sponsored by the U.S. Department of Energy, Assistant Secretary 
for Conservation and Renewable Energy, Office of Transportation 
Technologies, as part of the Ceramic Technology Project of the Materials 
Development Program, under contract DE-AC05-840R21400 with Martin 
Marietta Energy Systems, Inc. 



Tabla 1: Joined NCX-5100 Silicon Nitride Creep Specimen Summary 
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Figure 1: Extensometer Flag Arrangement 





constants that def iiie creep behavior2. The remaining task involves 
fitting individual theta values to a bilinear equation of stress and 
temperature - Mien completed, this will give a complete representation 
of the creep versus time curves using oriiy 16 paramet.ars. 

.Results - Variations in s t r a i n  at test termination and primary 
creep rate were observed between most o f  the specimens tested under like 
conditions. Furthermore, strain variations were observed along the gauge 
length wit-hin a given specimen. The strain variation within specimens 
was greatest between segments DS02;D3,4 w h i c h  contained only the parent 
material without the join interlayer. The percent difference of strain 
at test termination hehween opposing halves of the parent material 
typically ranged between 5 %  to 57%. 

The data acyui.sition method was reviewed to ensure apparent strain 
variation was not an artifact induced by systematic error. No detectable 
temperature gradient was measured in the furnace hot zone at the creep 
gage section when monitored with thermocouples. 'The high and low strain 
measurements for creep specimens were randomly oriented at the upper and 
lower ends of the creep specimen. The strain of the center segment 
( B 2 , 3 )  and the overall gauge length (D1,4) represented the creep of the 
join interlayer and the entire aggregate joined body, respectively, and 
correlated well with the weighted averaye of the measured creep segments 
(Figure 2). These findings confirm the measured stra.in variation to be 
an actual behavior difference and n o t  an artifact: from data acquisition. 

Preliminary results have indicatsd inherent creep strain 
variabiliky does exist wi.thin the NCX-5100 unjoined controls (Figure 3 )  . 
However, the creep strain vari-ability was indspendent of position within 
the gage section., The difference in overall strain between the two 
parent halves of the joined specimein was possibly attributed to the 
joining procedure itself. 

Optical fractography of fail-ed creep specimens revealed origins 
primarily at the  surface at the stzress riser in the transition zone. 
Three of twelve creep specimens failed at the join (Table 1). SeTJeral 
failed specimens were fractured and analyzed with SEPI. Initial analysis 
of micrographs showed tzhe primary creep mechanism to he cavitation at two 
grain junctions (Figure 4) and wedge cracking at the triple junctions. 
A more detailed analysis is underway, 

None of the creep data, for tests as long as 1,692 hours, exhibited 
tertiary behavior €or the joined silicon nitride w h e n  using a classical 
creep The l-ack of creep curve divergence from the 
constant slope of the secondary regime supports this conclusion, 
However, theta project ion convention defines the secondary regime as the 
sum of primary and tertiary creep behavi.orn2 Theta projection will be 
used later to extrapolate tertiary creep over a limited time interval 
from the creep datii generated to date. 

Since none of the creep tests completed to date display stage 
three (or tertiary) behavior, it is felt that the stage 2 (or steady 
state) creep rate is the most important. In this reporting period the 
focus has been on inodeling the steady state creep- Twenty NCX-5101 
specimens h a w  beers tested in phase 11 of the contract. Three o f  these 
specimens failed prior to stage 2 but there are also 6 specimens from 
phase I of t h e  contract that displayed steady state behavior. 'The steady 
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state creep strain rate was calculated for these 24 specimens by fitting 
a line using the least squares method to the quasi-linear, stage 2 region 
of the experimental curves, The strain rates for the phase I1 
experiments are shown in Table 1. The secondary creep rate exhibits a 
greater sensitivity to stress at lower temperatures, as indicated by the 
stress exponent, n (Figure 5 ) .  

The first attempt at modeling the steady state creep rate involved 
using the well known Arrhenius dependence: 

Here, E is the steady state strain rate, A and n are material 
constants, (3 is the applied stress, Q is the activation energy for creep, 
R is the universal gas constant, and T is the absolute temperature. This 
equation, and its variations, has received wide acceptance for high 
temperature creep behavior in the literature for both ceramics and 
metals. Consequently, the efficacy of the classical Arrhenius approach 
was evaluated for the experimental creep data. Consider the natural 
logarithm of the equation 2 to graphically determine Q. 

The value of Q was determined from plotting ln(6) versus 1/T at 
constant stress (Figures 6 and 7). The values of Q were determined to 
be 650 kJ/mole and 1397 kJ/rnole for constant stresses of 120MPa and 225 
MPa, respectively. The value of n can be found by plotting ln(Ee'Q'RT') 
against ln(o) using Q of 650 kJ/mole. The temperature dependent creep 
strain rate can be used to plot all of t i l e  experimental creep data with 
the slope of the best fit line giving n (Figure 8). Note the 
considerable scatter from the best fit line. This suggests the Arrhenius 
form may not be the best way to model the N C X - 5 1 0 1  material. The 
variation of the activation energy with stress shown on Figures 6 and 7 
implies that it may be important to include an expli-cit: stress term in 
the activation energy. Alternative models will be considered during the 
next reporting period as well as modeling of the primary creep region. 

The strain rate versus failure time is plotted in Figure 3 t o  show 
the Monkman-Grant correlation for joined N C X - 5 1 0 0  and is represented 
mathematically as : 

kS P t, = e ( 4 )  

The Monkman-Grant parameters p and C are 1.012 and 2.670e-3, 
respectively, assuming that the relationship of equation 2 is valid. 
Mote that the strain rate is in hours-' and the time to failure is in 
hours. 

&E4 Curved Joint: - Development (Task 1.2) 

Initial join development trials have demonstrated the effectiveness 
of the joining technique utilized during Joining, Phase I, upon curved 
geometries.4 Eight additional curved joins have been KIP'ed to 
theoretical density to provide sufficient quantity of flexure specimens 
to statistically evaluate the mechanical properties of joins made with 
type A, B and variations of these slip interlayers. Four types o f  
aqueous slips made with dispersed N C X - 5 1 0 1  powder were used to form the 
join interlayers (A, B, C and D). The aqueous slips although applied 
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Figure 7 :  Determination Of The Joined Silicon Nitride Creep Activation Energy (0) For Stress 
Of 225MPa 
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similarly, differ in the method of preparation and the pre-conditioning 
of the green silicon nitride bill.ets prior to joi.ning. 'The type A slip 
and method of application was formerly used for  Joining, Phase I 
mechanical characterization and analyt:ical modeling'; and 'Task 1.1 of 
Joining, Phase Ii . Ground join sections indicate that incomplete 
densification of the near external surface of the join interlayer ( - l m m  
depth) was not controlled by application of a varying amounts of slip to 
the external join seam. No apparent trend of incomplete densification 
o€ the near external. surface of the joins with the type of slip 
interlayer was noted as with earlier work.2 More work will be required 
to address this limitation of the joining method. 

Mechanical Testix - Room 'Pmpspraturo Fast Frac tu re :  Mechanical 
evaluation of the final iteration of s i l i c o n  nitride curved join 
development is summari.zed in Table 3. While certain di.sk joins have 
visible join lines the failures do not often originate at the join. 
Joins 11 and 13 had t h e  highest frequency of join failures with 
incomplete join interlayer closure during hot isostatic pressing as the 
primary cause. A statistical comparison of data sets using a non- 
parametric Robust analysis found no dif ference between most of the 
flexure strengths a t  the 95% confid-ence level. Joins 15 and 16, made 
with slip D, showed a sigriiEicantly greater room temperature strength and 
weibull modulus relative to the cthsr join types, complete join closure 
and an absence of failures originati.ng in the join interlayer. The type 
D slip will be used for the remainder of silicon nitride joining on  this 
contract. 

1370oC F a s t  Fracture :: Results from 137 O°C temperature fast fracture 
of MIL STD 1342A, Specimen h type bars for the second iteration Q E  curved 
join development are shown in Tah1.e 4. There were no statistically 
significant differences of 13'7OOC strength. as a function of slip type. 
The joins made with types B and D slips demonstrated an absence of 
failure initiating within the join at 1.370OC and gave the best high 
temperature strength. The high temperature perfoi-mance and the room 
temperature properties for type D joins supports selectioii of type D 
joins €or the remainder of the contract, 

Siliconized Sic Butt Joint z...-Joj.nt Development (Task  2.1A) 

Siliconized silicon carbide and pre -sintered un-siliconized silicon 
carbide billets were manufactured during this reporting period. 
Microfocus x-radiography was used to ensure only billets without 
structural defects were to be used for  the  contract. The €aces to be 
joined were ground flat prior to joining. 

Attempts were made to join NT-230 silicon carbide butt joins. The 
two approaches were to join siliconized (dense) to siliconized materials 
and unsiliconized to unsiliconized materials wi.th s1.i.p interlayers. The 
joins formed with slip interlayers were subsequently sintered and 
siliconized. There was a silicon enrichment at: the join interface with 
both joining approaches that resulted in a join of much lower strength 
than the parent materials. ,Joins made from the iriitial unsiliconized 
materials exhibited a join interlayer with such pronounced silicon 
enrichment and strength degradation that the join interlayer was 
incapable of withstanding stress of grinding causing fracture of the 
join interlayer. Macrostructure of the join inteul~ayer was comprised of 
silicon carbide honeycomb cells predominantly f i1.led w i t h  silicon (Figure 
10) . Microst.ructure inside of ce1.l s incompletely filled with silicon 
exhibited a poorly bonded s i - l i c o n  carbide network at the join interlayer 
(Figure 11) . 

Mil Std. 1942MR R geometry flexure specimens were ground from the 
joins made w i t h  t h e  initial siliconized materials w i t h  the j o i n  
interlayer plane located at the center of the flexure specimens 



Table 3: Silicon Nitride Curved Join Development Room TemgsratUre Flexure Data (Task 1.2) 





I A) 12X 

B) 27X 

Figure 10: Macrostructure Join Interlayer For Join Made With 
Initial Unsili Silicon Carbide Parent Material 
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A) 1,000~ 

B) 5 , O O O X  

Figure 11: Microstructure Of Join Interlayer For Join Made With Initial 
Unsiliconized Silicon Carbide Parent Material 
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perpendicular to the leng~th. Mean flexure strength of the joins was 
222MPa with a standard dejiation of 41MPa as compared to a mean flexure 
strength of the unjoined cpntrol body of 410MPa. All failure originated 
within the join interlayer at sites of porosity and/or silicon enrichment 
(Figure 12). 

Additional silicon carbide joining work is underway to decrease 
excessive silicon enrichment at the join interlayer. 

STATUS OF MILESTONES 

The due dates for  Tasks  2.1A, 2. 1B, and 2.2 have been modified due 
to delayed silicon carbide billet manufacture. The modified completion 
dates are as follows. , 

2.1A Siliconized Sic Butt Joint - Joint Development (12/31/92) 

2.2 Siliconized Sic Curved Joint - Joint Development (4/31/93) 

All other milestones remain on schedule. 

COMMvNICATIONS/VISITS/TRAVEL 

, 

2.18 Siliconized Sic Butt Joint - Creep Resistance ( 8 / 3 1 / 9 3 )  

None. , 

PROBLEMS ENCOUNTERED 

See Status of Milestones section. 

PUBLICATIONS 

None. I 
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A) 50X 

B) 250X 

Figure 12: Fracture Origin Within Join Interlayer For Join Made With 
Initial Siliconized Silicon Carbide 
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2.0 ' M A T E R I A L S  DESIGN METHODOLOGY 

INTRODUCTION 

This portion o f  the project i s  identified as project element 2 within 
the work breakdown structure (WBS). 
(1 )  Modeling, (2) Contact Interfaces, and (3)  New Concepts. The sub- 
elements include macromodeling and micromodeling o f  ceramic 
structures, properties of static and dynamic interfaces between ceramics 
and between ceramics and alloys, and advanced statistical and design 
approaches for describing mechanical behavior and for  employing ceramics in 
structural design. 

The major objectives of research i n  Materials Design ~ ~ e t h o ~ o l o ~ ~  ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior at high temperatures, and improved methods for 
describing the fracture statistics of structural ceramics. Success in 
meeting these objectives $11 provide U , S .  companies with methods for 
optimizing mechanical properties through microstructural control, for 
predicting and control1 irig interfacial bonding and minimizing interfacial 
friction, and for developing a properly descriptive statistical d a t a  base 
f o r  their structural ceramics, 

It contains two subelements: 
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2.h CONTACT INTERFACES 

2.2.1 Static Interfaces 

Elastic ProDerties and Adherence ,of Thin Films and Coatinas 
Debra Joslin (The University of Tennessee) 

The objective of this research is the examination of the effects of ion bombardment or, + 

structure of thin ceramic films on ceramic substrates. The material combinations will include 
oxide films that have (a) no solid solubility, (b) limited solid solubility, and (c) complete solid 
solubility with the substrate material (also an oxide). Techniques for determination of elastic and 
plastic properties of thin films or coatihgs on ceramic substrates and for the determination of the 
strength of the bond between the film and substrate, which are currently being developed, will 
be used to determine the hardnebs, elastic modulus, and adherence of each material 
combination. The main testing techniques will be the ultra-low load microindentation tester 
(Nanoindenter), and thermal cycling tests. 

Jec hnical H ia hlig htz 

During this report period, oxide films (Cr2O3 ar Zr02) were grown on sapphire (A1203) to 
thicknesses of approximately 80 nm by rf sputter deposition. These samples were implanted at 
room temperature with 475 keV Kr ions to fluences of 5 x 10 l6 and 8 x 10l6 ions-cm-*. The 
energy was chosen such that the maximum energy deposition mcurs at the film/substrate 
interface. To retain a portion of unimplanted film, an area of each sample was masked during the 
implantation. Rutherford backscattering spectroscopy (RBS) was performed on each of the 
samples to look for mixing of the film and the AI203 

Approximately 45% of the films had been sputtered away during the implantation, thus no 
mixing could be distinguished in the RBS spectra. Depth profiling using x-ray photoelectron 
spectroscopy (XPS) was performed 10 determine whether any mixing took place. 

From the XPS data, it was determined that, in the unimplanted portion of the Zr02/A1203 
specimens, the Zr is present as Zr02, the AI is present as Al2O3, and the film/substrate interface 
is sharp. The film/substrate interface from the implanted sample ( 8 ~ 1 0 ~  Kr/cm2) is not sharp. 
The Zr is at first present as ZrO2, and then as metallic Zr. The AI shows similar behavior. The 
depth of the mixed region is approximately 180 nm. The Cr203/Af203 sample implanted under 
the same conditions showed a sharp interface similar to the unimplanted portion of the sample. 

Also during this period, analytical electron microscopy was performed on cross section samples 
of Zr02 films grown on c- axis sapphire (AI203). Four conditions were examined: unimplanted; 
implanted at room temperature with 340 keV Cr to a fluence of 4 x 1016 ions-cm-2; implanted at 
900°C with 340 keV Cr (4 x l o 1  ions-cm-2); and implanted at room temperature with 475 keV 
Kr ions to a fluence of 1 x 1017 ions-cm-2. Each of the samples was ground to a thickness of 
about 500 mm, dimpled to a thickness of around 30 mm, and then ion milled to electron 
transparency via ion milling with Ar ions. The samples were milled at liquid nitrogen temperature 
at 6 kV and 1 mA current (0.5 mA per gun). 
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The unimplanted specimen appeared to have a sharp interface between the Zr02 and the 
A1203. The sample irnplanted with Cr at room temperature was amorphous in the region below 
the Zr82 film; the amorphous layer was about 3-4 nrn thick. The 23 did not appear to extend past 
the amorphous layer. However, the Cr range was approximately 20 nm pas! the original 
filrn/suustrate intettace, and the straggle was .1- 20 nm. The presence of Cr at the interlace was 
confirmed via energy dispersive analysis (EDS). The presence of Zr in this layer was also 
confirmed. The sample implanted with Cr at elevated temperature showed no evidence of an 
amorphous region. It is known that defects in A1203 are mobile at 90042; during the 
implantation, recrystallization could occur. The sample implanted with Kr at room temperature 
showed a region of A1203 just below the interface between the ZrO2 film and the A1203 
substsate which was either of different orientation or crystal structure than the c-axis substrate. 
This region was about 3 nm thick. The range of the implanted Kr is about 40 nm past the original 
fiimisubstrate interlace, and the straggle is around 2Q nm. Anaiysis by EDS showed that the 
new layer in the A1203 contained no Kr, but did contain Zr. Evidence exists in the literature [l]  
for amorphization of sapphire by Zr implantation. There may be a threshold Zr concentration 
below which the sapphire does not go completely amorphous, or the amorphous region may be 
stabilized by the presence of the implanted Cr. 

mils of Milestones 

N/A 

CommunicationsiVisitslVravel 

&bIms E ncou n t e red 

None 

None 
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2.2.2 Dvnamic Interfaces 

Development ob Standard Test Abethods for Evaluatina the 
Wear ~ e i ~ m a n c e  of c ~ r ~ ~ j c ~  ' 
P. J. Blau (Oak atisnal Laboratory) 

s effort is to improve consistency in reporting ceramic wear data by 
ne or more standard test methods for quantitatively determining the 

wear resistance of structural cer'arnics in reciprocating sliding, a type of motion that is 
experienced by several types of automotive and truck engine wear parts. ORNL is 
working with the American Society for Testing and Materials (ASTM) in meeting this 
objective, Wear-test development normally falls within the scope of ASTM's G-2 
Committee on I' 
newly esta~lished Task Group G02.40.07, "'Reciprocating Sliding Wear Testing," within the 
G-2 Committee. This report describes activities within the Task Group. 

Erosion," and in 1990, P. J. Blau was appointed chairman of a 

Technical hiahlights 

During this period, we (1) ,submitted a draft reciprocating wear test standard to 
ASTM subcommittee G-2.40 on I'Non-abrasive Wear" for comment and review and 

ts lead a round-robin testing program of unlubricated wear tests using tool 
on nitride materials as test specimens. 

the Draft Standard-A draft standard entitled "Reciprocating Sliding Wear of 
etallic Materials," written in the prescribed ASTM form and style, was 

presented to the ~ 4 ~ ~ ~ ~ ~ m ~ t t e e  chairman for "Non-Abrasive Wear." He recommended the 
draft be distributed for ~ ~ f ~ r m a ~  yomment prior to balloting. ASTM sent out copies of the 
draft, and as a result, nine letters containing detailed comments have been received at 
ORNL. Based ow these comrnehts, the initial draft will be revised, and ASTM will send out 
a formal mrnittee ballot of the revised draft so that results can be received prior to 
the next G-2 meeting on becernber 10-1 1 I 1992. 

round-robin testing program: a tool steel wear couple and a silicon nitride wear couple. 
Each test kit contained specimen materials enough for four tests per material type, a set 
of instructions (testing protocol), forms to use for reporting raw data, and a special clamp 

Progress of the Round-Robin Program-Two types of materials were selected for the 

icipants, in addition to ORNL, completed the tests and returned 
the specimens: 

herne, Natiohal Research Council of Canada 
Glenn Elliott, Caterpillar Tech Center 
Peter Vernia, General Motdrs Research and Envir. Staff 
Ken Budinsky, Eastman Kodak Company 
Alex A i ~ i ~ ~ ~ ~ - ~ r e ~ n ~ r ,  Cameron-Plint (United K ~ ~ ~ d ~ ~ )  
Carlton R Q V U ~ ,  Mobil ~esei irch 
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The eighth participant, Cuinrnins Engine Company, has not yet returned Zhe 
specimens or data sheets. Except for Modak, all participants had reciprocating test 
machines made by Cameron-$lint, 

(per ASTM E 691) was used to compute the statistics of the following quantities, recorded 
for each test: 

An ASTM software package, syecifi ally designed to analyze round-robin test data 

1. beginning friction coefficient, 
2, steady-state friction coefficient, 
3, range in friction coefficient at steady state, 
4. diameter of t he  wear scar on the ball specirnen, 
5. wear volume loss af the ball (based on scar diarneter), 
6. weight change of the flat specimen, and 
7. volume loss of the flat specimen from stylus profiling. 

Running these seven parameters through the computer analysis indicated sjgnifis: 
variations in the test results between Dabs. The repeatability sf results (Le., comparing 
runs within the same lab) was, ~ ~ ~ ~ ~ ~ v ~ r ,  generally good. In light of the spread in lab-ta- 
lab data ("reprsdu@ibility"'), a letier containing a detailed FAX questionnaire was sent to 
participants to learn more about their specific machines (age and model) their methe, 
of calibration, and their specimen handling procedures. If is expected that the additional 
information will help pin-point S O U T C ~ S  of discrepancies and may lead to a tightening of 
the control of key variables in the draft standard. 

Future plans 

During the next period, we will investigate the sources ob scatter in the ~ ~ ~ ~ ~ - r ~ ~ ~ ~  
test data, revise the draft standard, and present results at t he  AS'$ f x m m i ~ e s  lnectiflg in 
Miami, Florida, in December 1992. 

References 

None. 

I Status of milestones 

222204 - Submit first draft of wear test standard to ASTM. Completed. 

Communications/visits/travel 

P. J. Blau altended the ASTM G-2 Committee meeting in Louisville, Kentucky, on 
June 17-1 9, 1992. A workshop an the  subject of specimen cleaning methods preceded 
the committee meeting (see citation, below). 

Problems encountered. 

Results of the first round-robin test series h a d  unacceptable scatter. Sources of this 
variability are being investigated. One of the participants did not complete tests in time. 



E 691 standard requir s a minimum of six participants, so this situation did not P affect the validity of the statistical~analysis. It was, however, unfortunate that a larger set 
of test data was not available fro$ this initial test series. 

Pu blicatisns/presentations 

P. J. Blau, R. L. Jackson, apd C. S. Vust, “’Specimen Cleaning Effects on the Friction 
Break-in Behavior in Sliding Wear Tests,” was presented at the ASTM G-2 Committee’s 
Workshop on Selection and Use :of Specimen Cleaning Methods for Wear Testing, 
Louisville, Kentucky, June 17, 1992. 
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2.3 NEW CONCEPTS 

Advuneed Stutisticnl Coricepts of Fracture in Brittle Mutenids 
C. A. Johnson and W. T. Tucker &C;cncral Electric Corporate 
Research and Development) 

The design and application of reliable load-bearing suxucturd components from ceramic 
materials require a detailed uiiderstanding of the statistical nature of fracture in brittle 
materials. The overall objective of this program is to advance the current understanding 
of fracture statistics, especially in the following four areas: 

Optimum tcstiilg plains and data analysis tcchniques. 

Coiisequenccs of time-dependent crack growth on the evolution of initial flaw 
distributions. 

Confidence and tolerance b0und.s on predictions that wc the Weibull distribution 
function. 

Strength distributions in multiaxial stress fields. 

The studies are being carried out largely by analytical and computer simulation 
techniques. Actual fracture data are then used as appropriate to confirm and demonstrate 
the resulting data analysis techniques, 

Technical Highlighu 

Work during this reporting period continued on  generalized tests of goodness -of-fit for 
the size-scaled Weibull distribution. Quantitative tests of gdness-of-fi t  are helpful in 
judging applicability of the distribution and validity of resulting estimates of strength and 
probability of failurc. Effort on gc-mdness-of-fit tests has eoncentmed on variations of the 
Kolrnogorov-Smirnov (K-S) test. The previous semi-annual report dessdxd a c0mrnon 
misuse of conventional tables of the critical E<-S statistic, described the use of Monte 
Carlo simulations to create more appropriate tables, and demonstrated the modified K-S 
tests on actual Class I strength data (no pooling of data, single specimen sizc and 
geometry). 

Most of the previous effort was aimed at Class T analyses of strengths where all 
specimens are tested in the same specimen size and loadirng geomerry. Work during this 
reporting period coincentrated on goodness-of-fit tcs:ing of Class IV probienis, where 
fracture data from multiple specimen sizes and geometries are pc~3led together to better 
characterize the underlying strength distribution. Then: are at least five aspects of 
goodness-of -fit of Class IY data that can be tested. 

- 
- 
- 
- 
- 

Material lionmgeneity between subgroups -- cornpare to awirned uniformity 
Variability in wengths within subgroups ... cornpare to Weibull model 
Specimen size cffects between subgroups - cornparc to Weibull m d e l  
Stress distribution effects between subgroups -- compare to Weibull model 
Overall behavior - compare to Weibull model 
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Work is continuing on developmeat and validation of K-S and other approaches to 
evaluate each of these aspects of goddness-of-fit in Class IV problems and to handle the 
associated inference problems that ar$e from use of simultaneous statistical tests. 

In addition, effort has continued on the ASTM Standard Practice entitled "Reporting 
Uniaxial Strength Data and Estimating Weibull Distribution Parameters For Advanced 
Ceramics." This standard is a joindy defined and written document with S. Duffy of 
NASA Lewis Research Center and 0. Quinn of NIST that defines standardized methods 
of data analysis and reporting. The standard is limited to Class I analysis of specimens OF 
components that are primarily subjected to uniaxial stress states (it does not include 
multiaxial probabilistic approaches). The standard includes maximum likelihood 
estimation of Weibull distribution parameters for materials that are controlled by multiple 
concurrent (competing) flaw populations using censored data analysis techniques. In 
addition, for data sets that include a Single active flaw population, the standard practice 
outlines methods to correct for biaS errors and to calculate confidence intervals on 
distribution Parameters. The standard has recently been submitted to ASTM for 
balloting. 

Status of Milestones 

On schedule. 

Publications 

None. 
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3.0 DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

Th is  p o r t i o n  o f  t he  p r o j e c t  i s  i d e n t i f i e d  as p r o j e c t  element 3 w i t h i n  
the  work breakdown s t r u c t u r e  (WBS). It conta ins  f i v e  subelements, i n -  
c l u d i n g  (1 )  S t r u c t u r a l  Q u a l i f i c a t i o n ,  (2 )  Time-Dependent Behavior, 
(3 )  Environmental E f f e c t s ,  ( 4 )  Frac ture  Mechanics, and ( 5 )  Nondestruct ive 
Eva lua t ion  (NDE) Development. Work i n  t h e  S t r u c t u r a l  Q u a l i f i c a t i o n  sub- 
element inc ludes p r o o f  t e s t i n g ,  c o r r e l a t i o n s  w i t h  NDE r e s u l t s  and 
mic ros t ruc ture ,  and a p p l i c a t i o n  t o  components. Work i n  the  Time-Dependent 
Behavior subelement inc ludes s tud ies  o f  f a t i g u e  and creep i n  s t r u c t u r a l  
ceramics a t  h igh  temperatufes. Research i n  t h e  Environmental E f f e c t s  sub- 
element inc ludes  study o f  t he  long- te rm e f f e c t s  o f  ox ida t i on ,  corros ion,  
and eros ion  on the  mechanical p roper t i es  and mic ros t ruc tures  o f  s t r u c t u r a l  
ceramics. Work i n  the  Fracture Mechanics subelement inc ludes  development 
o f  techniques f o r  measuring the  t e n s i l e  s t reng th  and creep res i s tance  o f  
ceramic ma te r ia l s  a t  h igh  temperatures, and t e s t i n g  ceramic ma te r ia l s  a t  
h igh  temperatures under u n i a x i a l  tens ion.  Work i n  the  NDE Development 
subelement i s  d i r e c t e d  a t  i , d e n t i f y i n g  approaches f o r  q u a n t i t a t i v e  
de terminat ion  o f  cond i t i ons  i n  ceramics t h a t  a f f e c t  t h e i r  s t r u c t u r a l  
performance. 

Major ob jec t i ves  o f  research i n  the  Data Base and L i f e  P r e d i c t i o n  
p r o j e c t  element a re  understanding and a p p l i c a t i o n  o f  p r e d i c t i v e  models f o r  
s t r u c t u r a l  ceramic mechanical re1  i a b i l  i t y ,  measurement techniques f o r  long-  
t e r m  mechanjcal p roper ty  behavior i n  s t r u c t u r a l  ceramics, and physical  
understanding o f  time-dependent mechanical f a i l u r e .  Success i n  meeting 
these ob jec t i ves  w i l l  p rov ide  U.S.  companies w i t h  the  t o o l s  needed f a r  
accura te ly  predlcting t he  mechanical r e l i a b i l i t y  o f  ceramic heat engine 
eompanents, i n c l u d i n g  the  e f f e c t s  o f  app l ied  s t ress,  time, temperature, and 
atmosphere an t h e  c r i t i c a l  ceramic p roper t i es .  
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MicrostructziraI Ana-J-vs is of , Stxuctura.? Csr=am.ies 
B ,  J. Hockey and S .  . Wfed4rhorn 
(National Institute of Standarcls axid ~echnalagy) 

ObiectiveIScope 

The objective? of this part: of the program is to identify 
mechanisms of failure i n  structural. ceramics subjected to mechanical 
loads at elevated Lest. temperettlires I /  O f  particular interest is the 
damage that ace 
high temperature exposure to s t  rcsses nonnakly present in heat 
engines. 

differ from those at: high teanpem.ature At: low Cemperature ceramics 
are elastic and b r i t t l e ;  failaarc is controlled by a distribution of 
flaws arising from p n x e s s i n g  or nnchlning operations, and the largest 
flaw determines C h c  strength 01” Zlfetirne o f  8 component. By contrast, 
at high temperature where ceramics are viscoelastic, failure occurs as 
a consequence of accaxraii.d.ated, or distributed darnage i n  the form of 
small cavities or cracks that: ~ I P ?  generated by the creep process. 
This damage effective1.y reduces the cross -section of the component and 
increases the stress t h a t  mist be supported. Such increases in stress 
are autocatalytic, S ~ T B C ~  they i nc rease the Kate of damage and 
eventually lead to failure as a consequence of  loss in cross section. 
When this happens, the iandLvBYdual f l a w  loses its importance as a 
determinant o f  componc?nt Lifetime. LifetPme now depends on the total 
amount of damage that has occurrrd as a consequelice of the creep 
process. The total damage i? now the iqxw.xnt factor controlling 
lifetime, 

ceramics intended f o r  use for heat: engines indicates that for long 
term usage, damage accwulat inn w i l l  be the primary cause of specimen 
failure. Mechanical defects, i f  present in these materials, are 
healed or remowd by high tcnhperature exposure so that they have 
little influenee o n  long term lifetime at elevated temperature, In 
this situation, lifetime can be determiried by characterizing the 
damage and the ra te  of damage accrmulation i n  the material at elevated 
temperatures. In ceramic materials such as silicon nitride and 
SiAlON, such characterization required high resolution analyses 
because of the fine grain s i t e  of these materials: hence the need for 
transmission e l e c t r ~ i i  microsdopy as an adjunct to the mechanical 
testing of ceramics f o r  high temperature applications is apparent. 

ceramic materials w i l l .  be cn4rrPlaced with microstructural damage that 
occurs as a function of  creep s t r a i n  and rupture time. Materials to 
be studied include : S i A l O N ;  hot-pressed silipssmn nitride; sintered 
silicon carbide, ’this gro je4 t  w i l l  be coordinated w i t h  WBS 3.4.1.3, 
Tensile Creep Testing, w i t l a  Pbc ulti a t e  goal  oE developing a test 
methodology for  assuring tifie reliability o f  structural ceramics for 
high temp e r a t i .~  e a p p 1 i c” at i o rLs 

lares in ~ t r u c t u r a l  ceramics as a consequence of 

DesFgn csLterLa far  the use of ceramics at  OW temperature 

Recent studies of high temperature failure of the non- oxide 

In this p r o j e c t ,  the clCeep and creep-rupture behavior of several 
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Technical Highlinhts 

A study was made o f  the accumulated cavity damage produced in 
Norton/TRW NT-154 silicon nitride by tensile creep. 
volume was found to scale directly with creep strain. In addition, it 
was found that two types of cavities are produced: one being discrete, 
ellipsoidal-shaped grain boundary cavities; the other being large (0.5 
to 1.0 micron), "pore-like" cavities. At a given temperature, the 
relative extent of these two types of cavities appears to depend on 
the applied stress. At high stresses, the formation of grain boundary 
cavities is favored, and this leads to creep rupture at relatively low 
strains. At low stresses, the formation of large, pore-like cavities 
is favored, and this leads to a significant decrease in the density of 
the material wPth increasing strain. Thus even at low stresses,where 
low creep rates are realized, creep lifetime should ultimately be 
limited by the progressive decrease in material density with increased 
strain. 

The total cavity 

E ~ D  e r ime n t a1 Technique 

Various techniques were used to characterize the nature and 
extent of  cavitation damage produced in a commerci.al grade of  
Norton/TRW NT-154 silicon nitride after tensile creep. These 
included: precision density measurement; low angle neutron scattering 
(SANDS); low angle X-ray scattering ( S A X S ) ;  and analytical 
transmission electron microscopy (ATEM). They were applied to samples 
crept to failure at temperatures from 1370 to 1430°C at various 
applied stresses. Creep lifetimes ranged from 18 t o  over 1500 hours. 

Results and Discussioa 

During the past six months, a study was made of accumulated 
cavity damage produced in a recent version of Norton/TRLJ NT-154. 
Various characterization techniques were employed. 
precision density measurement, small angle neutron scattering (SANDS), 
small angle X-ray scattering (SAXS), as well as analytical 
transmission electron microscopy (ATEN). This effort was prompted not 
only by a need to assess the use of these techniques, but by tensile 
creep test results which showed an improved creep behavior relative to 
an earlier version of NT-154. In brief results from density 
measurement, SANDS, and SaXS showed that accumiilatcd cavity volume 
scaled with creep strain. Moreover, results from SAXS, in particular, 
indicated that most of the cavity volume is associated with cavities 
having dimensions of SO0 run and larger. 
results on the earlier NT-154 had identified discrete, ellipsoidal 
shaped grain boundary cavities having a maximum dimension of about 300 
nm as the primary form of cavitation; cavities of: larger dimensions 
were thought to be inherent porosity. Recent ATEM results, obtained 
not only on the improved NT-154 but by reexamination of  the earlier 
version, require that this description of cavity damage in NT-154 be 
modified. These new results confirm that tensile creep results in the 
formation of large-scale, 500 to 1000 nm, cavities, Figure 1, and that 

These included 

In contrast, previous ATEM 
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Figure 1. Large-scale view 6 

distribution of la 
cavities produced 

lowing representative density and 
:ge (0.5 to 1.0 micrbn), "pore-like" 
Ln NT-154 at high creep strains. 



the density o f  these large cavities appears to increase with 
increasing strain. Individually, these cavities are found within 
multi-grain junctions separating relatively large silicon nitride 
grains and effectively resemble inherent porosity in this material, 
Figure 2. A s  such, this form o f  cavitation appears to involve the 
dissolution and subsequent redeposition of small second phase "grains" 
-and possibly small silicon nitride grains - normally found within 
these regions. A s  before, crept samples of the improved NT-154 also 
contained ellipsoidal. grain boundary cavities, Figure 3 ,  and it 
appears that  creep resu'Ets in the formation o f  twa different forms o f  
cavity damage. Eased an comparative results, these two forms of 
cavitati.on appear to have a different stress dependence, and thus 
effect on lifetime. In this regard, both creep lifetime and strain- 
to-rupture increase with decreasing stress for a given temperature. 
From examinat:ion, samples that fail rapidly at high stresses contain 
grain boundary cavities (Figure 31, but show little or no evidence of 
the larger multi-grain junction cavities. Conversely, samples tested 
under low stresses, such that lifetimes in excess of 1000 hours are 
realized, exhibit high densities of large multi-junction cavities 
(Figures 1 atid 2) and relatively low densities of widely scattered 
grain boundary cavities. At intermediate stresses, significant 
densities of both forms of cavities are found. While further work is 
needed to determine the stress dependence of grain boundary cavitation 
- present results indicate a possible initial increase in density and 
size with i-ncreasing stress - grain boundary cavitation appears 
responsible for failure at relatively high stress levels. Multi-grain 
junction cavi-tation, which increases the porosity of the material, 
clearly contributes to creep failure at intermediate stresses and, 
importantly, should ultimately limit lifetime even at negligible 
stress levcls. 

Status o f  Milestones. 

Work on GTE PY-6 was delayed in order to carry out the described 
study on NortoniTRW NT-1.54 .  Otherwise, milestones are on schedule. 

Pub 1 L c 

1. "'Effect of Microstructure che Creep o f  Siliconized Silicon 
Carbide", B . J .  Hockey and S.M. Wiederhorn, J .  Am. Ceram. Soc .  75, 
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2 .  "The Effect o f  Microstructure on the Tensile CreepiCreep Rupture 
of Silicon Nitride", B . J .  Hockey and S.M. Wiederhorn, accepted for 
presentati-on - Material Research Society 1992 Fall Meeting, Nov. 
30-Dee. 4 ,  1992, 
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Figure 2. Detailed view large, "pore-like" cavity produced after 
prolonged Typically, these cavities form within 

clusters of small silicon nitride and 
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Figure 3. Representative view of ellipsoidal-shaped grain boundary 
cavities typically produced in NT-154 by tensile creep. 
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Mechanical Properties and Micrdstructurai Characterization of Si& Ceramics 
K. L. More, T.A, Nolan, and L.F. Allard (Oak Ridge National Laboratory) 

Obiective/scope 
I 
I 

The objective of the reseaFch is to use analytical and high-resolution electron 
microscopy to characterize the microstructure of Norton Si,N, ceramic materials following 
mechanical strength (tensile) testing at elevated temperatures in air. This work represents 
a collaboration with several institutions including NortoniTRW (R. L. Yeckley), the 
University of Dayton (N. L. Hecht), and Allied-Signal Aerospace Co. (M. N. Menon). fn 
addition to characterization work performed on various silicon nitride materials, micro- 
structural characterization of silicon carbide fibrils manufactured by Carborundum is also 
under way. 

Technical hiahliahts 

The material under investigation, NT-154, is a hot-pressed Si,N, supplied by Norton 
containing 4.0 wt % Y,O, intentianally added as a sintering aid. The material was 
annealed to crystallize the grain boundary phase as part of the Norton processing 
procedure. The microstructure Of NT-154 is composed of Siy, grains having a "bimodal" 
distribution of grain sizes. Clusters of extremely small Si,N, grains, usually e 0.2 mm, 
are surrounded by larger, usually acicular, Si,N, grains, > 0.5 mm in size, with many 
> > 1 mm. X-ray diffraction reveals that the Si,N, is typically @phase, but some 
specimens contain as much as 1 0% residual a-phase. Transmission electron microscopy 
(TEM) reveals that most of the compounds associated with the sintering aid are crystalline 
and localized in pockets. X-ray and electron diffraction and energy dispersive x-ray 
elemental analysis (EDS) show the primary grain boundary phases to be a-Y,Si,O, (JCPDF 
38-223) and Y,(SiOJ,N (JCPDF 33-1 459). Finally, and most importantly, high-resolution 
TEM reveals that Si,N, grains are separated by a yttrium-containing amorphous film of 
from 0.5- to 1.5nm thickness. t h e  present work is aimed at improving the understanding 
of the mechanisms of creep at the microstructural level. It has been reported previously 
that NT-I 54 (and several other $i,N, ceramic materials) accommodate creep by the 
formation and growth of two distinct classes of voids. One class results from the opening 
of triple- point or multi-grain junctions, or the growth of pre-existing voids at these sites. 
These voids are most frequently seen in regions where small p-grains and secondary 
phases associated with the sintering aids predominate. The other class of voids form in 
the amorphous phase between f3-grains and propagate into the j3-grains via solution- 
reprecipitation mechanisms. These voids have a distinctive lenticular shape and are 
typically seen only after extended exposure to tensile stress at high temperature. 

as part of several High Temperature Materials Laboratory (HTML) user projects is under 
way. Typical examples of both Classes of voids are shown in the scanning electron 
microscopy (SEM) and TEM micrographs comprising Fig. 1. Triple-point voids are marked 
as " A  and lenticular voids as "B," Lenticular voids are observed to form preferentially on 
grain boundaries normal to the $tress axis. Void size decreases and number increases 
with decreasing test temperature. Lenticular voids are typically smaller but more 
numerous than triple-point voidq. Future work will address the quantification of void size 

Analysis of voids formed in several suites of samples of NT-154 mechanically tested 
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Fig. 1. Examples of typical triple-pokd (A) md lenucular two-grain-jun- voids 

(Lfthf)iurrfaceof-interfaces. Th@frcrdyre 
. (B) in high-temperature tensile creep tested NT-154 Si,N,. Lenticular voids (114) o f h  quite 

numqous and comprise up to on 
surface shown in the scanning electron mictosoopy view ww produced after faih~re and is 
roughty parallei to the original fracture surface. 

r .  

I .  



213 

and number with test condition for several populations of tested NT-154 specimens that 

Silicon carbide fibrils are eing produced by Carborundum Company, Miagara Falls, 
are now available. 

New York. These fibrils are bei , g  grown by a vapor-liquid-solid (VLS) process that is 
based on a process developed Originally by Los Alamos National Laboratory; 
Carborundum Co. is developing scale-up technology for this process under a Fossil 
Energy contract. Methods for the TEM characterization of these fibrils are being 
developed as part of the Ceramic Technology Project (CTP), and the actual charac- 
terization including TEM, SEMI and other methods is being performed as an HTML User 
Program project. It is desired to grow smooth, single-crystal fibrils that will be suitable for 
making tows that can be fabricated into ceramic composites. For production of such 
tows, fibrils on the order of 5 to 10 ,um in diameter and with aspect ratios of 1000 to 1 or 
greater are needed. Fibrils having these dimensions have recently been produced and 
are currently being characterized by SEM and TEM. Figure 2 shows an SEM image of 
one variety of SIC fibrils currently under study. These fibrils have a rounded, triangular 
cross section, as seen in the inset. It is of interest to determine both the surface 
crystallography and internal microstructure of these fibrils. 

grown by various processes including the VLS process, have been characterized by SEM 
and TEM techniques. TEM analysis is usually conducted on whiskers that are sufficiently 
thin to transmit electrons, i.e. those which range from 8.1 to 0.5 pm thick, so that the 
internal microstructure can be revealed. The fibrils being investigated in the present study 
are much too thick for electron penetration, and thus a method was needed to prepare 
both longitudinal and cross sections of the fibrils to produce the required electron- 
transparent thin sections. 

Ceramic specimens for TkM work are typically prepared by ion beam milling 
methods, in which thin slices of the ceramic are ”dimpled” to a thickness of 28 mm or so 
and subsequently milled to perforation using energetic argon ions. The edges of the hole 
so produced electron transparent areas suitable for microanalysis. There are typically few 
problems with making such sections from bulk ceramic specimens; however, fibers must 
first be embedded in a matrix before thin sections (especially cross sections) can be 
obtained. It was found that epoxy materials were not satisfactory for embedding Sic fibrils 
because the epoxy thinned preferentially to the Sic material, and thin sections could not 
be obtained, Satisfactory sectidns have recently been obtained, however, by first 
producing a ceramic composite containing the fibrils, using the technique of chemical 
vapor infiltration (CVI) pioneered at ORNL‘. A section of a tow was retained in a suitable 
position of the reaction chamber in a CVI run that was depositing silicon carbide. The 
resulting composite was then sliced to produce both longitudinal and cross sections. 
Figure 3 shows a low-magnification image of the microstructure of a isngitudinal 
specimen. The fibril and the CVI Sic are seen to be uniformly thin, permitting the entire 
microstructure of the composite to be examined. Images of several such fibrils have been 
obtained, and all fibrils initially examined show a nearly perfect p-Sic structure, with only a 
few stacking defects present on non-basal (1 11 1 planes in the structure. Figure 4 is a 
higher magnification image of the interface between the fibril and the CVI Sic. 

In summary, the CVI procbss to produce a bulk ceramic composite from which 
longitudinal and cross sections ‘of large-diameter Sic can be successfully produced has 
been demonstrated. Work is d d e r  way using this technique to systematically 
characterize a suite of samples  of Sic fibrils being produced by Carborundum Co. 

S 
,” 

In much past work, both qt ORNL and in outside research efforts, Sic “whiskers” 
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Fig. 2. Sic fibrils grown by vapor-liquid-solid process show uniform , 
diameters and relatively smooth surfaces. Fibrils have rounded, triangular 
cross section as seen in the inset. 
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Status of milestones 

Program on schedule. 
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Fig. 4. High-resolution image of interface between SIC fibril and a partially 
graphitized "debonding" layer produced during the chemical vapor infiltration 
deposition process. Two intersecting stacking faults seen edge-on are arrowed. 

8. K. L. More, "Defect Characterization in a CVD a-Si,N," presented at the 4@ Annual 
Meeting of the Electron Microscopy Society of America, San Jose, Calif., August 5-9, 1991. 
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Project Dah Base 
B. L. Keyes (Oak e National Laboratory) 

Obiective/scspe 

The objective of this task is to develop a comprehensive computer data base 
containing the experimental data on properties of ceramic materials generated in the total 
effort. This computer system should provide a convenient and efficient mechanism for the 
compilation and distribution of the large amounts sf data involved. The data base will be 
available in electronic form to all project participants. In addition, periodic hard-copy 
summaries of the ata, including graphical representation and tabulation of raw data, will 
be issued to provide convenient information sources for project participants. 

Technical hiqhliahts 

The Ceramic Technology Project (CTP) data base presently contains 7466 test 
results on 27 different types of tests, 596 material characterizations, 13 lubricant 

racterizations, 101 coatin 
various metadata, A more d 

Data base personnel 
base to version 1.5 in July 
commands, including SOM 
between versions 1.1 and 1.5 were otherwise ve 
data base. 

planning efforts involve 
facilitate the actual pro 
extract the necessary information far the data base files with a mi irnurn knowledge of the 
system, No elaborate calculation nd/or graphic capabilities will e included in the 
interface, since such  functions are beyond the original scope of the prog 
extracted to subset files, the user may use whatever software desired for 
processing. 

The primary function modules have been written in dBASE IV programming 
language and are in initial stages of testing. Access ts the data will be available through 
material-based queries, property-based queries, or by browsing selected files. Browsed 
files will not be linked automatically to related files du to the nature of the browse 
command in this rograrnrning language. ueries based on processing properties an 
other attributes w be added in the future All retrieved information (other than the 
browsed files) will contain the associated notes, test ba 
characterizations, ~~~~~~~r~~~~ and other items stored i 
data requested. 

Extended plans far t e interface call far 
several primary-function modules at first, then 
method should produce better quality im 

rove, the new capabil 
uction of the query modules, a decision was made to improve the 

acterizatisns, and 2290 associated records containing 
description of test result records is shown in Table 1. 
d the dBASE IV program used to manage the data 
is update contains enhanced p 
ut routines that accept mouse 

subtle, at least for the purposes of this 

Work on the CQ terface for the data base began on June 2, 1992. Initial 
chart and menu screens on paper to 
interface should heip the user locate and 

ound details, material 
data base that pertain to the 

p1e working interface composed of 

method of staring ceramic processing information in the data base, Accessing the 
information via searches was confounding, confusing, and difficult using the 



Table 1. Ceramic Technology Project da t a  base summary as of September 30, 1992 

Materi a1 
class 

Brazed specimens 
Creep fatigue Density !:",$: Elasticity 

MOR 4a Shear str. Toughness Torsion Tor fatigue 

A1 urn1 na 15 5 9 28 
Alumina t reinforcing fibers 7 
Alumina t zirconia 
Mullite 2 
Mullite + reinforcing fibers 11 
Sllicon carbide 12 17 10 23 1s 
Silicon nitride 87 48 15 7 131 36 28 76 24 
Silicon nitride + reinforcing fibers 1s 2 14 16 
Zirconia 241 58 43 51 158 119 
Zirconia + reinforcing fibers 

Mher_-- ~ 6 4 

Totals 3 28 118 43 21 7 131 134 214 122 215 

~ _ ~ _ ~  -~ 

Materia? 
class 

h) 
c-' Fracture Hardness Interrupted MORd MORa Oxidation Poisson's Shear ~ ~ ~ ~ i l ~  Stress 

toughness fatigue 3 - P t  bend 4-Pt bend rate ratio modulus rupture ro 

A1 umi na 
Alumina t reinforcing fibers 
Alumina + zirconia 
Mullite 
Mullite t reinforcing fibers 
Silicon carbide 
Silicon nitride 
Silicon nitride t reinforcing fibers 
Zirconia 
Zirconia + reinforcing fibers 
Other 

39 4 
39 

1 
12 
30 27 

109 112 
53 

377 24 239 

2 39 

1 
9 

10 

418 15 13 
144 11 

7 
4 

20 
254 81 4 

1157 1 2 1 216 63 
144 3 17 16 50 

1613 16 20 
2 

61 

Totals 662 206 239 20 3824 4 19 17 389 100 

%OR - nodulus of rupture. 



Table I .  (Continued) 

Material 
class 

Thermal 
conductivity 

Thermal 
ccntract ion 

Thermal 
di f fus iv i ty  

Thermal 
expansion 

Thermal 
shock Torsion X-Ray 

d i f f rac t ion  
Material 

char. Chemistry 

A1 umina 3 
Alumina t re inforcing f i b e r s  34 
Alumina t zirconia 
Mu1 1 i te  
Mullite t reinforcing f i b e r s  
Si l icon carbide 
Si l icon n i t r i d e  23 
Si l icon n i t r i d e  t re inforcing f i b e r s  9 
Zirconia 
Zirconia + reinforcing f i b e r s  
Other 

i 2 
is 4 6 

23 21 

23 
23 44 
17 14 

3 
17 
49 

72 

35 4 

20 14 
132 
7 
2 

35 
11 57 

155 7 
57 
si 44 
5 

36 17 

Totals 69 23 58 142 8 7 i 3 8  481 134 

Coatings Lubricants Matarial Wear 
c lass  res i s tance  

Alumina based 9 3 
Alumina i re inforcing f j b e r s  1 
Si i icon carbide 3 
Silicon n i t r i d e  22 
Chromi a based 98 20 
Zirconia based 13 16 
Enamels 5 10 
Other 126 53 13 

Totals  211 102 
Grand t o t a l  (character izat ion data)  
Grand t o t a l  ( t e s t  data  on1.y) 

13 
596 

7466 
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data as they are currently store . The actual searching process now requires scanning 

separate these key words into sbecial fields to speed up the searches and reduce 
programmerluser wear. 

One solution to the materibl processing information problem would be to add a 
detailed processing information data base to this task. The present format allows storage 
of general processing information for each material in brief notes, which is probably 
adequate for most users. However, much of the CTP is involved with experimental 
materials and experimental processes. Rather than lose such valuable information, data 
base personnel decided to try to preserve the processing parameters for future reference. 
This data base will be linked to the test results data base via material name and batch 
code. No proprietary information will be stored far security reasons. In such eases, only 
owner-allowable information will be included. 

Data base personnel now have the d6ASE runtime modules available to software 
developers on a royalty-free basis. These modules eliminate the need for data base users 
who have IBM-compatible computers to have their own full copy of dBASE IV installed. 
These modules will be sent to requestors with the interface when it is completed. Efforts 
are under way to locate a similar product for the Macintosh version of Foxbase. 

Much of the past year was spent upgrading and updating the data base and 
working on the interface, so significant amounts of new information were lacking. The 
recent release of numerous program reports for the project provided the remedy to this 
dilemma. Time was taken to process as much of the data a5 possible. 

?he report is now complete and includes information on a variety of ceramics but 
concentrates more on silicon nitride-based ceramics than any other class. More creep, 
dynamic fatigue, and crack growth-related testing is being performed now, and that is 
reflected in the report. Since these data are produced for different studies, this report also 
includes a brief description of each program that contributed information for the report. 

data bases held in Pittsburgh, Pennsylvania in mid-May 1992. The E-49.01.05 task group 
on material designations of ceramics is working on a document to provide data base 
builders with guidelines on how to describe and define specific ceramics in a 
computerized data base. This document will be presented to the C-28 committee on 
ceramics later this year for their input and suggestions. 

large amounts of data to extract 1 only a few key words. Data base personnel hope to 

I 

8. L. Keyes attended the ASTM Spring E-49 Committee on computerized materials 

Status of milestones 

All previous data base summary reports are now in publication. Due to 
miscommunication problems, the reports were held up earlier in the year and missed the 
June 1992 publication date originally planned. The September 1992 data base summary 
is now complete through first draft and should go to reviewers in the next few days. 
Completion of this document took a little longer than originally planned because of work 
on the computerized interface that could not be stopped at the planned time and because 
of the publication of huge amounts of data at a time that it was badly needed for the 
report. 
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publications 

The Ceramic Technology for Advanced Heat Engines Project Database: September 1990 
Summary Weport is in publication. 

The Ceramic Technology far Adwanced Heat Engines Project Database: March 7990 
Summasy Weporl is in ~ ~ ~ l ~ ~ a t j ~ ~ .  

The Ceramic Technoh 
Summary Report is in publication. 

for Advanced Heat Engines Project Database: September 1 

The Ceramic Technology for Advanced Heat Engines Project Database: September 1992 
Summany Repart is complete through first draft form. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Fracture Behavior of Toushened Cwamics 
H. T. Lin, P. F. Becher, and W. H. @arwick (Oak Ridge National 
Laboratory) 

Obiective/scope 

Whisker-reinforced ceramics, particulate phase composites, and ceramics with rein- 
forcing grain structures offer important advantages fox heat engine applications. Chief 
among these is the improved fracture toughness that can be achieved by appropriate 
design of microstructural and material parameters. Previous studies show that these 
materials often exhibit substantial improvements in damage, thermal shock, and slow 
crack growth resistances. However, design of such systems must also consider those 
factors influencing their performance at elevated temperatures. 

In response to these needs, studies are conducted to determine the mechanical 
properties (e.g., creep, delayed failure, strength, and toughness) at elevated temperatures 
for these toughened ceramics. Paticular emphasis is placed on understanding how 
microstructure and composition influence the mechanical performance at elevated temper- 
atures and the stability of these prbperties for extended periods at these temperatures. 
The knowledge gained from these studies provides input on how to modify materials to 
optimize their mechanical properties for the temperature ranges of interest. 

Technical hiqhliqhts 

The long-term high-temperature mechanical reliability of silicon nitride ceramics in an 
oxidizing environment is governed by the presence of secondary viscous phases that 
were introduced by the addition of oxide additives. Flexural creep studies on in situ 
reinforced silicon nitride ceramics hot-pressed with various combinations of SrO, La,O,, 
A1203, and Y,03 additives were, thdrefore, conducted to provide an understanding on the 
influence of the secondary viscoud phases, i.e., silicate or apatite phases, on the creep 
rates and controlling mechanisms. The in situ reinforced Si,N, ceramics with ellangated 
microstructure were fabricated under the work breakdown structure (WBS) Element 1.2.3.1 
(Dispersion-Toughened Ceramic Composite). The creep properties in flexure of Si,N, 
materials containing 2 wt % A120,-6 wt % Y,O, (2A16Y), 2 wt % Sr0-6 wt % Y,O, (2Sr6Y), 
2 wt % A1203-3 wt % Y20,-4 wt % La,O, (2A13Y4La) and 2 wt % Al,O,-8 wt % La,O, 
(2A18La) were characterized at temperatures of 1 200 and 1300" C under selected stress 
levels in air during this reporting period. 

1. Creep Behavior of In Situ Reinfqrced Si$., Ceramics 

Figure 1 shows the creep rate versus applied stress curves for in situ reinforced 
silicon nitride ceramics with 2A16Y  and 2Sr6Y sintering additive systems at 1200 and 
1300°C in air under applied stressps from 75 to 400 MPa. The creep data indicate that 
the 2Sr6Y materials exhibit lower dreep rates (6 x lo-'* to 2 x 1 O-' s-') at temperatures of 
1200 and 1300" C. The low creep  rate (good creep resistance) of 2Sr6V materials is 
corroborated by the good strengtq retention to high temperatures.' The stress exponent 
of creep rate of 2Sr6Y material is about one at these two test temperatures, For ceramic 
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Fig. 1. Strain rate versus stress curves for self-reinforced Si,N, ceramics 
with elongated grain microstructure. 

materials containing viscous phases, the stress exponent of one is generally attributed to 
viscous or diffusional creep mechanism. On the other hand, the 2A16Y material reveals 
the creep rates which are 4 to 25 times higher than silicon nitride material containing 
2Sr6Y additive. In addition, the 2A16Y material reveals a substantial increase in creep rates 
(approximately an order of magnitude) at 1300" C at stress levels > 150 MPa and a higher 
stress exponent (n = 2.4) as compared with the creep results at 1200°C (n = 1). The 
flexural strength results' show that the 2A16Y materials exhibit a substantial strength loss 
(40 to 60%) at temperatures > 1200" G which reflects the poor creep resistance. The in- 
crease in both creep rate and stress exponent in 2416Y contain silicon nitride material 
at 1300°C is associated with enhanced creep damage, and oxi ion reaction as con- 
firmed by the scanning electron microscopy (SE ) examinations. 

Figure 2 shows the creep results at 1200°C in air far Si,N, materials hot-pressed 
with 2A13Y4La and 2A18La additive systems. The creep results of material with the 2Sr6Y 
additive are included for comparison. The creep data reveal that, in spite of the similarity 
in strength behavior between 2A13Y4La- and 2AIBLa-containing materials at temperatures 
~1200"C, the material with the 2A18La additive exhibits creep rates that are two to four 
times lower than those of the 2413Y4La-containing material under the stress range 
employed. The regression analysis of the creep rate versus stress curves also shows that 
both materials exhibit the same stress exponent (n = 2) indicating similar creep-controlling 
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Fig. 2. Strain rate versus stress curves of self-reinforced Si,N, ceramics 
with elongated grain microstructure. 

mechanisms. At the same time, the creep results (Fig. 2) show that the alumina- 
containing materials {Le., either with 2A18La or 2A13Y4La sintering additive) exhibit creep 
rates that are approximately one order of magnitude higher than those of the material with 
2Sr6Y additive. The higher creep rates and stress exponents in these two alumina- 
containing silicon nitride materials at 1200°C are again to be associated with much 
extensive creep cavitation. 

include AI,Q, could arise from their low eutectic temperatures of secondary phases. The 
eutectic temperature for the AI-La-Si-0-N system is estimated to be approximately 1230°C 
and that of AI-Y-Si-0-N is about 1 Z$WC (refs. 3-5). The addition of the Y,O, to the system 
of AI-La-Si-0-N will further reduce dhe eutectic temperature leading to the observed low 
creep resistance for the 2A13Y4La-containing material. An accurate measurement of the 
eutectic temperature for the Sr-Y-Si-0-N system is not available but is estimated to be 
between 1350 and 1400°C (refs. 314,6). This higher eutectic temperature in 2Sr6Y material 
would result in higher creep resistance than the materials employing oxide additives that 
include AI,O,. Furthermore, both t e X-ray and transmission electron microscopy (TEM) 

amorphous, whereas the one in 2Sr6Y material devitrifies during creep. The devitrification 
of glassy phase increases the viscbsity of the secondary phase and further seduces the 

The higher creep rates observed in Si,N, material containing oxide additives that 

results indicate that the secondary, h phases present in Al,O,-containing materials remain 
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creep rate. The higher stress exponent obtained far Si,N, ceramics with AI,?, additions is 
attributed to a strong contribution of ~~~~~~t~~~ to the creep strain. This is evidenced by 

uncrystallized glassy phases also provide a fast diffus' 
oxidation resulting in enhanced oxidation reac:'eTan (da 
examinations. The poor creep performance accompanied by the lower oxidation resis- 
tance exhibited by the alumina-containing SI,N, malerials is refiected in their significant 
reduction (28 to 36%) in strength between ioom temperature and 1200°C (ref. 1). 

ber density of cree cavities in a region near tensile surface. The 
tk of mass transport for 
as obsesved by SEM 

2. Stress State Eec t  on Creep Behavkr of A1,8, and Ai2Q3-SiC, 

During this reporting periad, the tensile creep response of a polycrystalline fine- 
grained alumina at 1200°C in ais was determined. This experiment rovides an under- 
standing of the effect of the applied stress stale on the creep rate a 
mechanisms of ceramic materials, When cavitaiim dominates the creep process for the 
same temperature, applied stress !eve!, and a?mosphese, the creep rates are found ta 
decrease when going from tensile to flexural to compressive laading. These effects are 
critical in designing materials with improved elevated-temperature pe~armance. Therefore, 
a data base for the co parissn of creep response in compression, flexure, and tension is 
also being developed for silicon nitride ceramics. 

and can resolve displacements to an acci~racy of greater than 11 pm at temperatures up 
to 1600" C in ambient air. The tensile creep specimen geometry is that of a flat, dogbane 
shape that is loaded through Sic pins In the tensile creep tests conducted to date, the 
system has performed ~ e ~ ~ ~ ~ a b ~ ~  well. An initial problem with fracture of the upper SIC 
pullrod, due to impact loading, upon fracture of the tensile specimen was solved by a 
modification to the knife-edge alignment couplings. 

Figure 3 shows creep data for single-phase, fine-grained alumina (2 pm 
in compression, flexure, and tension at 1200" C at stress els from 25 to 150 
Creep data in flexure and compression have been repart The T 
cate that the applied stress state has IiMe influence on the creep rate for this ceramic 
under the stress range employed. A regression analysis of the creep rate versus stress 
curve yields a stress exponent of twos which is also indopendent of the stress state, 
indicative sf the same ereep-gowerning mechanism. The creep stress exponent of two 
obtained for poly stalline fine-grained alumina is altributed to the creep mechanism of 
grain boundary s g,  which is evident from observations of alumina grain offset and 
rotation and for sf cavities at triple grain junctions. It was noted that the creep 
damage (cavitation) was obsewed for all of the appiied stress states under the stress 
ranges employed. In fact, an insensitivity of the creep sate and stress exponent to the ap- 
plied stress states of tension, flexure, and compression at temperatures between 1208 and 
1300" C has also been obseresecl in polycrystalline Cine-grained alumina without grain 
boundary phases.7s8 

The tensile creep system is equipped with an optical-based exlensorneter system 

Status of milestones 

On schedule 
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Fig. 3. Strain rate versus stress curve for polycrystalline fine-grained 

alumina tested at 1200°C under various stress states. 

Publications 

H. T. Lin and P. F. Becher, "Grairi Sise Effect on the Creep Deformation of Alumina-Sic 
Composites," submitted to J. Am. Ceram. SOC. 
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Cvclic Fatigue of Touahened Ceramics 
K. C. Liu, C. 0. Stevens, and C. F. Brinkman (Oak Ridge National Laboratory) 

Obiective/scope 

The objective of this task is to develop, design, fabricate, and demonstrate the 
capability to perform tension-tension dynamic fatigue testing on a uniaxially loaded 
ceramic specimen at elevated temperatures. Three areas of research have been identified 
as the main thrust of this task: (1) design, fabrication, and demonstration of a load train 
column which truly aligns with thh line of specimen loading; (2) development of a simple 
specimen grip that can effectiveiy' link the load train and test specimen without compli- 
cating the specimen geometry and, hence, minimize the cost of the test specimen; and 
(3) design and analysis of a spee'imen for tensile cyclic fatigue testing. 

Technical proaress 

Cyclic f a t i q q -  

Cyclic fatigue tests were performed on SiCJAI,B, at 1200" C. Test parameters and 
results obtained to date are summarized in Table 1, and data (open symbols) are plotted 
in Fig. 1. Monolithic fatigue data' (filled symbols) are also included for comparison. The 
arrow indicates the test was discontinued at the indicated number of cycles with no 
specimen failure. The fatigue cu+e shown in Fig. 1 was determined visually; therefore, it 
must be regarded as an approxirhation. Although the number of test data is limited, the 
test results suggest that the 1200°C fatigue behavior of monolithic AI,O, and that of 
SiCJAI,O, are about the same. the  addition of Sic whiskers apparently did not enhance 
the fatigue resistance of the composite material at 1200°C. This is significantly different 
compared to the room-temperature situation, reported previously,2 in that the high-cycle 
fatigue strength of the composite material was found to be about double compared to that 
of monolithic alumina. 

Pronounced ratchetting, i.e., accumulation of strain in small incremental steps due 
to cyclic loading, was observed at every level of cyclic stresses used in the testing of the 
composite material. It is speculated that the enhancement of fatigue resistance observed 
at room temperature by the presdnce of Sic whiskers may have been negated by the 
strain ratchetting. However, it remains unknown at this time whether the same ratchetting 
behavior was detected in cyclic fatigue testing of monolithic material at 1200" C or not. 
The average value of elastic modulus was determined ta be 21 8 GPa at 1200" C. 

Creep Testinq of NT-154 Si,N, 

Experimental efforts were continued on creep testing of NT-154 Si,N,. Ail speci- 
mens tested were annealed at 1370" C for 150 h. Activities that occurred during this 
reporting period are as follows. , 

Creep behavior at 1250" C 

Specimen 20-56: The test is continuing at 1250" C under a constant stress of 
175 MPa. A total of about 0.78% strain has been accumulated after 12,000 h (1 year and 
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Tabk 1 ~ Results of cyclic fatigue of Sic whisker-reinforced 
Alumina tested at 1200" C 
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Fig. 1. Cyclic fatigue behavior of monolithic AI,O, and Sic whisker-reinforced 
AI,O, matrix composite materials tested at 1280" C, 



23 1 

4.5 months) of testing to date, as ihown in Fig. 2. The test was interrupted twice, the first 
time due to a thermocouple failure :at t = 521 1 h and the second time due to a general 
power outage at t = 9600 h. Other than showing a brief period of transient creep 
occurring immediately following relpading, the specimen behaved as if no interruption had 
taken place. The measured creep rate was reasonably steady at a value ob about 7.52 x 
10" s-' for the last 2000 h of testirig. 

Specimen 20-00: The test is continuing at 1250°C under a constant stress of 
150 MPa. Test results are shown in Fig. 3. The specimen accumulated a total of about 
0.374% strain after 8400 h of testing. Restarting of the test at t = 1745 h due to a power 
failure and again at t = 61 00 h did' not appear to have changed the subsequent creep 
behavior. 

inception of the test, the applied stress has been decreased in three steps to I50 MPa. 
For the purpose of comparison with test results of specimen 20-00, which is currently 
being tested under the same condition, the specimen was kept steady at 158 MPa for 
about 1650 h since the last partial ~unloading. Generally, creep rate decreased immedi- 
ately fallowing the partial unloadin9 but gradually increased to the levels as if the 
specimen had been tested with nd prior strain history, An examination shows that both 
specimens are currently deforming at the same creep rate of 7.22 x lo-'' s-', 

I 

Specimen 20-32: Test results obtained to date are shown in Fig. 4. Since the 

Creep behavior at 1370" C 

Specimen 19-44: The specipen failed after 3728 h of testing at 1370" C under an 
applied stress of 75 MPa. Test reSults are plotted in Fig. 5. This specimen exhibited a 
short transient creep range followtd by a fairly long range of steady-state creep up to 
t = 1300 h. Therefore, the creep behavior was thought to be more consistent with that of 
specimens made from lot-"CP." Hbwever, the creep rate decelerated rapidly after 
t r 2000 h, showing a creep rate of about 7 x s-' during the last 500 h of testing. 
The decrease in creep rate chang'ed the creep behavior exhibited during the last half of its 
creep life to be consistent with that of specimens with a prefix of lot number "20." 

In summary, observations based on data obtained to date indicate that the creep 
behavior of MT-I 54 at elevated tehperatures was consistent and reasonably predictable 
provided that the material was annealed and obtained from the same lot. 

Creep Testha of GN-18 SLN, 

Specimen 89340-2-4: This specimen was tested at 1250" C under an applied stress 
of 75 MPa. This is the first of thrqe supplemental tests designed to obtain the information 
about the minimum creep rates at the low-stress end of the test spectrum, to aid in 
determining the stress exponent for GN-IO. The test was interrupted by fracture at the 
specimen shank due to surface contamination after 2260 h of testing. The creep curve of 
this specimen is shown in Fig. 6. , The minimum creep rate was determined to be 4.64 x 
10-'os-', which combined with data obtained previously, gives a value of the stress 
exponent of about four. 

Specimen 89367-1 -1 : This  is the second of the three supplemental tests. The test 
is currently ongoing at 1300°C ujder an applied stress of 50 MPa. A total of about 2.4% 
creep strain has been accumulatyd after 2600 h of testing, as shown in Fig. 7 .  Although 
the test was interrupted twice due to power failure, the creep behavior appeared 
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Fig. 3. Creep curve of NT-154 Si,N, (specimen 20-00) tested at 1250" C 
under an applied stress of 150 MPa. 
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Fig. 4 Creep cuwe of NT-154 Si,N, (specimen 20-32) tested at 
1250" C under step-down' loading conditions. The specimen was tested 
initially at 225 MPa folloded by partial unloading in steps of 25 MPa at an 
interval of 1000 h. Since~the last partial unloading at t = 3000 h, the applied 
stress was kept constant at 150 MPa. 

ORNL-DWG 91 -1 6680 
20000 

15000 

10000 

5000 

0 
0 H 000 2000 3000 4000 

I 

I TIME (h) 

Fig. 5. Creep cbrve of NT-154 Si,N4 (specimen 19-44) tested at 
1370" C under an applied stress of 75 MPa. 
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Fig. 6. Creep curve of GN-10 Si,N, tested at 1250" C under an 
applied stress of 75 MPa. The test was interrupted by fracture at 
specimen shank due to surface contamination after 2260 h of testing. 
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Fig. 7. Creep curve of GN-10 Si,N, tested at 1300°C under an 
applied stress of 50 MPa. Although the test was interrupted twice due to 
power failure, the creep behavior appeared unchanged before and after 
the interruptions. 
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unchanged before and after the ihterruptions. After completing the initial transient creep, 
the specimen exhibited a long pe(riod of steady-state creep at a creep rate of 2.27 x 
lO-'s-', The creep rate increased slightly after 2800 h of testing. However, no tertiary 
creep was indicated following an  additional 600 h of testing. 

Creep Behavior of Microwave-Annealed (M-A) SNW-1 OOO Si,N, 

Creep behavior of microwave-annealed, sintered Si,N, was investigated. Specimens 
numbered as MA-1 to -6 were annealed at 1400°C for 20 h in batches of three specimens 
each and those numbered as MA-? to -1 0 at 1500" C for 20 h in a single batch. 

Specimen MA-1 : This specimen was tested at 1280°C under a stress of 140 MPa 
and failed after about 3000 h of testing, as shown in Fig. 8. Comparison with unannealed 
data obtained at 1200" (3,438 MPa by North Carolina A&T State University3 indicates that 
microwave annealing was beneficial to the material, The creep resistance was enhanced 
by a factor of 6 to 7 in terms of creep rate and by an order of magnitude in terms of time 
to fracture. Although not shown here, the creep curve of an unannealed specimen tested 
under 90 MPa and that of this specimen are about the same in shape and size. This 
implies that the creep load capacity of the M-A specimen is 50% better than that of the 
unannealed. The test was interrupted once at t = 1585 h due to a power outage. A 
sharp rise in transient creep was exhibited immediately following reloading to the original 
test condition. However, the strain recove following the brief transient creep virtually 
cancelled the strain riser. 

Specimen MA-2: This is the second M-A specimen that was initially tested at 
1200" C under 160 MPa, as shovVn in Fig. 9. The applied stress was increased to 180 and 
200 MPa after 1025 and 221 0 h of testing, respectively. The specimen failed after 47 h of 
testing at 200 MPa. A cursory comparison of Figs. 9 and 10 will show that this specimen 
was significantly more creep resistant than specimen MA-1 by a factor of five in terms of 
creep rate. Exact reasons for the contradictory behavior, showing the 160 MPa creep 
curve falling far below the 140 MPa curve, although not unusual behavior for ceramic 
materials in creep, is not known at this time until a more detailed investigation is 
completed. However, it is speculated that the variation in heat flux due to waveguide bias 
may be the cause of the inconsistency in creep behavior. The sensitivity of creep be- 
havior relative to the annealing position in the microwave oven and the morphology of 
microstructure are being investigated to clarify the apparent contradictory results. 
Interesting to note that brief strain riser and strain recovery periods were observed also 
immediately following reloading due to a power outage at: t = 630 h. 

Advanced Turbine Techndlsgv Applic_aZions Project Tensile Rupture/Creep Testinq 

Tensile rupture characterization tests (Task 2) for NT-154 specimens were 
completed. Test parameters and test results are summarized in Tables 2 through 4, and 
data are shown in Fig. 10. Data with an asterisk, shown in Fig. 10, indicate the specimens 
failed prematurely due to the large internal defects. Because these defective specimens 
were received from the supplier,with numbers beginning at 33 and continuing in se- 
quence] they were suspected of being made from the same contaminated lot. Therefore, 
the data points were censored and not included in the regression analysis. Data points 
with a horizontal arrow attacheq indicate the specimens did not fail after 150 h of testing, 
and the stress-rupture tests weoe discontinued thereafter. Residual tensile strengths were 
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Fig. 8. Creep curve of rnicrowave-annealed (1 400" C/20 h) sintered Si,N, 
(GTE SNW-1000) tested at 1200°C under a constant stress of 148 MPa is compared 
with that of an unannealed specimen tested ab 1200°@/138 MPa. Results show that 
the annealing can significantly enhance the creep resistance of the material. 
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Fig. 9. Creep curve of microwave-annealed (1 408"C/20 h) sintered Si,N, 
tested at 1200" C under step-up loading conditions as indicated. The annealed 
specimen sustained a stress of 200 MPa far 47 h. Csnirastingly, an unannealed 
specimen was reported to have failed in fast fracture under a stress of 196 MPa. 
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Fig. 10. Creep-rupture data for NT-154 show that the Monkman- 
Grant relationship is dependent on temperature. Data with an asterisk 
(*) are not included in the linear regression analyses. 

Table 2. ATTAP stress-rupture test matrix for NT-154 Si,N, 
at 1 204" C (2200" F) 

Minimum Time to Creep strain 
I Stress creep rate rupture at failure 

(ksi) Specimen (m/m s.') (h) (34) 

NTC-09 8.9 E-1 0 3 150 0.837 

50 dTC-42 1.02 k-5 0.91a 0.01 2 7  

NTC-32 1.1 4 E-9 > 159.7 0.1 54 

52.5 NTC-33 5.56 E-8 0 9  0.0096 

NTC-34 3.02 E-9 2.31a 0.01 57 

NTC-10 2.1 8 E-9 47.45 0.099 

NTC-15 1.49 E-9 80.8 0.069 

55 NTC-14 7.19 E-9 1.75a 0.01 

NTC-16 2.55 E-9 8.6a 0.01 7 

NTC-17 I 8.77 E-10 > 150 0.083 

NTC-35 Failed at 54 ksia 
57.5 NTC-36 i Failed at 54.9 ksia 

NTC-37 0.075a 

MC-20 5.89 E-9 3.1 0.02 

60 NTC-22 1.77 E-8 1.1 0.077 

aFracture initiated from a large internal flaw; the rupture lifetime indicated may not 
be valid. 
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Table 3. ATTAP stress-rupture test matrix far NT-154 
Si,N, at 1260" C (2300" F) 

Mini tm u Time Bs Creep strain 
Stress creep rate rupture at f ai I u re 
(ksi) Specimen (m/m s-l) (h) (W 

NTC-12 1.92 E- > 15 0.1 55 

45 NTC-13 1.2 E-9 151 0.21 8 

NTC-44 1.29 E-8 1 6.67a 0.1 32 

NTC-27 6.45 E-9 21 "2 8,086 

47.5 NTC-38 9.65 E- 0.3!jb 0,0896 

NTC-40 1 . I  2 E-7 0.1 b 0.0041 

NT@-Q7 3.58 E-8 4.9 0.073 

50 NTC-OB 1.59 E-$ 15 0.1 08 

NYC-23 1.27 E- 3.7 8.035 

"Fracture initiated from a large inclusion near specimen surface outside the 

bFracture initiated from an internal flaw; the rupture lifetime indicated may not 
gage section; the rupture lifetime indicated may not be valid. 

be valid. 

Table 4. AWAP stress-rupture test matrix for MT-154 
Si,N, at 131 5" C (2460" F) 

Minimum Time to Creep strain 
Stress creep rate rupture at failure 

(ksi) Specimen (m/m d) (W (%I 
NTC-18 3.36 E-9 > 150 0.330 

35 NTC-19 1.74 E-9 > 159 0.437 

NTC-25 3.65 E- 121.3 (3.471 

NTC-26 4.27 E-8 18.1 5 0.280 

37.5 NTC-29 1.83 E-7 42.9 0.453 

- 

NTC-05 7.041 E-8 5.41 0.1 89 

40 NTC-06 1.7 E-7 2.34 0.1 62 

NTC-24 8.68 E- 4 0.203 
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determined subsequently at room temperature for the specimens surviving the 150 h 
testing. I 

The distribution of the ruptlre data indicates that a simgle-line Monkman-Grant 
relationship can not appropriately represent the data collectively. This observation is 
inconsistent with the finding reported earlier by the National Institute of Standards and 
Technology 
fell on a single curve regardless of stress and temperature. Contrastingly, the QRNL 
rupture data are somewhat indebendent of stress but are a function of temperature as 
indicated by three linear curves determined by the least-squares method. 

Tensile rupture characterization tests (Task 2) for GN-18 specimens were performed. 
A total of nine specimens was tested. Test parameters and test results are summarized in 
Table 5, and data are shown in Fig. 11. 

In contrast to the behavior exhibited by NT-154, the distribution of the rupture data 
for GN-10 indicates that a singie-line Monkman-Grant relationship can represent the data 
collectively, regardless of temperature and applied stress. The above information has 
been transmitted to Garrett Auxiliary Power Division (GAPD). 

using a limited data base in which all of the rupture data for NT-154 

Status of Patent Application 

A patent application entitled, "Apparatus for Tensile Testing Plate-type Ceramic 
Specimens," was filed with the U.S. Patent Office in July 1992. 

Important Findinns and Observations 

Preliminary test data, although limited, show that microwave annealing can 
significantly increase the creep (esistance of sintered Si,N,. 

Status of Milestones 

1. Completed a technical report covering results of the acoustic emission study on cyclic 
fatigue behavior of ceramic and ceramic composite materials by July 31, 1992 (Milestone 
321 41 5). 

2. Completed exploratory creep-fatigue interaction tests on NT-154 Si,N, by June 30, 
1992 (Milestone 321 508). 

3. Completed a draft report describing results of creep-fatigue interaction tests on NT-154 
Si,N, by September 30, 1992 (dilestone 321509). 

Publications 

1. J. L. Ding, K. C. Liu, and C. Ifl. Brinkman, "Development of a High Temperature 
Deformation and Life Prediction 'Model for Advanced Silicon Nitride Ceramics," was 
submitted to J. Am. Germ. SOC. 

2. K. C. Liu and J. L. Ding, "A Mechanical Extensometer for High Temperature Tensile 
Testing of Ceramics," was subqitted to J. Test. Eval. 
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Table 5. ATTAP stress-rupture test matrix for GN-10 
Si,N, at various temperatures 

Minimum Time to Creep strain 
Stress creep rate rupture at failure 

(ksi) Specimen (m/m s-') (h) ("% 

1204°C (22oOoF) 

E-2 1.54 E-8 > 57.35 0.633 

30 F-2 3.5 E-8 41.16 0.871 

F-3 1.34 E-7 9.92 0.51 3 

32.5 F-4 1.24 E-7 1 3.55b 0.662 

35 G-2 4.37 E-8 23.48 0.493 

1 m " c  (2300°F) 

E-3 6.51 E-8 20.76 0.879 

F-1 1.65 E-7 12.65 1.1 91 
22.5 

25 G-3 1.05 E-7 13.78 0.74 

131 5" C (2400" F) 

15 E-1 9.69 E-8 18.4 1.1 01 

QRNL-DWG 92-1 5420 

I I . T-- 

1 1 0  100 1000 

LOG (FAILURE TIME, h) 

Fig. 11. Creep-rupture data for GN-10 show that the Monkrnan-Grant 
relationship is independent of stress and temperature and can be repre- 
sented by a single linear line. 
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&-?iqr-Bata Base Generation 
M. K. Ferber, M. G. Jenkins, @.-K. Lin, A. A. Wereszczak, and 
K. Breder (Oak Ridge National Laboratory) 

The goal of the proposed research program is to systematically study the tensile 
strength of a silicon nitride ceramic as a function of temperature and time in an air 
environment Initial tests will be aimed at measuring the statistical parameters charac- 
terizing the strength distribution of three samples types (two tensile specimens and one 
flexure specimen). The resulting data will be used to examine the applicability of current 
statistical models as well as sample geometries for determining the strength distribution. 

In the second phase of testing, stress-rupture data will be generated by measuring 
fatigue life at a constant stress. The time-dependent deformation will also be monitored 
during testing so that the extent of high-temperature creep may be ascertained. Tested 
samples will be Lhuroughly characterized using established ceramographic, scanning 
electron microscopy (§EM), and transmission electron microscopy (TEM) techniques. A 
major goal of this effort will be to better understand the microstructural aspects of high- 
temperature failure including: 

1. extent of slow crack graw3k-i (SCG), 
2. evolution of cavitation-induced damage and fracture, 
3. transitian between brittle crack extension and cavitation-induced growth, and 
4. crack blunting. 

The resulting stress-rupture data will be used to examine the applicability of a 
generalized fatigue-life (SCG) model. If necessary, model refinements will be implemented 
to account for both crack blunting and creep damage effects. Insights obtained from the 
characterization studies will be crucial for this modification process. Once a satisfactory 
model is developed, separate stress-rupture (confirmatory) experiments will be performed 
to examine the model’s pre ictive capability. Consequently, the data generated in this 
program will not only provide a critically needed base for component utilization in auto- 
motive gas turbines but also facilitate the development of a design methodology for high- 
temperature structural ceramics. 

Technical progress 

Studies of the high-temperature mechanical properties of a high-performance silicon 
nitride (PYG)* were continued this reporting period. The PY6 was fabricated by first 
isopressing the silicon nitride powder and densification aid of 6 nd % yttria to form the 
green body and then hat isostatic pressing (HIP) to complete the sintering process. The 
microstruclure typically consists of 1 - to 6-pm-long acicular grains surrounded by nomi- 
nally equiaxed grains 0.1 to 1 .O ,m in diameter. This morphology leads to a relatively 
dense microstructure. The silicon nitride grains, which are generally in the form of 
p-Si,N,, are separated by relatively thin layers of an amorphous yttrium silicate. The 

“PY6 silicon nitride, GPE Laboratories, Inc., Waltham, Massachusetts. 
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intergranular phase is also present lI'n the triple 
exact phase composition sf these intergranular compounds 
conditions. 

As reported previously,' the &olution of c age (primarily in the form of 
grain boundary cavities) in PY6 silikon nitride wa d by periodically measuring the 
elastic modulus, E, during creep testing at 1370 were generated for this study, 
as well as related investigations of PY6, using -head tensile specimens (gage 
section of 6.35-mm-gage diameter and 35-mm- length) fabricated from as-received 
isopressed and HlPed rods 160 mtV long and 22 mm in diameter. Based upon the 
studies of Suresh and Brockenbrovgh,* E should be sensitive to this level of creep 
damage generally decreasing relative to the starti value, Eo, as the creep damage 
accumulation increases. In the present urernent of E involved the periodic 
application (-  24-h interval) of an wnloa cle to the statically loaded specimen 
continued at the intervals until specimen failure, Values of E were calculated from the 
slopes of the resulting stress-strairl cuwes generated by first unloading the specimen to 
10 to 20% of the static, creep stress, CJ,, and then reloading back to 0,. Generally, E 
tended to decrease with increasing time to -85 to 90% of E, and remaining stable at that 
level until specimen failure. HoweGer, an unexpected effect of this cycling was to increase 
the fatigue life over that rneasuredlunder "no cycle" conditions. The relative increase in 
fatigue life, 4 (cycled)/t, (not cycled), was dependent upo the number of cycles applied 
prior to failure with the total strain to failure for the "'cycle " tests tending to be greater 
than that for the "no cycle" tests. 

In order to better charaeteri5e the effect: of cyclic load 
istics of the PY6 material, a series of low-cyde fatigue tests 
were initiated. The baseline static fatigue c ~ a r ~ c t ~ r ~ ~ t i c s  at each temperature were estab- 
lished from dynamic fatigue tensild tests in which the fracture ~ t r e ~ g t h ,  CT,, was measured 
as a function of stressing rate, du/dt. Results from these tests are shown in Fig. 1. The 
parameter, N, in this figure represknts the fatigue exponent in the expression, 

yttrium silicate. The 

n the fatigue character- 
, 1260, and 1370°C 

where A is a constant. When failure is controlled by slow crack growth, N should be 
equal to the value determined fro$ static fatigue tests. In this case, N is calculated from 
the expression, 

where u, is the applie stress, 0 
constant. 

In Fig. 1, the dynamic fatigue data measured at 1260 d 1370°C reveal a transition 
in fatigue behavior as the stressing rate decreased to .=lo Pa/s. As shown in Fig. 2, 
this transition approximately corresponds to generation of 1 e nonlinear strains pre- 
ceding failure. In the low-stressing-rate regime at 1370" 6, fatigue exponents are 
comparable (N = 4 to 6) for the I'yvo highest temperatures. 5ased upon static stress 
data,3 this value of N is consistent with creep-controlled fatigue. This has been confirmed 
by SEM studies which show that brain boundary ca ation occurs at stressing rates of 

MPa/s and below. In the high-stressing-rate r ime, the N values are much larger 

is a normalizing parameter ( = I  Pa), and B is a 
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QWNL-DWG 93-5834 
5 X 1 0 2  

1 X 1 O 2  

5x10 '  

SLOW CRACK 
GROWTH 

__I__BI ____..__._ 

GTE PY6 Silicon Nitridf 
Ambient Air 

1 P4 10" 1 1 0-1 1 O0 10' 1 o2 
STRESSING RAPE (MPds) 

Fig. 1 .  Dynamic fatigue data for the PVG silicon nitride enerated at 1260 and 
1370°C revealed two distinct fatigue regions. No change in failure mode was indicated 
for the 1 150" C data. 

indicating a change in failure mechanism related possibly to SCG of a single flaw. This 
transition is in agreement with static fatigue resu~ts.~ 

The dynamic fatigue data can be used estimate the static fatigue failure times, Gmt, 
using the expression, 

where qd is the failure time for the dynamic fatigue test. Far this calculation, the failure 
stress in dynamic loading is assumed to be equal to the effective applied stress in the 
static fatigue lest. Figure 3 compares the fatigue life characteristics determined from Eq. 3 
with those measured in ref. 3. 

The values af tfesa calculated from the low-stressing-rate regimes at 1260 and 1370" C 
represent a reasonable extension of the static fatigue data. In the case of the high- 
stressing-rate regions, the corresponding oa versus Gmt curves are shifted to much lower 
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Fig. 2. Stress-strain curves associated with dynamic fatigue tests 
indicated that the change ,in failure mechanism was accompanied by the 
generation of large nonlinear strains preceding failure. 
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Fig. 2. Continued 

fatigue lives consistent with the change in failure mecrhai7ism. Altheregh the calculation of 
test is based on a somewhat simplified analysis, the comparisons shown in Fig. 3 illustrate 
the utility of the dynamic techni ue for the study of high-temperature failure modes. 

Cyclic fatigue tests were conducted under canstant frequency and stress amplitude 
conditions as sbown in Fig. 4. Three wave forms were used [trapaaaidal at 0.5 Hz ( 0 5 s  
ramp and 4.5-s dwell), triangular at 8.1 Hz, and sinusoidal at 10 Hz] at consistent stress 
ratios of R = 0.1 and maximum stresses ranging from 75 MPa :a 332 MPa over the 
temperature range of 11 50 to 1370" C. Specimens that did not fail in a runout time of 
1000 h were fast-fractured at: room temperature to determine the retained strength. Except 
in a few cases where strain was nmnitored c~ntinuaausly during the  test, strain was re- 
corded only at discrete intervals during the cyclic tests due i~ the uncertainty of leawing 
the contacting, mechanical extenson-reter against the specimen for the entire test. 
Therefore, the bulk af the cyclic fatigue information consisted of cycles (or total time) to 
failure under given maximum stresses in addition to records af the periodic stress-strain 
curves. 

Figures S(a) through (c) show stress-rupture results as log-log plots of maximum 
stress versus time 60 failure for static, dynamic, and cyclic fatigue tests at 11 50, 1260, and 
1370" C, respectively. For simplicity, the time to failure is the aduaB time to failure since 
no failure mechanism, such as SCG, needs to be assumed a priori. Maximum stress for 
the static tests is the constant stress applied until failure of the specimen. For the 
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I ORNL-DWG 93-5838 

GTE PY6 Silicon Nitride 

STATIC FABIGUE-326O"C 
LI DYNAMIC FATIGUE-126Q"C 
A STATIC FATIGUE-1 150°C 

MI@ FATIGUE-1 150°C 

10 o5 
E TO FAILURE (h) 

Fig. 3. The static fatigue data generated at 1260 and 1370" C (ref. 2) were in 
good agreement with fatigue lives predicted from the low-stressing-rate dynamic 
fatigue data. 

dynamic tests, maximum stress carresponds to the failure stress at the particular stressing 
rate. Maximum stress under cyclic loading is the maximum applied stress during each 
stress cycle. A I S ~  shown on ealh plot for each data point is the classification of each 
failure ori ere the first let5;el designates the type sf failure damage (C is creep/ 
envi ronm amage and B is inherent defect), and the second letter designates the 
location of the failure ori in (S is surface, NS is near surface, and V is volume). 

indicated single curve (N F* 58) implying that all failures originate from a similar SCG 
mechanism as previously identified for PY6 at this temperat~re.~ Also in agreement with 
an SCG mechanism, all the identified failure damage types were defects located either at 
the surface or in the volume. In Fig. 5(b) for the 1260°C tests, the data points tend to fall 
into two distributions. A nearly horizontal line (N - 56) tends to fit all the failures for 
dynamic and cyclic tests with fa/lure damage in ail cases attributed to defects located at 
the surface or in the volume. Tbe results for the static fatigue tests group around a line of 
sharply decreasing slope (N D. '$ ith all failure damage in all cases attributed to creep/ 
environmental damage originatin t the surface. In Fig. 5(c) for the 1370°C tests, the 

lis Fig. 5(a) for the 1 SO"? tests, the data paints apparently scatter about the 
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Fig, 4. Three wave forms were utilized for the cyclic fatigue tests: (a) trape- 
zoidal and triangular wave forms and (b) sinusoidal wave form. 
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Fig. 5. The tensile stress-time to failure relations for PY6 silicon 
nitride at: (a) 1 150" C, (b) 1260" C, and (c) 1370" C indicated that as the 
temperature increased, the failure mode changed from that controlled by 
intrinsic defects to that controlled by the evolution of creep damage. 



QRNL-DWG 93-5843 

N=10 

Q CIS 

QCiS 
... 

.....-I____ --l......-.......-... l__l.__...l ........ 
0 STATIC FATIGUE 
B STATIC FATIGUE LOAQIUNLOAD 
9 DYNAMIC FATIGUE ocis 
U 

A 

CYCLIC FATIGUE, 0.1 Hz, FI = 0.1 
'PRAPEZQIDLA WAVEFORM 
CYCLIC FA'IIGUE, 0.1 Mz, R = 0.1 

Fig. 5. CantinLssd. 

data points again tend to scaticv around the indicated singie curve (N - 10) indic 
similar failure mechanism for all the tests. However, in this case, ail the failure da 
except Wa at very 
or n8ar the surface. 

consistent with an SCG failure mecs'liaiiisfii hence implying that no eychic fati 
operative. Given the limited range af factors for effective tirm (2 to 22), the trends for 
failure times are evident ~lsirag a ~ t ~ l ~ l  time rather than assuming a potontially confusing 
effective time approach. For the results of Fig 5(@ at 1260"C, a different picture emerges 
in whisk static loading appears to be detrimental to the times to failure, For example, at 
lo3 &, maximum cyclic stresses of 250 %a 275 MPa can be sustained with failures srigi- 
nating from defect damage, "whereas static stresses of only 11 3 to 125 MPa can be sus- 
tained with failures occurring from creep/environmental damage originating at the surface, 
In this, the loading-unlesadil-ig of the  cyclic tests appears to interrupt the creep/ 
environmental damage ~wciaation and accumulation pra@@ss, thus allswing greater 
stresses to be sustairwd for simi!aa failure times. Failures must then originate from 
inherent delects rather than from the accumulalic?n of the creep/environmen!a! damage. 
Such a hypothesis is supported by SEM fractsgraphy. Creelp/environmenZalBy assisted 
cavitation darnagc is much more evident in the static test than the cyclic. The results 
shown in Fig. S(c) for 1370°C do not show a strong tendency of apparent "enhanced" 
cyclic fatigue resistance as might be expec?ed based on the  resulks at 1260°C. 

faiBm times, was ciasslfied ais ~ ~ ~ ~ ~ / ~ ~ v i r ~ ~ ~ ~ ~ t ~ ~  with origins at 

The stressrupture and failure s;;git=i results skrown in Fig. 5&,) for 1150°C are 
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Identification of the majority of failure origins as creeplenvironmental damage originating 
from the surface suggests that rabid oxidation damage previously cited in PY6 at this 
temperature3 is masking the "enhhnced" cyclic fatigue resistance. Instead, accelerated 
failures from the surface are not +.s strongly interrupted by the loading/unloading as at 
1 260" C. I 

by Ohji et ah4 An intriguing aspect of the work of Ohji et al. involved the relation of the 
"yield" (point of nonlinearity of the stress-strain behavior under a monotonic testing rate) 
stress under various testing rates to the cyclic fatigue behavior under various frequencies 
and stresses. Qhji et ai. speculated that this "yield" stress denotes the stress above which 
damage accumulation mechanisms such as grain boundary sliding and cavitation are 
promoted. Therefore, cyclic loading at a maximum stress less than the "yield" stress at 
that particular testing rate would roduce "enhanced" cyclic fatigue resistance. Preliminary 

to understanding the fatigue behavior of PY6 with future work in this area continuing. 
Additional studies during this reporting period focused on the examination of the 

effect of environment upon the dynamic fatigue characteristics of PY6. As shown in Fig. 6, 
the PY6 specimens tested in ambient air were quite susceptible to creep rupture as re- 
flected by the significant loss in strength with decreasing stressing rate. She fatigue 
exponent, N, was 18, which is cdmparable to the static stress results. Exact agreement is 

Such "enhanced" cyclic fatigue resistance has been noted previously in studies cited 

efforts in the present investigatio R have shown promise in the application of this concept 
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Fig. 6. The dependence of flexure strength upon stressing rate was 
strongly dependent upon, test environment. 
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not expected due BO efects of stress redistribution in She fiexarrs specimens. Exa 
of the  fracttsre surfaces for specimens tested at the lower stressing rates also revealed 
creep daniage: zcne similar ts that obsefved for the creeprupture results eonduc 
static, tensile stresses. Wliesi simiSar tests were conducted in nitrogen or argon, no creep- 
rupture effects were sbse~ded. In fact, the P W  specimens exhibited a slight increase in 
strength with decreasing stressing rate. I his trcnd may have been due to stress redistri- 
butiors effects asis;ng frarn creep, evidence of which was pasvided by the observed non- 
IiiieaWj in the load-displacement plots 'i'herefore, the anajnr effect of testing in argon or 
nitroge;;l was lo eliminate the evolution of the creeplenvirsnmental damage zone, which 
was ultirnaicly responsible for creep rupture far specimens tested in air. 

..I 

status of milestones 

1. Daring a visit by S. M. Wiederhrarn from the National Institute of Standards and 
Technolsgy (NIST) in September 1992, discussions were held concerning the creep/ 
fatigue measurements being conducted as part of their Ceramic Technology Project effort. 
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TOUGHENED CERAMICS b IFE  PREDICTION 
Jonathan A .  Sale and Sung R .  Choi (NASA Lewis Research Center) 

0b.iecti ve/Scopq 

The purpose of this research i s  t o  understand the room temperature 
and high temperature [I 137Q'C (250QQF)] behavior of toughened ceramics 
a s .  the basis f o r  developing a l i f e  prediction methodology. A major 
object ive i s  t o  understand the re1 a t i  onship between microstructure and 
mechanical behavior within the boun a l imited number o f  
A second major objective i s  t o  dete the behavior a$ a f 
time and temperature. Specif ical ly ,  the room temperature and elevated 
strength and r e l i a b i l i t y ,  the f rac ture  toughness, slow crack growth and 
the creep behavior w i  11 be determined f o r  the as-manufactured material .  
The same properties will a lso  be evaluated a f t e r  lang-time exposure t o  
various h i g h  temperature .isothermal and cycl i c  environments e These 
r e s u l t s  will  provide i n p u t  f o r  para l le l  materials development and design 
methodology programs, Resultant design codes will  be ver i f ied .  

__l___l_...._ Technical Highliqhts 

There a r e  several ways of determining fat igue parameters. Dynamic, 
s ta t - i s  or cyc l ic  fa t igue  loading can be applied t o  smooth specimens or t o  
precracked f rac ture  mechanics specimens in which the crack velocity 
measurements a re  made di rec t ly  A cotisi derabl e number of studies have 
been carr ied out. t o  character ize  fa t igue  behavior of s i l i c o n  n i t r i d e  
ceramics using the  t e s t i n g  methods mentioned abave [ l -71.  Although the 
reported r e s u l t s  agree t o  some degree, there  remains uncertainty and 
disagreement among the t e s t i n g  methodologies, depending on t e s t  materials 
and even on researchers.  

I n  t h i s  study, h igh  temperature fa t igue  behavior o f  a hat-pressed 
s i l i c o n  n i t r i d e  was determined a t  1200 and 1300°C i n  a i r  using three 
d i f f e r e n t  loading conditions: dynamic and s t a t i c  loading f o r  flexure beam 
specimens and s t a t i c  loading f o r  dog-bone-shaped u n i a x i a l  t e n s i l e  
specimens. F in i te  element analysis  was car r ied  o u t  f o r  the t e n s i l e  
specimens t o  obtain s t r e s s  d i s t r ibu t ions  an t o  assure the appropri ateness 
of the specimen configurations designed. The material was chosen because 
i t  exhi b i  ted moderate fa t igue suscepti hi 1 i t i  es a t  high temperatures, 
enabl i ng the comparison o f  fa t igue 1 i fetime prediction resul t s  from 
various t e s t i n g  methods. 

e 

Materi a1 

The material used i n  t h i s  s tudy was a hot-pressed silicon n i t r i d e  



containing 8% Y,O,, fabricqted in 1979 by Norton Company. The room 
temperature basic physical and mechanical properties o f  the material are 
shown in Table 1. The mbterial exhibited a s l igh t ly  bimodal grain 
s t ructure  of large elongated and dine equiaxed grains. This bimodal grain 
s t ructure  resulted in a higd fracture toughness (Klc = 7 MPaJm) as well as 
a r is ing R-curve [a], typical t o  most in-s i tu  toughened s i l icon n i t r ides  
with elongated grain structure.  

Table 1. 
room temperature [8, 91 

Physical and mechanical properties of NCX 34 si l icon nitride a t  

Notes: 
1. By s t ra in  gaging I 

2. By Yicker's microhardness indenter 
3 .  By buoyancy method 
4. By SEPB method 
5 .  Specimens with 6.35 mm by 3.17 mm in width and height, respectively; 

9.525/19.05 mm i n  inner and outer spans in four-point flexure [SI. 

Test Procedures 

Dynamic and s t a t i c  fatigue tes t ing for  t e as- machined flexure 
beam specimens was conducted in ambient a i r  a t  1200 and 1300OC using a Sic 
four-point bend f ix ture  in an electromechanical tes t ing machine. The 
inner and outer span of the t e s t  f ix ture  were 10 mm and 30 mm, 
respectively. The nominal dimensions of the rectangular t e s t  specimens 
were 3 mm by 7 mm by 35 mm, respectively, i n  height, w i d t h ,  and length. 
Four loading rates  o f  4.2 t o  4200 N/min were used in the dynamic fatigue 
tes t ing ,  result ing i n  t h e  corresponding s t ress ing rates  of 2 to  2000 
MPa/min. Stress levels applied in the s t a t i c  fatigue t e s t s  were 250 t o  
500 MPa a t  1200°C, and 75 to  400 MPa a t  1300"C, respectively. The number 
o f  the t e s t  specimens in the dynamic fatigue tes t ing was four a t  each 
loading ra te  per temperatune; whereas, the number o f  the t e s t  specimens i n  
the s t a t i c  fatigue tes t ing was 14 and 25, respectively, a t  1200 and 130OOC. 
Each t e s t  specimen was pr loaded with 20 N t o  maintain good alignment 

pr ior  t o  tes t ing.  I 

re la t ive  t o  the t e s t  f i x t u  ," e,  and held a t  the t e s t  temperature for 20 min 
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The tensi 1 e fati Que behavi o r  was investigated at temperatures of 
1200 and 13OOOC in air. The dog-bone-shaped tensile test specimens, 
similar to those used in creep testing measurements by Wiederhorn et a l .  
[lo], were utilized for this testing. A test speci en with strain gages 
attached is shown in Fig. 1. The dimensions of th test specimens were 

2.5 mm by 20 mm in cross section and gage length, respectively. 
ze the degree of misalignment of the tensile test specimen, the 

loading pin holes o f  each test specimen were tapered toward the center so 
that load was applied to the center of the specimen, as suggested by 
Carrol et a1 [ll]. With this tapered pin hole configuration and careful 
specimen mounting, it was possible to achieve less than two percent 
misalignment at a stress of  150 MPa. 

The tensile specimens were preloaded with 35 N at room temperature 
and heated t o  the test temperature. Each test specimen was kept at the 
test temperature for about 20 min prior t o  applying the full test load. 
The testing was conducted in dead weight creep machines. A total o f  15 
test specimens were used at 1200°C with a nominal applied load range o f  
to 200 MPa; whereas, at 1300OC a total o f  16 were used with applied 
stresses from 50 to 100 MPa. A finite element analysis of the test 

Figure 1. A dog-bone-shaped tensile test specimen with strain gages 
attached. 

specimen has shown that high stress, similar iil magnitude to those 
occurring in the gage section, occurred around the loading pin hole due to 
the stress concentration. Hence, particular care was taken to minimize 
the possibility o f  machining-induced damage around the tapered pin-hole. 
Every pin hole  was carefully diamond polished with a specially designed 
hand tool. Also,  all the surfaces and edges of each as-machined test 
specimen were carefully hand-sanded to minimize any machining damage. 
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Tensile Specimens 

le1 f o r  the tens i le  t e s t  specimen consisted of 

Typical s t r e s s  contours t h u s  obtained are shown in Fig. 2, where uZz 
(principal s t r e s s  along the specimen length) i s  plotted f o r  one eighth 
symmetry of the speljimen. P h i s  figure indicates that  the maximum s t r e s s  
is  present b o t h  a t  the gage section and a t  the p i n  hole ( i n  the nine 
o'clock direction) due t o  the s t r e s s  concentration. Note tha t  the 
s t resses  i n  the neck region are  always lower than that  occurring i n  the 
gage section. Although the maximum s t r e s s  occurs a t  the p i n  hole as  well 
as a t  the gage section, the probability o f  fa i lure  i s  considerably higher 
a t  the gage section than a t  the pin hole since the volume o r  surface area 
stressed under the maximum s t r e s s  i s  much greater a t  the gage section than 

I 
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Figure 2 ,  
from f i n i t e  element analysis (one eighth symmetry). 

Contours of pr~incipal stress a1 ong specimen length obtained 
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a t  the pin hole. 
induced damage, 

Ho ever, every attempt was made t o  minimize machining- 

Far most ceramics and glasses,  slow crack growth can be expressed by 
the empi r i  cal re1 a t i  on 

v = A [K,/K,,]n 

where A and n a r e  the fat igue parameters associated with material and 
ent ,  K, i s  the  made I s t r e s s  in tens i ty  fac tor ,  and K,, i s  f rac ture  

toughness. For dynamic fat igue t e s t ing  which employs constant loading (P) 
or constant s t ress ing  r a t e  (iT), the  corresponding fat igue strength,  o f ,  i s  
expressed [13] 

where 13 = 2/[AY2(n-2)K,,n-2] with Y being crack geometry f ac to r  and Si i s  the 
i n e r t  strength.  The fa t igue constants n ,  B and A can be obtaine 
intercept  and slope, respectively,  o f  the l i nea r  f i t  o f  Log Of versus Log 
6. In the same way, f o r  s t a t i c  fa t igue t e s t ing  where constant s t r e s s  i s  
applied, the time t o  f a i lu re  (tfs) can be derived eas i ly  in t e r  
applied s t r e s s  (0) as follows [l] 

Likewise, stata 'c fa t igue parameters B and n can be evaluated by a l i nea r  
regression analysis  of the s t a t i c  fa t igue curve when t i  e t o  f a i l u r e  (Log 
trs) i s  plot ted against  applied stress (Log a). However, i t  should be 
noted tha t  there  a re  several s t a t i s t i c a l  approaches t o  e s t i  
fa t igue parameters from dynamic and s t a t i c  fa t igue data [14]. Currently, 
s t a t i s t i c a l  approaches such as the median value, the bivar iant  and 
t r i  vari ant analyses a re  being devel oped and reviewed a t  14% LeRC f o r  
i ncorporati on in the CARES-Li f e  code. 

The relat ionship in fa t igue l i f e  between dynamic and s t a t i c  fa t igue 
i s  [15] 

where t,, i s  the time t o  f a i lu re  i n  dynamic fat igue,  which corresponds t o  
t,, = of/&. By subs t i tu t ing  t,, i n  Eq.  (4) in to  Eq. (3) with o = of, the 
dynamic fat igue curve can be converted in to  an equivalent s t a t i c  fa t igue 
curve as  follows: 

- -n 
t f d  - a O f  
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where a i s  the value associated with B, n and Si. 
I 

Dynamic and S ta t i c  Faticrue ih Bending 

A summary of the dynamic fatigue resul ts  a t  1200 and 130OoC in a i r  
is  presented in Fig. 3. The solid l ines  in the figure represent the best- 
f i t  l ines  based on Eq. (2). The decrease i n  fatigue strength with 
decreasing stressing rate ,  which represents fatigue suscept ibi l i ty ,  was 
evident a t  both temperatures. The fatigue parameter (n) was determined t o  
be n = 16.0 and 15.0 a t  1200 and 130Q"C, respectively, from a l inear  
regression of Log of versus Log ;T. Fractographic analysis o f  the fa i lure  
surfaces revealed the presence of slow crack growth zones a t  the lower 
stressing rates ,  while no appreciable slow crack growth was obtained a t  
higher stress rates .  

The resul ts  obtained from the s t a t i c  fatigue t e s t s  a t  1200 and 1300'C 
in a i r  are shown in Fig. 4. The arrow marks in the figure represent the 
specimens that  d i d  not break before about  600 hr. Also, the solid l ines  
i n  the figure represent the bes t - f i t  l ines  based on Eq. (3). The fatigue 
constant n was evaluated t o  be n = 20.7 and 15.0 a t  1200 and B300°C, 
respectively. The fatigue constant n = 15-21 t h u s  obtained agrees 
reasonably well with the value of n = 15-16 determined from the dynamic 
fatigue tes t ing.  A value of n = 12 was reported previously, obtained from 
s t a t i c  fatigue with MOR bars a t  140OoC in a i r  [16]. 

I t  i s  important t o  note that  appreciable creep deformation occurred 
fo r  the specimens subjected a t  1300'C t o  the lowest s t ress ing ra te  in the 
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Figure 3 .  Results o f  dynamic fatigue tes t ing i n  bending o f  NCX 34 silicon 
n i t r ide  a t  1200 and 130OoC i n  a i r .  
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Figure 4. Results of s t a t i c  fatigue testing in bending of NCX 34 silicon 
nitride a t  1200 and 13OO0C in a i r .  

dynamic fatigue testing and t o  the lowest applied stress in the s t a t i c  
fatigue testing. Fracture surfaces o f  the specimens tested a t  different 
stressing rates o r  applied stresses showed that slow crack growth zones 
dominate failure as stressing rate or applied stress decreases. One 
complication evident from the fractography i s  the shape of the crack 
developed, especially in the specimens subjected t o  long time t o  failure. 
The cracks, though in i t ia l ly  half-pennies in configuration, develop in to  
corner and straight-through cracks as the crack size approaches the 
specimen size, as shown in Fig.  5. T h i s  may affect the values of the 

Figure 5. Fracture surface of a specimen subjected to static fatigue in 
bending; Q = 190 MPa and t, = 456 hr. 



measured fatigue parameters, 
section stress. Further, enhaiced 
neutral axis shift attributec 
compression and tension side!; 
neutral axis shift  may affect 
the fatigue parameters. 

Static Fatiaue i n  Ten sion 

Some of the uniaxial t e  s i l e  specimens failed from the loading p i n  
holes. T h i s  undesirable pin-  ole failure was found to  be associated w i t h  
machining damage, which was m i  imized la te r  by careful hand polishing w i t h  
di  amond compound around the tapered p i n  hol es . Another undesi rabl e 
failure associated w i t h  machi ing  damage occurred a t  the intersection of 
the straight gage section and the radius of curvature of the neck region, 
where a small surface discon i n u i t y  (damage) existed. The typical gage 
section and intersection fa i l  res are shown i n  Fig. 6. T h i s  neck region 
failure was also minimize by careful hand polishing around the 
intersections w i t h  Sic sand I aper. 
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due t o  changes i n  crack geometry and net 
creep a t  h i g h  temperature can result i n  

t o  asyRmetric creep behavior between the 
of a flexure beam specimen 117) . This 

the stress d i s t r i b u t i o n  and possibly change 

A sumnary o f  the tensile fatigue results obtained a t  1200 
solid l ines i n  the figure 

by a linear regression analysis of 
that specimens failed from the p i n  

arrows) were excluded i n  the 
n was determined t o  be n = 

T h i s  fatigue parameter of 
from the dynamic and s t a t i c  

and 13OO0C i n  a i r  is  
represent the 
Log t, versus 
holes and 

Figure 6. Fractured tensile test specimens: (a) desirable gage 
section failure; (b) ble neck region failure. 
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Figure 7. Results of static fatigue testing in uniaxial tension o f  MCX 34 
silicon nitride at 1200 and 1300OC in air. 

fatigue testing with the flexure beam specimens. By cantrast ,  t he  
parameter o f  n = 10 determined f o r  'the smooth (as- achi ned) specimens i s 
higher than the value o f  n = 5.2 obtained for the uniaxial tensile 
specimens with Knoop indent cracks by Menager and Johns [18]. 

At high applied stress, failure was usually (but not always clearly) 
associated pith slow crack growth; whereas, at lower applied stress creep- 
induced failure was dominant. Multiple creep crack formation in the gage 
section was typical ly observed f o r  the specimens fai 1 ed a t  lower stresses. 
Fig ,  8 shows the fracture surfaces o f  specimens failed at t 
applied stresses of o = 106 and 50 MPa. The formation of a dominant crack 
is evident for the specimen failed a t  100 MPa with t, = 42 
fai 1 ure) . 
coalescence associated with creep damage caused specimen failure. 

However a clear fracture origin was not  readi ly d i  s ce~nabl  
from the speci en failed at 50 MPa with t, = 682 hr, su ges t i ng  that crac 

Compari son of Fati sue Barmeters 

Comparison o f  dynamic and static f a t i g u e  behavior in bending can be 
evaluated by converting the dynamic fatigue data  into a corresponding 
static fatigue curve via Eqs. (4) a d (5). The resulting p 
in Fig. 9, where the converted dyna i c  fatigue da ta  are coin 
static fatigue data .  Also included in the figure are the data obtai 



I 
It. 

s t a t i c  bend fatigue and 
a t  1200 and 1300°C i n  a i r .  

Figure 8. Fracture surface of specimens subjected t o  s t a t i c  fatigue i n  
0 MPa; t, = 42 min; (b) u = 50 MPa; t, = 682 uniaxial tension: (a) u = 

t e rs i le  s t a t i c  fatigue for  NCX 34 silicon nitride 

h. 

from the uniaxial tensile 

. Overall agreement 
reasonably good, notwithst inding 
Therefore, based on these 
growth parameters from 
techniques, as observed 
The dynamic fatigue tes t i  

fatigue testing. 

be:ween dynamic and s t a t i c  fatigue i n  bending is 
a l i t t l e  variation, especially a t  12OOOC. 

results i t  is possible t o  obtain slow crack 
either s t a t i c  or dynamic fatigue testing 

previously for Ceralloy 147A silicon nitride 1193. 
ig is preferable since the time t o  failure i s  
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shorter  in dynamic f a t i g u e  than i n  s t a t i c  fa t igue.  tdo ever, care shou 
be taken when an extrapolation based on the  dynamic fa  i gue  data i s  ma 
t o  predict  s low crack growth behavior in the l o  applied stress r e  

The difference between the t ens i l e  s t a t i c  fa t igue and the dynamic or 
s t a t i c  bend fd i t igue i s  much larger  as seen i n  Fig.  9. The difference in  
fa t igue strength between the t e n s i l e  and bend loading i s  probably due t o  
the  difference in e f fec t ive  volume o r  surface area between the t 
specimen Configurations (dog-bone-shaped tensi  l e  specimens and flexure 
beam specimens). The r a t i o  o f  bending strength t o  t e n s i l e  strength can be 
caiculated using the fsl lowing equation 

or 

here Aeff a n d  Veff  are  e f fec t ive  surface area and ef fec t ive  volume, 
respectively,  and m i s  the Weibull modulus.  Since the  Weibull I u s  a t  
1200 and 1300OC were n o t  known, a value of =: 10 was a r b i t r a r i  ly  chosen. 
By assuming that  f a i lu re  i s  controlled by volume-associated f a i l u r e ,  and 
t ak ing  VeffB :: 11.28 mm3 and vpffT = 62.5 mm3 based an the f ix tu re  and 
specimen geometry, a value o f  uT/ag = 0.986 i s  obtained. This r a t i s  o f  
0.786 i ' s  a reasonable es t i i na te  a t  1200QC, b u t  a poor one: a t  1300OC since 
the  ra t ios  o f  t h e  t ens i l e  f a t i g u e  strength t o  the!  bend fa t igue  strength 
(dynamic or s t a t i c )  a t  t, = 1 s (assuming l i t t l e  fa t igue)  are 0,7 and 8.4, 
respectively.  

Using the  experimental da t a  and the  appropriate equation, the 
eter  A was calculated and tabulated in Table 2. By usin 

fat igue l i f e  curve (Fig.  9) was converted in to  a 
velocity curve (Fig. l o ) ,  where crack velocity i s  plot ted,  based on Eqe 
( I ) ,  as  a f u n c t i o n  o f  normalized s t r e s s  in tens i ty  fac tor  K , / K , , .  The crack 
velocity curve obtained a t  1380OC from the uniaxial t e n s i l e  fa t igue w i t h  
Krroog indent crack [le] was a lso  included i n  the  f igure f o r  comparison. 
As already shown in the fat igue i f e  curve (Fig.  91, there i 
good agreement between the dyna c and s t a t i c  fa t igue in  be 
1 arge discrepancy bet i a x i a l  tension and bend f 
F ig .  10 also shows tha t  i n  uniaxial t e n s i l e  loading t h e  fa t igue 
suscep t ib i l i t y  o f  the indent cracks was much grea te r  than tha t  o f  the 
smooth, as observed previously f o r  the  GN-IO s i l i con  n i t r i d e  material a t  
120O0C [S I .  

The difference in fa t igue suscept ib i l i ty  o f  smooth and knoop 
precracked specimens may be due t o  the  nature o f  the  cracks used o r  the 
method o f  parameter e s t i m a t i o n :  The dynamic and s t a t i c  methods determine 
parameters empirically from s t r e s s  and t ime-lo-fai?ure data tha t  r e su l t s  
from inherent defects t ha t  develop in to  cracks, grow and cause f a i lu re ;  
whereas f rac ture  mechanics methods, such as the  knoop indent, attempt t o  
d i r ec t ly  observe and track the length o f  an i n i t i a l l y  sharp, well 
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Table 2. Summary of fatigue parameters of NCX 34 si l icon n i t r ide  a t  1200 
and 130OoC in a i r .  l 

0 
10 

NCX 34 S b b  I 
+1 1200°C; Dyn. Fat. In bend 
#2 1300%; Dyn. Fat in bend 
#3 1200°C; Stat. Fat. In bend 
#4 13aO"C; Stat. Fat. in bend 
#5 1200°C: Stat. Fat. in tension 
X6 1300%; Stat. Fat. in tension 
sp7 1300°C; Istat. Fat. in tension 

(Indent crack: Hcnager 19eS) 

7 

10 -e 
0.5 0.7 1.0 0.1 0.3 

I 
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Figure 110. Summary o f  cr'ack velocity curves obtained from different  
tes t ing methods for NCX 34 :ificon n i t r ide  a t  1200 and 13QOoC i n  a i r .  



266 

developed crack. 

These r e s u l t s  indicates  t h a t  there  i s  no unique fa t igue  t e s t i n g  
methodology, implying t h a t  a var ie ty  of fa t igue  loading cycles,  specimen 
configurations and f l a w  sys 
fa t igue  behavi o r  o f  cerami c 
One of the  important r e s u l t s  obtain f r o  thl's fa t igue  t e s t i n g  study i s  
t h a t  the  dog-bone-shaped t e n s i l e  specimens t h a t  have been used primarily 
i n  creep s tudies  o f  ceramics can be  applied t o  high-temperature t e n s i l e  
fa t igue  1 i f e  ( s t r e s s  rupture) tes t ing .  

should be used t o  thoroughly char 
onents t h a t  will  have multiaxial  s 

(1). The hi gh-temperature f a t i  gue parameters determined from dynami c and 
s t a t i c  fa t igue  bend data a r e  in good agreement. Fatigue parameters were 
0-0 = 15 t o  20. 

(2) .  A discrepancy e x i s t s  b e t  een bend (dynamic o r  s t a t i c )  fa t igue and 
uniaxial t e n s i l e  fa t igue,  resul t ing i n  more fa t igue  s u s c e p t i b i l i t y  f o r  
u n i  a x i  a1 tension. 

( 3 ) .  Creep-associated f a i  1 ure became dominant as appl ied stress or 
s t ress ing  r a t e  decreased. In this cases neutral ax is  s h i f t  v 
creep deformation may have affected the s t r e s s  d i s t r i b u t i  
specimens and presumably changed the f a t i  gue parameters wh 
on an e l a s t i c  s t r e s s  solut ion.  The use of t e n s i l e  specimens i s  t h u s  

ly preferable i n  this case. 

( 4 ) .  Fatigue behavior should be evaluated w i t h  a var ie ty  of s t r e s s  
s t a t e s ,  laading cycles and flaw (inherent or a r t i f i c i a l )  configurations t o  
ensure accurate l i f e  prediction parameters, 
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i 
P. K. Khandelwal (Allison Gas Turbine bvision, General Motors Corporation) 

The objective of this project i s  to develop and demonstrate the necessary n o n ~ ~ t ~ c ~ i v e  exami- 
nation (NDE) technology, materials data base, and design methodology for predicting useful life of 
stntcturall ceramic components of advanced heat engines. The analytical ~ t ~ o ~ o l o g y  will be 
demonstrated through confirmatory testing of ceramic components subject to thermal-mechanical 
loading conditions similar to those anticipated to occur in actual vehicular service. The project ad- 
dresses fast fracture, slow crack growth, creep, and oxidation failure modes. 

Technical WiPhliPhtS 

Data Base Development 

flexural Testing 

The oxidation testing was cornpletcd during this reporting period. Information was generated 
for a temperature range between loDoDC to 14WG from 1 to Eioo hours in static air using the Type~B 
(3 x 4x 50 nun) modulus-of-rupture (MOR) specimens. Figure 1 shows that the oxide layer thickness 
increases as a function of temperature and time. The rate of oxidation is accelerates above 1200°C 
after 500 hours. This may be due to the presence of impurities such iron, calcium, etc. which in- 
crease the diffusion rates of various species. Fractographic analysis revealed very few pits on the 
surface QE the specimens. X-ray diffraction analysis of typical specimens has been completed. Pre- 
liminary analysis has shown the presence of Si@, alpha and beta Y2Si2O7, and 
lOY$33.9SiQ2.Si3N* phases depending on the time and temperature conditions. Further analysis 
of the data is in progress. I I 

The effect of inert (Argon) environment as function of  time (10 and 110 hours) and temperature 
(lOOO"C, 1200°C, 1400°C) on the MOR strength was studied at ORNL under an User agreement. The 
work was directed by Dr. M. Fcrber at ORNL. The average measured strength after 10 and 110 
hours exposure at 1oooC was 833.28 MPa and 954.34 MPa, respectively. The average measured 
strength at 1200°C after exposure of I O  and 110 hours was 674.51 MPa and 817.12 MPa, respectively. 
The average measured strength at 1400°C after exposure of 10 and 110 hours was 701.17 MPa and 
670.93 m a ,  respectively. Scanning electron microscopy (SEM) analysis of typical specimens, con- 
ducted at QRNL as User, indicated that surface or near surface flaws generally controlled the 
strength. , 

Slow Crack Growth 

Dynamic fatigue studies were conducted to determine the slow crack growth (SCG) parameter 
"N" both at 1200°C and 1400°C. Figure 2 shows that the PY6 hip'ed silicon nitride material de- 
grades relatively slowly with N=33 at l[Z00"C and N=16 at 1400°C. SEM analysis of thcse speci- 
mens is in progress. Dynamic fatigue stddies are also being conducted both in air and argon at 
QRNL-HTML under the direction of Dr.~ M. Ferber. 
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Figure 1. Oxidation behavior of injection molder WlPed silicon nitride FYB in air 
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Figure 2. Dynamic fatigue behavior of PY6 material at elevated temperatures. 



Fracture Toughness ( K I ~ )  

Fracture toughness of the PY6 hip'ed s con nitride was measured using c..evron notch (both in 3 
point and 4 point loading configuration), controlled flaw, and diametral compression disk methods 
to compare the measured values by various techniques. Chevron notch specimens were fabricated 
using the standard MOR bar 3 x 4 x 50 man in dimensions. The notch testing was conducted at two 
laboratories (1) Oak Ridge National Laboratory (ORNL) in 3-point loading with a span of 4Qmm at 
10 micron/min stroke speed (2) NASA-Lewis Research Center in 4-point loading with a outer span 
of 4Omm and inner span of 20mm at 50 micr+/min stroke speed. Both the loading conditions re- 
sulted in stable crack extension. Table I summarizes the results of the measured room temperature 
fracture toughness by various techniques. The calculated Klc obtained by the different methods 
was within +5% of each other. 

Fracture toughness was measured at elevated temperatures up  to 14\OO0C at ORNL using the 
chevron-notch method as described in Figure 3. The average K I ~  value decreased up to 1200°C to 
about 4.8 MPadm from thc room temperature value of 6.4 MPadm, but increased back to 6.4 M P a h  
both at 1300°C and 1400°C. This is believed to be due to creep and viscous softening of the grain 
boundary phase. Fractographic analysis is currcntly in progress to identify the failure mecha- 
niSmS.  

Uniaxial Tensile Testing (Button-Head) 1 

Fast fracture uniaxial tensile testing of button-head specimens continued during this reporting 
period at Southern Research Institute (SORI) at eIevatcd temperatures. One hundred seventy (170) 
specimens have been testcd to date at a loading rate of 600 KSI/Min (69 MPa/Scc). The average 
measured strength as a function of temperature is depicted in Figure 4. The measured room tempera- 
ture strength is 59.2 KSI (408.2 MPa) which is statistically similar to the strength at 1000"C, 
1200"C, and 1300°C. The strength, however, degraded at 1100°C to 48.3 KSI (MPa) and 44.3 KSI 
(305.4 MPa) at 1400°C. The majority of the~specimens failed from volume defects which contain iso- 
lated or distributed iron or iron based compounds at the fracture controlling sites. Tensile testing is 
continuing at elevated temperatures at Sob1 to develop a statistical data base. 

I 

Table I. 
ComtTarison of room tcmwrature fracture touizhncss (Klc) of IT6 HTP'ED silicon nitride. - 

Chevron Notch 
Diametral ~ompression3 
Controlled Flaw (Vicker'sZ3 

1 - Oak Ridge National Lriboratory (ORNL) 
2 - NASA-Lewis Research~Center 
3 - Battelle Research Labofatory, Columbus, Ohio 
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Figure 3. Elevated temperature fracture toughness of PY6 material using chevron-notch method. 

80 

70 

60 

2 50 s. 
40 

2 
5 30 

20 

10 

0 

.- 

c 

( ) No. of specimens 

1000 1100 1200 1300 1400 1500 
Temperature ("C) 

- 500 

h 

- 400 
rm 
LL z 

- 300 5 

2 
;?; 

UI c 

- 200 

- 100 

Figure 4. Uniaxial tensile strength of PY6 material as function of temperature using the button- 
head specimens. 



Tensile creep and creep rupture behavior of button-head specimens between 1200 to 1400°C con- 
tinued to be studied at SORI during this reporting period. The results obtained to date are summa- 
rized in Table 11. Experimental data indicates that the PY6 material may have strcss rupture life 
of 100 hours or more (1) between 1200 to 1260°C at an applied stress of 175 MPa or less (2) at 1370°C 
at an applied stress of 95 MPa or less and (3) at 1400°C at an applied stress of about 75 MPa. A lim- 
ited number of specimens are being tested to assess the scatter in the stress rupture life of the mate- 
rial. Scanning electron microscopy (SEMI cOntinues to show void formation due to creep rupture 
phenomenon between 1300 and 1400°C. Both SEM and transmission electron microscopy (TEM) anal- 
ysis is continuing at Oak Ridge National Laboratories (OWL) under a User agreement with the 
High Temperature Materials Laboratory (HTML). Further testing and SEM analysis is also contin- 
uing at SORI to better understand the creep behavior of this material. 

I 

SPECIMEN 
NUMBER 

341A 
6358 
517B 
636A 
454B 
452A 
629A 
514A 
448A 
460A 
454A 
463B 
453A 
90A 
5338 
488B 
515A 
463A 
486A 
528A 
4S6A 

Table 11. 
Summary of creep behavior of HIPed PY6 material. 

TEST 
TEMP "C 

1200 
1200 
1200 
1200 
1 2 0  
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1260 
1260 
1260 
1260 
1260 
1260 
1260 

APPLIED 
'STRESS 

(MPa) 

125 
150 
160 
1 75 
177 
1 78 
181 
185 
190 
200 
221 
225 
250 
290 

I 125 
7 50 
1 75 
1 75 
177 
180 
185 

* Test stopped. Did not fail. 
** Failed during loading. 
** Clip-on flags slipped during te?. 
*** Temperature ovcrshoot. Test stopped. 

TIME TO 
FAILURE tf 

(FIRS) 

240.0* 
232.0* 
360.0* 
389.0r 
0.008** 
0.733 
291.0"** 
0.009 
0.159 
2.06 
0.008 
0.55 
0.48 
266.0** 
721.0"** 
0.82 
1154.0* 
364.0 
26.24 
0.475 
0.205 

TOTAL 
STRAIN TO 

FAILURE 
XI O-6iN / IN 

530 
2710 
1730 
1240 
- -  
- -  
- -  

61 0 
140 

1650 

1650 
1750 
1570 

490 
3380 
2010 
1060 
850 
990 

- -  

- -  
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Table 11. (cont). 

SPECIMEN 
NUMBER 

6268 
634B 
626A 
4918 
188B 
4578 
514B 
341B 
343 
77A 
3348 
20lA 
464A 
5228 
848 
80A 
457A 
55A 
521B 
5228 
535B 
490B 
524A 
192B 
523B 
195B 
5308 
171A 
60A 
MOA 
621A 
525B 

r s r  
TEMP "C 

13 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1370 
1370 
1370 
1370 
1370 
1370 
1370 
1370 
1370 
1370 
1370 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1427 
1500 
-I 

* 
** Failed during loading. 

Test stopped. Did not fail. 

APPLIED 
STEWSS 

150 
151 
173 
1 75 
1 7.5 
1 76 
1 78 
180 
185 
200 
249 
275 
66 
71 
74 
75 
79 
86 
91 
95 
95 
100 
3 05 
7.5 
86 
100 
110 
125 
150 
195 
70 
90 

TIME TO 
FAILURE tf 
(HR5) 

473.0* 
624.P 
0.003* 
0.003 
772.0 
0.344 
0.826 
3.32 
0.97 
0.69 
0.23 
0.0125 
617.0*** 
287.0 
287.0 
387.0 
0.003 -- 
0.Q06 
106.0" 
146.0* 
74.0* 
0.61 
8.13 
844.0 
4.5 
12.97 
2.89 
1.96 
0.025 
0.016 
14.74 * *** 
0.84**** 

- 

TOTAL 
STRAIN TO 
FAILURE 
X10-61N/ IN 

3200 
2750 

740 
5490 
1130 
12.30 
1710 
1930 
1250 
1670 
1100 

1470 
7010 

-- 

__ 

-- 
__  

1470 

480 
1340 
1380 
3770 
10190 
1160 
3100 
1310 
2960 
1380 
1310 

_ _  

2350 

*** C l i p n  flags slipped during test. 

**+* Temperature overshoot. Test st~pped. 



Nondestructive Evaluation (NDE) 

Reference standards with volume holks were designed and fabricated to assess both the de- 
tectability and spatial resolution in various types of specimens. Both counter-bore and laser drilled 
holes were machined in MOR bars, rectarigular 15 mm thick billets, and cylindrical button-head 
specimens. 'khe specimens are currently being evaluated using microfocus x-ray, ultrasonic mi- 
croscopy, and computer tomography. Ultrasonic imaging detected 500 micron diameter holes 13.5 
m below the surface using a 25 MHz flat broadband transducer. A similar specimen with 25 to 500 
micron diameter (D) holes drilled at various diameters apart (lD, 2D, 3D, 5D) from each other was 
investigated using ultrasonic tomography at the Mayo Clinic, Rochester at 10 MHz frequency. The 
reconstructed image showed that individual 100 micron flaws were detected. 

X-ray computed tomography studies were conducted at Chalk River Nuclear Laboratory, 
Canada using volumetrically dispersed iron inclusions of 100 micron size in a button-head cylindri- 
cal specimen. Four CT scans were measured, with image noise of 2%, 1.5%, 0.9%, and 0.6%. The av- 
erage density values measured from these scans were, respectively, 3.32,3.31,3.30, and 3.30 gms/cc. 
Some distributed defects (density fluctuations) were detected which represent the varying number 
of inclusions in a voxel. The pattern of these density variations were observed in all the scans. One 
tensile specimen with no intentional defect was also examined. Three scans were measured, with 
image noise of 2%, 1.5%, and 1%. The avTrage density values measured from these scans were 3.27, 
3.26, and 3.26gm/cc., respectively. No distributed defects G.c., long-range density gradients or clus- 
ters of defects) were detected; however, small, 1 to 3 pixel size defects were present, which might 
represent point defects (Le, defects smaller than the pixel size). Based on these results, it is con- 
cluded that presence of iron inclusions chhnges the density by 1 to 2%. Further studies are continuing 
at Chalk River. 

I 

Analvtical Methodolorn 

The analysis during this reporting period focused on the reduction of the fast fracture data. Us- 
ing the CARES program, Weibull constaots were calculated for Surface, Table 111, and Volume, 
Table IV, failures of MOR bar and buttod hcad (BH) tensile specimens. 

Table 111. 
Surface Weibull constants. 
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'Table Ha/. 
Volume Weibull constants. 

MOR BARS 

The MOR bars typically had effective areas of about 0.97 square centimeters (0.15 square 
inches), and effective volumes of 0.0098 cubic centimeters (0.ooOS cubis inches). The tensile speci- 
mens had areas of 8.38 quare centimeters (1.30 square inches) and volumes of 0.98 cubic centimeters 
(0.60 cubic inches.) This means that the ralio of voliime to area i s  eleven times greater in the ten- 
sile specimens than in the MOR bars. Not surprisingly, the test data shows that surface failures 
are far more common in MOR bars, Tabk V, while volunw failures are more common in tensile spec- 
imens, 

Based on the Weibull parameters generaled from the MOR bars, an expected percentage of sur- 
face failures can be calculated for the tensile specimens, Table VI. The calculated and actual num- 
bers appear to agree well at temperatures of 1 2 ~ " C  and 1300"C, but not at 1000°C and 1400°C. No 
values can be calculated at room temperature and 1100°C due to insufficient volume failures in the 
MORbars. 

Weibull constants from the MOR bars have k e n  normalized to the tensile specimen effective 
areas and volumes, and plotted with the tensile data. Representative plots are shown in Figures 5 

the normalization is made, the probabilities of failure for the MOR bars are greater. 

.- 

Table V. 
I'ercent surface failures in MOR and-tensile specimens. 

20 

1100 
, 1200 

1300 [ 1408 

~ 1800 

MOK BARS 
It FAIL- 
URES 

80 
20 
20 
88 
32 
80 

% SUR- 
FACE 

100.0 
80.0 
95.0 
83.0 
78.1 
93.8 

BH TENSILE 
## FAIL- 
URES 

66 
14 
16 
13 
19 
33 

'ECIMEN 

FACE 
% SUR- 

6.1 
14.3 
43.8 
46.2 
21.1 
12.1 
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Figure 5. Weibull distribution of surface ,area normalized strengthof MOR and tensile specimens. 
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Figure 6. Weibull distribution of voluine normalized strengthof MOR and tensile specimens. 
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Table VI. 
Cornoarison of experimental and calculated surface failures in tensile specimens. 

FACE FAILURES 

Because of this, many of the MOR points are very high on this plot. Generally, it appears that 
the MOW bars exhibit better properties than the tensile specimens, even after corrections are made 
for the effwtive volumes and areas. 

Status of Milestones 

322201: 
322202: 
322203: 
322204: 
322205: 

322206: 
322287: 
322208: 
322209: 

Publications 

Computer Implementation of Initial Failure Models - Complete 
Initiation of MOK Testing - Complete 
Initiation of Tensile Testing - Complete 
Initiation of Biaxial Testing - Complete 
Confirmatory Testing discontinued because of the poor quality spin disks received 
drom G E  
Completion of All Specimen Testing - Scheduled completion, May 93 
Fina~ialiwtion/Verifica~on of Computes Code - %heduled completion August 1993 
Draft Final Report - Scheduled completion, October 1993 
Final Report - Scheduled completion, Decembcr 1993 

A paper entitled, "Fracture Toughness of a Hiy'ed Silicon Nitride at Elevated Temperatures" 
by A. A, Wereszcmak, M. G. Jenkins, R. R. Sanders, and P. K. Khandelwal has been accepted for pre- 
sentation at the Annual Conference on Composites and Advanced Ceramics to be held at Cocoa 
Beach, Florida ban January 10-15,1993. 
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Garrett Auxiliary Powcr Division (GQD) has defined a program to develop the methodology 
required to adequately predict the usdfd life of ceramic components used in advanced heat 
engines. GAPD's approach to ceramic life prediction consists of comprehensive testing of various 
specimen geametries under both unipial and multiaxial loads at different environmental 
conditions to determine the strength-controlling flaw distributions and to identi@ various failure 
mechanisms. This information will be qsed to develop the flaw distribution statistical models md 
material behavior models for fast fracture, slow crack growth, creep defomiation, and oxidation. 
As sub-routines, these models will be integrated with stress and thermal analyses into a failure risk 
integration analytical tool to predict the' life of ceramic components. The methodology developed 
will be verified (for compPeteness and accuracy) by analytically predicting the life of several 
ceramic components and testing these components under smss and temperapure conditions 
encountered in ceramic turbine engines. 

Material Testing an 
H. Fang, N. Menon, 

Material Testing 

All the required test and confirmatory NT154 silicon nitride specimens have been obtained from 
NortonJRW Ceramics (NTC), and were processed under identical conditions and finish machined 
and heat treated by NTC. Selected specimens were notched and precracked for testing. A11 
specimens were subjected to visual ikspection, laser marking, and NDE (which may include 
fluorescent penetrant, radiography, ultrasonic inspection, and computed tomography) before 
testing. Table 1 summarizes the specimens and their current status. 

'Tensile Creep and Slow Crack Growth Testing 

GAPD completed coneinuing tensile creep and tensile slow crack growth testing as a User at the 
OBM, High Temperature M&xials - Labratory (OW-HTiML) under the direction of Drs. 
M.G. Jenkins and M.K. Ferber of the Mechanical Properties User Center. The specimens are of 
the ORNE cylindrical buttonhead geeqrneqy with a 6.35 mrn diameter by 35 mm length gage 
section. The specimens are loaded in dni&xial. tension in Instran serew-driven machines using the 
ORNL/Instron Supergrips. Instron extensometers with SIC probes are being used to monitor the 
strain deformation of the gage sections during testing. 

One hundred and twenty-five specimens have been tested at temperatures between 982C to 1400C. 
Table 2 summarizes the test temperature, load, time to failure, and strain to € a h r e  data for 114 of 
these specimens. 

Specimens are being examined with the scanning electron microscope (SEM). The gage sections of 
the specimens were partially notched !n Ihe transverse plane, i.e., parallel to the fracture surface, 
and then broken in a low-energy mode to create a ctean fracture surface. The quantity and sizc of 
the cavities appear to increase as a Iuriction of test time and temperature. Characterization of the 
fracture origins is in progress. 
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TABLE 1. ORNL LIFE PREDICTION CERAMIC TEST SPECIMEN STATUS 

8491(07)-1 
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TABLE 2. SUMMARY OF PR~LUMINARY TENSILE CREEP TEST RESULTS 

Specimen 
ID 

3 -29 
1-21 
1-10 
2- 125 
1-4 
2-1 14 
2-68 
2-1 23 
2-3 5 

= 

Test 
Temp., C 

1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 

d 

~ 

Applied Stress 

150 
140 
130 
130 
125 
110 
100 
90 
35 

210 
190 
180 
180 
180 
180 
1 80 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
160 
155 
150 
150 
150 
145 

yo, ma 

2-5 5 
1 -9 
1-6 
3-32 
2-118 
2-140 
2-60 
1-8 
2-9 1 
1-7 
2-1 16 
2-34 
3 -69 
1-19 
1-16 
2-72 
2-69 
2-109 
1-20 
2-126 
2-1 13 
2-134 
3-33 
3-50 

*Test stop 
**Failed during loading 
> = Ongoing test 
Uniaxial tension, gage sectioh 6.35 rnm diameter, 35 m length. 

8491 (07)-2-1 

Time to Failure 
tf, firs 

80 
96 

192 
139 
34 1 
41 1 
462 
476* 
597* 
1.4 
68 
62 
64 
28 
25 
19 
14 

8.6 
6.8 
6.8 
5.6 
1.8 
1.6 

0.84 
0.24 
0.24 
0.14 
209 
24 

208 
171 
75 

443 

L 

Total Strain to 
Failure Ef, p& 

16,350 
18,270 
21,930 
16,500 
22,820 
24,570 
25,800 
15,110 
14,970 
3,510 

10,920 
13,450 
12,430 
9,280 
8,960 
8,580 
8,440 
7,510 
6,600 
6,370 
5,700 
4,060 
4,380 
3,750 
2,390 
1,620 
1,880 

14,410 
7,790 

17,210 
1 5,420 
1 1,060 
19,355 

- 
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TABLE 2. SUMMARY OF PRELIMINARY TENSILE CREEP TEST RESULTS (Contd) 

Specimen 
ID 

2- 120 
2-7 
1-12 
2-92 
2-63 
1-13 
3-35 
2-57 
2-136 
2-162 
2-101 
1-17 
2-50 
2-46 
2-45 
2-124 
2-1 17 
2- 130 
2-1 19 
2-121 
1-2 
1-24 
2-64 
2-1 11 
2-37 
2-1 12 
2-128 
1-15 
1-1 1 
1-23 
2-66 
2-102 
2- 142 
1-36 
3-44 

Test 
Temp., C 

1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1371 
1315 
1315 
1315 
1315 
1315 
1315 
1315 
1315 
1295 
1295 
1295 
1260 
1260 
1240 
1260 

*Test stopped. 
P*Failed during loading 
> = Ongoing t a t  

Applied Stress 
GO, MPa 

14.5 
145 
145 
14.5 
145 
145 
145 
14s 
145 
145 
145 
145 
145 
145 
145 
140 
135 
135 
130 
125 
250 
240 
23 5 

232.5 
230 
230 

227.5 
225 
375 
308 
200 
325 
305 
300 
295 

Time to Failure 
tf, hrs 

385 
373 
368 
368 
293 
266 
236 
364 
122 
117 
112 
111 
90 
73 
57 

586 
587 
280 
588 
728 

24 
2.9 
52 

297 
244 
168 
20 

675* 
0.35 
0.40 
530" 
1.2 
44 

0.35 
560 

-. -11 

Total Strain to 
Failure Ef, /.E 

20,420 
18,940 
20,460 
19,400 
17,670 
18,900 
17,470 
20,200 
15,020 
17,200 
14,170 
13,840 
15,470 
1 1,930 
11,170 
21,250 
18,780 
18,450 
21,230 
16,950 
3,640 
2,360 
6,960 

10,650 
10,870 
9,100 
5,240 

10,300 
2,230 

790 

1,420 
4,640 
5,150 
8,190 

I__-- 

-- 

Uniaxial tension, gage section 4.35 mm diameter, 35 rnm length. 
191 (07)-2-2 
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TABLE 2, SUMMARY OF PRELIMINARY TENSILE CREEP TEST RESULTS (Contd) 

Specimen 
ID 

2-145 
3-112 
3-89 
1-46 
3-120 
2-56 
3-73 
3-121 
3-75 
348 
3-118 
3-116 
2-149 
3-54 
3-66 
3-34 
2-146 
2-164 
2-72 
2-28 
2-71 
3-39 
2-30 
3-37 
2-36 
3-19 
2-74 
2-3 1 
1-3 
3-41 
2-47 
2-75 
2-32 
3-3 1 
3-109 
2-62 
2-6 1 

Test 
Temp., C 

1260 
1260 
1260 
1260 
1260 
1204 
1204 
1204 
1204 
1204 
1204 
1204 
1204 
1204 
12M 
1204 
1204 
1204 
1204 
1204 
1 204 
1204 
1 204 
1204 
1 204 
1 204 
1 204 
1204 
1204 
1149 
1149 
1149 
1149 
1149 
1149 
1149 
1149 

*Test stopped. 
**Failed during loading 
> = Ongoing test 

Applied Stress 
00, m a  

285 
275 
275 
275 
250 
41 5 
400 
385 
375 
375 
375 
375 
375 
375 
375 
375 
375 
375 
375 
3 50 
350 
345 
340 
340 
337 
335 
325 

-315 
300 
450 
450 
445 
440 
435 
425 
425 
425 

Time to Failure 
tf, hrs 

379 
474* 

31 
6.1 

838* 
1.3 
1.1 

501 * 
252 

>200 
>95 
>95 

66 
43 
24 
19 
12 

0.84 
0.5 
612' 
2.3 
636 
566 
177 
593* 
469 

68 
594* 
517* 
7.0 

0.08 
0.02 
376 
594* 
509* 

32 
** 

Total Strain to 
Failure Ef, p~ 

6,910 
6,960 
2,690 
1,130 
7.430 
1,430 
-- 
-- 

3,370 

>3,240 
>2,770 

2,690 
2,060 
1,980 
1,830 
1,500 
1,250 

5,190 
1,330 

-- 

-- 

-- 
-- 

3,550 
3,800 
4,420 
2,900 
3,630 
1,580 

Uniaxial tension, gage section 6.35 nun diameter, 35 mm length. 
491 (07)-2-3 I 
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TABLE 2. SUMMARY OF PRELIMINA Y TENSILE CREEP TEST RESULTS (Contd) 

2-3 8 
2-73 
2-5 1 
2-54 
2 4  
3-1 8 
3-27 
340  

982 
982 
9 82 
982 
982 
982 
982 
982 

470 
455 
465 
460 
460 
455 
455 
450 

512* 
** 
** 
502* 

808* 
335 
631" 

** 

I I I 

*Test stopped. 
**Failed during loading 
> = Ongoing test I Uniaxial tension, gage section 6.35 m diameter, 35 mm length. 

a491 (oiy2-4 

Specimen 'Testing Milestone 

The Specimen Testing Milestone has been successfully completed. All flexure testing, tensile fast 
fracture testing, chevron notch fracture toughness (KIC) testing, and notched tension-torsion 
(KIMII) testing was completed. Dctails of the testing are described below. 

Flexure Testing 

The following numbers and sizes of flexure bars were tested: 60 MIL-A (1.5 x 2 x 25 mm), 500 
MIL-B (3 x 4 x 50 mmj, and 108 GAPD E-Size (18 x 9 x 152 mm). AU the baa were tested in 
four-point bending at room temperature and, for 180 randomly selected ML-B bm, at 980, 1148, 
1204, 1260, 1315, and 137lC (1800, 2000,2100, 2200, 2300, 2400, and 2500F). Test results are 
plomd in Figure 1. As an exampled  the data, the average flexure seen of longitudinally 
machined MIL-B bars is 916 +164 W a  (standard deviation) at room tempetatu~, 670 126 MPa at 
1204C, and 630 326 MPa at 1371C. Strain gaged WI54 flexure bars were used to check the 
fixture setup and to verify acceptable bending for the MIL-B md E-size bar test fixtures. 'l'he 500 
MlL-B bars tested also included 180 oxidation study specimens and 80 specimens with different 
surface machining directions (transverse and 45 degrees). The test results are shown in Figure 2. 

Chevron Notched Fracture 'roughness Baas 

Fracture toughness (KIC) was measured at the same seven temperatures at which the flexure tests 
were conduckd. Sevcnty long-bem, chevron notched specimens of 5.08 x 6.35 x 6.35 rnm 
dimension were used. The specimens were tested in a special hot-prcssed S X  fixture at. 0.0005 
in/min. crosshead sped. The test data is plotted in Figure 3. Ten specimens were tcsted at each 
temperature, but anly data fmm specimens showing stable crack growth (as indicated by the load 
deflection curves) was included. The: average KIC was 5.0 k1.25 MF'a . m1'2 at mom temperature, 
6.14 kO.19 ma. mln at 12WC, increasing to a maximum of 6.37 kQ.08 MPa . mtR at 1148C, then 
decreasing to 5.79 M.46 MPa . ,In at 1371C. 



285 

1200 - 
0 

E 

ROOMTEMP “200 490 600 800 lo00 1200 1400 

TEST TEMPERATURE, C 

tg 1200 - 
I‘ 
4 
’3 1000- 
z tu 
‘;r 800 - 
UJ a 

a 

$ 600 -’ 

5 400- 

A 
u, 
I- 

4 
0 

200 - 

Figure 1. Four-Point Flexure Test Results. 
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Figure 2. Dependence Of Fle$ure Strength On Surface Machining Direction. 
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B DATA 
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Q 

Figure 3. Fracture Toughness ( C) Test ResuQts. 

Tensile Fast Fracture 

A total of 125 qxcimens were tested in tensile fast €racttue. QRC hundred specimens were tested 
at room temperature, five at 1148C, and twenty at 1204C. The O W  buttanhead specimen 
geometry of 6.35 mrn gage diameter and 165 mm lengrh was used. Identical Irmstron test machine 
and self-aligning Supergrips used by GL4PD in the Intemafional Energy Agency (EA) round-robin 
tensile testing were used for these tests. Test procedures werc devcloped from GAPD’s IEA and 
TR&D strain gaged tensile specimen testing expe&xce to minimize bending mcl avoid buttorhead 
failures. The results are shown in Figure 4. Data showed that the average tensile strength is 762 
kl12 ILPlPa at room temperature, 559 +37 lWPa at 1148@, md 500 +69 MFa at 12WC. ?-&e lowest 
strength specimen failed at room temperature at 336 M-Pa. Scanning electron micrograph of the 
fracture origin, as shown in Figure 5,  indicated failux originated from a sunface inclusion 
containing aluminum. New anneatd copper colets were used for each test and there were no 
buttonhead failures. 

Notched Tensioflorsion 

Notched tensisdtorsion tests to evaluate room ternpermre mode Vrnode 111 (KIMII )  fracture 
toughness were completed by Dr. Subm Suresh at Brown University, Providencc, Rho& Island, 
under subcontract to GRPD. The specimens were 115 x 19 nun dia. cylinders circumferentially 
notcbcd and cyclic compmsion fatigue precracked in the middle- It was demonstrated for the first 
time in this work that stable cyclic compression fatigue p~cmcks,  100 microns or more in depth, 
can be introduced in Si3N4. 
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An Instion Model 1322 seFq.JnhydiatlliL biaxial testing machine was used for the KIWI1 fracture 
testing Three special tensiow’iorsion specimrns wcre strain gaged to verify proper equipment 
aligmnent. More d u n  70 spccimcns WEE successfully tested at room ternpermre 60 obtain a 
complete fracture envclope spanning from pure mode I (tension) to pure mode III (torsion) with 
in-between data comsponding to combined tension/lorsion conditions. The pure mode I fracture 
toughness (KIC) data generated in this work is comparable to the long-beam, chevmn notched KIC 
results generated at GAPD. 

The surface strength of silicon nitride components i s  depmdent upon the severity of the gas turbine 
oxidation environment, which can modify critical surface flaws. Consequently, the ovcrall Ceramic 
Life Predieeion Modcl must includc, the effects of oxidation on the strength of NT1.54. 

In this oxidation testing program. 180 MIL-STDB size ~ ransvme  machined flexure test bars were 
exposed to a static air hmace errvironfi7cnt at temperatures in the range of 980C to 1400C for 
times in the rmn7gc of 1 to 1000 hours. The distribution of tcse specimens is shown by the symbols 
in Figire 5. Following eqosurc, the specimeiis were tested in four-point bending at room 
temperature. Test resultq arc sliown 3s lines of relative strcngth in Figure 6. Unexpectedly, 
exposures of 100 hours in the 980C to 1 l00C ialge and 10 hours at 120QG resulted in significant 
improvement in strength. relative to as-received Nonon/TRW heat-treaied specimens; avcrage 
specimen strength increased by 38 percent Foi exposure Gmes less :ha2 or equal to 100 hours in 
the ll0OC to 1400C tCmpeiaPilE T Z K J ~ ,  specimen strength dccieasd, which W;ZT expected. The 
icsults in 13gurc 6 also show wmsual behavior for exposures longer than 180  GUS in the 1 lOOC to 
1400C temperature range; h e  average specimen strength increased with additional exposure time. 

Figure 6. Air Furnacc Oxidation Exposu~e Initially Improves § trength Of Transverse 
Machi med Specimens. 



Increased specimen strength following exposures greater than 100 hours at temperatures over 
1 lOOC has n ~ t  been previously o b s e F d  in cyclic oxidation exposures in the Mach 0.3 burner rig 
ceramic durability tests conducted by GAPD under P)OE/NASA Contract No. DEN3-27. The 
effects of static air furnace and cyclic burner rig exposures at 1260C (2300F) are compared in 
Figure 7. Up to exposure times of 400 hours, the slopes of the room temperature strength lines 
(rate of strength decrease) are similar for both types of exposure tests. However, in the cyclic 
oxidation environment (burner rig tests), the strength continued to decline for exposures longer 
than 100 hours. 

Flexure test data for exposure times less than or equal to 100 hours has been modeled as a function 
of time and temperature. The resulting relationship is shown in Figures 8 and 9. Figure 8 
illustrates the relationship based on all of the data. 

Fracture in the as-received specimens, which were heat treated by NortoMI'RW, typically initiated 
in the chamfered edge of the specimen. Only seven percent of' the as-received transverse machined 
specimens failed on the tensile sudace. This result implies that machining damage was more 
severe on the chamfer than the transverse machined surface. 

Exposure to the high temperature oxidizing environment reduced the severity of the chamfer 
damage; Le., over 80 percent of the environmentally exposed specimens failed on the tensile 
surfacc. When specimens associated with chamfer failure are eliminated from the database. scatter 
in the data is reduced as shown in Figure 9. 
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Testing. 
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Figure& Roo Temperature Flexure Strength Is A Function Of Exposure 
Temperature And Time. 
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Figure 9. Censoring Chamfer Failures Reduces Data Scatter. 
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Fracture surfaces were examined on the SE%4 to determine the thickness of the oxidation affected 
layer. It was found that growth of the Oxidation-affected layer of these specimens followed 
logarithmic instead of the parabolic growth behavior (Figure 10). WDX dot maps indicated that 
oxygen was typically present as a gradient in the surface of the silicone nitride (Figure 11). WDX 
analysis also indicated that the concentration of nitrogen in the oxidation affected zone remained 
high -- almost to the level present below the oxidation-affected zone. 

Reasons for oxidation to increase the suengrh of transvene machined NT154, relative to 
as-received material, have not been established. However, wc speculate that oxidation may be 
producing a large residual compressive stre$s in the machined surface layer, because conversion o f  
silicon nitride to silicon oxynitride or silica involves a large volume increase. If this reaction 
occurs within machining microcracks and gnin boundaries, the volume increase will be 
constrained by strong silicon nitride grains, producing compressive stresses in the plane of the 
surface. 

Oxygen diffusion down machining microcracks rind grain boundaries is consistent with the 
observed logarithmic growth of the oxidaxion-affected surface layer; i.e., it increases the growth 
rate at short times. It should also be ndted that oxygen diffusion through silica and silicon 
oxynitride is strongly dependeni 011 the ternperaturc-dependent lattice spacing. Compressive 
stresses can inhibit thermal expansion or silica and/or silicon oxynitride lattices. Consequently, 
oxide growth induced compressive stresses may contribute to logarithmic oxidation by slowing 
growth at longer times. 
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Figillre 11. Oxidation Is Not A Plane Front Process. 

Data Analysis and Metho 010gy Development 
A. Peralta, P. Brehm, 3. Song, J. Cuccio, and D. Wu 

GAPD's effofls to develop statistical analysis tools for ceramic comporicnt design are continuing. 
Undcr thc Data Analysis area, extensive efforts have gone into bias correction of censored data and 
inlo developing tools for component multifailure mode rcliability and design stress level 
confidcnce limit predictions. Under the multiaxial integration area, the elforts have gone into 
developing efficient subroutines for the volume and surface failure modes multiaxial integration 
kernel, and into the derivation of closed form solutions of thc multiaxial intcgration kernel 
wherever possiblc. 

Thc Data Analysis accomplishnients include the evaluation of the bootstrap methods used for bias 
correction for censored data. Difficulties encountered with this approach were addressed, and to 
isolate the conditions under which this method fails to correct for bias, seven different simulations 
and bias correction analyses were performed. The results are summarized in Table 3 .  Case 1 is the 
baseline case. The shaded areas for other cases indicate the deviations from the baseline case. 
Results from case 1 and case 7 are also given in plots (Figures 12 through 15). 'The titles mean the 
following: 

"Number of Rejects" is the nurnbcr of times when a simulated specimen sct contained no volume 
failures. In gencral, these data sets were replaced. If 200 data sets were rejected for any simulated 
o0, rn case, the oo, rn simulation was discarded. 



TABLE 3. SUMMARY OF EVALUATION RESULTS ON BIAS CORRECTION 
WITH BOOTSTRAP 

8491(07)-3 
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"No ML Convergence" refers to the number of times when the program generated an acceptable 
set of specimens (at least one volume failure) and it was not able Eo find maximum WeibuU 
parameter estimates. In general these data sets were replaced. If 80 data sets for any i30, 3 could 
not be solved, the so, i?i simulation was discarded. 

The first number under "Successful Simulation'' refers to simulations based on the "true" values of 
oo, m. The second number refers to the number of Go, i% values for which successful no, m 
simulations were generated, Le., for which "number of rejects" did not exceed 200 and for which 
"No ML, Convergcncc" did not excced 80. 

P d W  

In Table 3, "D" stands for the maximum discrepancy between expected probability of failure and 
observed probability of failure (Figure 12). The biasing was judged to be acceptable if D for the 
unbiased results was less than D for the biased results. 

The results indicate that the invariant used in bias correction for Go, a may not hold for censored 
data. If this is proven, a new invariant will be needed for censored data, or other means will need 
to be explored for bias correction. 

Component rnultifailure mode reliability 'and design stress level confidcncc limit predictions are 
also in progress. The approach for these two variables follows the same line, and focus to date has 
been in the reliability confidcncc limit prediction. The probability of failure, or its complement the 
reliability, of a component at a stress level Z, with possible failure modes 1, 2, and 3, is given by 
equation [l]. By defining the variables given by equations [2] through [4], equation [I] can be 
written as in equation [5]. 

mi 
Y, = k C V L C ( ~ )  



The confidence limits are derived from thc S Q ~ U ~ ~ O I I  of equation [6], where W(i.) is rhe likelihood 
ratio function and I(.) is the log~ike~itic~od ~urrction.  ut, [61 must be SQIVC~~.  with the constraint 
given by equation [SI. 

2 Xl, a 
2 

where W(y)=-- [71 

The method of Lagrange multipliers was chosen to solve the constrairned problem. The 
Lagrangian, equation 181, is formed ahd its derivatives cornpuled arid set to zero, equation 191. The 
equations obtained from 191 and equation [ 6 ]  provide set of simul~ainccsus equations which are 
solved for the unknowns y , mi, aoi. 

The solution involving a positive value of A. is easily found, and pmvides an upper conlidencc 
bound on the predicted reliability. Fcsr negative values of k , which provides the lower confidence 
bounds, the solution is multivalued ahd diificult to obtain. 

The method thus far has been successful in. finding, bath. upper md lower rcliability confidence 
bounds for data sets with a single bilurc mode. These result agree with previous single fdilure 
mode derivations of the likelihood ntie, md hootstrap mlutions. A good agreement has been 
observed with bootstrap solutions for the upper bound of multiple hilmrc: modes, Solutions for the 
lower bound for multiple failuE modes are difficult to obtain; successfuul solutions have shown 
good agreemcnt wilh bootstrap solutions. These positive results indicate k a t  the theoretical 
derivation is correct. The successful solutions include 3 few points within a limited stress range for 
a data set with only two failure modes, which was ~ ~ c a ~ ~ ~ i ~ ~ ~ ~  with an iterarive approach. A 
second solution include a data sct with three failure modes and two specimen types, which was 
accomplished by using a mcthod baked on a fa ulatisn entailing two searches in 1 dimensional 
space and one search in n-dimensional space, where n is &he tiurnher of f d u R  modes. 
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In the risk integration development effort a number of numerical integration methods were 
evaluated for the mu1 tiaxial integration kernel: 

0 0  

where w(b$y) is the efleclive stress failure theory formulation raised to the Weibull modulus 
power. 

A Gaussian integration scheme over the intervals 0 to rcI2, 0 to x/2, (times 4) was conipared to a 
combined trapeaoidal and Simpson integration over the intewals 0 to JC (where periodicity 
enhances the trapezoidal method), 0 to 812 (times 2). For integrals with ktiswn closed forrri 
solutions, none of which include shear effects in the dcfinition of the effective stress, thc two 
methods were roughly equivalent. The Gaussian method achieved the correct solutions (to 
machinc accuracy) with slightly fewer integration points than the other method. For integrals 
without h o w n  solutions, especially those of failure theories with shear effects, both mdnods 
converged to the same answer, but Lhc Gaussian method achieve 7 to 8 "correct " digits faster than 
the trapezoidallsimpson method. It has therefore been decided to impleinrrit the Gaussian method 
for the multiaxial integration. Thc selection of the Gaussian integration scheme can also be 
justified based on the premise that Gaussian integration schemes integrate polynomials exactly and 
in general the failure theories have a polynomial form, even more so when they are raised to the 
power of the Weibull modulus. A decision was also made to implement the Gaussian intcgra-rrtiora, 
scheme for the spatial integration, whctller it be surface or volume %pace. 

From the above study, computer subroutines for volume and surface failure modes have been 
written and evaluated for accuracy. The solutions from the subroutines have been compared to 
closed form solutions of the E v m  multiaxial integration function I(m), equations [ 111 and [ 121 for 
volume and surface respectively. 

5 

2 

2n 

And for a maximum riornial stress ciiterion, equation [ 131 for volume failure mode and equation 
[ 141 for surface failure mode. 
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where: 

e, = cos~cosay 

l2 = cos$sinay 

t3 = sin4 

The subroutines were then evaluated using several finite element solutions, and they compared 
well with the closed-form solutions. Tk?e closed-form solutions for the multiaxial factor I(m) can 
only be calculated €or special cases of stress distributions and Weibull slope. The case where m is 
an integer is presented below for several cases. For the case when rn = n + 0.5 and n is an integer. 
a closed-form solution was also computed, but is not presented here. 

The closed-form solutions used are the following: 

A. Volume failure mode: 

1. 

11. 

111. 

IV. 

Uniform equitriaxial state of stress: 

I(m)= 1 
, 

Uniform equibiaxi4 state of stress for integer m: 

2m 2m-2 2m-4 2rn-(2m-2) I(m) =z ---.-.-. 
2mFl 2m-1 2m-3 2m-(2m-3) 

Uniform uniaxial state of stress for integer m: 

1 
2mul  

Beam in pure bending for integer m: 

I(m) = - 

1 I(m) = 
2(2m + 1) (m+ 1) 
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Exacl closed-form solutions for the three- and four-point bcnding specimens are noi 
straightforward, and were therefore not computed. Instead, a calculation was performed assuming 
that there is no shear stress present along thc span of the specimen but still having the samc 
bending stress diskribution. The solutions are as follows: 

V. Beam three-poinl bending specimen, integer m: 

1 I(m) = 
2(2m -1- 1)(m 4- 1y [I91 

VI. Beam four-point bending specimen, integer m. (a is the inner span, b the outer 
span): 

a -m + 1 
b I(m> = 

2(2m i l)(m 4" 1)Z 

B.  Area failure mode: 

I. Uniform equibiaxial state of stress: 

I(m)= I 

11. Uniform uniaxial state of stress and integer rn: 

27~1-1 2m-3 . 2~n-5 ... 2m-(2m-1) 
2m 2m-2 2m-4 2m-(2m-2) 

I(m) = -* 

111. Beam in pure bending and integer m (w is the width, h the height of  the 
specimen). 

} [2(m -i 1) w + h [231 2m - 1 2m - 3 2m - 5 2m - (2m -1) 1 
2m - 2 2m - 4 2m - (2971 -2) 2(w 4" h)  3 -.-.-... 

2m 2(m -I- 1) 

Subsequent work will focus on combining the multiaxial integration routines into a single code thai 
can be used to evaluate component reliability and to compute specimen I(m). The I(m) value is 
used in the computation of the Weibull parameter estimates. The closed form solutions for I(m; 
are needed to write a self-standing code for data analysis such as CERAMIC. 

REFERENCES: 

A.G. Evans, "A General Approach for the Statistically analysis of Multiaxial fracture, "J. Am 
Ceram. SOC.. 61,743, pp. 302-308 (1978). 



301 

NDE Methods Development and Applka}ion 
J. Wade and B. Meade I , 

All test specimen and confirmatory specSmen inspections were completed during the last six 
months. Tables 4 and 5 summarize the inspections performed on the test specimens and 
confirmatory test specimens respectively. 

Radiographic inspection procedures of the Spin disks were modified to provide additional fixturing 
and blocking and reduce inspection times by approximately 30 percent. These modifications 
included the use of double film exposure techniques. For thicker cross sections, higher speed films 
were effectively used while maintaining the 2- IT minimum radiographic sensitivity. Digital 
enhancement of radiographic film is underway and has proven beneficial to film evaluation. 
Figure 16 shows an example of improved detection of high density inclusions in a seeded 
specimen. Selection of radiographic films for enhancement is underway. 

A computer tomography study was conducted to determine whether the resolution vaned toward 
the outside of the reconstruction area. The detection standard was imaged in multiple locations to 
duplicate the conditions of the center and the outside diameter of the spin disk. The smallest hole 
visible in the center and the outside recon$truction field was 0.2 mm. However, the 0.2 mm hole 
was more difficult to see toward the outside of the reconstruction field because image noise 
increases. Figure 17 shows lhe difference between the inner diameter and outer diameter 
reconstruction fields. 

Data review and correlation for all NDE data are underway. Comparisons of acoustic microscopy 
data from test specimens show a variation in the material appearance from specimen to specimen 
for volume data at the same depth. ‘This variation has been observed in the spin disks and the large 
volume flexure bars (E-size); however, the spin disks seem to have more variation than the E-size 
flexure bars even when data are compared at the same depths. Very few of the spin disks exhibited 
few or no internal indications, while many E-size flexure bars had few or no indications. Figure 18 
shows typical variations obsewed in the spin disk images. Preliminary review of radiographic data 
for the same test specimens does not show a similar trend in the radiographic inspection data. 

To facilitate data correlation, the data from each technique are being reviewed and summarized in 
a tabular format for each inspection method prior to correlation with other MDE methods and 
destructive data. This effort is nearing completion for tensile rod data and is in progress for all 
other data. 

Specimen tesring milestone has been cornpgeted. 



TABLE 4. NONBP&,BTRFJCTIVE EVhl[,lJATION OF ALL SPECIMENS IS COMPLETE 

8491 (07)-4A 

TABLE 5- NDE OF CONFIRMATORY TEST SPECIMENS COMPLETE 
.. ..--.-...__ ...-. 

8491 (07)-5A 

Drs. W. Tucker and C. Johnson of General Elcciric Corporate Research and Development visited 
GAPD October 19-2 1, 1332 for a semiannual review of progress in data analysis and methodology 
development. 

Problems Errcount- 

None. 

A technical paper, coprihlished by GAPD and General Elecwic Corporation (GE), entitled 
"Calibration and Mcasurernent of Resolution in Ultrasonic Images" was presented by Dr. D. 
Sturges of the GF: Aircraft Engines Division, Enginc Suppoat Operations, at rhe Internal. 
Conference 011 Moiiit.oring and Predictive Maintenance of Planes and Stmcrures, sponsored by the 
Italian Society for Nondesiiuctive Testing on iMay 21, 1992 in Fierenzi, Italy. The papcr discusses 
the use of high-freqtiency ultrssonic inspection standards for acoustic microscopy and the 
requirements for calibrating sirch systems. Portions of the paper describe joint development work 
performed by GAPD and GE under tho OKNL Ceramic Life Prediction prograni. 
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Figure 16. Digital Fnhancement Improves Image Contrast. 
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Figure 17. CT Reconstruction Of Center Field Versus Outside 
Diameter Fiqld Evaluated. 
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Figure 18. Spin Disks Exhibit Large Variation in Acoustic 
MiCrOSCQpy Inspection. 
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3.3 ENViIRONMENTAL EFFECTS 

Environmental Effects in Toughhned Ceramics 
Norman L. Hecht (University of Dayton) 

Since December 1984, the University of Dayton has been involved in a five- 
phase project to investigate the 'effects of environment on the mechanical behavior 
of commercially available ceramics being considered for heat engine applications. 
In the first phase of this project, the effects of environment on the mechanical 
behavior of transformation-toughened ZrO2 ceramics were investigated. In the 
second phase, two SON4 ceramics (GTE PY6 and Norton/TRW XL144) and one 
Sic ceramic (Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, 
and fatigue strength of three Si@ and six Si3N4 ceramics were evaluated at 
temperatures ranging from 20 tb 1400°C. Microstructure, chemistry, and physical 
properties were also investigated. In the fourth phase, the flexural strength and 
fatigue behavior of two additional Si3N4 ceramics (Kyocera SN-260 and Garrett 
GN-10) were investigated. In addition, the fatigue behavior of one Si3N4 ceramic 
(NortonTTRW NT-154) was invdstigated. Efforts to study the tension/compression 
cyclic fatigue behavior of NT-4 54 have been delayed because of problems with 
the lnstron test fixture. In phase five, three newly developed Sic and three newly 
developed Si3N4 ceramics are being investigated. In addition, the effects of 
different machining processes 4n the mechanical behavior of selected SiC/Si3N4 
ceramics will be studied. 

During the past six months (April 1992 through September 1992), Norton/ 
TRW NT-164, Si3N4 (p  Si3N4 with 4% Y203),  was investigated. In addition, modifi- 
cation of the tension/compression test system was continued and the flexural stress 
rupture of GN10 and NT-230 were measured. 

Technical prouress 
Flexural strength, tensile strength, elastic modulus, hardness, density, 

coefficient of thermal expansion, and fracture toughness for NT-164 were 
evaluated. Flexural stress rupture of NT-230 (following MIL STD-1942) was 
measured at 1350°C using strdss values of 237 and 305 MPa. In addition, the 
flexural stress rupture of GN-1 b was also measured at temperatures of 1300°C 
and 1350°C using stress values of 465, 300, and 274 MPa. 

The flexural strength measurements were made using lnstron Universal 
Testing Machines (Model 1 123) following MIL-STD-l942(MR). Elevated temper- 
ature measurements were conducted in ATS model #3320 high-temperature 
furnaces. Flexural strengths Were measured on test specimens with nominal 
dirnensions of 3 x 4 x 50 mm with all surfaces ground to a 16-microinch finish 
[MlL-STD-l942(MR) specimen size B]. The long edges of the tensile surface 
were beveled to minimize edge failures. Flexural strength was measured using 
four-point bend test fixtures, and the test specimens were loaded at machine 

'Researchsponsored by the U.S Department of Energy, Assistant Secretary for Conservation and 
Renewable Energy, Office of Transpbrtation Systems, as part of the Ceramic Technology for 
Advanced Heat Engines Project of d e  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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crosshead speeds of 0.004, 0.0004, and 0.00004 crn/sec (0.1 0.01, 0.001 in/min). 
The bend fixtures for all measurements were made of SIC. The four-point bend 
fixtures have an outer span of 40 mm and an inner span of 20 mm. Flexural stress 
rupture was conducted following MIL-STO-1942 at 1300°C and 1350°C from 237 
to 527 MPa for exposures up to 120 hours. 

Tensile strengths were measured using cylindrical buttonhead specimens 
in an lnstron Corporation Universal testing machine Model 1361 with "Super Grip" 
specimen holders and an lnstron short furnace. Tensile strength tests of NT-164 
were conducted at 20°C and 1350°C using crosshead rates of 0-004 and 
0.00004 cm/s. In addition, the tensile stress rupture of two specimens was 
evaluated at 1350°C. 

The following analysis and physical property measurements were also 
made: 
0 Fracture origins were determined by optical microscopy (Nikon €pi hot) and 

§EM (JEOUSM-80 with EG&@ Qrtec System 5000 Microanalysis l ystem). 
0 The microstructure and chemistry of the candidate materials were also studied. 

Polished specimens were plasma etched and viewed by optical microscopy 
and by scanning electron microscopy. 
Thermal expansion was measured from 20°C to 1370°C using a Theta 
Industries Dilatronic i1 (Model 6024). 
The elastic modulus was measured from 20°C to 1350°C using a Grindo-Sonic 
(Model MR35T) Transient Impulse/Elastic Modulus apparatus. 
The hardness of the candidate materials was measured by a Vickers micro- 
indent hardness tester. Fracture toughness was measured by the controlled 
flaw method using an indent load of 5QOg. 

a 

0 

The results of the flexural strength testing for NT-164 are presented 
in Table 1. 

Table 1. Flexural Strength Measurement of NT-164 Si3N4 

*coefficient of variance (std devktrength x 1 OO)% 
+surf - surface 



350°C. Slaw stress rate 

T-164 are presented in 
3.  Canipaaison of the 

ures .%a and 4b. 

Table 2b, Tensile Stress Rupture at I35 

.. . . ... . 

*EDXA of inclusions showed the fallowing metallic elements; Mn, CF, Ni and Fe (in 
order of i ri c r e as i n CJ percentage). 

than NT-154 at both rapid and SI 
susceptible to high temperature 

The results of the flexural stress rupture testin 
Table 3. As shown in Table 3 a number af th  
to deformation (bending). Typical deforrnatio 
are shown in Figures 5a and 5b. As shown in Table 3 the  flexural stress rupture 
displayed the same degree of vairiation as was found i ~ r  the tensile stress rupture. 

As shown in Figures 4a an her lensilk3 strength 
er, NT-164 is also 

p. The stress ruptiire behavior 
appears similar to that observed for 54. Hswever, the ata is very limited. 

P-164 are presented in 
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Figure 2a. Comparison of NortonfiRW silicon nitrides (crosshead speed 0.004 cm/s). 
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Figure 3. Tensile strength of Norton/TRW NT-164. 
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ilicon Nitride, 
a> flexural static fatigue, 1 350"@/1 02.7 hrs, specimen # 

-1 

b) flexural static fatigue, 1 35OoC/1 08.7 hrs, specimen #79 

Figures 5a and b. Typical flexural stress rupture defarrnation for two NT-164 
specimens. 
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Table 3. Flexural Strength Rupture of NT-164 

Stress tMP& 
527 
527 
385 

385 
385 
385 
26 1 
26 1 
26 1 

385 

l3iwmi 
UX 
5.3 
3.7 

0.65 
1.05 
0.4 

102.7 
102 
102 

108.7 

Number 
76 
77 
78 
79 
ao 
81 
82 
03 
84 
13 

+comments denote failure origin 
*spec def = specimen deformation (bending) 
X u  = unknown 

I 

l?ixQQS 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 
1350 

Comments+ 
surface flaw 
surface flaw 

spec def* 
surface flaw 
surface flaw 
surface flaw 
edge flaw 
spec def* 
spec def* 
spec def* 

A summary of the physical properties measured for NT-164 are presented in 
Table 4. Micrographs of NT-164 fractured tensile specimens are shown in Figure 6. 
The EDAX spectrum obtained for the inclusions shown in specimen #9 (Figure 6) is 
shown in Figure 7. Micrographs of NT-164 fractured flexural specimens are shown 
in Figure 8. Specimen #12 was found to have an inclusion and blister (bubble) on 
its surface. Micrographs showing specimen #12 and the blister and inclusion at 
high magnification are presented in Figure 9. EDAX spectra for both the blister 
and inclusion are presented in Figure 10. The micrographs obtained for NT-164 
specimens tested in flexural stress rupture are presented in Figure 11. These 
micrographs provide better insight into the fracture behavior of these ceramics. 
Table 4. Summary of Property Measurement Results of NT-164 

Average Young's Modulus (GPA) 
20°C 306.1 

1 ooooc 295.7 
1250°C 291.7 
1350°C 290.6 

Average Hardness (kg/mm2) 1891 * 
Coefficient of Thermal Expansion (1 0-6mm/cm in/"C) 4.93 

I 
I Density (g/cc) I 3.1 % 

Fracture Toughness (M,Pa 0 mV2) 4 
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a) specimen #13 tested at 20°C at 0.004 cm/s crosshead speed 

. . . .  . . . j  . 

.. . 

b) specimen #12 tested at 20°C at 0.00004 cm/s crosshead speed 

Figures 6a and b. Micrographs of NT-164 fractured tensile specimen (1 2X). 



c) specimen #9 tested t 1350°C at 0.004 cm/s crosshead speed 4 

d) specimen #15 tested 1350°C at 0.00004 cm/s crosshead speed 

Figures 6c and d. Micrographs f NT-164 fractured tensile specimen (1 2X). 
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e) specimen #5 tested in tensile stress rupture 
at 1350°C at.a stress of 284 MPa 

Figure 6e. Micrograph of NT-164 fractured tensile specimen (1 2X). 
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I 

a 
C 

Figure 7. EDAX spectrum of'inclusion in NT-164, specimen #9. 

, 
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- 
a) specimen #72 tested at 1250°C at 0.00004 cm/s crosshead speed 

b) specimen #5 tested at 1350°C at 0.004 cm/s crosshead speed 

Figures 8a and b. Micrographs of NT-164 fractured flexural specimens (20X). 





322 

e) specimen #12 tested at 1350°C at 0.00004 cm/s crosshead speed 
(50x1 

Figure 88. Micrograph of NT-164 fractured flexural specimen (50X). 
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b) Mister (1 SOX) 

Figures 9a and b. and indusion found on the surface 
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Figure 9c. Micrograph of inclusion found on the surface of NT-164, specimen #12. 
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a) inclusion spectrum on specimen surface 

b) blister~spectrum on specimen surface 
Figures 1 Oa and b. NT-164, sbecirnen #12. 
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a) specimen #81 tested at 1350°C at 385 MPa (20X) 

b) specimen #81 tested at 1350°C at 385 MPa (50X) 

Figures 1 1 a and b. Micrographs of NT-164 specimens tested in flexural stress 
rupture. 



The results for the flexural stresb rupture testing of GN-10 and NT-23 
presented in Tables 5 and 6. ~ 

Number 
31 
32 

Table 5. Flexural Stress RuptuGe of GN-10n 

Temp. "C 1 Stress (MPa) Time (hrs) Comments' 
1350 465 3.2 - 
1350 465 32.6 surface flaw 

%pecimens were severely oxidized 
+comments denote failure origin 
*spec def = specimen deformation (bending) 

Table 6. Flexural Stress Rupture of NT-230 

___ 

63 I 1350 I 305 I 163 I Bent" (defl.-.l69 mm) 

64 1 1350 1 305 I 163 1 Bent*( 

65 I 1350 I 305 I 106.3 I Bent* (defl.-.191 mm) 

*Nine of 
for each 

the 10 specimens 
bent specimen. 

deforrnJd (bent). The degree O f  deflection (defl.) was measu re( 
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During this  reporting period the resistance to pest oxidation was evaluated 
at 850"6, 900°C, and 950°C for four SisNla. Both as-received and surface ground 
specimens of NT-154, PY6, GN-18, and SN-260 Si3N4 were weighed after 50, 100, 
150, 200, and 250 hour exposures at temperature. The percent weight change 
as a function of time and temperature far all four Si3N4 ceramics is presented in 
Tables 7a-c. As shown in Tables 7a-c only the SN-260 showed any evidence of 
low temperature oxidation effects. The surface ground samples showed greater 
susceptibility to oxidation effects. 

tus of milestones 

Milestones 331 41 5 and 331 41 6 are in progress. 
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Table 7c. Pest O x i d a t i o n  Effects 

PEST OXIDATION STUDY 950OC 
UDRl CONTROL NUMBER: SMG-92-1-45 
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3.4 FRACTURE MECHANICS 

Testing and Evaluution of Advanced Ceramics ut High 
Temperature ifi--gukxial Tension 
J. Sankas, A. D. Kelkar, and S. Krishnaraj 
(North Carolina A&T State University) 

0b.j ective/Scope. 

The objective of this research is to test and evaluate the niechanical behavior of 
a sintered Si,N, in uniaxial tension at temperatures upto 1200' C. The emphasis of this 
effort in the current year is to analyze the influence of precycling on the creep behavior 
and the tensile strength of tiTE SNW-1000 at 1200' C, and to compare these results 
with previously obtained creep data for the same material. This effort also includes 
micro- structural/iiiicrochemical analysis of the fracture surfaces using scanning electron 
microscopy(SEM) and energy dispersive spectral analysis(EDS). 

Technical .. .-. . . P rogrms- 

All investigations were performed at 1200' C in uniaxial tension. 
1.  Investigate the effect of yrecycling on the creep behavior(speci1nens 1 and 2). 
2. Investigate the effect of precycling and creep loading on the residual tensile 

3. Investigatc the effect of precycling on the residual tensile strength(speci1nen 

__.__I______ Test Procedure: Virgin specimens 1 through 3 were creep tested in uniaxial 
tension at 1200" C immediately following the uniaxial fatigue loading at the same 
teiiiperature. Specimens 1 and 2 were cycled using a constant amplitude triangular 
waveform. Load was applied in tension with maximum stresses of 50%ad70 MPa) and 
7O%(r,(98 MPa) of the inaterial at 1200" C respectively. crf is the fatigue strength of 
SNW-1000 at 1200° C, which is 140 MPa (Liu et al., 1987). 

Specimen 3 was cycled from low(SO%) to high(70%) stress levels in steps. This 
method of loading is called "coaxing". This specimen which was cyclically loaded in 
coaxing mode, was not tested until failure in creep. Instead, after 290 hours of creep 
testing, i t  was testcd in tension at a stressing rate of 450 MPa/min to find its residual 
tensile strength. 

Eight@) virgin specimens(speciniens 4 through 11) wcre precycled in four 
different levels of tension-tension loading patterns at 1200" C. Two(2) specimens were 
cycled in  tension in each pattern, the conditions being maxiinuni stresses of 25 %a,(35 
MPa), 500/1,(~,(70 MPa), and 70"/0~~,(98 MPa) at 1200" C. The last two specimens(l0 and 
1 1 )  were coaxd from low(SO%) to high(70%) stress levels in stcps. All the eight(8) 
samples, after cycling were pullcd in tension at 1200' C at a stressing rate of 450 
MPa/min. This was done to see the effect of precycling on the strength of the silicon 
nitride material. 

strength(specimen 3). 

4-1 1).  



COMMON FATIGUE LOADING PARAMETERS FOR ALL TESTS: 

Tension-tension cyclic triangular waveform 
Frequency: 0.5 Hz 
Cycles: 50,000 
Temperature: 1200 OC 
R-Ratio(1nin. stress/max. stress): 0.1 
Maximum stress: Varying percentages of the fatigue strength of the material at 1200 
OC . 
(Available data from ORNL: Fatigue strength of SN\ltr-lOOO at 1200 OC = 140 MPa.) 

CREEP LOADING CONDITIONS:. 

Uniaxial constant tensile load 
Temperature: 1200 "C 
Load: 161 MPa(70% tensile strength of SNW-1000 at 1200 OC 
(Available data: Average tensile Strength of SNW-1000 at 1200 OC = 230 MPa) 

TENSILE LOADING CONDITIONS: 

Uniaxial tensile load at a stressing rate of 450 MPdrnin. 
Temperature: 1200° C 

Test Results and Discussions: 

Cyclic loading prior to creep loading in specimens 1 through 3 resulted in low 
primary creep strain curves as \yell as lower steady state creep rates (Figure 1.) as 
compared to the plain creep curves(Fig 2.), which was reported earlier (Sankar et al., 
1991). A comparison of the three creep curves (Figure 1.) which were precycled at 
different stress levels and pattern showed that coaxed precycled speciinen(#3) yielded 
the least primary creep strain amongst the precycled specimens. From the current 
results, it can be shown that coaxilng enhances the creep resistance of the material. The 
specimen, which was not tested until failure in creep(specimen 3)9 when tested in 
tension at a stresGng rate of 450 MPdniin immediately following the creep, yielded the 
inaxiinuin residual tensile strength(S80 Ml'a). 'This strength value is even higher than 
the average room temperature tenSile strcngth(492 MPa)(Vaidyanathan et al., 1987) for 
this material. 

The results of residual tensile strength of the SNW-1000 after just precycling is 
shown in Figure 3. The average liiesidiial tensile strengths obtained in different fatigue 
conditions is coinpared(Figurc 4.) with those of the monotonic tension tests performed 
earlier at room temperature and 11200° C .  From these results, it can be seen that the 
cyclic loading at 1200" C had imbroved the strength of the material considerably. 

Further, the strength improvement seeins to take fuller effect at higher fatigue 
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SNW-1000,  RESIDUAL TENSILE STRENGTHS 

RTPT F5OR F50/60/70/T 
HTPT F25F F70D 

Test Condition 
Figure 4. Comparison of the residual tensile strengths of SNW-1OOO tested under various conditions. 

RTPT: Room temperature and pure tension. All other tests were conducted at 1200’ C. 
HTPT: High ternperature(120@ C) and pure tension 
FKYT: 5oooO cycles coaxing fatigue from 50% to 70% fatigue strength, R-ratio = 0. I ,  creep at 70%(161 MPa)T.S, and pure tension 
F25iT: 5oooO cycles fatigue at 25%(35 MPa) fatigue strength, R-ratio = 0.1, and pure tension 
FSO/T: 5oooO cycles fatigue at 50%(70 MPaj fatigue strength, R-ratio = 0.1, and pure tension 
F70iT: 50000 cycies fatigue at 70%(98 MPa) fatigue strength, K-ratio = 0.1, and pure tension 
F50’60XL’T: 5OCXN cycles coaxing fatigue from 50% to ?OR fatigue strength, R-ratio = 0.1, and pure tension 

W 
W 
-4 
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stresses than lower(25%af). It is quite possible that there is a threshold stress above 
which the effect would bc more pronounced. Further, in this investigation no efforts 
were made to understand the effect of the number of cycles, frequency etc, More 
detailed work needs to be done in this phase of research to understand clearly these 
effects . 

Mechanical behavior of Silicon Nitride i s  known to be influenced by the 
crystalline structure of the grain boundary material (Liu et al., 1990). Liu et al., have 
also mentioned that information gained from previous studies(Cinibulk, M. K., et al., 
1990, and Lee, W. E., et al,, 1988) suggests that amorphous intergranular phase of 
silicon nitride can be devitrified by thermal anneding in the high temperature range 
above 1350' C or by low stress cyclic loading at an appropriate temperature. 

From the present results, it can be said that the imp-oveinent in the strength of 
the material could probably be due to the transformation of the intergranular glassy 
phasc to a stronger crystallized phase. The reason that specimen 3 exhibited the 
maximum strength could be due to the fact that crcep process comparable to thermal 
annealing, in addition to precycling process, aided in crystallization. This again is only 
a possible reasoning, but more detailed microscopy work has to be done to clarify these 
effects . 

The microstructural analysis of these spccimens is in progress to further 
determine the causes for the improvement in the strength of the material. 

Status of MilesLares 

On schedule 

Coin munications/V&i tors/Travel 

None 

_____I Problems Encountered 

None 

Publications & Pmentations 

None 
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Standard Tensi 1 e T e s t  D e v e l  QP~WD t 
S. M. Miederhorn, R. F. Krause; Jr., and D. E. Roberts 
(National Institute of Standards arid Technology) 

Obiective/Scope 

This project i.s concerned wi:t.h k h e  development of test equipment 
and procedures for measuring the tensile strengtih and creep resistance 
of ceramic materials at elevated temperatures. Inexpensive techniques 
for ineasuring the creep behavior arid strength of structural ceramics 
have been developed and are being used to characterize the mechanical 
behavior of these materials. The ul.timate goal of the project is to 
help develop a data base and a test methodology for the structural 
design of heat engines for vehicu1.ar applications. 

Technica-i Hiqhliqhts: 

During the past six months, we expanded our studies on the creep 
and creep rupture of on PY6, a grade of silicon nitride containing =6 
wght. % Y,O,. This work is beirig pc:~~-f~ormed in collaboration with Pramod 
Khandelwal of Allison Gas Turbine. To date, 33 specimens have been 
tested in creep; 21 of these were tested to failure yielding creep 
rupture data. In addition, tensile strengths were measured on 22 
Specimens in the temperature range 1100  to l 4 0 0 ' C .  These data will be 
part of a data base to compare materials manufactured by different 
companies. 

Experiment;aJ Techniques : 

Both the specimen design and the test apparatus used in this 
tensile creep study are described in reference [ I ] .  This apparatus 
utilized flat dog-bone shaped samples to which Sic: "flags" are attached 
to define the gauge length. Relative displacements of t h e  flags are 
continuously monitored during each test either by means of a long range 
telescope, or by means of a laser  ext-ensometer. Gauge lengths measured 
by the telescope are accurate t .o c 2 pnp whereas gauge lengths measured 
by the laser are accurate to t 1 p n .  To assix-e thermal stability, 
specimens were heated at; the test temperature for approximately 20 hours 
before testing. Tests were made over a temperat:ure range of 1200°C to 
1400'C and a stress range -70 to -200 MPa. For most tests, the applied 
stress was maintained un.ti.1 the specimen failed. In this way, both the 
creep and creep rupture behavior of the material could be characterized. 

Tensile strenyth data were also collected on flat dogbone 
specimens, which were from the same ser ies  of material as those used in 
the creep studies. Strength data were collected at loadiny rates of 
~0.06 and -6.00 MPa/s, The test temperature ranged from 1000°C to 
14OOOC. After heat-ing to temperature, specimens were held for a two 
hour period to assure thermal equilibrium before testing. Specimens 
loaded at ~ 6 . 0 0  MPa/s required about 30 seconds f o s  failure, whereas 
those loaded at ~ 0 . 0 6  MPa/s required approximately 30 minutes. AS was 
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observed earlier by Hecht let a l .  [21 this difference in rate of loading 
leads to a significant difiference in strength. 

Results: 

The strength data collected at 6 MPa/s are compared in figure 1 
with similar data collecte'd at Oak Ridge National Laboratory (ORNL) and 
at Allison Gas Turbine. These data were also obtained at high rates of 
loading. As can be seen, strength measurements at the three 
laboratories were consistqnt. 
1400°C, the strength of PY6 ranged from about 400 MPa to about 350 MPa. 
As shown earlier, this stcength depends on the loading rate during the 
test. At lower rates of loading, the strength is considerably lower, as 
shown in figure 2. At lower rates of loading, creep damage accumulation 
and subcritical crack growth reduce the strength. A thorough study of 
this regime of behavior requires the use of creep rupture techniques. 
Results of creep and creep rupture studies are given below. 

Within the temperature range 900°C to 

Creep data obtained to date are summarized in figure 3 .  Over the 
data range 125OoC to 14OO0C, the data fit a consistent set of curves 
with a shift in the data due to both applied stress and temperature. 
The data obtained at 1200°C seems to fit a curve with a different stress 
and temperature dependence than the rest of the data. This change of 
behavior is consistent with that reported by Ferber and Jenkins [ 3 ]  in 
an earlier study of this material. These authors attributed the change 
in behavior to a change in failure mode, from cavitation and damage 
accumulation to crack growth. 

The stress and temperature dependence of the creep behavior were 
determined by expressing the logarithm of the strain rate, i ,  as the sum 
of the inverse absolute tdmperature, 1/T, and the logarithm of the 
applied stress, a ,  for th; entire data set. 

Where n is the stress exponent, AH is the apparent activation energy and 
R is the universal gas constant. A least squares analysis of the data 
over the temperature range 1250°C to 14OO0C yielded a stress exponent of 
-8.7 and an apparent activation energy of -1350 kJ/rnol for this 
material. The constant A has a value of 17.67 when n is expressed in 
MPa. Both of these values differ slightly from those reported earlier 
by Ferber and Jenkins [ 3 ] ,  5 and 1102 kJ/mol, respectively. The 
difference is sufficient khat at 126OOC the creep rate from the Ferber 
and Jenkins data was approximately two orders of magnitude faster than 
that in this study. At 1970, the creep rate was only a factor of 
approximately 5 faster. The difference between the tow sets of data are 
a consequence of the fact that different lots of materials were studied 
at the two laboratories.  comparison of our data with that from Allison 
Gas Turbine suggests that'the creep rate from the two laboratories were 
essentially identical. The data from Allison Gas Turbine and The 
National Institute of Standards and Technology (NIST) were obtained on 
the same lot of material. 
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1 .  A comparison of tensile s t r e n g t h  measurements on PY6 made in 
this study with those made by Ferber and Jenkins 131 and 
Yramod K. Khandelwal [ 5 ] .  
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2. A comparison of tensile strength measurements on P Y 6  made in 
this study with those m q d e  by Ferber and Jenkins [ 3 1  and Hecht 
et al. [ 2 ] .  I 
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3 .  Summary of creep data for P Y 6 .  From 1200 'C to 1400'C the data  
follow a Norton type equation modified by a Boltzman factor, 
see equation 1 .  
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Graphical representations of the data for the PY6 are given in 
figures 4 and 5. 
show the stress dependence Of the data, whereas in figure 5 the data are 
stress compensated to illustrate the temperature dependence of the data. 
For both figures, the data tend to cluster about 
suggesting that the functiohality assumed in equation 1 provides a 
reasonable fit of the minimbm creep rate. 

In figure,4 the data are temperature compensated to 

straight lines, 

Creep rupture data are presented in figure 6 in the form of a 
Monkman- Gran t plot , 

t, = to.>?, 

where t, is the time to failure, and i is the creep rate. The 
temperatures for each data boint are identified by the plotting symbol. 
Despite the range of temperature, all of the data seem to fall around a 
common curve, suggesting that the Lifetime of this material at elevated 
temperature is determined eptirely by the creep rate. The data from 
this study lie on a curve wkth a slope of approximately - 1 .  
that all of the data tend tb cluster about a single line indicates that 
this curve can be used for purposes of lifetime prediction independent 
of temperature and applied stress. 

The fact 

The creep rupture data collected in this study on PY6 have been 
compared in figure 6 with data collected at Oak Ridge National 
Laboratories by Ferber and Jenkins 131, and with data collected by 
Pramod K. Khandelwal of Allison Gas Turbine. The data by Khandelwal 
were collected on a much lakger specimen with a circular cross section. 
The data by Ferber and Jenkins were also collected on a larger round 
specimen. Differences among these three plots are not statistically 
significant, which is meaningful as the creep-rupture data were 
collected by three different techniques. Apparently, creep rupture data 
on this material can be represented by the same Monkman-Grant plot 
regardless of material lot, or test technique. 

Discussion: 

Creep and creep rupture data have now been obtained on PY6 at three 
different laboratories, The, Natioria1 Institute of Standards and 
Technology, Oak Ridge National Laboratory and Allison Gas Turbine. The 
creep and creep rupture data from the three laboratories can be compared 
by followinq the methodolog$ recommended in reference 4 .  
substituting equation 1 intp equation 2, the following equation is 
obtained [4]: 

By 

This equation gives the time to failure as a function of stress and 
temperature. The equation depends on the operating failure mechanism, 
as both the activation ener'gy and the stress exponent depend on failure 
mechanism. Equation 3 was evaluated from the data collected at The 
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4. Stress dependence of the creep rate. The data have been 
temperature compensated using equation 1 so that mare of the 
creep data c o u l d  be used  t o  o b t a i n  t h e  stress exponen t .  
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5. Temperature dependence~of the creep rate. The data have been 
stress compensated usi4g equation 1 so that more of the creep 
data could be used to qbtain the apparent activation energy. 
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6. Creep rupture data presented in the f o r m  of a Monkman-Grant 
p l o t .  The data collected in this study are compared with 
those collected by Fesber and Jenkins [ 3 1  and Pramod 
Khandelwal [ 51 . These three plots are statistically 
indistinguishable. 



National Institute of Standards and Technology. 
t,, calculated from equatiori 3 was then compared with the measured times 
to failure from all three laboratories. In figure 7 ,  this estimate of 
the time-to-failure is compared with data obtained at The National 
Institute of Standards and Technology and at Allison Gas Turbine. The 
straight line in figure repdesents equal measured and predicted 
lifetimes. 
both sets of data lie slightly above this line, which means that the 
failure times occur slightly sooner than predicted. Both sets of data 
are intermingled, and are indistinguishable statistically. As both sets 
of data were obtained on the same lot of material, the result implies 
that test geometry does not have a major influence on creep and creep 
rupture results for silicon 'nitride. 

The time-to-failure, 

It is not a least squares fit of the data. As can be seen, 

A comparison of the data from Oak Ridge National Laboratories with 
those from The National Institute of Standards and Technology is given 
in figure 8 .  For short faiJure times < l o 0  hr, the ORNL data lies on the 
outer fringe of the NIST data at about an order of magnitude above the 
predicted line. 
about two orders of magnituge above the predicted line. The ORNL data 
is internally more consisterit than those from the other two 
laboratories. Since creep rupture data from all three laboratories can 
be represented by the same Monkman-Grant plot, the difference between 
the ORNL and NIST data is primarily a consequence of the difference in 
the creep behavior. Indeed, a comparison of the creep data from these 
two laboratories indicates d substantially higher creep rate for ORNL 
data. These results imply Ghat differences in material lot can have a 
major effect on creep and cteep rupture data. 

For long failure times, = l o 0 0  hr, the ORNL data lies 

Status of Milestones: 

All milestones are on Schedule. 

Publications: 

None. 
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7. A comparison of predicted and measured lifetime fo r  the 
National Institute of Standards and Technology and Allison Gas 
Turbine. The predicted lifetimes were based on the creep and 
creep rupture data obtained at NIST. The A l . l i s o n  and NIST 
data are statistically indistinguishable. The Allison and 
NIST data were obtained on the same powder lot of P Y 6 .  
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8. A comparison of predicted and measured lifetime for t h e  
National Institute of Stahdards and Technology and Oak Ridge 
National Laboratories data. The predicted lifetimes were 
based on t h e  creep and creep rupture data obtained at NIST. 
Significant deviation frpm the NIST data are observed as 
lifetimes exceed -100 h. The NIST data and ONRL data were 
collected on different powder lots of PY6. 
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Develooment of a Fracture Tduehness Microprobe 
G. M. Pharr and D.S. Harding '(Rice University) 

0 biective/scope 

The objective of this study is to develop a technique for measuring 
fracture toughness in thin films and small volumes on a spatially resolved 
basis using the Mechanical Properties Microprobe at ORNL (MPM or 
Nanoindenter). The MPM is Currently used to measure both hardness and 
elastic modulus with a spatial Iresolution of better than 1 pm, Once developed, 
the technique wil l be useful in probing toughness at the scale of the 
microstructure and thus in establishing important relations between 
microstructure and fracture behavior. 

Technical Droqress 

The method we are pursuing is based on the cracking which occurs 
when brittle materials are indented by a sharp indenter, such as a Vickers 
diamond. The indentation cracking method has been developed by several 
investigators over the last 15 years. A critical review of its predictive 
capabilities when applied to a wide variety of ceramics and glasses has 
shown that it is accurate to about 40%, 

The basis of the method is to compute the fracture toughness, Kc, from 
the length of the cracks, c, through the semi-theoretical relation 

Here, a is an 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 material, respectively. One attractive 
feature of applying this method with the MPM is that, in addition to being able 
to produce very small indentations with very precise positioning, the load- 
displacement data provided by the instrument can be used to establish the 
local modulus and hardness. Since a knowledge of both these quantities is 
needed for the computation of toughness, the MPM potentially provides a 
simple and convenient mean& for obtaining all the data needed to measure 
toughness on a spatially resolVed basis. 

In applying the indentation cracking method in the nanoindentation 
regime, a significant problem i encountered in that there are distinct threshold 
loads below which indentati t n cracking does not occur. For the Berkovich 
indenter, i.e., that used most gften in nanoindentation experiments, threshold 
loads in most ceramics are rekttively high. in fact, they are usually greater than 
the 12 gram maximum  load^ capability of the Nanoindenter. Early in this 
research, we demonstrated that this problem can be overcome in a simple 



354 

manner by changing the iridenter eornetry, and we have since shown that a 
three sided indenter with the geom ry of the corner of a cube is quite effective 
i n  achieving this goal, Every ceramic material we have tested, including 
several new materials investigated in the last 6 months, cracks at loads of less 

has paved the way for 

For the past year we have been testing a variety of ceramic mat 
determine haw well the indentation cracking methods works at low loa 

a is for the cube co enter. We have also studied the low load cracking 
behavior of the Wickers and Berkavich indenters, since very little is actually 
known about the cracking thresholds for these indenters, particularly the 
~ ~ ~ k ~ ~ i ~ ~ .  The materials on which we concentrated originally were soda-lime 
glass, fused quartz, pyrex glass, sapphire, silicon, and silicon nitride (NG132), 
the behavior of which is documented in a previous semiannual report. The 
work showed that Eqn.1 appears to work well for the cube corner indenter, 
even when the matagerials are indented in the icrsn to submicron range. The 

II 1 gram (some as low as 0.1 gram), and th 
Bementattian of the method to micron and sub-mi On kldentatbns. 

u n ~ v ~ r ~ ~ l ~ y  ~~~~~~~~ y be, and what the value ~f the geon-~efr'sc constant 

-4 a is about 8.032, 
During the last 6 months, indentation testing with the Viekers, Ber 

and cube-corner indenters continued with emphasis on obtaini 
indenting new materials to expand the data set and further examine the 
applicabil ity and universality of the method. Cube-corner diamond 
indentations were rnade in the Na e load range 0.01 -1 0 grams, 
and  indentations at high@? loa 0 grams) were made in a 
microhardness tester with the Berksvich, Vickers and cube cornel indenters. 
The new rtiateriak included spinel (2 orientations), germanium, the glass- 
ceramic Robax@, ~ y r o c e s a m  9606 and 9658, and the silicon carbides 
Hexolay@ SA and §Ts All of the nanoindentatioas ear re carefuliy im 
high resolution SEM, and the photomicrographs are currently being 
t o determine indentation sizes, crack le hs, and threshold loads for 
indentation cracking. Orice this analysis is co ete, a final assassmeni of t h e  
~ p p l i ~ ~ ~ ~ ~ ~ t y  of the method will be rnade. 

ne new observation concerns the morphology of cracks in smal 
olycrystalline materials such as the silicon carbides, When the graj 

size and the indentation size are about the same (approximately 1 1m-i in this 
study), there is a teradency for indentation cracks to fallow grain boundary 
paths, and this aften results in the removal of grains in the vicinity of the 
indentation. Clearly, cra ngt h m easur em ent re not possible when this 

ns, but it is doubtfu a toughness derjv rom such a measurement 
be meaningful an . Thus, as in the c af indentation toughness 

testing using microHn techniques, measurement of toughness in the 
nanoi n dentation reg be possible only when the indentation size is 
much greater than or much iess than the grain size. 

Further examination of ~ L C O U S ~ ~ C  emission during nansindentation 
revealed that threshaids for cracking cannot be accurately determined using 

t availahla to us, due to ambiguities in identifying the nature of 
the event giving rise t~ the aca&ssti(i: emissi~n signa$, Further progress in this 



area will require more sophisticated equipment capable of distinguishing 
amongst the various acoustic  emission events which occur during indentation. 

Status of milestones 
, 

All milestones are proceeding on schedule. 

Pu btications 

A paper entitled "Measwrement of Fracture Toughness in Thin Films and 
Small Volumes Using Nanoindentation Methods" by G.M. Pharr, D.S. Harding, 
a n d  W.C. Oliver was submitted and accepted for publication in the 
Pi-OCeedinQS of the NATO Advanced Studv Institute on Mechanical ProDerties 
and Deformation 8ehavior df Materials Havinu Ultra-Fine Microstructures, 
Praia Do Port0 Novo, Portugal (July 1992). 
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondestructive CharacteriPation 
D. J. McGuire (Oak Ridge National Laboratory) 

The purpose of this program is to conduct nondestructive evaluation (NDE) 
~ e v e ~ ~ ~ ~ e n t  directed at identifying approaches for quantitative determination of 
conditions (including both properties and flaws) in ceramics that affect the structural 
pedormance. Those materials that have been seriously considered for a ~ ~ ~ ~ c a t i ~ n  in 

heat engines are all brittle! materials whose fracture is affected by structural 
features whose dimensions are an the order of the dimensions of their microstructure. 
This work seeks to characterize those features using high-frequency ultrasonics and 
radiagraphy to detect, size, and locate critical flaws and to measure nondestiuctively the 
elastic p r ~ p e ~ i e ~  of the host material. 

Technical p r o q c e  

Ultrasonics - W. A. Simpson, Jr., an 

Since upgrading our acquisition syste , we have been examining 
various flaw standards in Q 
new hardware. We have several standards that contain se ed voids. having diameters as 
small as 25 pm; these voids were marginally recordable vvi the old system. The 
presence of still smaller flaws could be en in the A-scan presentation, even though they 
could not be recorded. With the new 8 t digitizer, these voids can be recorded with a 
conifortable gain reserve, and still smaller flaws are now recordable. 

modulus sf rupture (MOR) bars. Since the 
a p p r o ~ r ~ a t ~  ultrasonic technique for detect 
surface waves. These waves 
transducer, which produces a 
detecting cracks in any orientation (co 
beam generation of the surface wave 
perpendicular to the direction of prop 
20-pm-diam by 20-pm-deep and 1 0-pm-diam by IO-ym- 
holes were not flat-bottomed; all tapered t 
transducer used was a nominal 50-MHa center-frequency unit. 

Figure 1 shows a contrast-enhanced image of the 28-pm hole, which is the "bulls- 
eye" feature near the center of the scan. The semicircular features above and besow the 
hole are caused by drops of paint that were placed on the bar to locate the drilled hole. 
The horizontal, dark striations in the figure are caused by surface rinding marks. When 
the hole is exactly centered in the ultrasonic beam, there is a snsa increase in the 
amplitude of the surface wave; hence, the center of the image is bright. When the hole is 
within the diameter of the beam at the sample surface but is not centered, h ~ ~ ~ ~ ~ r ,  the 
amplitude of the surface wave is decreased. This is the reason for the alternating light 
and dark rings. Note that the hole is easily elected and imaged. 

to determine the ultimate flaw detection sensitivity of the 

The smallest standards available to us were laser-drilled holes in silicon nitride 
standards are surface breaking, the 
them would be high-frequency acoustic 

saerated by a h 
y p r ~ ~ a g a t i ~ ~  

numerical aperture ultrasonic 
ace wave ideafly suited for 

ntional surface-wave evaluation uses angle- 
is sensitive only to cracks whose piane is 

he standards examined were 
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age (“bulbeye* feature) of a 20-pmdiam by 

dark, circular feature j 
locate the hole. This 
depth and indicates the 

in-$ewicestren@h. Iti ing.oduces surface damage 
(cracking), which may 

effect of surface preparation on 

if the afkcted surface is placed 

suited to detection of 
4 machining damage. 
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Fig. 2. Contrast-enhanced ultrasonic image (small black spot) of a 10-pmdiam by 
1 0-pm-deep laserdrilled hole in silicon nitride. 

We first obtained samples of four different ceramics (monolithic alumina. silicon 
carbide, silicon nitride, and whisker-toughened alumina). ihese samples had 'been rough 
ground, fine ground, and polished on one edge while the other edge remained in the as- 
sawn condition. Each edge was evaluated with high-frequency surface acoustic waves 
with the frequency, gain, and transducer focus set to provide sufficient sensitiiity to detect 
cracks that were 10 pm or more deep and at least 10 pm long. Figure 3 shows the 
surface-wave result obtained on the as-sawn edge of the monolithic alumina. A few 
indications of subsurface damage can be seen (most notably at the upper right of the 
scanned area), but the sample, which had a density of better than 99% of the theoretical 
value, was remarkably free of flaws. The sample was also examined using visible 
microscopy, and no damage could be detected. 

Figure 4 shows the surface-wave result obtained on the polished edge of the 
monoliihic alumina. Note the much higher density and relatively larger size of the damage 
indications. Because of the translucency of alumina, it was possible to light the sample 
from the side and observe the subsurface damage optically. The large indications near 
the lower right and upper center of the scanned area appear to be conchoidal fractures 
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Fig. 3. Surface acoustic-wave Image of the as-sawn edge of a monoliiic alumina. 

ured region appeared imminent. No surface 

lbited very fine cracks 

rbide. The as-sawn edge of the silicon nitride 
the frequencies used in this study. 

ave result obtained on the polished edge of the 

ut the damage was much less 
was virtually no difference in the as-sawn 

and polished edges for the si1 
sample was too rough for a 

running horizontally along 
they be detected optically. 
toughened alumina was, by far, 
whisker-toughened alumina thu 

be detected. The very faint striations 
appear to be very small cracks, nor could 
and optically, the polished surface of the 

homogeneous of the four materials. The 
to have much higher resistance to machining 

, we had no way of knowing whether the 
before fine grinding and polishing. 

ning one as-sawn edge and one 
then monitored as successive 
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Fig. 4. Surface acoustic-wave image of the polished edge of a monotithic alumina. 

stages of fine grinding and polishing were undertaken. The materials studied were a 
mors AD-85 and a McDanel AD-998 monolithic alumina, a Carborundum alpha silicon 
carbide, and a Cercom PAD-AS 3ow whisker-toughened alumina. 

wave. The transducer height and electronic gating were adjusted to provide the greatest 
sensitivity, which from previous studies on the selected materials should be sufficient to 
detect voids or cracks that are 10 pm or more deep. All samples were scanned using a 
25-pm step size, which for the test conditions selected would guarantee at least 10 "hits" 
on a flaw of the minimum detectable size. Each sample was scanned in sections 0.4 in. 
(1 01 mm) long to ensure full coverage at the chosen step size. The system gain reserve 
was about 12 dB for all of the materials under consideration. 

The as-sawn surface of each of the four materials was remarkably free of cracklike 
indications. A few examples of relatively severe subsurface damage were noted, but, in 
general, the surfaces were quite uniform. The one exception was the AD-85 sample, 
which exhibited numerous subsurface voidlike indications. In fact, the relatively low 
density of this material generated so many indications that the surface condition was 
effectively masked at each stage of surface preparation. In other words, the polished 
surface looked identical to the as-sawn surface ultrasonically. Accordingly, while the 

The materials were scanned using a W-MHz, radially propagating ultrasonic surface 
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Fig. 5. Surface image of the polishea eage OT a whisker-toughened 
alumina. 

sfngle subs- indbtkm was 

excessive; i.e., it exceeded 
Therefore, the volume inter 
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grinding marks (which were not residuals of the rough grinding) were still detectable 
although their intensity would suggest that they were merely surface scratches induced by 
the grinding. No other indications were noted. For the AD-998 sample, however, several 
new subsurface flaws could be seen in addition to the grinding marks. As before, these 
appeared to be small fractures initiated by the grinding forces. 

The most interesting results were obtained following the polishing step. The small 
amount of material removed guarantees that the volume that was inspected is essentially 
that examined following fine grinding. For the silicon carbide and whisker-reinforced 
alumina, the ultrasonic results yielded a completely featureless image; i.e., no flaws of any 
kind were detected. For the AD998 alumina, however, a very intense new indication and 
several smaller new ones were detected where nothing was found after fine grinding. 
Visible microscopy using intense side lighting revealed a subsurface fracture that was not 
present before polishing. These results are shown in Figs. 6 (after fine grinding) and 
7 (after polishing). A section approximately 6 mm long was removed froin the left end of 
the sample before polishing to form an archive specimen; thus, the end of the sample 
evident in Fig. 7 is missing in Fig. 6. The faint vertical striations seen in Fig. 6 are the 
marks left by fine grinding; the dark circular area at the right of Fig. 2 is the new fracture. 

YP15691 

Fig. 6. Surface acoustic-wave image of an AD-998 alumina after fine grinding. 
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where k is the wave vector sf the ultrasonic radiation, r, is the flaw depth, ax is step size 
in the aperture, and n is %he aperture point under consideration. This phase is summed 
coherently far each aperture paint. 15 the flaw does not lie at the focal point of the 
aperture but is displaced laterally and in depth, there will be a phase error associated with 
each point of the aperture, This error und as follows. Let the ~ ~ $ ~ l a ~ ~ ~ ~ n t  of 
the flaw be given by ~0 laterally and by tir in depth. The distance from the aperture point 
to tho flaw is thus 

Assume first that the flaw is locate in the plane sf focus, i.e., 6r is zero. Expanding the 
square sost tefm by the bkWTkd theorem and retaining only the first terms, 

The phase shift associated with this point is thus 

Comparing this result with the first equation above, the phase error at each ape 
is 

The first term is constant across the aperture and is unimportant to the coherent sum. 
When the aperture signals are summed, rP~'$wever, the secand term contributes a response 
given by: 

@ = exp(-i2kx$x/r0) , (6) 

where the surnniaWm is faom -N/2 to N/2, and N+1 is the number of a erture points (our 
algorithms always assume equa! numbers of paints on either side of the aperture center). 
From the well-known fact that 

(1 -XI-' = X" , (7) 

where the sB%m ation is from 0 to it is eas 

xn = (1 -x")/(l -x) , (3) 

where the s~imrnation Is tram 0 to N-1 ; thus, the summation above for @ becomes: 

where z = kx$ix/ro. This result is recognizable as the res onsf: due to multiple-slit 
interference or as the Fourier transform of N + l  identical signals.' Thus, the response of a 



laterally miscenterec flaw may bei easily estimated, and the reswtion o 
seen to improve as the aperture Size increases, which is expected. 

the aperture is 

For a flaw displaced in depth but centered laterally, the error term that is coherently 
summed (aside from a term that is constant across the aperture) is: 

(9 = exp(-ik6r(n8x)2/[ro(ro+6r)l) , 

which has the form of the sum for a flaw at the focal point of an aperture focused at the 
depth r,(1 +rJSr). Note that this depth goes to infinity as 6r goes to zero; thus, the error 
summation reduces to zero as 8r vanishes. 

We continued work on synthetic-aperture technology for ceramic evaluation. We 
have now written software to alloh processing of two-dimensional data acquired by a 
commercial B-scan package running on a 386-based personal computer. The package 
was designed to permit bidirectional scanning of a sample, but we found that the 
accuracy of the scan bridge was not sufficient for synthetic aperture use; the phase error 
associated with positional inaccuracies of the transducer destroyed the coherence of the 
synthetic-aperture data. However, the commercial software can be run in a uni-directional 
mode (where the forces on the trgnsducer are the same for each scan line), and the 
phase error incurred in this mode is much less than for bi-directional scanning. The 
maximum sample rate for the curqent B-scan software is 100  MHz, which restricts us to 
relatively low-frequency ( ~ 2 5  MHZ) testing. However, a new release of the commercial 
software, which permits equivalenS-time sampling at rates up to 3200 MHz, should be 
available shortly. 

acoustic microscopes for surface and near-surface characterization of structural ceramics. 
In this frequency range, resolutions of less than I pm are possible, and the high sensitivity 
to surface-wave velocity allows individual grains (because they are anisotropic and have 
random orientations) as well as intergranular and transgranular cracking to be observed. 
We have also seen examples of tt;le imaging of induced (by diamond pyramid indentation) 
and residual stress and of the concentration of stress around the tip of a crack. We 
expect to finish writing the specification for such a system within a month with delivery 
sometime within the first quarter of the year. 

Computed Tomography (CT) - B. E. Foster 

received for inspection with both film radiography and tomography. These disks 
(identified as 36, 37, 48, and 41) are part of those fabricated by GTE for Allison that had 
been rejected because of visible cracking on the surface. Film radiography shows 
numerous cracks through the 13-km thickness. Some of the cracking as detected with 
tomography is throughout the 13-inrn thickness. Figures 0, 9, 10, and 11 show a 
0.25-mm-thick CT slice through the diameter and 1 mm from the surface of each sample, 
Several cracks of various lengths are evident in each figure. The dark spot at the 
9 o'clock position on Fig. 10 is a oid caused by a missing surface chip. Many of the 

were made to Scientific Measuredent Systems in Austin on May 4, 8, and 11, 1992. The 
purpose was to evaluate the use hf area detectors with our present Scientific 

We are currently evaluating several commercial, very high-frequency (1 to 2 GHz) 

Four silicon nitride spin disks (1 15 x 13 mm with a shaft 48 x 13 mm) have been 

cracks have a width about 25 pmi i 
In conjunction with attendadce at the ASME Code week in San Antonio, Texas, visits 
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Fig. 9. CT slics through the diameter of sample 40. 
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Fig. 10. CT slice through the diameter of sample 37. 





The development of standards is important for the establishment of reliability and 
acceptance of advanced structural materials. Corn 
organized in the American Society for Testing and M 
O m  sf the activities of the C-28 Committee is nondestructive ~~~~~~~~~~ 

Task Group on NDE (TGNDE) 3s reviawing existing standards on NDE ( 
developed for metals) to determine potentia8 applicability for ceramics a 
ariginal standards. Use of existing or modified standards is more effici 
of new ~ ~ c ~ ~ e ~ ~ ~  and will ensure the input of a Barge body of NDE expertise. Close 
liaison is established with ASTM Committee E-7 on Nondestructive Testing (NDT9, and 
documents are in various sb 8s of review, recommendations far change 
balloting. R. W. McCIutag is member of bath csrnrrrit-kes and the offici8 

C-28 and E-7. To date, 31 NDE standards have been reviewed in detail with recomnien- 
datioi-rs made to E-7 for modifications to identified documents. Successful action Is 
complete on 27 documents; the athers require? action by @-28. table of ultrasonic 
velocities in typical ceramic materiais prepared by C-28 and su 
incorporation in an existing NDE standard has been accepted 
requested by C-28 related to thickness measurements by ultra 

ndard and successfully passed E-7 bailst 
a preliminary review sf an E-7 standard 

address this issue. 

l_iaisom and technical suppart have been continued between ASTM ~~~~~~~~~ 

s, E-7 opinion was reqksestad on t relevancy of the standard to 
ncies higher than 25 MWZ. The k er frequencies are more 

COMMCP~ for ceramics. The response reflected a need for M changes to the 
standard to be relevant far higher frequencies (and ceramic ). Comments su 
to E-7 after revk of five E-7 standards an Iiquid- ation have been 
incorporated into the standards and approved by he AL!?p.st 1992 SCEiety 
ballats. C-28 requests for specific definitions related to X-ray CQ puter tomography (CT) 
have resulted in approved, balloted defiriitions incorporated in CT standards and the E-7 
standard on NDT terms. A document on ~ ~ ~ ~ ~ c ~ t ~ ~ ~  sf seeded voids in pressureless 
sintered ceramics, designated e121 2, has also been approved by ASTM. Using C1212 as 
a guide, a draft standard lor ceramic reference specimens containing seeded inclusions 
was prepared and discussad at the June 1992 meeting in Louisville, Kenku 

1 for comments by the  TGNDE. A revision of C1175, the 
arcis, was drafted to add a new standard on N E terminology (replacing 

three older documents) and to add five new standards on liquid enetrant examination. At 
the June meeting, the revision was approved far cswcadrrent su mrnittee and committee 
letter baIiot. After agreements were reached at the June meeting, work in 
C-28 includes the draft standard 011 reference specimens containing seed 
amplified outlines for draft standards on reference specimens with laser-d 
precision measurements of ultrasonic velocityl and development of radio 

ce factors for ceramics. The latter, adZer develapnient, will be submitted %a E-7 
oration in an existing standard. 



X-rav Comm.&ed Tornouraphic lrndx&g - W. A. Ellingson, D. L. Holloway, 
E. A. Sivers (Argonne National Laboratory) J. Ling, (Ceramic Research Institute, 
Shanghai, China) J. P. Pollinger (Farrett Ceramic Components 
of Allied-Signal Aerospace Corp~ration) 

The objective of this program is to develop X-ray computed tomographic (CT) 
imaging technology for application to structural ceramic materials. This technique has the 
potential to map short-range (<5-mm) and long-range (>5-mm) density variations (to 
perhaps 0.!5-1%), detect and  size^ high- and low-density inclusions, and detect and sire 
(within limits) cracks in green-state and densified ceramics. Use of three dimensional 
(3-D) CT (volume CT) imaging allOws interrogation of the full volume of a component and 
is noncontacting. It is also relatively insensitive to specimen shape and thus can be used 
to inspect components with complFx shapes, such as turbocharger rotors, rotor shrouds, 
and large individual turbine blades. 

Bchnical r 

The work accomplished during this reporting period covers the application of X-ray 
CT with the Argonne National Laboratory (ANL) three dimensional (3-D) microfocus 
system to phase II of the research program conducted to detect whisker distributions 
(likely to be manifested and detected as density variations) in as-cast pressure-slip-cast 
SiC(w)/Si3N4 (Garretts Ceramic Components GN-10 material). This is a continuing joint 
project between Garrett Ceramic components of Allied-Signal Aerospace Corporation of 
Torrance, California. 

All of the specimens of SiC(w)/SigNq billets (lengthldiameter ratio = 1.5 and 2.67) 
made by pressure slip-casting have now been examined. For all cases in these two sets, 
the casting pressure was 40 psi ahd the mold type was plaster of paris. The configuration 
of the casting is shown in Fig. 1. Note that the dewatering was in two directions: radially 
and axially (bottom only). 

The two sets of specimens and their casting parameters are given in Table 1. 
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PRESSURE SLIP-CASTING CETA6l.S 
FOR Sic(&') / Si,FI, GN-10 MATERIAL 

PLASTER hlOL0 

I 
SPECIMENS: YD RATIO 1.5,2.67 
WHISKER CONTENT: 20,23,27,30 M.% 

Fig. 1. Schematic diagram of dewatering/mold configuration 
for pressure-slip-cast SiC(w)lSigNq GN-10 

ceramic materials 

Table 1. Casting dataa 

Whisker Slip Slip Bulk density 
Billet Content Solids Content Viscosity at demolding 

Identification val.o/o vol.% CPS g/cm3 

SFT1 U D = u  
91 A-01 3 20 69.8 135 2.07 
S-910002 23 68 93 2.47 
S-910362 27 65 105 2.1 5 
S-910373 30 63 362 2.30 

SET2 I / D - c  __ 3.67 

S920030-2 20 69.8 191 1.09 
8920033-2 23 6% 167 1.04 
S92004 2-1 27 65 96 1.79 
S920048-2 30 63 136 1.67 

aMold type: Plaster of paris 
Casting the:  50 min 
Whisker type: American Matrix, HF-Etched 
Pressure level: 0.276 MPa (40 psi) 
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We also compared data that were obtained from two other specimens earlier in this 
research effort. These data are presented in Table 2. 

During this reporting period, we finished the destructive and nondestructive analysis 
of all the specimens in the Phase 'I1 research. We completed the analysis of the UD = 2.67 
specimens for the whisker concerltrations of 20, 23,27, and 30 vol.% whiskers. The data 
are presented in Figs. 2-5 for 20,23, 27, and 30 vol.% whiskers, respectively. 

In addition, we conducted an  initial comparison of the effect of UD ratio on several 
radial density gradients by X-ray CT and as measured to destruction. These data are 
shown in Figs. 6 and 7. Figure 6 shows the effect of UD ratio for 27 vel.% whiskers. 
Figure. 7 shows the effect of UD ratio for 30 vel.% whiskers. Note that the 30 voloh 
whisker for UD = 1.5 is much largbr than for UD = 2.67. But for VD = 2.67, no significant 
effect is noted on UD ratio. 

Table 2. Casting parameters used for earliest 
specimens of SiC(w)Si3N4 

Billet T-8a T-12a 

Whisker 20 Vd.% 30 VOl.% 
Content I 

Size 25 mm dia 25 mm dia 
, 

i 75 mm long 75 mm long 

UD 3.0 3.0 

Whisker Tateho Tateho 

Slip Visc. 482 cps 274 cps 

Casting 0.103 MPa 0.103 MPa 
Pressure (1 5 psi) (1 5 psi) 

Solids 54.6% 
Content 

53.3% 



374 

20%SiCw b/0=2.67 
gray scale densify 
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Fig. 2. Radial density gradient for 20 vol.% whiskers as measured 
by X-ray CT gray-scale changes, and destructive 

density measurements at three axial location: 
10, 20, and 30 mrn from bottom. 

248 

235 

230 

225 

Fig. 3. Radial density gradient, as measured by X-ray CT 
gray-scale changes arid desiructive analysis 

of specimen with 23 vol.% whiskers. 
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Fig. 4. Radial density gradient for 27 vel.% whiskers as measured 
by X-ray CT gray-scale changes and destructive density 

measurements at three axial locations: 
10, 20, and 30 rnm from bottom. 

SiCw LIDz2.67 
density 
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I .66 

1.64 
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Fig. 5. Radial density igradient, for 30 vel.% whisker specimen 
as measured by X-ray CT gray scale changes and destructive 

density measurements ai three axial locations: 10, 20, and 30 mm. 
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Fig. 6. Radial density gradient, as measured by X-ray CT 
gray-scale changes, for two UD ratio billets with 

27 vel.% whiskers. 
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Fig. 7. Radial density gradient, as measured by X-ray CT 
gray-scale changes, for two LID ratio billets, with 

30 vol.% whiskers. 
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Because we encountered diffculties when we tried to acquire experimental NDE data 
on the initial set of specimens ma d ,e at 25-mm diameter, UD = 1.5, data comparison has 
taken longer than anticipated. The reason for this delay was that we originally tried to use 
one data set for both NMR imagind and X-ray CT imaging. The NMR imaging experiment 
resulted in the original 20 and 23 vel.% whisker specimens being cut in half, with some 
loss in the fiducial markings origindlly used by the X-ray CT data facility. 

We have tried to reconstruct the reference positions used on these two samples so we 
could perform the X-ray CT analysis. However, as you can see by the large scatter in the 
data, we clearly lost some of the rqference markings. 

Figure 8 shows schematic diagrams of the two halves of the 20 and 23 vol.% billets. 

Figure 9 shows the destructively measured density data and X-ray CT gray-scale data. 
The comparison is not good for several possible reasons. First, the X-ray CT data sets were 
not of high quality due to misalignment and poor center- of-rotation measurement, which was 
not discovered until later. We will attempt to make a correction to improve these data during 
the next period. 

As noted in Specimen Set 2, UD = 2.67, where we have good reference points, X-ray 
CT data and destrustively measured data correlate very well. 

' ' I  i ' \ I  ! ' I  I 

3/27/92 

Fig. 8. Schematic diagram shbwing location of remaining billet halves and where 
destructive datd were taken for UD = 1.5 specimens. 
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20% SiCw at 2mm slice 
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Fig. 9. Radial density distribution for 20 wt.% SiC(w) specimen of 
LID = 1.5, as determined by destructive evaluation and 

as by X-ray CT. 



I ic Resonan iQ1- S. L. Dieckrnan, 
! ? ~ e ~ a ~ ~ !  A. E l l i n g s o ~ ~ ~ ~ n n e ~  National Laboratory), 
and H. Yeh and J. P. Pollinger (Garreq Ceramic Components 
of Allied-Signal Aerospace Corporatiop) 

, . .  Qkpective/SGPS2ft 

The objectives of this task are to (1) utillire NMR imaging techniques to study the 
distribution of whiskers and other posdible variations in composite pressure-slip-cast 
green-state (as-cast) billets, (2) conduct destructive analysis of the same billets (to be 
performed by Garrett Ceramic Components a Division of Allied Signal Corp.), and (3) 
correlate the results obtained from the NMR imaging techniques with those obtained 
from both three dimensional (3-D) X-ray and optical microscopy. 

I 

In the previous reporting periods, 3-D NMR images were acquired of the proton 
distribution in benzene-imbibed, as-ca+t SiC(w)/SigNg whisker-reinforced composite 
specimens. Imaging studies were performed on 20 and 23 wt.% whisker-reinforced 
as-cast composite specimens. The data were acquired by a 3-D NMR imaging technique 
that is based on two-phase encoding and one readout gradient. This technique has the 
advantage of sampling the data space' equally in three dimensions. Additionally, unlike 
conventional slice-selection techniqueq, this 3-0 technique allows quick (C 0.5 ms) data 
acquisition after initial excitation by the' RF pulse. This is crucial in these studies because 
the signals observed from the benzene in this heterogeneous mixture decay away rather 
quickly (=1.0 ms) due to microscopic magnetic inhomogeneities caused by large 
differences in magnetic susceptibility qf the benzene and the Si3N4. 

NMR image data were acquired and reconstructed with 1 mm resolution in each of the 
three dimensions. Photographs of "thin 2-D slices'' extracted from the 3-D images of the 
20 and 23 wt Yo specimens are presented in Figs. 1 A-1 F. The thin sections correspond to 
locations where destructive analysis was performed. The gray-scale intensities, and thus 
concentration of the benzene filler fluid1, is greater in the center of the specimen in each 
instance. In the slices selected from the bottom of the specimen (Fig. 1C and Fig. l F ) ,  
acquisition artifacts and RF inhomogeneities caused increased intensity along the sides 
of the specimen in the phase encoding direction (vertical in the photos). This carnmon 
artifact, results from large differences in magnetic susceptibility of the ceramic and the 
filler fluid. The low-frequency noise, wfiich has a blocky appearance in Figs. 1 C and 1 F 
is due to undersampling and truncatio4 in the phase encoding domain. 

~ 

In this period, we completed a comparison of the density data obtained through 
destructive analysis of the specimens (and gray-scale intensities obtained through 
nondestructive NMR imaging studies. The destructive analysis, performed by Garrett 
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Fig. 1. Photographs of “thick slices” taken from 3-D images of 20 and 30 wt.% whisker 
composite specimens. The photos correspond to areas (A) 2 mm, 
(B) 9 mm, and (C) 28 mm from the top of the 20 wt.% specimen, and 

(D) 18 mm, (E) 28 mm, and (F) 40 mm from the top of the 23 wt.% specimen. 
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Ceramics Processing Division, Al~lied-Signal Company, Torrance, CA, was 
accomplished by sectioning specipens into 2 X 2 X 2 mm cubes at locations near the 
center and at each end of the specimens. Six specimens were analyzed from each of 
six separate locations. The resulling densities varied approximately 5% (from 1.84 to 

1.94 g/cm3) across the specimen; however, no indication of relative error in the 
measurement was given. To provide equivalent spatial resolution in both analysis 
techniques, the NMR image data ,were averaged in three dimensions to provide a 2 mm 
cubic resolution. 

Density and NMR gray-scale-intensity data are plotted as a function of radial distance 
from the center of the specimen for each of the six specimen slices in Figs. 2A-2E. 
Density measurements varied in a roughly monotonically increasing manner from the 
center to the outer edge of the specimen. Likewise, the NMR gray scale data 
decreased with increasing specimen density. 

NMR imaging can be performed to determine pritnarily the distribution of material 
within the specimen (Le., nuclei per mm3). Because this is not a direct measurement of 
the specimen density, a direct comparison of NMR and density data is generally not 
possible without performing the imaging experiments with a series of porosity and 
density calibration standards constructed of the identical composite materials. With the 
use of such standards, it should be possible to compensate for various physical, 
instrumental, and experimental limitations and uncertainties, such as chemical shift 
artifacts, magnetic susceptibility artifacts, magnetic field inhomogeneities, RF 
inhomogeneities, and nuclear relaxation variations. However this is not possible on 
Argonne's instrument because of limitations in magnet bore available for the specimen 
and standards. In addition, given the wide line width (due to magnetic susceptibility), 
these experiments would not be feasible on commercial imaging systems, which lack 
the necessary gradient strength and response times. However, while a rigorous (i.e., 
mathematical) comparison of the gray-scale intensities as a function of density is thus 
not possible under these conditions, it is clear that the plots in Figs. 2A-2E are 
qualitatively correct. Thus, this experimental series was indeed successful. 

During this period, we also submitted a statement of work for continued effort in 
magnetic resonance imaging, (i.e.', Phase I l l )  "Application of NMR to Gel-Cast Ceramics 
Processing." This statement details a two-year effort to be performed at Argonne 
National Laboratory in collaboration with Dr. Ogbemi 0. Omatete from the Materials and 
Ceramics Division at Oak Ridge National Laboratory. The purpose of this work is to 
evaluate the potential of NMR spectroscopy and imaging to affect development and 
process control of near-net-shape gel-cast ceramics. In this effort, NMR spectroscopy 
and imaging will be employed for both the in-situ monitoring of the polymerization 
process and the nondestructive e aluation of the resultant components. The thrust of 
this experimental series will be aiped at (1) determining the origin of variability in 
physical properties (Le., strength, ~viscosity, and porosity) among different specimens 

I 
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and component compositions, and, (2) detecting and tracing flaws throughout the 
manufacturing process. 

The specific objectives encompas$ed here can be organized into five parts: (1) in-situ 
spectroscopic monitoring of the gdation process by measuring appropriate NNR 
parameters (Le., Ti,  T i  I, and T2), (2) multidimensional mapping of polymer and 
polymerization homogeneity, (3) real-time imaging of the polymerization process; (4) 
nondestructive evaluation of voids land flaws in the resultant components, and (5) 
measurement of physical propertids (such as degree of polymerization, viscosity, and 
specimen strength) via correlation 'with rneakureable nuclear spin relaxation 
parameters (Ti, T i  r, and T2). 

Status of Milestones 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Milestones have been completed for Phase 11 .  
~ 

Trips/Comm un icat ionslVis it s I 
I 
I 
I 

None 

Problems Encountered , I 

None. 

MILESTONE S C H ~ D U L E  (3.5.1.61 
I 
I 

3.5.1.6.08 

3.5.1.6.09 

Complete NMR Imaging of twb slip-cast billets 

Submit initial report on correlation 
between NDE data qnd destrictive testing. 

Complete NMR imaging of re6aining billets 

I 
I 

I 
1 

3.5.1 x.10 

8/15/91 

6/ 1 5/92 

611 5/92 





4 .IO TECHNOLOGY TRANSFER 

4. '1  TECHNOLOGY TRANSFER 

4.1 .1  Technoloqv Transfer  1 

Techno7oqy Transfer 
D.  R. Johnson (Oak Ridge Nat iona l  Laboratory) 

Techno1 ogy t r a n s f e r  i n  , the  Ceramic Technology P r o j e c t  i s  accompl i shed 

Trade Shows - A por tab le  d i s p l a y  desc r ib ing  the  program has been b u i l t  

by a number o f  mechanisms i h c l u d i n g  the  fo l l ow ing :  

and has been used a t  numerotis na t i ona l  and i n t e r n a t i o n a l  t rade  shows and 
techn ica l  meetings. 

I 

Newslet ter  - A Ceramic Technology Newslet ter  i s  pub l i shed r e g u l a r l y  
and sent t o  a l a r g e  d i s t r i b u t i o n .  

Reports - Semiannual techn ica l  repor ts ,  which inc lude c o n t r i b u t i o n s  by 
a l l  p a r t i c i p a n t s  i n  the  program, are publ ished and sent t o  a l a r g e  
d i s t r i b u t i o n .  In formal  bimonthly management and techn ica l  r e p o r t s  are 
d i s t r i b u t e d  t o  the  p a r t i c i p a n t s  i n  the  program. 
a re  requ i red  o f  a l l  research and development p a r t i c i p a n t s .  

O p e n - l i t e r a t u r e  repo r t s  

D i r e c t  Assistance - Diviect assistance i s  prov ided t o  subcontractors  i n  
the  program v i a  access t o  uhique cha rac te r i za t i on  and t e s t i n g  f a c i l i t i e s  a t  
the  Oak Ridge Nat ional  Labo#atory. 

WorkshoDs Topica l  workshops are he ld  on sub jec ts  o f  v i t a l  concern t o  
the  ceramics community. 

I n t e r n a t i o n a l  Cooperati,on - This  program i s  a c t i v e l y  invo lved i n  and 
suppor t i ve  o f  the  cooperat ive work being done by researchers i n  West 
Germany, Sweden, the  Un i ted  States, and, most recen t l y ,  Japan under an 
agreement w i t h  the  I n t e r n a t i o n a l  Energy Agency. This  e f f o r t  i s  u l t i m a t e l y  
aimed a t  development o f  i n t e r n a t i o n a l  standards and i n c l  udes phys ica l  , 
morphological ,  and m ic ro -s t ruc tu ra l  Charac ter iza t ion  o f  ceramic powders and 
dense ceramic bodies, and mechanical cha rac te r i za t i on  o f  dense ceramics. 
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E A  ANNEX I! Manaqement 
V. J. Tennery (Oak Ridge National Laboratory) 

Obiective/scope_ 

The purpose of this task is to organize, assist, and facilitate international research 
cooperation on the characterization of advanced structural ceramic materials. A major 
objective of this research is the evolution of ceramic property measurement standards. 
This task, which is managed in the United States by ORNL, now includes a formal 
international Energy Agency (IEA) Annex agreement identified as Annex II between the 
United States, Germany, Sweden, and Japan. The original annex included four subtasks: 
(1 ) information exchange, (2) ceramic powder characterization, (3) ceramic chemical and 
physical characterization, and (4) ceramic mechanical property measurements. In the 
United States, a total of 13 industrial and government laboratories have participated and 
contributed their resources to thip research. The research in Subtasks 2, 3, and 4 is now 
complete. During CY 1990, agreements were reached for Japan to join the Annex and for 
research in two new subtasks to be initiated. These include, Subtask 5, Tensile and 
Flexural Properties of Ceramics, and Subtask 6, Advanced Ceramic Powder 
Characterizatian. 

Structural Ceramics was sent to current U.S. participants. This proposal includes 
extensive work to correlate the effects of machining parameters upon resultant fracture 
strength and fracture statistics. The research plan was based upon discussions of the 
Executive Committee at the Nagoya, Japan, meeting. To date, a total of seven industrial 
and two federal laboratories have agreed to participate in the proposed work. In addition, 
several discussions have been held with potential participants on ceramic powder 
characterization (possible future Subtask 8). The international representatives from 
Germany, Japan, and Sweden were then sent a research plan for future mechanical 
property research, based upon the US. proposal following the instructions of the 
Executive Committee at the meeting in Nagoya in October 1992, to determine if they were 
interested in future research in Mechanical Properties in the Annex. In addition, letters 
were sent to a representative of the Commission of The European Communities. This 
proposal will be discussed at the1 IEA Executive Committee Meeting to be held at the 
Annual Automotive Contractors’ Coordination Meeting (CCM) in Dearborn, Michigan, on 
November 5, 1992. I 

A proposal for future (Subtask 7) research interest in Mechanical Properties of 

Technical proaress 

Subtask 5, Flexural and Tensile Properties of Ceramics 

United States 

Analysis of the flexural strength data and tensile strength data is proceeding. 
All tensile specimens (5 eaFh) from the international partners [Sweden (ABB 

material), Germany (ESK material), and Japan (SSN-H material)] of this research were 
fractured (August 3-6, 1 992, by Michael Jenkins). 
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Germanv, Sweden, and Japan 

The tensile specimens from Sweden were received on July 10, 1992. 
The minutes were received from the IEA Swedish Subtask 5 Meeting held in 

GBleborg an June 4, 1992. The five tensile specimens (ABB) from Sweden were received 
on July 18, 1992. 

The completed data on the fracture strength test of the 30 GN-16 flexure specimens 
fractured by Sweden (as part of the exchange) have been received (September 28, 1992). 

The specimens were received from Japan, on May 11 , 1992, after new gages were 
applied TRe earlier set had serious misalignment problems with the gages, For this new 
specimen set, the gages have been applied properly. 

Major responsibility for this subtask in the United States is at the National Institute of 
Standards and Technology (NBST), and a detailed report of progress on this subtask is 
provided in the section of this report submitted by the NET. 

planning were three major activities during this period. 

developed. A draft report containing this information was discussed at the technieal 
leaders meeting in Julich, Germany, during the period July 6-7, 1992. Comments of the 
technical leaders were incorporated into this repod for distribution to the participants. 
Primarily, the draft report contains repeatability and reproducibility data for those 
procedures for which sufficient data are available. Using this analysis, the technical 
leaders are engaged in detailed data analysis to be included in the final report. Draft 
inputs an conclusions and recommendations an powder characterization data analysis 
have been received from technical leaders, Currently, these inputs have been undergoing 
extensive rewriting and editing. Our plan is to send the draft conclusions and rccommen- 
dalions to participants for their comments by October 30, 1992. In addition, we have 
received partial inputs from technical leaders on data analysis, which will be incorporated 
in the final report. 

Characterization, was distributed to participants for consideration of forwarding Bo 
standards-setting bodies in the paflicipating countries (April 1992). Mr. Schulz received 
approval for the limited release of the report from Ms, org, Sweden (June 1 , 1992). 
Mr. Schulm received approval for the limited release of the report from Mr. Hiroshi 
Terasawa, Japan (July 30, 1992). Dr. Seitz, on behalf of Germany, has consented to 
approve this repart, with the requested revisions, for distribution to participants and 
standards-setting bodies. The final version of the original interim report was received on 
September 25, 1992, by V. J. Tennery from S. 6. Malghan for publication and distribution. 
This process is now under way 

input to the future work on powders characterization. Over 75% of the total responses 
were received. The major highlights of the interest areas for future work are improvement 
of selected procedures for chemical and physical properties analysis and survey of 
secondary properties of powders. The technical leaders have been engaged in planning 

Data analysis, revision of the report on procedure compilation, and future program 

Preliminary statistical analysis of the powder characterization data has been 

The interim report (for limited release), Procedures on Ceramic Powders 

A set of two questionnaires was sent to the participants of Subtask 6 to seek their 
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of future activities related to powders characterization. At the Jfilich meeting, various 
ideas were discussed and a tentaFive plan was adopted for further evaluation. A 
questionnaire is being prepared f6r sending to the participants to seek their input to the 
program. 

References 

None 

Status of milestones 

The date for Milestone 41 l q l 1  was changed to November 30, 1992, due to 
compiling the data from the fractu~ring of the international specimens. 

Milestone 41 151 3 has been changed to state: Complete draft final reports for 
Subtasks 5 and 6. The date has been changed to June 30, 1993, due to the schedule for 
receiving completed data from the international participants. 

Communications/visits/travel 

, 
I 

None 

Publications and presentations 

"IEA Annex II, Subtask 5 - Status of Tensile Strength Analysis GN-10 Silicon Nitride, at 
25" C," was presented by V. J. Tennery at the Ceramic Material Testing Coordination 
Meeting, Allison Gas Turbines, Indianapolis, Indiana, May 5, 1992. 
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C h a r a c ~ e r i _ ~ p t i o n  of...G.eramic Powdcrs  
S .  G .  Malghan, L.  - S .  X,um, J .  F. Kel ly ,  E .  Bcgley and S .  M .  l is ir  
(Nat ional  I n s t i t x t e  o f  SLandards and Technology) 

Objective/Scope 

Ceramics have been s u c c e s s f u l l y  employed i n  engines on a 
dernonstra'Lion ba.sis. The success fu l  manuPacture and use of ceramics i n  
advanced engines  depends on t h e  development o f  r e l i a b l e  m a t e r i a l s  t h a t  
wi .11  wi ths tand  h i g h ,  r a p i d l y  vary ing  thermal s t r e s s  l oads .  li~~provernent 
i.n the chnrac tes iza t i .on  of ceramic s t a r t i n g  powders i s  a c r i t i c a l  factor 
i n  achiev ing  r e l i a b l e  ceraniic materia1.s f o r  engine a p p l i c a t i o n s  The 
product ion  and u t i l i z a t i o n  of  such powders reqirj.re c h a r a c t e r i z a t i o n  
methods and proper ty  s tandards  f o r  q u a l i t y  assurance .  

'lne o b j e c t i v e s  o f  t h e  NIST program are:  (1) t o  assist  wi th  t h e  
d i v i s i o n  and d i s t r i b u t i o n  o f  ceramic s t a r t i n g  powders f o r  an 
i n t e r n z t l n n d  round-robin on powder c h a r a c t e r i z a t i o n ;  ( 2 )  t o  provide 
r e l i a b l e  d a t a  on phys ica l  (dimensional) ,  chemical and phase 
cha rac t e r i s t : i c s  of  powtlenrs ; and ( 3 )  t o  conduct s t a t i s t i c a l  assessment ,  
a n a l y s i s  and modeling of  round-robin d a t a ,  This prograin i s  d i r e c t e d  
toward a c r i t i c a l  assessment of  powder characterization methodology and 
toward es tab l i shment  o f  a b a s i s  f o r  t h e  eva lua t ion  o f  :fine powder 
p recu r so r s  f o r  C ~ K ~ ~ L C  p rocess ing .  This  work w i l l  examine and compare 
by a v a r i e t y  o f  s t a t i s t  i.cal means t h e  va r ious  measurement methodologies 
employed i n  the round-robin and the  c o r r e l a t i o n s  among the  va r ious  
parameter's and eha rac . t e r i s t i c s  eva lua ted .  The r e s u l t s  o f  the round- 
rob in  are expected t o  provide the b a s i s  for i d e n t i f y i n g  measurements f o r  
which Standard Reference Mate r i a l s  a r e  needed and %o provide proper ty  
and s t a t i s  t ical  d a t a  which w i l l  se rve  the development o f  i n t e r n a t i o n a l l y  
accepted s tandards  

__/- 

Technical  F'r' 

During tiiis r e p s r t i n g  pe r iod ,  the major a c t i v i t i e s  were on 
p repa ra t ion  o f  s t a t i s t i c a l  a n a l y s i s  r e p o r t ,  p repa ra t ion  of  procedures 
compi l a t i o n  r e p o r t  p repa ra t ion  o f  a p l a n  f o r  con t inua t ion  act Lvi t ies ,  
and development of  ASTH procedures Tn addirion, based on these  data, 
t h e  t e c h n i c a l  leaders a r e  engaged i n  developing pre l iminary  conclusions 
and recommendations, and d e t a i l e d  a n a l y s i s  o f  d a t a .  

Data Analysis. A d r a f t  r e p o r t  conta in ing  s t a t i s t i c a l  eva lua t ion  of  1EA 
Subtask 6 d a t a  has  been completed. This  repar r  con ta ins  e s t ima tes  of 
repea tah i  1 i t y  and i e p r o d u c i b i l i l y  f o r  each s e t  o f  d a t a  t h a t  permi t ted  
statistical a n a l y s i s  For  example t h e  following s ta tements  f o r  
p a r t i c l e  s i z e  d i s t r i b u t i o n  measurement; f o r  SNT si1 icon  n i t r i d e  powder by 
Sedigraph have been developed : 

Mean of  l abora to ry  means = 0 . 9 3  p m  

Standard dev ia t ion  o f  1-aboratory means = 0.09  pm 

Repeatability: The d i f f e r e n c e  between t w o  s i n g l e  r e s u l t s  found by 
one operator us ing  the same appara tus  w i t h i n  the  s h o r t e s t  f e a s i b l e  
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time interval will excded the repeatability value of  0.17 on 
average not more than dnce in 20 cases in the normal and correct 
operation of the method. 

ReproducibilZty: Singje results reported by two laboratories will 
differ by more than the reproducibility value of 0.28 on average 
not more than once in 20 cases in the normal and correct operation 
of the method. , , 

This report in draft form has been distributed to technical leaders to 
enable them to develop pdeliminary conclusions. Subsequently, the 
report was distributed to all participants by incorporating suggestions 
from the technical leaders! 

The technical leaders held a meeting ixi Julich, Germany to review data 
and to discuss preliminary donclusions and recommendations. In addition 
to P r o f .  H. Hausner, Germad technical leader, Dr. B. Stojanik attended 
the meeting, since he wCll be taking over after P r o f .  Hausner's 
retirement in 1992. In codjunction with t h j s  meeting, a joint-meeting 
of the German participa4ts was held. In general, the German 
participants were enthusiaqtic about the Subtask 6 progress. However, 
due to economlc downturd and slow progress of advanced ceramic 
applications, new priorities may be implemented. One such priorit:y is 
inclusion of alumina in the powder characterization project since 
alumina ceramics are commercially important. 1x1 addition, some 
participants may withdraw from future activities while new companies 
are expected to join. 

Procedures Campilation Reqart: The technical leaders discussed the 
procedure compilation repokt and concluded that its early release will 
assist the efforts of standards setting bodies, Hence, agreed to 
follow-up on expediting thq signing-off of  the report by their national 
representatives. German partlcipants expressed that their coments  were 
not: fully reflected in this report. Hence, a revised report was 
prepared. This report inclhded, all the comments of German participants 
at appropriate locations. Subsequently, P r o f .  Nausner at Berlin 
University, has reviewed the revised report and rit-?cominended i ts 
acceptance 'cry KFA. In the meantime, the latest version of the report 
has been sent to Dr. Tennery, ORNL, for its publication. 

Inputs were received from technical leaders on the draft conclusions and 
recommendations. Based or; these inputs, we have developed the draft 
statements, The set of el{ven conclusions and recornendations will IE 
reviewed by the technical l$aders, and subsequently sent t o  participants 
for their input, Some of the highlights are: over half of the 
procedures studied have yiilded excellent data; some of the procedures 
can be adopted by standargs setting bodies or for the production of 
s taridard reference materialls ; and some procedures require additional 
effort ; samples preparat on prior to subjecting the sample to 
instrumental analysis is a t lkey element requiring additional effort. 
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Future Activities: Discussions with participants i n  each country have 
been in progress to develop a follow-Qp to Subtask 6 program, In 
addition to discussions in each parti-cipating country, recently the 
technical leaders met with CEN Working Group 2 on powders 
characterization. At t-his meeting ~ detailed discussi-oris were held with 
the chairman, Philippe Poirier who had just retired from Rhone Poulenc. 
Representatives from Belgium, France, Germany, Sweden were present at 
this meeting. Steve Msu gave an overview of  the I E A  program, and made 
the distinction between pre-standardization activity and the actual 
standardization process. The PE4 activity would survey methods, collect 
data ~ condlict inter-laboratory comparisons of data, and identify issues 
to be standardized. These results will then be turned over to the 
standards setting bodies and they would decide what to standardize. 
Hopefully, activities such as IEA and VAMAS would shorten the time 
required for reaching international consensus in the IS0 process. Dx. 
Poirier reviewed the CEN powder activiti-es (CEN T C l 8 4  WG2). They are 
working on the following iterris : 

1, Impurities in alumina 
2 ~ Impuriti-es in barium titanate 
3 .  Oxygen i n  non-oxides (aluminum nitride) 
4 .  Grain size distribution 
5. Density 
6 .  Compaction 
7. Sintering 

The general feeling in CEN was that powder charaeteri-zation alone w a s  
i.nsufficient: t o  fully describe the ceramic powders. In order to arrive 
at a complete specification of the powders, one needed to develop 
measurement standards f o r  compaction and sintering. Poirier described 
this as the ceramic. aspect as distinct from the normal powder aspects. 
They welcomed the IEA activity and woi-tld like to readily use the IEA 
results. They strongly agreed that the IEA activity should feed into 
the standard setting bodies. They suggested that while CEN could not 
join the I M  activity, indivi-dual memnbc?rs could, and this would further 
facilitate the ties and make IEA. more useful to thein. Considerable 
discussions ensued about the procedural. issues, 

A s  a result of a number of  discussions with the technical leaders and 
Subtask 6 parti.cipants, a s e t  o f  t w o  questionnaires were developed: 1. 
primary properties of powders ; 2. secondary properties of powders. The 
primary properties constitute particle size distribution, phase 
composition by x-ray diffraction, metallic impurities, and halides. The 
purpose of this task is to improve intermethod data comparison and 
develop improved sample preparation procedures. The secondary 
properties constitute measurement o f  properties during dispersion, and 
slurry preparation, and evaluation of  spray dri.ed powders and green 
bodies. Until now 26 participants have responded to the questionnaires, 
which were designed to seek information from participants in terms o f  
availability of equipment ~ their wilIi.wigness to participate in procedure 
tightening and round r0bi.n. study. The level of participation appears to 
he about the same in group 1 and 2. 



The U.S. participants hake more interest in group 2 and Japan's 
participants have express4d more interest in group 1. There is  some 
interest, especially from 'Germany, to include alumina as an optional 
powder. 

AS734 Activities: Five procedures, developed by the ASTM C - 2 8 . 0 4  
subcommittee, are being pqepared to submit for subcommittee and main- 
committee ballot. These procedures were prepared without using IEA data 
or procedures. The committee expects that these procedures can serve as 
starting materials. At ' a  later stage, when the IEA data become 
available , these draft procedures can be further improved, and the final 
procedures can be developed. 

Status of Milestones 

Milestone 411513 has been delayed to June 1993 to incorporate detailed 
analysis. I 

Publications/Presentations' 

Procedure Compilation report for release to the standards setting 
bodies 

Communications/Visits 

S .  M. Hsu and S .  G .  Malghan attended technical leaders meeting and 
CEN-IEA Subtask 6 technical leaders j o i n t  meeting. 
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Cera1ni.c Mechanical Propertx-.Test Method Development 
George D. Quinti (National Institxte of Standards and Technology) 

Obiective/Scope 

This task is to develop mechanical test method standards in support of the 
Ceramic Technology for Advanced Heat Engines and Advanced Turbine Technology 
Applications Programs. The prime DOE contractors and subcontractors will be 
surveyed to assess their needs and capabilities. Test method development should 
also consider the general IJSA structural ceramics community as well. as foreign 
laboratories and companies, but emphasis wi.11 be placed on the needs on the DOE 
cominuni ty . 

Draft recomendacions for practices or procedures shall be developed based 
upon the needs identified above and circulated within the DOE ceramics heat 
engine community for review and modification. Round robins will be conducted as 
necessary, but shall be well-focussed, limited in scope arid not interfere with 
ongoing IEA round robins. Procedures developed in this program shall be 
presented as ATTAP or CTWE "standard procedures. Alternatively, (and 
eventually) these will be advanced for final standardization by ASTM or by the 
U . S .  Army as possible MIL STD's. 

-- Technical HiphliEhts and R e s u l t s  

Previous work in this project has contributed to the following completed 
standards: 
1. ASTM C-1198-91 "Dynamic Young's Modulus, Shear Modiilus, and Poisson's Ratio for Advanced Ceramics by 

Sonic Resonance," by S. Gonczy, G. Quinn and J. Helfinstine. 
2. ASTM C-1161-90 "Standard Test Method f o r  Flexural Strength of Advanced Ceramics at Ambient 

Temperature, " 
3. ASTM C-1211-92 "Standard Test Method for Flexural Strength of Advanced Ceramic at Elevated 

Temperature," by G. &inn in cooperation with Mr. M. Foley, Norton; Mr. T. Richerson, Allied-Signal; 
and Dr. M. Ferber, O m .  

4. MIL HDBK 790 "Fractography and L-aracterization of Fracture Origins in Advanced Structural Cararnics," 
with J. Swab and M. Slavin, U. S. Army,  MTL. 

During this six month period, the  "Standard Practice f o r  Characterizing Fracture 
Origins Limiting Defects in Advanced Structural Ceraini-cs" was completed and 
published by the U. S .  Army NTL. This project w a s  a collaborative undertaking 
with NIST and with M. Slavin and J. Swab of U. S .  Army MTL. Over 200 copies were 
distributed, but the demand has been so great that there has been a second 
printing of 300 additional copies. 

The M I L  HDBK is i-ntended to meet a number of  needs. Xt presents general 
fractographic concepts and can help a beginner quickly learn the procedures to 
find fracture origi-ns .  Figure 1 shows one o f  the illustrations that is meant to 
s e n e  this purpose. The MIL HDBK will also serve the needs of the engineering 
and materials science comuiiities as well, The document: gives a framework for 
characterizing the fracture o r i g i n s  once they are found as shown in Figures 2 and 
3 .  A list o f  flaw definitions, Figure L t ,  will help materials scientists, 
emgi-neers, reliability analysts, and data base analysts. Recornendations for 
sampling and recording information are given. The guidelines 2nd requirements 
of this handbook are consistent: with the standard practice for reporting strength 
data and Weibull analysis now under development in ASTH subcommittee C28.02.  
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CUSHIONING MATERIAL TO 
PREVENT UNNECESSARY 

1 IMPACT DAMAGE 

\ C7PRESSION CURL 

COMPRESSION 
f I I , 
TENSION ORIGIN 

LOW ENERGY FAILURE 

FRACTURE SURFACE IS PERPENDICULAR TO 
TENSILE SURFACE 

ASECONDARYFRAClVRECAUSEDBYTHE 
ELASTIC RELEASE WAVE - REFLECTION 
OFF OF THE END FACES. 
NOTE THIS OFFEN OCCURS AT 
LOAD RNS. 
NOTE THE MIRROR IS ON WHAT 
ORlGlNAUY WAS THE 
COMPRESSON SIDE. 

, -.:. - 

SECONDARY BREAK - 
OFTEN AT AN ANGLE 

I 

f PRIMARY FRACTURE - OF~IGIN 

MEDIUM - HIGH ENERGY FAILURE 

f 2 
SECONDARY FRACTURE AT A PRIMARY - ORIGIN NEAR, BUT 
LOAD PIN NOT DIRECTLY AT A LOAD PIN 

MEDIUM - HIGH ENERGY FAILURE 

PRIMARY FRACTURE OUTSIDE GAGE LENGTH. 
LEGITIMATE DUE TO SEVERE DEFECT, , 

I 

LOW ENERGY FAILURE 

CRACK BRANCH AND DOUBLE 
COMPRESSION CURL CAUSES A 
w" SHAPED PATTERN 

3 
ORIGIN f 

MEDIUM - HIGH ENERGY FAILURE 

UPPER FRAGMENT IS NOT IMPORTANT AND 
CAN BE DISCARDED 

CRACK BRANCHES AND CURVES 
BACK TO TENSlLE FACE 

J SECONDARY BREAl 

f 
ORIGIN 

HIGH ENERGY FAILURE 

f 
BREAK AT OR NEAR LOAD PIN. 
BEWARE OF MISALIGNMENTS 
OR TWISTING ERRORS 
NOTE ANGLE TO TENSILE SURFACE 

Figure 1. The f ractography MIL HDBK includes schematics tha t  will help 
f rac tographers  find the  primary fracture or ig in .  
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I .  

e l  I Required Flaw Characterir 

2. Lacatiom 3. 

Spatial 
Distribution 

Examples:: 

Strength 
Specimen# ~ (MPa) 

17 375 

18 420 

1 3 

Wolume (bullk) 
Surface 
Near Surface 
Edge 

Optional 

or 
Quantitative 

ize 
.. ... .. Identity 

Mach. dam.-surf. Surface -20yrn 

Figure 2. The characterization scheme for fracture origins. 
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FLAW CH 
Specimen 

4RACTERIZATION 
1. Identity 2. Location 3. Size 

PORE 
VOLUME DIST. 

PORE 
VOLUME DIST. 

MACHINING 
DAMAGE 
SURFACE DIST. 

PORE 
VOLUME DIST. 

LARGE GRAIN 
VOLUME DIST. 

VOLUME - 40 pm 
Diameter 

SURFACE - 50 pm 
Diameter 

SURFACE 20 pm Deep 
- 60 pm Long 

X 

NEAR 35pm 
SURFACE Diameter 

VOLUME -20pmx - 50 pm 

Figure 3 .  Examples of how the chargcterization scheme for fracture origins is 
applied. 
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Flaw Code 

3.2 mg.wNTLY VOLUME-DI_STRIBUTED FLAWS. 

3.2.1 Wqg. A discrete cavity or void in a solid material. PV 

3.2.2 Porous seam. A 2-dimensional area of porosity or 
microporosity. 

3.2.3 Porous reaion. A 3-dimensional area of porosity or 
iflicroporoslty. 

PS” 

PR“ 

3.2.4 Agqlomerate. A cluster of particles, or whiskers or A\’ 

3.2.5 Jnr.Lusion. h foreign body from other than the normal IV 

3.2.6 Second-phase LEprnoqeneity. A microstructural 2 P” 

a combination thereof, into a larger solid mass. 

composition enclosed in the matrix.’.’ 

irregularity related to the non-uniform distribution of a second 
phase, e.g., an atypically large pocket of a second phase or a zone 
of composition having a crystalline phase structure different than 
the matrix material. 

3.2.7 Larue orainrsr. A single (or cluster ob) unusually LG’ 
large grain(s). 

3.2.8 Crack. A line of fracture without complete 
separation’,” 

CKV 

Flaw - Code 

3.3 J-mEIPEMTLY SUREACE-DISTRIBUTED m W S .  

3.3.1 Karhinina darnaE. Surface microcracks or damage M D S  
resulting from the machining process, i-e., striations, scratches, 
impact cracks. (m: surface and subsurface damage are intrinsic 
to the machining damage). 

3.3.2 U d l i n a  damaqe. Scratches, chips, cracks, etc., due nnS 
to the handling of the specimen. 

3.3.3 P&. A flaw created by a reaction with the environment PT’ 
e . g . ,  corrosion, thermal cycling, etc. 

3.3.4 Surface void. A void which is Located at the surface svs 
and is a consequence of proceaarng, i.e., surface reaction layer, as 
distinguished from a volume-distrlbuted f l a w -  

Flaw Code 
~. . .. . .-. . 

3.4 E S & W E O W S .  

3.4.1 Q t h e p .  A flaw specific to a material. @ 

m: the code used for Other types Of flaws is up to the 
discretion of the user and should be carefully defined by the user. 

3 . 4 . 2  m. A n  uncertain or undetermined f l a w .  ? 

Figure 4 .  A l i s t  o f  definitions of f l a w  types in the fractography MIL HDBK. 



The first steps in introducing thib document to ASTM Committee C-28 were taken 
in June at the Louisville meeting. ~ At that time it was decided in 12-28.02 that 
the flaw definitions should be refetred to the Terminology subcommittee, C28.91, 
for a subcommittee ballot, , 

One of the interesting aspects of  characterization of fracture origins is the 
need to distinguish origins that ake due to abnormal microstructural features, 
such as gross inclusions or a lakge grain (exaggerated grain growth), from 
microstructural features that are "ordinary" or "mainstream" microstructural 
features. The latter are part of the ordinary microstructure of the material, 
but happen to be at the large end of! the size distribution for such feature. The 
difference between these flaw type's is shown in Figure 5. As ceramics become 
stronger and flaw management tec$niques more successful then the ordinary 
microstructural flaw type will prepail. Of course, these will be difficult to 
detect on fracture surfaces against the background microstructure. Several of 
the materials being developed in +he CTAHE program seem to have reached this 
state. In lieu of finding any obvrous fracture origins (abnormal features) in 
flexure bars, engineers have often resorted to calling such origins machining 
damage. This is not necessarily correct. 

Work continued on preparing the stdndard: "Reporting Uniaxial Strength Data and 
Estimating Weibull Distribution Paframeters for Advanced Ceramics," by S .  Duffy 
and G. Quinn. The extensive helpl that Curt Johnson of General Electric has 
contributed in the way of consFructive criticism and analytical support 
(especially the efficiency of MLE ,versus LSQ) prompted the authors to list C. 
Johnson as a coauthor of this docynent. 

The draft standard utilizes maxim4 likelihood analysis to estimate the Weibull 
parameters and thus is able to Assign confidence bounds to the estimates. 
Unbiasing factors are applied to tHe estimate of the Weibull modulus, but there 
is no need to do such for the charakteristic strength (since the bias is small). 
A specific scheme of graphically depicting the data is recommended. For the case 
of a single flaw population, this draft standard will be completely consistent 
with, and will yield identical W4ibull values and confidence intervals as a 
formal German DIN standard: DIN 51-110 Part 3 .  This is an important contribution 
to consistency in international standardization. 

The C-28 standard is also very ambitious in that it also mandates that 
fractography be applied to establis6 whether or not multiple flaw populations are 
present. It has been the experiencd of nearly all DOE participants that multiple 
flaw populations are the norm, not'the exception. Therefore, the USA standard 
incorporates censored statistics t~o permit a proper analysis of multiple f l a w  
populations (a procedure that the D I N  standard does not include.) A s  a 
consequence, the statistical standhrd requires the existence of a fractography 
standard. The following standards'are thus interrelated as shown in Figure 6 .  

There are some trade-offs in thd C-28 statistics draft standard, however. 
Unbiasing factors for the estimates, and the confidence bounds for these 
estimates are not known for multiple flaw population problems. Unidentified 
origins must be treated in some  fashion as well. Fractures outside "gage 
lengths" must be properly dealt wit?. It is well known, and technically accepted 
that fractures outside the inner Span should be included in flexure strenpth - 

data. and stresses should not be corrected when using W e i b u l l  analysis. 
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Grain size distribution 
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Figure 5. Mainstream or Ordinary versus Abnormal microstructural features as 
fracture origi-ns. In a given material, the fracture origin in one 
specimen is a 22 micron, large grain. In another specimen, the 
origin is a 35 micron inclusion. The 35 micron inclusion is not  
part of the ordinary microstructure, whereas the 22 micron sized 
large grain is. 
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Draft # 5  was submitted for a subcornittee C-28.02, Design and Evaluation, ballot 
in late March. One negative balldt and five affirmatives with comments were 
obtained. These were reviewed at length by S .  Duffy at the C.28 meeting in 
Louisville in June. A s  a resulk, the following revisions were made and 
incorporated into draft #6 which was submitted in September for a new, concurrent 
C28 and C28.02 ballot. The equation for scaling strength for specimen size has 
been corrected to properly use either the K-factor or effective volume (surface) 
approaches. A revised report ternp1BL;e w a s  included which will help clarify when 
bias and confidence interval factoqs should be (unimodal flaw populations) and 
should not be used (multiple flaw pdpulation), A summary of the practice is now 
included. Finally, and most 
importantly, the section on ho reat unidentified fracture origins was 
extensively rewritten and expand an appendix by C. Johnson and G .  Quinn. 

Standardization of fracture tou testing has commenced. This is a very 
contentious issue since very stron ferences and opinions have developed over 
the years. Much of the work in re years has focussed on fracture toughness 
of composites or R-curve phenome ere is at the moment, only a small amount 
of actual work ongoing on opti r refining the measurement of fracture 
toughness for monolithic ceramics. 

During this six month period, report on a VAMAS (Versailles Advanced 
Materials and Standards) round- Some of the results 
were presented in the last sem eport for this project. The successful 
results for the IS and SEPB methods'have spurred new initiatives to standardize 
these methods in ASTM. Mr. Son n Salem of NASA-Lewis has been appointed 
overall leader of this activity . C. Brinkman, the C28.01, Properties and 
Performance, subcommittee leader. 

A number of words o r  expiessions were polished up. 

rcise was published. 

Work in the present task has concentrated on refinement of the controlled surface 
flaw method (Fi-g. 7)  This is one 'of the five candidates for an ASTM fracture 
toughness standard. Extensive testing has indicated that a slight tilt (1/2 
degree) to the indenter orientation can be extremely beneficial in causing the 
initial precrack to stand out clearly on a fracture surface. Superb results have 
been obtained on a sintered alumh-ia, ho t  pressed silicon nitride, sintered 
silicon nitride, and sintered silicon carbide. Work continues on making this 
test method more user friendly, and a round-robin is planned for Oct. 1992. 

An earlier V N S  round robin revealed that  there is inconsistency in measured 
hardness on advanced ceramics. 'A new initiative leading to an ASTM draft 
standard f o r  microhardness has combnced. Intensive work on preparing a hardness 
Standard Reference Material has been underway in an internal project at NIST. 
Preparation of  R draft hardness sLandard will follow. 

A round-robin on quantitative micltoscopy was commenced in May 1992 under the 
auspices of VAMAS. This exercisd was completed in September. The project 
evaluated the average grain size of unimodal and a bimodal microstructures, as 
well as the grain s i z e  distributibn and percent porosity. This project was 
coordinated in the USA by NLST. khe USA participants were Coors, Norton-St. 
Gobain, Allied-Signal, Carborundt+, NASA-Lewis, U.S. Army MTL, and Alfred 
University. 

A chapter OR Standardization of Mechanical Properties Tests for Advanced Ceramics 
was prepared by C .  Brinkman and E .  @inn f o r  a book on mechanical properties of 
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STRENGTH TEST STANDARD STATISTICS STANDARD 
ASTM C-1161 Flexure, Room-Temp. e 
ASTM C-1211 Flexure, High-Temp. 
MIL STB 1942 Flexure 
(ASTM Tension Strength) 

ASTM Weibull Standard 

/ 
HY STANDARD 

MIL HBK 
(ASTM draft) 

Figure 6 .  The strength testing standards, the fractography handbook, and the 
Weibull analysis standard are interrelated. 

KNOOP 
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3 5  85 

FLEXURAL STRESS RUPTURE SAMPLE w i r t i  KNOOP INDENTATION INDUCED FLAW 

Figure 7 .  Schematic of the Controlled Surface Flaw (CSF) method. 
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ceramics being published by M+rcel Dekker. A similar paper for  an ASME 
conference in the Spring of 199j is being written. 

An overview article on the statup of ASTM committee C28 was written by G. Quinn 
and published in che November is'sue of the Ceramic Bulletin. 

Status o f  Milestones 

All milestones are on schedule. 

Communications/Visits/Travel 

1. G ,  Quinn attended an ASTM E-24 meeting in Pittsburgh in May to help 
coordinate preparation of the fracture toughness standard. 

2. S .  Duffy of NASA-Lewis visited NIST to collaborate on the Weibull 
standard . 

3 .  Mr. Jakob Kubler of the Swiss lab EMPA visited NIST in April to discuss 
the planned fracture toughness round-robin project. 

4 .  A detailed letter from Dt. James Wimmer of Allied Signal/Garrett was 
received which had a numbei of excellent suggestions for future standards 
work. 

Problems encountered 

None, except that the controlled,surface flaw method with a Knoop indenter will 
not work on zirconia. A modified indentation method is being studied. 

Publications/Presentations 

1. ASTM Standard C-1221, "Stjandard Test Method for Flexural Strength of 
Advanced Ceramics at: ElevaCed Temperature, 'I ASTM Annual Book of  Standards, 
Vol. 15.01, March 1992. 

2. G .  Quinn, "Twisting and Friction Errors in Flexure Testing," Ceramic 
Engineering and Science Proceedings," July/August, (1992) pp. 319-330. 

3. MIL HDBK 790, "Fractography and Characterization of Fracture Origins in 
Advanced Structural Ceramics," 1 July, 1992. (With M. Slavin and J. Swab) 

4. G . D . Quinn, "High Temperature Flexure Fixture for Advanced Ceramics, 'I 
NIST Internal Report 4864, June 1992. 

5. G .  D. Quinn, "Room TemperAtyre Flexure Fixture for Advanced Ceramics, I' 
NIST Internal Report 4877,)August 1992. 

6 .  G .  D. Quinn, J. Salem, I. Bar-on, K. Cho, M. Foley, and H. Fang, "Fracture 
Toughness of Advanced Ceramics at Room Temperature," J. Res. NIST, 97, 
(1992) pp. 579-607. 
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