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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 
I PROGRESSREPORT FOR APRI-THRQUGH SEPTEMBER 1986 

SUMMARY 

The Ceramic Technology For Advanced Heat Engines Project was devel- 
oped by the Department of Energy’s Qffice o f  Transportation Systems (OTS) 
in Conservation and Renewable Energy. 
Advanced Materials Development Program, was developed to meet the ceramic 
technology requirements of the O T S * s  automotive technology programs. 

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

An assessment of needs was completed, and a five-year project plan 
was developed with extensive input from private industry. The objective 
of the project is to develop the industrial technology base requiyed f o r  
reliable ceramics for application in advanced automotive heat engines. 
The project approach includes determining the mechanisms controlling 
reliability, improving processes f o r  fabricating exlsting ceramics, de- 
veloping new materials with increased reliability, and testing these mate- 
rials I n  simulated engine environments to confirm reliability* Although 
this i s  a generic materials project, the focus i s  on structural ceramics 
for advanced gas turbine and diesel engines, ceramic bearings an 
ments, and ceramic coatings for thermal barrier and wear applications in 
these engines. This advanced materials technology i s  being developed in 
parallel and close coordination with the ongoing MIE and industry proof- 
of-concept engine development programs. 
of this technology to U . S .  industry, the major portion o f  the work i s  
belng done in the ceramic industry, with technological supper% f rom 
government laboratories, other industrial laboratories, and universities. 

This project i s  managed by ORNL for the Office of Transportation 
Systems, Heat Engine Propulsion Division, and is closely coordinated w i t h  
complementary ceramics tasks funded by other DOE offices, NASA, DOD, and 
industry, A joint DOE and NASA technical plan has been established, wl th  
DOE focus on automotive applications and NASA focus on aerospace applica- 
tions. A common work breakdown structure (WBS) was developed t o  faclli- 
tate coordination. The work described in this report 1s orgamired 
according to the following WBS project elements: 

This project, part o f  the OTS’s  

TO facilitate the rapid transfer 
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0.0 Managemeapt and Coordi n a t i o n  

1 .O Material 5 and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1.3 Thermal and Wear Coatings 
1 4 Joining 

2.0 Materials Design Methodology 

2,l Modeling 
2.2 Contact Interfaces 
2 - 3  New Concepts 

3.6 Data  Base and L i f e  Prediction 

3 , l  Structural  Qual i fi cati on 
3.2 Time-Dependent Behavior 
3 a 3 Envi ronrnental E f f e c t s  
3.4 Fracture Mechanics 
3 , 5  NDE Development 

4.0 Technology Transfer 

[ h i s  r epor t  includes contributions from all currently active projec t  
p a r t f c i y a n t s .  
down structure out1  i ne. 

The contributions are arranged according to the work break- 



0.0 PROJECT MANAGEMENT AND COORDINATION 

Q. R. Johnson 
Oak Ridge National Laboratory 

This task includes the technical management of the project in accor- 
dance with the project plans and management plan approved by the Department 
o f  Energy (DOE) Oak Ridge Operations Office (ORO) and the Office o f  Trans- 
portation Systems. This task includes preparation of annual field task 
proposals, initiation and management of subcontracts and interagency 
agreements, and management o f  ORNL technical tasks. Monthly management 
reports and bimonthly reports are provided to DOE; highlights and semi- 
annual technical reports are provided to DOE and program participants. In 
addition, the program i s  coordinated with interfacing programs sponsored 
by other DOE offices and federal agencies, including the National Aero- 
nautics and Space Administration (NASA) and the Department of  Defense (DOD). 
This coordination i s  accomplished by participation in bimonthly DOE and 
NASA joint management meetings, annual interagency heat engine ceramics 
coordination meetings, DOE contractor coordination meetings, and DOE Energy 
Materials Coordinating Committee (EMaCC) meetings, as we1 1 as special 
coordination meetings. 

3 







1 31 MONOLITHICS 

1.1.1 S i l f c o n  Carb ide  

Svtltesis of Nigh-Puritv Sdnterable Sil icon Garbide Powders 
J. M. Ha ls tead ,  V .  Venkateswayan SOH10 Engineered M a t e r i a l s  Corn 
(Carborundurn)] and El, L. Mehosky t SOH10 Research and Development 

Objective/Scope 

The o b j e c t i v e  o f  t h i s  program i s  t o  deve lop  a volume s c a l e a b l e  
process t o  produce h i g h  p u r i t y ,  h i g h  s u r f a c e  a rea  s i n t e r a b l e  silicon 
c a r b i d e  powder. 

The program i s  o rgan ized  i n  t w o  phases. Phase I includes the 
f o l l o w i n g  elements:  

. V e r i f y  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  gas phase s y n t h e s i s  route ,  

. I d e n t i f y  t h e  b e s t  s i l i c o n  f e e d s t o c k  on t h e  b a s i s  o f  p ~ r ~ o ~ ~ a ~ ~ ~  
and c o s t .  

. Opt im ize  t h e  p r o d u c t i o n  process a t  t h e  bench s c a l e .  

. F u l l y  c h a r a c t e r i z e  t h e  powders produced and compare w i t h  
commerc ia l l y  a v a i l a b l e  a l t e r n a t i v e s .  

. Develop a t h e o r e t i c a l  model t o  a s s i s t  i n  unders tand ing  t h e  syn- 
t h e s i s  p rocess ,  o p t i m i z a t i o n  o f  o p e r a t i n g  c o n d i t i o n s  and scale-up.  

Phase 11, which was a u t h o r i z e d  d u r i n g  t h e  p e r i o d ,  w i l l  scale t h e  
process t o  5 - 10 t imes t h e  bench s c a l e  q u a n t i t i e s  i n  o r d e r  t o  p e r f o r m  
c o n f i r m a t o r y  exper iments,  produce p rocess  f l o w s h e e t s  and t o  perfor 
economi c a n a l y s i  s. 

Technical Highlights 

Background - The Gas Phase Synthesis Route 

Given t h e  o b j e c t i v e  o f  p r o d u c i n g  a submicron s i l i c o n  c a r b i d e  
p u r e r  and w i t h  more c o n t r o l l a b l e  p r o p e r t i e s  t h a n  c o u l d  be p ra  
t h e  Acheson process,  Standard Oi l -Carborundum e v a l u a t e d  t h r e e  
process r o u t e s :  

1) Sol-Gel 
2)  Polymer P y r o l y s i s  
3 )  Gas Phase Reac t ions  

A gas phase r o u t e  u t i l i z i n g  plasma h e a t i n g  was chosen IS h a v i n  
most proven techno1 ogy, t h e  h i  g h e s t  p r o d u c t  y i e l d  and good s c a l  eabi 1 i ty 
p o t e n t i a l .  

F u r t h e r ,  Carborundum had p r e v i o u s l y  sponsored p r o p r i e t a r y  research 
i n  gas phase s y n t h e s i s  and had demonst ra ted  t h e  f e a s i b i l i t y  o f  the 
approach. 

1 Research sponsored by t he  Advanced M a t e r i a l s  Development Program, 
O f f i c e  o f  T r a n s p o r t a t i o n  Systems, U.S. Oepartment o f  Energy undw 
C o n t r a c t  OE-AC05-840R21400 w i t h  M a r t i n  M a r i e t t a  Energy Systems, 6nc. 
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A breakdown o f  major. t a s k s  and milestanes i s  shown in Figure 1. 
Subtasks have been developed for Task 4 - Screening Experiments and w i l l  
be developed for Task 5 - Extended Parametric Studies. 

___..--- .......... *-v 

....... 4. Screening Experiments c __I 2 v 
5 Extended Parametric Studies F 

Selection of Feedstock 

Provide 2M500 gr 
Sample to DRNL v 

I .... L - . . . . T . - .  B v- v 
........ v...- I ......... J 

.... ~ ....... .. 

'Only required I f  decision IS  mnde ngtio g o o n  to Phase I ) .  

F i g u r e  1. Milestone Chart 

O A N L  granted a no -cos t  e x t e n s i o n  of Phase I t h r u  June 30, 1986. 

The Standard Oil Research and Oeveloprnent Center a t  Warrensville, 
Ohio was chosen as the site far the laboratory sca l e  gas phase synthesis 
system due t o  the ready availability o f  a p p l i c a b l e  engineering a n d  
technical resources. The proximity t o  other related research which is 
being performed b y  Standard O i  1 on behalf o f  Standard O i  1 -6arborundurn's 
structural ceyamies e f f o r t  was a l s o  a f a c t o r .  

The d e s i g n  phase involved a complete review o f  t h e  preliminary 
conceptual design and specifying appropriate subsystems in order t o  
evaluate and contra? c r i t i c a l  process parameters.  

The conceptual design i s  shewn i n  figure 1, a photographic overview 
is shown in figure 2. 
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t Power Supply 
& 

Gas Storage &Mixing 

cw 

cw 

cw 

Sillcon Feedstock Plasma Torch, 
Metering & Vaporizer Reactor & 

Aftercooler 

Particle 
Collection Venturi Scrubber & 

Tail GRS Scrubber 

Caustic 
c.-- 

I 

-Optional depending 
on Silicon Feedstock 

Figure 2 .  Conceptual Design and Simplified Process F l o w  Chart 

Plasma Torch Subsystem 

The heart of the system i s  the plasma torch. This was obtained from 
Plasma Materials, Inc. with whom Standard Oil-Carborundum has previously 
worked. The torch system i s  rated at 50KW. This i s  significantly higher 
than required for this application, b u t  the unit has excellent turn-down 
capability and w i l l  be sufficient for future scale-up. it i s  installed 
atop the reactor vessel which i s  constructed o f  copper and wrapped with 
copper tubing through which the cool ing water fl ows. Thermocouples are 
installed along the entire length o f  the reactor. 

The DC power supply has a 75KW effective rating. A simple thimble 
type collector with an isolation valve is affixed to the lower end of the 
reactor. Alternative powder collection techniques will be evaluated i n  
preparation for Phase I 1  scale-up. 
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I I 

Figure 3. Photographic O v e ~ v I w  of Laboratory Scale System 

Task 2. Mvel-nt o f  a TheoretOcal wodel 

The development of a theoretical model was intended to correlate 
particle surface area with major operational parmetars. Am expansion of 
previous Carborundum sponsored wwk, the goal was to develop a fundamental 
standi ng of process reactions . 

After consultation with the QRNL Technical Monitor, the model ing 
work was subcontracted to Internrtianal T h e m 1  Plasma Engipeering, Inc. 
(Professor 80ulous - University ctf Sherbrooke, Quebec, Canada, et al). 

The mdrl was developed i n  sta$as: 

field in the reactor. 
2) The calculation o f  tkermdynamic equilibrium for the 

H,-Ar-CH,-SiCl, system ;and the study of the chemical 
kinetics o f  possible holroog,enous reactions accuring in 
the plasma pracess. 

3) A literature review of nucleation and growth in an aerosol 
system which could be of relevance to this work. 

Although a turbulent mdel was initially developed to describe the 
flow in the reactor, the actual flow experienced at the present operating 
conditions was found to be laminar. This necessitated the development of 
a laminar flow based model. The turbulent model i s  used to describe the 

t o f  a lahodel ts sscri be the f 1 ow and teraperature 
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flow and temperature fields in the entrance region of the reactor (first 
150mm) and thereafter the laminar code i s  used. Since a mixture o f  
hydrogen and argon is used in the present reactor, the transport 
properties have been calculated using the rule o f  mixtures. The model 
was calibrated using measured temperatures and then used in a predictive 
mode to describe temperature and flow fields obtained under a wide range 
of operating conditions. 

This model will be used to assist with scale-up o f  the process 
during Phase 11. 

Task 3. Baseline Characterization and Analytical kdethod Development 

The objectives for this task included: 
.. Firmly establish the methodologies to be used for powder 

characterization. 
.. Define basic powder characteristics which may be utilized 

to assess property control and improvements as the program 
progresses. 

Initially, two commercially produced S i c  powders were t o  be charac- 
terized: H.C.  Starck, Inc. (West Germany), A10 Grade; and Standard Oil- 
Carborundum submicron alpha Sic. 

As both o f  the above powders were alpha phase, i t  was decided to 
characterize one beta phase powder in addition, Starck 5-10 Grade. 

The parameters characterized and the methodologies used include the 
following: 

Characteristic 
..Pressureless sinterability 

Method01 ogy 
-Percentage o f  theoretical density 
achieved with and without 
sintering aids. 

..Surface area --B.E,T. surface analysis. 

..Degree o f  agglomeration 

..Particle size distribution 

. Bul k composi ti on --Wet chemistry 

..Phase distribution --X-ray diffraction. 

--Tap densi ty . 
--Horiba particle size analyzer. 

The results o f  characterization of powders produced under this sub- 
contract with the three baseline powders is shown at the conclusion o f  
this report. 

Task 4. Screening Experiments 

Task 4 was divided into subtasks for management and reporting 
purposes. 

The first subtask was to characterize the operation o f  the plasma 
torch using a hydrogen/argon blend. It should be noted that the original 
workscope included a short series o f  experiments to investigate the 
feasibility o f  using a hydrogen plasma i n  lieu o f  argon. This could be 
advantageous as hydrogen i s  a reactant ( t o  scavenge chlorine from the 
silicon source) and the argon (necessary only as a carrier o f  energy) 
could potentially be reduced or eliminated. 
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As both Standard Oil and the torch vendor, Plasma Materials, Inc. 
were confident that the torch would operate with a very r i c h  hydrogen to 
argon blend, it was decided tu accoiiiplish this subtask first. 

Concurrent with that subtask,  careful consideration was given to the 
choice o f  the individual variables for the screening experiments. The 
candidate feedstocks were described in the statement of work, b u t  the 
valires (or range o f  values) for temperature, carbon/silican ratio and 
reactant concentration had t o  be established. 

A matrix o f  screening experiments was devel oped to incorporate two 
levels of each of  the v a r i a b l e s  f o r  each feedstock. The candidate feed- 
stocks are as f o l l o w s :  

Reactant 1: silicon tetrachloride (SiC1,) 
Reactant 2: dimethyl dichlorasilane [(CH,),SiC1,] 
Reactant 3 :  methyl trichlorosilane (CH,SiCl 3 )  

... 

Reactant 
............ 

Reactant 1 

............ t 
Reactant 2 

Reactant 3 

_ ............ 

F i g l i r e  4 .  Screening Experiment T e s t  Matrix 
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Once the plasma torch had been stabilized on a very rich H,/Ar 
blend, silicon feedstock ( S i C 1 , )  and methane were added to the system. 
Several short runs were made and powder was produced. Analysis later 
proved the powder to be beta silicon carbide. 

Several debugging problems occurred which aborted many of the 
initial runs. Some of these problems included the silicon feed pump, the 
tail gas scrubber level transducer and a cooling water leak into the 
plasma torch. All items were satisfactorily resolved. 

The torch and reactor system also experienced plugging problems which 
limited run times; some as short as 5 minutes. Minor anode configuration 
changes were made which has since allowed runs u p  to 3 hours in duration. 
Although this problem has not been completely solved, the present configu- 
ration i s  capable of running long enough to accomplish the tasks planned 
for Phase I. Runs of approximately one hour duration have generated 
representative material in sufficient quantities for analysis. 

At this point, the workplan called for the initiation o f  screening 
experiments; a matrix o f  24 variations of temperature, carbon to s i l i c o n  
ratio and reactant concentration (defined as hydrogen to chlorine ratio). 
However, a priority was placed upon establishing the consistency and 
reproducibility o f  the process. The workplan was modified to first run 
four pre-screening experiments to establish a consistent baseline; then 
to prioritize the screening experiments (focusing primarily on feedstock 
one). Eight experiments (six o f  Feedstock 1 and two o f  Feedstock 2) were 
initially run and the results analyzed. Upon completion o f  the 
analytical results o f  those powders, the remainder of the matrix was 
completed. 

Table 1 summarizes the results o f  the screening experiments. The 
prime determinants of the quality o f  the powders produced were: Percent 
S i c ,  Percent Free Carbon, and Percent Free Silicon. 

TABLE 1 
RESULTS OF SCREENING EXPERIMENTS 

Silicon 
Tetrachloride 
Dimethyl 
Dichlorosilane 
Methyl 
Tr i ch 1 o ros i I an e 

Goal 

No. of 
Conditions 

% O h  Free 
SIC Carbon 

43.9 - 81.4 2.89 - 9.32 

46.8 - 91.2 0.60 - 4.46 

76.1 - 97.9 1.09 - 3.23 

>95.0 <2.0 

% Free 
Silicon 

1.04 - 3.63 

0.1 6 - 8.38 

0.03 - I .04 

Minimum 



1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

This portion o f  the project is identified as project element 1.0 
within the work breakdown structure (WBS). 
(1) Monolithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, 
and ( 4 )  Joining. Ceramic research conducted within the Monolithics sub- 
element currently includes work activities on green state ceramic fabrica- 
tion, characterization, and densification and on structural, mechanical, 
and physical properties o f  these ceramics. Research conducted within the 
Ceramic Composites subelement currently includes silicon carbide and oxide- 
based composites, which, in addition to the work activities cited for 
Monolithics, include fiber synthesis and characterization. Research con- 
ducted in the Thermal and Wear Coatings subelement i s  currently limited to 
oxide-base coatings and involves coating synthesis, characterization, and 
determination of the mechanical and physical properties of the coatings. 
Research conducted in the Joining subelement currently includes studies o f  
processes to produce strong stable joints between zirconia ceramics and 
i ron-base a1 1 oys. 

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

It contains four subelements: 

A major objective o f  the research in the Materials and Processing 

5 
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Conclusisns - 
Based on t h e  r e s u l t s  o f  t h e  s c r e e n i n g  exper iments,  me thy l  t r i c h l o r o -  

s i l a n e  was chosen as t h e  best. f e e d s t o c k  t o  be c a r r i e d  f o r w a r d  t o  t h e  
p a r a m e t r i c  s t u d i e s ,  

Though t h e  o t h e r  f e e d s t o c k s  may a1 so be s u i  t ab1  e 
s i lane  p r o v i d e d  t h e  w i d e s t  o p e r a t i n g  window. 

me thy l  t r i  chl o r o -  

Task 5 .  Extended Parametric Studies -.-------.--_--..-_----.- -.-_^___..___ _l__ll_ 

T h i s  t a s k  was i n t e n d e d  t o  f u r t h e r  e v a l u a t e  t h e  process parameters  o f  
t h e  f e e d s t o c k  s e l e c t e d  a t  t h e  c o n c l u s i o n  o f  t h e  s c r e e n i n g  exper iments:  
Methy l  t r i c h l a r o s i l a n e .  The parameters  t o  be e v a l u a t e d  i n c l u d e d  tempera- 
t u r e ,  s i l i c o n  f e e d s t o c k  f l o w  ra te . ,  and h y d r o g e n / c h l o r i n e  r a t i o .  

One o f  t h e  f i r s t  a c t i v i t i e s  f o r  t h i s  t a s k  was t o  produce a 
s u b s t a n t i a l  amount o f  powder by r u n n i n g  methy l  t r i c h l a r o s i l a n e  a t  t h e  
b e s t  known c o n d i t i o n s  i n  o r d e r  t o  p e r f o r m  soma i n i t i a l  s i n t e r a b i l i t y  
s t u d i e s  . 

Apprwx imate ly  8Q grams o f  powder were produced, analyzed,  and 
s i n t e r i n g  t r i a l s  were per formed,  

A n a l y s i s  o f  t h e  powder r e v e a l e d  v e r y  good chemis t r y :  
Pe rcen t  S i c  98.5 
Percen t  Free Carbon 0.15 
Percen t  Free S i l i c o n  0,13 

S i n t e r i n g  t o  89% and 92% of t h e o r e t i c a l  d e n s i t y  was achieved w i t h  
normal s i n t e r i n g  a d d i t i v e s .  Though s i n t e r i n g  c o n d i t i o n s  f o r  beta  S i c  
powders have n o t  been o p t i m i z e d ;  t hese  i n i t i a l  r e s u l t s  a r e  cons ide red  t o  
have e s t a b l i s h e d  t h e  a b i l i t y  t o  s i n t e r  t h e  powder produced by t h i s  
process.  Photomicrographs of powder and one o f  t h e  s i n t e r e d  specimens 
a r e  shown i n  F i g u r e  5 .  

High LOW 
P 

Temperature => Net Input Energy (KW) 6.5 - 8.2 5.5 - 6.4 4 - 5.4 

H ydrogen/C h tori ne Ratio 33.9 25.4 16.9 

Feedstock Feed Thearetical S i c  450 350 250 
Rate * Production Rate (g/hr) 



1 5  

The H/Cl ratio could be specifically controlled but temperature could 
n o t ,  nor could it be precisely measured. Therefore, net input power (kw) 
was varied instead, to provide the desired variation in temperature. 
Also, the f l o w  of feedstock through the system i s  described by the theo- 
retical rate o f  S i c  production i n  grams per hour. 

A total s f  14 sets o f  unique conditions were run as shown i n  Table 3 .  

These were selected based upon being the most promising areas o f  the 
matrix and being within the operating range o f  the reactor. 

TABLE 3 
SUMWRY OF PARAMETRIC STUDIES 

Total 
SIC O/O 

97.5 
97.5 
96.1 
95. 
95. 
95.3 

93.6 
92.8 
92.6 
92.4 
91. 
84.8 

Theoretical Sic H/CI 
Production Rate Ratio 

High Medium 
Medium Medium 
Medium Low 
Low High 
High Medium 
High Low 
Medium High 
Medium High 
Low Medium 

Medium High 
Low High 
Medium Medium 
Medium High 

-_ I - - - - - - - - - - - - - - - -  

High Low 

Net Input 
Energy 

High 
Low 
Medium 
Low 
Medium 
Low 
l o w  

High 
Medium 
Low 
High 
Low 
High 
Low 

- - - I -  
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Powders were produced with a very wide range o f  operating c o n d i t i o n s  
during the parametric studies. All except one experiment yielded greater 
than 90% Sic purity. 
had a very poor material balance closure, so that particular number is 
suspect. 

There appears to be little correlation o f  the three chosen para- 
meters w i t h  the analytical results obtained. However, h a l f  o f  the condi- 
t i o n s  run gave powders with 95% purity or  higher indicating a. wide range 
o f  acceptable conditions. 

At the completion o f  the parametric studies, a small sample was 
prepared f u r  submission t o  the QRNb Technical Monitor to complete 
Phase I. 

A sinterability trial o f  this sample o f  powder achieved 86% o f  
theoretical density. A summary o f  the characteristics o f  this pokdder 
compared t o  t h e  baseline powders is shown in T a b l e  4. A photograph o f  a 
similar sample o f  powder with a s i n t e r e d  specimen is shown in Figure 6. 

The analytical results f o r  the low 84.8% Sic content 

TABLE 4 

. Yo) 
Free Carbon 
Free Silicon 

I rot7 
Silicon Carbide' 

Oxygen 

Surface Area (rn2/g) 

si 
Green Density (g/cm3) 
Fired Density (g/crn3> 
'Obtained from Carbon Balance 
2With Typical Sintering Aids 

29.55 
0.35 
0.89 
6.5 

< 0.01 
97.33 

Beta 
8.75 

"3.0 

1.89 
2.76 

30.49 
1.83 
0.40 
0.90 
0.04 

95.58 

Beta 
1 .o 

15.3 

2.01 
3.03 

30.30 
1.54 
0.29 
0.76 
0.03 

96.6 

Alpha 
1.4 

14.3 

2.09 
3.89 

29.95 
0.36 
0.0 
0.27 

< 6.01 

Alpha 
1.2 
9.4 

1.67 
3.20 
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Powder (20,OOOX) 

Sintered Specimen: 
92% Theoretl cal 
Dens1 ty ( 200x1 

Figure 5. Photomicrographs o f  powder and sintered specimen 
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Figure 6. A sample o f  powder and sintered specimen similar  t o  tha t  
which was provided t o  ORML t o  complete Phase 11. 
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Status o f  Milestones 

Task 1. Design, Construct and Test 
Laboratory Scale Equipment 

Task 2. Develop Theoretical Model 

Task 3. Baseline Characterization and 
Analytical Model Development 

Task 4 .  Screening Experiments 

.. Selection o f  Feedstock 

Task 5. Extended Parametric Studies 

.. Delivery o f  Powder Samp 

Task 6. Reporting Requirements 

Task 7. Quality Assurance 

e to RNL - Comp 
- Comp 
- Comp 

- Complete 

- Complete 
- Complete 

- Complete 
- Complete 
- Complete 

et@ 

et% 

ete 

Pub1 i cations 

None during the period. 
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1.1.2 _S_ilicorr N i t r i c &  

Sintering of Silicon Nitride 
G. E. Gazza (Army Materials Technology Laboratory) 

The program is concentrat ing on s i n k r i n g  compositions i n  t h e  
S i  N -Y 0 
nisrogen gas pressure  is raised t.o 7-8 MBa during the second step of the 
process. rXlring t h e  s i n t e r i n g ,  d i s soc ia t ion  r eac t ions  are suppressed by 
the use of high n i t rcgen  pressure  and cover powder of s u i t a b l e  
canposi t ion over  t h e  s p e c h e n .  Resul.tant properties determined are room 
temperature m d u l u s  of mpture high temperature s t ress-rupture  I 

oxida t ion  r e s i s t ance ,  and f r a c t u r e  toughness. Successful  d e n s i f i c a t i o n  
of selected c m s i t i o n s  with s u i t a b l e  properties w i l l  lead t o  
dens i f i ca t ion  of inject-ed molded or s l i p  cast components for engine 
t e s t i n g .  

S i 0  system using a two-step s i n t e r i n g  method where the 4 2 3 -  2 

Technical kqress __ 111__- 

s i t i o n s  of i n t e r e s t  i n  t h i s  prqrani l ie genera1I.y ‘in the  
N -Y S i  0 -Si N 0 t r i a n g l e  (subsequently r e fe r r ed  to as t r i a n g l e  1) 

ehe2Si2N~--Y2?d7-Y5( S i04)  3 N  t r i a n g l e  (subsequently r e f e r r e d  to as 
t r i a n g l e  27 as p revmus ly  reported (1). Tota l  volurcne percent  of Y o3 
and SiQ2 add i t ives  used i n  specimen cmpsitions range frm 8 to  I$ v/o 
and Y203/Si02 ratios range frvm 0.28 to  1.11. It has been previously 
s h a m  i n  hot press ing  ( 2 , 3 )  and s i n t e r i n g  s t u d i e s  ( 4 )  t h a t  cmpsitions 
loca ted  i n  t r i a n g l e  1 possess excel.l-ent oxidat ion r e s i s t a n c e  and are not  
susceptih1.e to t h e m 1  i n s t a b i l i t y  a t  intermediate  temperatures I i .e., 
700-1OOOc”,. ~ e v e 3 c r  l i t t le  information is avai.I.able on t h e  c reep  
r e s i s t a n c e  or s ta t ic  f a t i g u e  p rope r t i e s  of these  compositions which is 
of concern due to the  high s i l ica  content  i n  the  corrpsitions and khe 
p o t e n t i a l  €or producing l o w  v i s c o s i t y  or low m l t i n g  phases, Processing 
problem can also be. encountered working i n  t h i s  compositional. range due 
to d i s s o c i a t i o n  r eac t ions  involving S!3N4 and SiOZ producing Si0 and N2. 
The evolut ion of these  gas species d r i v e s  the canposi t ion toward k.he 
Y 0 -rich end of t h e  phase diagram and may cross i n t o  a d i f f e r e n t  phase 
f ?eh ,  p a r t i c u l a r l y  i f  weight losses are high during s in t e r ing .  
Canposit ional g rad ien t s  ( p a r t i c u l a r l y  wi th  respect to oxygen) may occur 
i n  specimens causing d i f f e r e n t  phases to develop near the  speci~en 
surface than i n  the i n t e r i o r .  Therefore,  con t ro l  o f  such reac t ions  is a 
prerequisite for successfu l  d e n s i f i c a t i o n  of s i l i c o n  n i t r i d e  where 
strict campositional and phase con t ro l  are required.  
range of conpas i t ions  my be evaluated i n  khe overall. program, L h i s  
paper w i l l  focus  on a series of compositions located i n  t r i a n g l e  1 where 
Ithe total volurne percent  of combined a d d i t i v e ,  i.e. 
each carrqposition is e s s e n t i a l l y  constant a t  10.2% but  2he Y203/gi02 
ratio v a r i e s  frm 0.28 to  0,50. 

Although a broad 

Y O3 + S i 0  , for 
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Publications 

"Effect of Oxidation on the Censification of Sinterab1.e RBSN", MTL 
Technical Report TR86-1. 

TABLE 1 

T1 ? - - A  

T 2 4 - A  

T 4 8 - A  

T96--R 

S 7 - A  

S 1 2 - A  

:; 2 4 - A 

S96-A 

.45 

. 9 8  

.90  
1 . 1 7  

.55 

1 . 4 3  

2 . 9 0  

3 . 4 6  

3 . 2 7  

3 I 2 . 1  

3 . 2 6  

3 . 2 7  

3 . 2 9  

3 . 3 1  

3 . 3 4  

3 . 3 4  

9 9 . 1  

9 H . 5  

9 8 . 7  

9 9 . 2  

9 3 . 6  

9 8 . 9  

97.9 

Y 7 . 4  

-. 3'1 

-. . 6 8  

- .s1  
-.hA 

+ . 0 2  

-.?1 
-1.71 

- 2 . 5 7  
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TABLE 2 

OXIDATION OF SINTERED SILICON NITRIDE COMPOSITIONS ___ .-..........l...l __ ........... 

SPEC. I.D. 0XID.TEMP. TIME 0XID.RATE CONST. (k , )  
(kg"m-"sec - '  1 (C) ( h r s .  1 

17 

17 

37 

37 

1000 

1200 

1000 197 4.88~ 10- l= 

120Q 797 3 . 4 7 X  10- i =  

39 1200 152 2 . 4 8 ~ 1 Q - ~ '  

15 190m 

25 1100 

155 7.47X10-'1 

144 1. E0x  la-. 

TABLE 3 

EFFECT OF COPiPOSiTlON AND CRYSTAI.LlZATION ON STRESS-RUPTURE PROPERTIES 
O F  TWO SINTERED SILICON NiTRlDE MATERIALS 

(stress=300MPa) 

SPEC ID Y2031S102 _I____.__- SR TEMP SR T!.M.KF2.! -........ CRYST. (Y/N)- 

17 0 . 2 8  1 0 0 0  2 4 0 +  N 

1 7  0.28 1 I00 I50 -4- N 

17 0 . 2 8  

17 0 . 2 8  

1200 0 . 0 1  N 

I200 8.5 Y 

17 0 . 2 8  1 2 0 0  1 . 1  Y 

37 0 . 4 2  

37 0 . 4 2  

I200 3 N 

I200 170+ Y 
( C  - < a .  1 % )  
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Experimental Procedure 

Preparation of Starting Composition 

Ln formulatifig the campsitions to be studied and evaluated, the 
source of the starting powders and their characteristics are known to 
influence the process parmeters required for sintering and the 
resultant: microstructure and properties. Sources of silicon nitride 
powder king studied include Toyo-Sda 22-7 powder, UBE SN-E-IO powder, 
and KemaNord Siconide 1152 grade pder. The Toyo-Soda and LEE poders 

are 90-958: alpha phase arid contain 1.0-1.58 oxygen. The 
contained less than 1200 p p  of Fe, A I ,  and Ca while the Japanese 
powders contained less than 200 ppm of these impurities. 
areas of the  TQYG-SC~~ and UI3E pkders are 12-13m2/g while the 1152 
pswder is approximately 8.5m2ig. 
URE reporting less than 100 p p  and Tbya-Soda 1000 p p  m. 
cumpsitiam se ed for sintering were prepared by mixing one of the  
Si3N4 starting ers with Y O3 and Si02 powders also including the 
amount of surface silica on de si N~ particles.  he powder mixtures 
were milled in plastic jars using Jither tihc or S i p 4  milling balls a 
ethanol. Milling t h s  were usually 18-24 hours but were varied in 
sane experiments using 6iK: mdia in order to control WC contamination 
into the powder mixture, The 18-24 hour milling times *re selected as 
sufficient to produce adequate mixing of ccmpments while attempting to 
minimize the m u n t  of plastic container material incorporated into 
powder. bnger rnilllirig times were found to produce only mdeest 
increases in surface area [reductions in particle size). Significant 
increases in surface area can be achieved by using both Si3Nq milling 
jars and b;311s. 
through a -325 msh screen to remve agglomerates. 
uniaxially die pressed to a disc shape, then cold isostatically pressed 
at 150 Wa to increase the  "green" density. 
i n  this paper are eompositi 
csnpositicn 37: 8S.&n/oSi 
85.8m/oSi3N4-4. 73m/oU203-3 

Sinter ina 

are frm Japan while the KemaNord powder is from Sweden, The ers 

The surface 

Both Japanese powders contain C 1  with 
The various 

Pfter milling, the powders were dried and sieved 
The powder was 

Compositions focused u p  
s 17: 84.7w'oSi3N4-3 .~oY Oj-ll.!3m/oSiQ 
4 . 3 m / o Y 2 O 3 - 1 O . ~ o S i G 2 ;  an3 camposition 3;; 

hll sintering m n s  were made in a high temperature-high gas 
Specimens were pressure furnace with graphite heating elements. 

enclosed in a W N  crucible with a loose fitting lid and embedded in a 
cover podex of appropriate canpsition to control specimen ccqosition 
(weight changes) during sintering. 
where the gas pressure in the first step, 1.5-2.0 ma, was held for 
45-90 minutesI then raised in the second step to 7.0-8.0 MPa and held 
for 15-30 minutes. The sintering temperature used for the first step 
was 1950-196E, Far the second step (higher pressure], the temperature 
was either held at 1950-l96OC or raised to 200OC for scme sintering 
runs6 Mter high temperature densification, sane specimens were held at 
1200 c for 60-120 minutes to partially crystallize the specimen for Mu) 

A two-step sintering method was used 
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masurernents to deternine whether ccwnpositional control during the 
s i n t e r i n g  w a s  s u f f i c i e n t  to  prodiace the  desired phase developrent. 
use of f i r s t  step temperatures of S95U-1960C irere based on sinteri.ng 
da ta  (Figure 1 ) showing that these temperatures produced higher I more 
uniform d e n s i t i e s  for canpasi t ions ranging frm 0.28 to  0.42 Y 0 /SiO, 
additive ratios ( a t  10.2v/o add i t ive  level)  e At add i t ive  rati&d above 
0.28 
1940 C i n i t i a l  temperature hold as r a i s i n g  t h e  temperature to  2000 C i n  
the  second step r e s u l t e d  i n  a lower densi ty .  
mi l l i ng  m d i a  (as well. a s  S i  N Redia) is being studied f o r  pmder 
processing, t h e  inf luence of milling media impurity pickup on s i n t e r i n g  
the cmpositions of i n t e r e s t  was also examin-ed. 
s t a r t i n g  pwders, Tbyo-Socla 23-7 and KarwNord 1152, several batches of 

i t i o n  39 were prepared and m i l l e d  wi th  W balls for di f fe ren t -  
m i l l i n g  times to produce var ious m ~ ~ . n . t s  of b% impurity i n  the s q l e s ,  
as shown i n  Table 1. The 
KemaNord 1152 powder appeared t o  pickup the  mi l l i ng  media impurity a t  a 
faster rate than the E - 7  powder. 'This m y  he related to its lower 
surface area and broader particlg s i z e  d i s t r i b u t i o n .  
samples was accomplished a t  1.960 C, 60 rnin., 2 MPa, then S960°C, 30 
min., 8 MPa N2 gas pressure.  
starting powder were s i n t e r e d  i.n k m  separate i-um b u t  using the sme 
s i n t e r i n g  parameters. 
content was approxhmakely 0.5% e 

The 

it dces n ~ t  appear tha t  t h e  closed p r e  stage w a s  a t t a i n e d  a6:er a 6 

Since the use of WC 

3 4  

Using two d i f f e r e n t  

M i l l i n g  times ranged frm 5 to  95 hours. 

S in t e r ing  of the 

The fou r  samples for each d i f f e r e n t  

The k s t  densities were obtained when the kK 
Weight losses kticreased wi th  increasing 

wc impurity mntent. 

Specimens were machined frm dense, s i n t e r e d  discs approximately 1.5 
in. diameter x 0.3715 in. t h i ck  for determination of rcrrm temperature 
mxlulus of rupture  (RT MOR) , fracture toughness I oxidat ion r e s i s t a n c e ,  
and stress-rupture properties. RT MOR tests were conducted using four 
mint bending with s p e c h e n s  0.080 in. wide x 0.105 in .  th ick .  
values ranged frm 5134) to 675 MPa for the  th ree  canpositions of 

MOR 

interest. Fracture toughness values  by t h e  indentation mekhod 
WE c a l ~ ~ l a t ~ ? d  to b~ 5.0-5.4 M?&i - 

m i d a t i o n  r e s i s t a n c e  of m p s i t i o n s  7 ,  37 and 39 were determined, 
i n  a i r ,  a t  temperatures of 1000 C and i.200 C. me c m p o s i t i o n s ,  i n  the 
t r i a n g l e  I. phase cmpatibil . j . ty range, a l l  deimnstrated g d  oxidation 
r e s i s t a n c e  as shorn i n  Table 2. 0xi.dation thes  ranged frm 144 to 297 
hours. The rate co t anks  5e calculated €os each c a n p s i t i o n  and fe l l  
i n  the range of 10 to 18 . The oxidation r e s i s t a n c e  of ccmpsi.tion 
25 ( c o n p s i t i o n  i n  tr iangle 2 and shmm i n  Table 2 )  contained 14v/o 
add i t ives  content w a s  also determined for similqltemperatures and 
times. The rate cons tan t  increased i n t o  t h e  10 range. 

A 1 

-33 
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Since ceramic materials intended for use as hea t  engine components 
must endure prolonged perids a t  high temperature and stress, t h e i r  time 
dependent properties are p a r t i c u l a r l y  important &cause performance 
l imi t ing  d e f e c t s  usua l ly  manifest themselves i n  a t i m e  dependent manner 
r e l a t e d  to the high temperature properties of t h e  g r a i n  b u n d a r y  phase. 
Preliminary s t ress - rupture  s t u g i e s  were cg r r i ed  o u t  wi th  co lpas i t i ons  17 
and 37 a t  temperatures of 1000 C and L200 C under 300 MPa stress i n  four  
po in t  bending. 
condition and a f t e r  c r y s t a l l i z a t i o n  hea t  treatments,  i n  a i r ,  for 125-150 
hours. 
s t ress - rupture  tested a t  temperatures o f o l O O O  C and 1200 C. I n  t h e  
as-sintered condi&ion, s p e c h e n s  a t  1000 C lasted 240 b u r s  without 
fail#@. A t  1100 C. they l a s t e d  150 hours without f a i l i n g .  But a t  
1200 C specimens f a i l e d  i n  approximately 0.01 hours (30-40 seconds) 
a f t e r  app l i ca t ion  $f load. 
resistance a t  1200 C suggests t h a t  c m p o s i t i o n  17 may he located near a 
l o w  melting compound or e u t e c t i c .  
clrysfjallizatiog treatments f o r  125-150 hours i n  air a t  te-ratures of 
1000 C t o  1200 C p r i o r  to s t ress - rupture  t e s t ing .  The average t i m e  to 
f a i l u r e  of these  specimens w a s  0.5 hour, still r e l a t i v e l y  short but mre 
than an order  of magnitude increase over as-sintered specimens. 
c r y s t a l l i z a t i o n  temperature was r a i sed  to  1200°C, the  stress-rupture 
l i f e  ingreased t o  1.1 hours. 
a t  1100 C for 150 hours without fa i lure  w a s  retested a t  1200 e. It 
f a i l e d  i n  1.4 hours. If  t he  composition was s h i f t e d  toward the  
Si3N4-Y2Si2O7 jo in ,  canpsition 37, s t ress - rupture  properties improve. 
S p e c m n s  of composition 37 t e s t e d  a t  120OOC i n  theoas-sintered 
condition l a s t e d  3 hours before f a i l u r e .  
treatment w a s  given before s t ress - rupture  tes t ingl  specimns Lasted 170 
hours without f a i l u r e .  Permanent s t r a i n  i n  the specimens w a s  estimated 
to be less than 0.1%. 

W t a  was obtained f r m  specimens i n  t h e  as-sintered 

Table 3 shows the  r e s u l t s  of t h i s  stw. Cmpos&tion 17 was 

The l a r g e  reduction i n  static f a t i g u e  

,sc~ne specimens were given 

I f  t h e  

A specimen that was s t r e s s - r u p p r e  tested 

If a 1200 C c r y s t a l l i z a t i o n  

S ta tus  of Milestones 

(a)  Process and c a n p s i t i o n  -- s i n t e r i n g  parameters have been 
e s t ab l i shed  as 1950-1980 C i n i t i a l  process t e p r a t u r e  with second s t e p  
between 1950C and 2000 C. Pressure i n  f i r s t  s t e p  1-2 MPa increasing to  
6-8 Mpa f o r  second step. 
si3N4-'f2Si2O7 join, Total volume percent of Y20 +Si0 add i t ive  is 
approxlmately 10%- Luwer  amounts are desirable. Lalrocess parameters and 
use of cover powder should r e s u l t  i n  a smll weight loss ((1%) f o r  high 
dens i ty  and c m p s i t i o n a l  and phase s t a b i l i t y .  

C q s i t i o n s  foeused y o n  are near the 

2 

( b )  Scale up of ccmpacts -- compacts 1.5-2.0 in .  d i m t e r  x 3/8 in .  
t h i c k  are being prcduced i n  order  t h a t  spechens may be machined frm 
them €or property nleasureanents. 
rnodulus of rupture,  fr8ctur-e kougbness, oxidation r e s i s t ance ,  and 
s t ress - rupture  a t  4000 (3 and 1200 C, 

Roperties being dete.mined are RT 
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S y n t h e s i s  .........I__. o f  Hi& Pur.i$x.- Sinterable ...S.1.~lV4___Powders - -  G ,  M. Crosbie 
(Research S ta f f  , Ford Motor Company, Dearborn , Mi ch i y a n )  

__.... Ohjective/scope I .-I__ 

The goal of t h i s  t a s k  i s  t o  achieve major improvements i n  the  quatiti- 
t a t i v e  understanding o f  how t o  produce s in t e rab l  e Si3N4 powders having 
highly cont ro l led  p a r t i c l e  s i r e ,  shape, sur face  a rea ,  impurity content and 
phase conten t .  Through t he  avai 1 abi 1 i t y  of improved powders , new ceramic 
mater ia l s  a r e  expected t o  be developed t o  provide r e l i a b l e  and cos t -  
e f f e c t i v e  s t r u c t u r a l  ceramics f o r  appl ica t ion  in advanced heat engines. 

Of i n t e r e s t  t o  the  present  powder needs i s  a s i l i c o n  n i t r i d e  powder 
o f  high ca t ion  and anion pu r i ty  without carbon res idue .  

The process study i s  d i rec ted  towards a modification of the  low 
temperature reac t ion  of Sic14 with l i qu id  NH3 which i s  character ized 1) by 
absence o f  organics ( a  source o f  carbon contamination),  2 )  by pressur iza-  
t i o n  ( f o r  iniproved by-product ex t rac t ion  e f f i c i e n c y ) ,  and 3)  by use of a 
non-react ive g a s  d i luen t  f o r  Sic14 ( f o r  reac t ion  exotherin c o n t r o l ) .  

Technical proqr2.s-s 

I n  t h i s  paper ,  we present  key experimental r e s u l t s ,  descr ibe the  
pyocess flowsheet,  d i scuss  the  cur ren t  s t a t u s  of  powder q u a l i t i e s ,  and 
o u t 1  ine fu tu re  pl ans e 

To obtain a s i l i c o n  n i t r i d e  powder o f  high cat,ion and anion pur i ty  
without carbon res idue ,  we a re  working on a modification o f  the  prepara- 
t i o n  o f  Si3N4 from low temperature reac t ion  o f  SiClq w i t h  aiiitnonia. The 
s p e c i f i c  ob jec t ive  o f  the  cur ren t  work i s  t o  design and operate  a labora-  
t o r y  version o f  a chemical process f o r  synthes is  of n i t r i d e  powder t o  meet 
the  speci a1 needs o f  vehi cul ar appl i c a t i  ons .  

The cent ra l  concept of t h i s  process study i s  the  r a t e  control o f  the  
SiClq-NH3 reac t ion  by use o f  a c a r r i e r  g a s  t o  bring Sic14 vapor  in to  
contact  w i t h  l i qu id  ammonia. A second f ea tu re  i s  t he  use o f  pressure in 
the  process apparatus t o  reduce processing c o s t ,  in p a r t  by increased 
s o l u b i l i t y  of t h e  chlor ide  by-product i n  l i q u i d  ammonia (above i t s  normal 
ba i l i ng  poin t )  and i n  p a r t  by reduced r e f r i g e r a t i o n  cos t  (by operation 
near room tergperalure). 

This ch lor ide  vapor - l i qu id  ammonia approach i s  intended t o  combine 
the  a t t r a c t i v e  proper t ies  o f  imide-derived s i l i c o n  n i t r i d e  powders ( e . g . ,  
h i g h  ch lor ine  pu r i ty )  with the  exclusion o f  carbon contamination due t o  
process organics .  Addit ional ly ,  process f ea tu res  have been demonstrated 
which a re  des i red  f o r  scale-up:  a near ly  heat neutral  reac t ion  zone and 
sel  f - c l  e a r i  ng 1 i nes . 
Key r e s u l t s  

Key r e s u l t s  have been achieved in the  areas  of phase and microstruc- 
t u r e ,  carbon p u r i t y ,  heat balance, and ma te r i a l s  handling: 

Phase and microstructure - -  Si N4 powder was produced with phase 
conten t ,  p a r t i c l e  s i z e  and shape w h i c i  a re  c lose  t o  those c h a r a c t e r i s t i c s  
considered des i r ab le  f o r  pressure less  s i n t e r a b i l i t y .  S p e c i f i c a l l y ,  the 
powder derived by thermal decomposition o f  an intermedial,@ irnidz product 
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Figure 1. Scanning electron micrograph of powder produced by 
decomposition of imide synthesized under pressure reaction of SiClq(g) 
with NH3(l). 

(from reaction of Sic14 with liquid NH3 at O°C and 75 psig) was princi- 
pally alpha silicon nitride with crystallite size o f  0.2 to 0.3 Am and 
primarily equi-axed particle shape shown in Fig. 1. Other key results 
have been achieved: 

Carbon pur i ty  - -  Purity with respect to carbon is important for 
consistent grain boundary phase development, elevated temperature corro- 
sion and strength of sintered si1 icon nitrides, and room temperature 
mechanical properties. In one case for sinterable reaction bonded si1 icon 
nitride, a maximum of 0.05 wt.% C has been stated.l Organic diluents have 
been used previously to control the SiCl4-NH3 reaction rate.2 Initially 
present in hydrocarbon molecules adsorbed on the high surface area imide 
intermediate, carbon remains with the SigNq product powder. 

In our work, we have produced submicron, alpha-silicon nitride with 
0.02 to 0.08 wt.% C, which is less than half that of organic diluent 
nitride powders (typical value of 0.17 wt.% C). (For discussion of other 
powder purities, see "Resulting powder characteristics" section below). 

Heat ba7ance - -  A nearly heat neutral reaction zone is closely 
related to carrier gas reaction control. The balance is between the 
heating from the reaction exotherm and the cooling by the latent heat o f  
vaporization of ammonia into the residual sarrier gas. 

As expected from a model calculation, an overall endotherm has been 
observed at OOC as the reaction proceeds. The near neutrality of heat 
balance (of the model calculation near room temperature) is important for 
uniformity of reaction zone temperature and for low cost scale-up o f  the 
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sol ids  forming process.  
Materials handling - -  I n  our experience,  t he  c a r r i e r  gas approach has 

a benef i t  in  the  imide-forming process by d i r e c t  r eac t ion ,  where i n l e t  
clogging is  a concern. Po ten t i a l ly  so l id  by-product ch lor ide  i s  kept i n  
so lu t ion  in  l i q u i d  ammonia. 

In combination with the  nature  of the  imide produced, t he  l i qu id  
ammonia has had a c l ea r ing  ac t ion  which leaves l i n e s  f o r  the  i n l e t ,  
t r a n s f e r  l i n e s ,  and the  r eac to r  i t s e l f  c l e a r  a t  the  end o f  a run. This 
absence of sol i d s  accumulation i s  o f  prac t i ca l  import,ance f o r  extended 
semi-continuous opera t ion ,  

Process flowsheet development 

The primary emphasis i n  t h i s  work has been placed on process f l o w -  
sheet  development. High1 ights  a r e  as  follows: 

1) CJe have synthesized powder with des i r ab le  c h a r a c t e r i s t i c s ,  as 
described above. 

2 )  Me have prepared a proct3fss flowsheet diagram and a mathematical 
model of mas and heat balances. Estimates were reported ( i n  t he  1985 

and ( S , T . P . )  volume of c a r r i e r  gas .  We have observed tha t ,  t h i s  cooling 
more than o f f s e t s  t he  heat o f  reac t ion  a t  O°C and 75 ps ig ,  as  pred ic ted ,  

3) I n  addi t ion t o  t he  heat balance o f f s e t ,  o ther  important s c a l a b i l -  
i t y  cons idera t ions  have been demonstrated, The apparatus has no moving 
p a r t s  except valves ,  The r eac t an t s  and products a re  moved c leanly  as  
f l u i d  streams, with no exposure t o  a i r .  

Flowsheet description - -  i n  the  overal l  process flowsheet (Fig.  2 ) ,  
the  intermediate  product vessel separa tes  the  apparatus i n t o  two hai ves 
which correspond t o  the  two reac t ions  f o r  t h e  preparat ion of a lpha-s i l icon  
n i t r i d e :  1 )  synthes is  o f  the  s i l i c o n  diimide and 2 )  decomposition of the  
imide. Representative chemical reac t ions  arc? given a t  the  t o p  o f  the  
diagram. 

The ni t rogen source for the  imide synthes is  i s  l i qu id  ammonia, 'The 
s i1  icon source i s  s i l i c o n  t e t r a c h l o r i d e .  A nit rogen stream is  sa tura ted  
w i t h  S i C l 4  ( a t  room temperature) and t h i s  stream i s  d i l u t e d  with a bypass 
stream t o  form a s l i g h t l y  undersaturated stream a t  the  r eac to r  tempera- 
t u r e  

The r eac to r  i s  kept below r . t .  by the  l a t e n t  heat of vaporizat ion of 
NH3 i n t o  the  c a r r i e r  gas .  We have observed t h a t  t h i s  coal ing more t h a n  
o f f s e t s  the  heat of reac t ion  a t  O°C. Estimates have been previously 
reported3 f o r  flowsheet values o f  the (ex tens ive)  net r eac to r  heat and 
( S . T . ? . )  volume o f  c a r r i e r  g a s .  The c a r r i e r  gas flow i s  a l s o  the  means 
f o r  control o f  the  system pressure as i t  e x i t s  through the  system back- 
pressure valve.  

In t e s t i n g  f o r  s c a l a b i l i t y  of t he  process through longer runs,  new 
so lu t ions  a re  being found f o r  exterded operation without clogging. In the  
present  case ,  the  improvement was t o  keep t o  the  des ign  condi t ions ,  I t  
was previously suggested tha t  heat might be needed,3 

E a r l i e r ,  runs had been made over 1 h o u r  in length ,  b u t  those runs 
ended with a p a r t i a l l y  or f u l l y  clogged i n l e t  p a t h .  Improvement t o  t h a t  
po in t  was based on revised geometries o f  the  i n l e t  arrangement and 

ATD-CCM paper 3 ) f o r  endothermic values o f  the  (extensive)  ne t  r eac to r  heat 
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Figure 2 .  
from s i l i c o n  t e t r a c h l o r i d e  i n  a c a r r i e r  gas  and l i q u i d  ammonia. 

Process f l o w  diagrain f o r  pressur ized  s y n t h e s i s  o f  a1 pha-Si3Nq 
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r ev i s ions  o f  star t , -up procedures, I n  those previous runs,  i ce  had b u . i I t  
u p  around the  i n l e t  assembly. Although t h i s  ic ing  demonstrated the  net  
reac t ion  endotherm a t  O°C ( a n d  the  prospect for a heat neutral  react ion 
a t  a higher temperature) ,  the  th i ck  ic ing  a l so  meant t h a t  the  i n t e r i o r  
temperature was we1 1 below the design temperature o f  O O C .  Consequently, 
Sic14 vapor  probably condensed as  l i q u i d  a f t e r  the  i ce  reached some c r i t i -  
cal  th ickness .  From p r io r  experience,  reac t ion  of 1 iquid ammonia with 
l i q u i d  SiCl4 i s  a l i k e l y  source of i n l e t  occlusion.  The i n l e t  heater  i s  
apparent ly  e f f e c t i v e  .through prevention of Sic14 condensation. 

The intermediate  imide product i s  pressure f i l t e r e d  and backwashed t o  
remove c.hlorine. For the  f i l t e r i n g  condi t ions shown, only a moderate 
excess o f  Nt13 is  needed t o  keep a l l  o f  the  NH4C1.3NW3 i n  so lu t ion .  
Wowever, we have determined ( i n  t h i s  repor t ing  per iod)  t h a t  in the  absence 
o f  r in s ing  the re  i s  s u f f i c i e n t  C 1  (dissolved in  the  ammonia held within an 
imide s l u r r y  sediment) t o  cause 800 pprn C1 t o  be re ta ined  i n  the  s i l i c o n  
n i t r i d e  which i s  subsequently formed by decomposition. (For Comparison, a 
value of 180 ppmw C 1  i s  contained in organic-d i luent  Si3N4.1 Because the 
C 1  i s  in  so lu t ion ,  the  r ins ing  can be rapid and e f f i c i e n t .  Thus, 
by-product ex t r ac t ion  e f f i c i ency  (which i s  expected from pressurized 
operat  i o n )  can be real  i zed wi ti.\ high sol ids  r e t x n t i  on .  

The backwashed imide-MH3 s l u r r y  i s  t r ans fe r r ed  t o  t h e  intermediate 
product vessel and the  next react ion can be s t a r t e d .  

We have upgraded the  process apparatus t o  have l a r g e r  volumes f o r  the  
s a t u r a t o r ,  r e a c t o r ,  and intermediate prodrrct vessel . Various o ther  appa- 
r a t u s  design modifications have been ca r r i ed  ou t .  Operating sequence 
check1 i s t s  were prepared and computer programs were implemented f o r  
mult iple-access  logging o f  temperatures,  flows, and operator  ac t ions .  

As p a r t  of the  process flowsheet task  requirements,  a flow diagram 
was prepared. The diagram has a l so  been adapted f o r  an opera tor ' s  console 
d isp lay  with an over1 ay o f  cont-i nual l y  updated readouts o f  temperatures 
and  flows a t  various loca t ions .  

Independently, t h e  intermediate  product vessel i s  emptied as  a l iquo t s  
of s l u r r y  a re  f l  ash-dried and pneumatically t ranspor ted  t o  a s e t t l  ing 
chamber. The NH3 gas i s  re leased f rom t he  chamber a f t e r  the  p a r t i c l e s  
have s e t t l e d  from each expansion. 

The s e t t l  ing chamber doubles as  a deconiposition vesse l ,  which i s  
heated t o  > 1 2 O O 0 C  with a flowing cover gas t o  produce the  Si3N4 product 
powder. 

,la design shown in Fig ,  2. was implemented f o r  t r a n s f e r  o f  t h e  
a i r - s e n s i t i v e  imide s o l i d s .  The imids-containing s l u r r y  was produced by 
t h e  react,ion o f  Sic14 w i t h  l i qu id  ammonia. In  the  present  equipment, the  
s l  u r r y  i s  s tored i n  a pressure vessel a f t e r  low-temperature synthes is .  
The imide-ammonia s l u r r y  i s  t r ans fe r r ed  t o  a control led atmosphere f u r -  
nace. The anaerobic t r a n s f e r  i s  accomplished with a pressure d i f f e r e n t i a l  
and a volume expansion on bo i l ing  o f  NH3. A workable degree o f  pressure 
control  has been achieved by valviny t o  l i m i t  the  maximurn NH3 volume on 
each u n i t  t r a n s f e r r e d ,  

An  automated control l o o p  was bu i l t -up  and used f o r  the  f l a sh  evapo- 
r'ation segment, which had become tedious t o  ogerate  by hand. The cycle  
involves r e l eas ing  of 1 iquid ammonia-imide s l u r r y  with expansion of the 
ammonia t o  g a s ,  wait.ing f o r  par . t i c les  t u  s e t t l e ,  and then bleeding down 
the  gaseous pressure slowly. When pressure i s  d o w n ,  another cycle  begins .  

This automation involved sensors ,  ac tua to r s ,  and software.  By use o f  
r e l ay  outputs  and d i g i t a l  inputs  on the  e x i s t i n g  d a t a  acquis i t ion  and 
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control system, the  loop was completed with the  addi t ion o f  a sensor for  
decomposition vessel pressure and e l e c t r i c a l  l y -d r i  ven valves . These now 
automatically cycle through r e p e t i t i v e  expansion of a l iquo t s  of l iqu id  
ammonia-imide s l u r r i e s  t o  t ranspor t  pneumatically the imide t o  the s e t -  
t l i n g  and decomposition vessel .  

The program incorporates a rul e-driven approval system, which is  
designed t o  prevent the  inadvertent re lease  of l i qu id  ammonia under pres- 
sure  i n  l a rge  volumes t o  the near-ambient pressure decompasi t ion reac tor .  
This software design covers e r r o r s  i n  automatic operation whether from 
f a i l u r e  of a valve t o  operate o r  a program bug in a dr iv ing  rout ine or 
from an e r r o r  i n  keyboard commands, The reading back o f  current  valve 
s t a t e s  i s  a c r i t i c a l  element which i s  incorporated i n t o  the  design. In 
t h i s  approval system, the  adjacent valves must be indicated as  closed, 
before the next valve can be opened. Manual operation f o r  s t a r t - u p  and 
shutdown a r e  provided by physical overrides (manually turning valve w i t h  
deact ivated ac tua tor )  and a computer terminal valve-command-prompting 
rout i ne. 

Progress has been made i n  t h i s  period w i t h  respect  t o  decreasing the 
oxygen contarnination and the  amorphous content of the powder under devel-  
opment. Oxygen reduction i s  a key intermediate var iab le  i n  preparation 
f o r  s in t e r ing  improvements. 

Calculat ions based on i n p u t  impuri t ies  suggest t h a t  oxygen contamina- 
t i on  can be kept low in cases where the volume of c a r r i e r  gas i s  reason- 
able .  I n  turn, these cases a re  the more prac t ica l  cases where the reac- 
t i o n  i s  r u n  under pressure above - 2 O O C .  In p rac t i ce ,  there  a re  many 
plac s where oxygen can be picked u p .  In one case,  a BET surface a rea  o f  

too high and alone would cont r ibu te  subs tan t ia l  surface oxygen. 
To address the  oxygen contamination i s sue ,  the imide preparation 

system was reworked t o  enlarge vacuum l ines  t o  make s t a r t - u p  
evacuate/purge rout ines  more e f f ec t ive .  A1 so, changes were made i n  the 
decomposition system, which wil l  be described now i n  more d e t a i l .  

The decomposition furnace was reprof i led  ( f o r  temperature d i s t r i b u -  
t i o n )  and an improved degree of n i t r i d e  c r y s t a l l i z a t i o n  was obtained. 
This c r y s t a l l i z a t i o n  i s  r e f l ec t ed  i n  narrower a lpha-s i l icon  n i t r i d e  peaks 
i n  x-ray d i f f r a c t i o n  pa t te rns  and a f l a t  backgrounds o f  those pa t te rns .  
The leak r a t e s  f o r  t he  decomposition system were reduced (although s t , i l l  
higher t h a n  the imide preparation sec t ion)  and the  small e x i t  bubbler 
pressure was r a i sed .  Also, a small amount of  NH gas was added t o  the 

t i o n s .  
Process refinements a re  continuing and more analyses a re  pending. 

Results from so l id  s t a t e  (magic angle spinning) nmr a r e  being used t o  
follow crys ta l1  iza t ion  extent  and  t o  d is t inguish  among amorphous species .  
These r e s u l t s  a r e  provided courtesy of K .  R .  Carduner of Ford Research 
S t a f f .  I t  i s  from these m.a.s.-n.m.r.  r e s u l t s  t h a t  we know t h a t  improve- 
ments have been made i n  the  reduction o f  p a r t i c u l a r  amorphous species and 
oxygen content .  

23 m 5 / g  was measured. T h i s  level o f  s p e c i f i c  surface area i s  considered 

decomposition c a r r i e r  gas flow t o  lead t o  p o s i t i v e  ? y non-oxidizing condi- 

Resulting powder c h a r a c t e r i s t i c s  

Powder charac te r iza t ions  have been car r ied  o u t  w i t h  impacts on pro- 
cess choices.  Some consequences f o l l  ow from the  f l  owsheet described 
above: r e q u i s i t e  p u r i t y  o f  precursors ,  system t igh tness ,  backf i l l  a n d  
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purge procedures, residence t i  tiles , decompos i t i  on gas  , decomposi t i  on envi - 
ronment. Because of these continuing changes, 1-10 s ingle  s e t  o f  character-  
i s t - ics  i s  ye t  appropriate t o  l i s t  as def in . i t ive  values Cor the chlor ide 
vapor  - l i qu id  ammonia process. C o n t i n u i n g  emphasis i n  t h i s  work i s  in 
re f in ing  the process devel opnrent t o  approach more c lose ly  the  goal s (. 

The primary charac te r iza t ions  on each l o t  made have been x-ray d i f -  
f r ac t ion  (XRD) and scanning el  ectron microscopy (SEM) . These have shown 
( i n  every l o t  made) t h a t  the major c r y s t a l l i n e  phase i s  85 t o  95% a l p h a -  
s i l i c o n  n i t r i d e .  W i t h  process refinements, the secondary phase has become 
beta s i l i c o n  n i t r i d e  r a the r  t h a n  oxyni t r ide.  SEM images, such as F i g .  1, 
show t h a t  the  dimensions o f  predominantly equi-axed p a r t i c l e s  a re  0 . 2  t o  
0.3 pm. These phase and morphology fea tures  a re  expected from an imide 
intermediate process and meet, goals fo r  phase, p a r t i c l e  s i z e ,  and sha e .  

i s  considered excessive.  
A second category o f  Character izat ions i s  f o r  cat ion impuri t ies .  The 

t a r g e t  value i s  t O . l  wt.% t o t a l  cat ion impuri t ies .  Given a h i g h  p u r i t y  
s i1  icon source and  minimal corrosion o f  the  apparatus,  the cat ion impuri- 
t i e s  a re  primarily a r e f l ec t ion  of  environment during decomposition. W i t h  
an AI203 r e f r ac to ry ,  A1 i s  the  principal cat ion impur i ty  a t  0.6%Al with 
next highest  f o r  Fe ' a t  O.l6%, Ca 0.06%, and T i  a t  0.03%. Except f o r  these 
th ree  ca t ions ,  we meet t a rge t  va.'lues. 

In one t r i a l  w i t h o u t  additional A1203, a s in te red  densi ty  o f  83% 
theore t ica l  densi ty  was obtained w i t h  8 w t . %  Y2O3 s in t e r ing  a i d .  There- 
fo re ,  a subs tan t ia l  degree o f  s i n t e r a b i l i t y  was shown f o r  the powder. 

In a t h i r d  group, anions other  t h a n  nitrogen are  detected i n  prod-  
uc ts .  Sulfur  i s  60 ppmw, which i s  b e l o w  the  program t a r g e t  of 100 ppmw. 
T h i s  sul Fur i s  t raceable  t o  impur i ty  in the SiC14. We had 800 ppmw C 1  
w i t h o u t  NH3 rinsing. Non-chloride hal ides  a re  a t  a des i rab ly  low l eve l ,  
except f o r  200 ppmw F .  Oxygen has been discussed in the  "lhermal decnmpo- 
s i t i o n "  sect ion above and i s  estimated a t  5 t o  11 wt.%. Crys ta l l ine  
oxyniti-ide has been eliminated, b u t  amorphous and surface oxide content 
a re  s t i l l  iundergoing refinement. 

Although the surface area goal i s  >10m2/g, the  achieved level o f  23 rn 5 /g 

Concl usions 

The "chlor ide vapor - l iqu id  ammonia" route  t o  s i l i c o n  n i t r i d e  pow- 
ders  : 
. i s  a modification o f  iinide route which works; 
. leads t o  many desired 9owder and process 

c h a r a c t e r i s t i c s  now demonstrated: 
. equ i  -axed, submicron morphology 
. l o w  carbon (0.88 w t . % )  
. nearly heat neutral  reaction ( s a l  ab1 e )  
. semi-continuous ( l i q u i d - l i k e )  t r a n s f e r s ;  

and 
. i s  responding t o  process modification. 

Future plans 

By the end o f  the  two-year cont rac t  i n i t i a t e d  i n  February 1985, we 
want  t o  ga in  more experience with extended riianual operat ion,  t o  carry o u t  
s in t e r ing  r e t r i a l s  w i t h  reduced oxygen content powders, and t o  r e f ine  cost  
es t imates  with inclusion o f  r e f r ige ra t ion  cos t s  as a function o f  tempera- 
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ture. 
Beyond the two-year period, we plan to carry out sensor and automa- 

tion development, to design a pilot plant, to develop flowsheets for the 
transients in the semi-continuous operation, and to increase the effort 
for sintering and characterization of the sintered materials. 

Summary 

We have prepared a novel process flowsheet for preparation o f  S i &  
with a block flow diagram and a mathematical model o f  mass and heat bal- 
ances. We have observed that the cooling from latent heat of vaporization 
of NH3 more than offsets the heat o f  reaction at O°C and 75 psig. 

The central concept o f  this process study is the rate control o f  the 
SiCl4-NH3 reaction by use of a carrier gas to bring Sic1 vapor into 
contact with liquid ammonia. 
the process apparatus t o  reduce processing cost, in part by increased 
solubility of the chloride by-product in liquid ammonia above its normal 
boiling point and in part by reduced refrigeration c o s t .  

Powder characteri sti cs meet or are approaching target values. Key 
results have been achieved in the areas of phase and microstructure, and 
carbon purity. Si3N4 powder was produced with phase content, particle 
size and shape which are close to those characteristics considered desira- 
ble for pressureless sinterability. Specifically, the powder derived by 
thermal decomposition of an intermediate imide product (from reaction o f  
Sic14 with liquid NH at O°C and 75 psig) was principally alpha silicon 

particle shape. 
The process has features which are important for scale-up. Key 

features o f  near-neutral heat balance and 1 iquid-like materials handling 
have been demonstrated. 

A second concept i s  the use Q 9: pressure in 

nitride with crystal ? ite size o f  0.2 to 0.3 pm and primarily equi-axed 
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tion o f  sinterability of synthesized S i  N powder" have been met on time 

ule for this program: 
in t h i s  semi-annual report period. The ? ?  o lowing milestones are on sched- 

Demonstration of proof o f  scalability November 1986 

Complete draft technical report 
describing the process 
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Objecti ve/scope 

The objective of t h i s  ~ r ~ g r ~ ~  i s  to ewelop h i g ~  toughness, h i g h  
strength refractory ceramic matrix compo i t e s  t h a t  can be made a t  low 
cos t  and t o  n e w  net shape f o r  heat engine applications. 
camposi t e  system selected f o r  dewel opment i s 
ni t r ide  matrix t o ~ ~ ~ e ~ e ~  by dispersions of Zr 
~ H ~ , ~ r ) 0 ~  modified w i t h  su i tab le  a a d i ~ ~ o ~ ~  of 
ceramics t o  control the ~ ~ ~ ~ i ~ a ~  ~ ~ ~ a ~ j o r .  7 

The 

and optimum mec nical properties w i  
1 absraltory meth s i ncl udi ng co8.1 o i  dal 
s i  nteri  ng , and t pressing, Once the 
m i  cros truc t u  re we been d e m o n s l t ~ ~ ~ % d ~  
fo r  producing samples by the in jec t fo  

eve1 oped by expeditious 
ension, press forming, 
composi ti on and 

araneters w i  I 1 be opti  m i  zed 

Technical progress 

4/Zr02 comp~sl te  systems were eva t h i s  period 
em was ~ i s ~ i n ~ ~ ~ ~ ~ e d  by the al loy ng content i n  the 

The Four systems were: ZrQ2 particulate.  

t a  each system. 

In i t ia l  resul ts  f o r  the Y 
The fi rs 

d CaO-modi f i  ed composites were 
i t ed  strength. t o  1200 MPa while highly  eracouragi ng. 

the second exhibited high strength p l u s  ~ ~ ~ ~ h n ~ s ~  values t o  13-8 MPa 
ml ba. The MgO-modified composi i t e d  high toughness b u t  
e r ra t i c  strength, and  the Hf02- 
Qi si ntegrated a t  i ntemedi a t e  t the f i r s t  two 
composi tes are bei ng p ~ r S ~ e ~  m 

%N 031 -+ Ala0 
expe he p a s t  I S  

aut increasing t 
t o  monocl i nic 

erisus surfac 
evidence tha t  the  f o m a t j  
retarded and tha t  a t rans  
obtained by u s i n g  ls02 a1 
t h i s  study t h a t  a t  least 



necessary to prewent the formation o f  Zr-oxynitride. 

ders f r e e  o f  ~~~~~~~~~~~~~ were obta 
cesses and the selected components 

mixed i n  an ultrasonic mixing cha ber. Discs, 5 cm 
fi l  telr pressed, dried (green density was 40% o f  theoretical 1, and h o t  
pressed or sintered t o  near fu l l  density. 

A1203 did no t  s in ter  t o  a high density and sa 
several p i  ecezi. 

Two or 4 wBo 
as added as 8 s i n t e r i n g  a id .  

Csmpositians o f  Si3W4 + 
/ o  sr 30 v/o Zr62 f 2 o r  4 /B AI 03 sintered easily (Table 

11, whereas a composition of SigN4 + P Q M/O Z 

nsificatian Process .- 20 

S o f t  aggl amerates t h a t  Eomed duri  ng t h e  col 1 s i  dal grctcessi ng route 
res~ l t ed  i n  large inclusisns i n  the  densified material (Fig. 1 ) .  
Causes of these s o f t  a ~ ~ ~ ~ ~ ~ ~ a ~ ~ s  were ( '1) dried s luwy  an the side o f  

e vessel t ha t  fe l l  back i n t o  the  wct slurry, ( 2 %  polymers 
prove green strength t h a t  hanged t he  electronic 
ended particles, uate son1 c a t i  
sa l  reaction be% and water-. M 
uriy handling p fminated a l l  i 
ellent dispersion o f  ZrOz I n  Si3N4  (Fig. 2)* 

ed t h a t  the strength o f  

B1 Table 2. Strength 
i n  the as-hot-pressed c o n d i t i o n  t o  
2 h. The s t ~ e n g t h  of sintered 

ters'al was 10 t o  20% lower. 
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Table 2. Heat Treatment Improves Strength o f  Hot Pressed Si3N4 -+ 
Zr02 ( 9  w/o VzO3) + 4 w/o AI203 Composite 

I I I I 

I Condition I &Paint 1 3-Point 1 4-Po in t  I 3-Point I 
I I MOR I MOR 1 MOR I MOR I 
1 1 (MPa) I W a )  I W a l  1 (MPa) I 
I I 
I As Hot Pressed I 827 1 951 I 861 I 1096 I 
I 700°C, 250 h 1 6306 1 806 I 1096 I 1075 I 
I l 2 O O Q C ,  2 h* I 841 1 896 1 806 I 779 I 
1 1200QC, 2 h* + 700°C, 250 kr I 930 1 1006 I 799 I 830 I 
I l35O0C, 2 h** + 7QO"C, 250 h I 1'164 I 1273 I 1102 I 1199 I 
I I I I I I 
* No Cleanup After Heat Treat 

** Surface Polished After Heat Treat 

A few samples o f  both sintered and hat pressed exhibited 
degradation by oxidation a t  700C. The phenomenon was related t o  an 
excessively h i g h  oxidation ra te ,  especially a t  such a low temperature, 
of anion-deficient ZrOz (the result af sintering o r  hot pressing i n  
a NZ atmosphere) back t o  stoichiometric Zr02. 
indicates t ha t  this phenomenon i s  caused by an inadequate Y ~ 0 3  
a1 loyi ng content and improper processi ng temperature, Chemical 
analysis showed tha t  the Y 03 content i n  the Zr02 was 9 W/Q 

exhibited th i s  problem whereas a l l  samples sintered a t  7800C were 
imnune t o  the problem. 
elucidate the mechanism b u t  the higher s inter ing temperature 
apparently eliminates the oxidation problem. 

T h i s  material does not exhibit  transformation toughening. 
Nevertheless, th i s  composition would be a promising candidate fo r  an 
adiabatic diesel engine due t o  i t s  low thermal conductivity and h i g h  
s t rength ,  and i t  could be toughened by adding S i c  whiskers or by 
admixing an appropriate amount of ZrOZ alloyed w i t h  CaO or MgO, 
which does result i n  increased toughness. During the next reporting 
period the h i g h  temperature strength will be measured and it; w i l l  be 
improved by u s i n g  a sintering a id ,  such as Y 03, t h a t  produces i n  

Analyses of samples 

rather than the specified ? 2 W / Q ,  and a l l  samples sintered a t  1750C 

SEM and TEM studies wi l l  be preformed t o  

a more refractory grain boundary phase than ii oes Al203. 
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Figure 1 Dense Sl3N4 + 30 v/o 
ZrO2 + 4 w/o A1203 
with large Si3N4 
and 2~012 i ne1 usions . 

' t  . I - !  . .  

Figure 2. Dense Si3N4 t 30 v/o ZrO2 + 4 w/o AI203 with 
good d i  spersi on and no i ncl usi ons 
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In$ ti a1 oampl e s  

both fracture toughness and strength, 

The fracture toughness of a l l  samples was substant ia l ly  hdgher than 
f the Si3M4 matrix. The baseline matrix toughness is  Pa*l 
1’2 which was measured and calculated by the same diamond 
ation technique (Ref. 2) on NC132 samples. 

measured on as  hot-pressed samples and samples subjected t o  selected 
heat t r e a t  conditions a re  l i s t e d  below. 
composed of Si3N4 + 30 v/o Zr02 (5 w/a CaO) + 2 1 / 2  w/o MgO. 

Toughness values 

A l l  of these samples were 

COND I T I O M  

1. As Hot Pressed 6.8 - 7 - 6  
2. Oxidized a t  70OC, 64 h 9.1 - 9.9 
3. Aged a t  1350C, 2 h 9.9 - 72.5 
4. Aged a t  1350C, 8 h 10.7 - 13.8 

K, (MPa rnliz) _I 

ged a t  l35OC, 2 h * 70QC, 120 h 12.8 

A large portion of tRe h i g h  measured toughness i n  the aged 
samples i s  due t o  surface c ~ m ~ ~ e ~ s i o ~  s t resses  t h a t  develop a s  
Zr-oxyni tri de 0x3 des t o  form monocl 3 nis ZrQ on the surface\, b u t  
annealing a t  7OOC fo r  120 h a f t e r  aging a t  3806 f o r  2 h d i d  not 
decrease toughness. 

odulus o f  rupture as measured as  a function o f  
ZrO2 and (2) exposure t o  oxidation a t  7OOC 

fo r  durations t o  250 h. The strength of these compositions i s  
degraded by microcracking a t  moderate temperatures, and a temperature 
o f  7OOC was selected t o  study this microcracking phenomenon. The 
degree o f  strength degradation fo r  volume ’loadings o f  10, 20, and 30% 
Zr02 i s  shown i n  F ig .  3. Reduction i n  MOR a t  a V Q ~ U ~ W  loading of 
30% ZrO2 i s  substantdal 
pre-aging a t  an elevate temperature. A temperature of l350C was 
selected f o r  eval uati on b u t  a complete parametric study will be 
r e ~ u i r ~ ~  %Q f i n d  the optimum aging temperature. 
samples aged a t  135GC for  2 h and then exposed a t  700C f o r  selected 
periods i s  given i n  F i  . 4. 

t k  a t  volume loa i n g s  of 10% and 20% ZrO2 composites. 
t h  o f  the 38% Zr 

but the degradation can be reduced by 

The strength o f  

The 
composite, on the other hand, decreased 

There i s  no apparent reduction i n  

about 33% as a result o T heating a t  70QC r”n a i r .  

Two-inch diameter samples of the composition Si3N4 + 30 
v/o Zr02 + 2 l / 2  w/o MgO were press f o m d  and sintered a t  17WC to 
18006. 
o f  hot-pressed samples Ifdg. 5) .  Samples containing 10, 20, and 30 

Even a t  l80QC, sintered density was s l igh t ly  lower than tha t  
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were sintered a t  186OC and MOW bars re being prepared f a r  
1 densities of hot-pressed and s in tered  samples 

ke the above samples 
t was not ideal for 

Powders wi th  a submicron 
$1 e f o r  col1 o i  dal processi ng , 
omgositions ( 3 ,  5 ,  and 10 wfa 
of the  taugheni ng mechani sm. 

ressed a t  16OQC cracked i n t a  
enced by a laud sound. 
omis@ based on high 

toughness, i t  was not pursued a t  t h i s  t i m e  because o f  the cracking 
grobl ern * 

155Q - 1600 --- 17QQ Properti e s .-- 

Density ( g / c d  1 3.87 3, 91 4.08 

As HP 
1350"C, 2 h 

7.4, 7.8 6 * 4  3.9  
1 Q - 1  13.4 9.2 

138-696 599 3 24 
103-620 186 69 

l350"@, 2 h .m 41 3 
1356"C, 3 R f. 90 41 -241 41 

er pressed, dried, and h o t  
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sed t o  near f u l l  densi ty .  The f r ac tu re  toughness was only 2.7 MPa i y 7 $  and samples d is in tegra ted  when oxidized a t  700C. Invest igat ion 
o f  this a l loy  as a dispersoid was not pursued due t o  t he  poor i n i t i a l  
reserl ts. 

S ta tus  of M i  ' lestones 

For t he  next r epor t  per iod a r e  on schedule. 
A l l  pas t  milestones have been completed on time and the milestones 

Publications 

ti. W. Carpenter, 6. D. Schnittgrund, and F. F. lange, 
"Transformation Toughened Si1 icon Nitride'" presented a t  24th 
Automotive Technology Development Contractor 's  Coordination Meeting, 
Dearborn, M I ,  29 October 1986. 

Re fe rences 

Composites Elased on Si 3Nq-ZrO~(+Y203) Compositions", 
unpublished, October 1985. 

1. F.F.Lange, L.  K. L. F a l k ,  and B.I. Davis, "Structural  Ceramics 

2. Anstis, G.R.,  e t  a l . ,  " A  c r i t i c a l  Evaluation o f  Indentation 
Techniques f o r  Measuring Fracture Toughness; I Direct. Crack 
Measurements Strength Method,'* Jour. h e r .  Ceram. SOC., 64 (91, 
533-538, 1981. 
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Figure 3, Room Temperature Strength vo Volme Content 
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S i 1  icon - N i t r C d - g  - Met @arb&L!&Z!Posites 
S .  T. 5 u l j a n  (GTE L a b o r a t o r i e s ,  I n c . )  

O b j e c t i v e / S c w  

The o b j e c t i v e  o f  t h i s  program i s  t o  deve lop  s i l i c o n  n i t r i d e - b a s e d  
compos i tes  o f  improved toughness, u t i 1  i z i n g  S i c  and T i c  as  p a r t i c u l a t e  
o r  w h i s k e r  d i s p e r s o i d s ,  and t o  deve lop  and demonst ra te  a p rocess  f o r  
nea r  n e t  shape p a r t  f a b r i c a t i o n .  Near n e t  shape p rocess  development 
w i l l  e x p l o r e  fo rm ing  by  i n j e c t i o n  mo ld ing  and c o n s o l i d a t i o n  by h o t  
i s o s t a t i c  p r e s s i n g  o r  c o n v e n t i o n a l  s i n t e r i n g .  

T e c h n i c a l  P rog ress  
_I______ 

Summary 

Based on t h e  d a t a  genera ted ,  i t  was d e c i d e d  t h a t  t h e  Si,N,-SiC 
( w h i s k e r )  system has t h e  h i g h e s t  p o t e n t i a l  t o  m e e t  t h e  program g o a l s  
on schedu le .  F u r t h e r  e f f o r t s  were c o n c e n t r a t e d  on t h e  s t u d y  o f  com- 
p o s i t e  m i c r o s t r u c t u r e / p r o p e r t y  r e l a t i o n s  and c h a r a c t e r i z a t i o n .  

Work d i r e c t e d  towards  development o f  a l ow  c o s t  p rocess  for.  near  
n e t  shape p a r t  f a b r i c a t i o n  has been i n i t i a t e d .  Coniposites c o n t a i n i n g  
30 v/o o f  w h i s k e r  d i s p e r s o i d  have been s u c c e s s f u l l y  i n j e c t i o n  molded. 
Program e x e c u t i o n  i s  on schedu le .  

M a t e r i a l  S t u d i e s  
I_____ - 

Based on the d a t a  genera ted  t o  d a t e ,  i t  w a s  d e c i d e d  t h a t  t h e  
Si,h;,-Sic ( w h i s k e r )  system has, a t  t h i s  s tage  o f  development,  t h e  
h i g h e s t  p o t e n t i a l  t o  meet t h e  program g o a l s  on schedu le .  i he  r e a c t i v -  
i t y  o f  T i c  i n  t h e  compos i te  r c q u i r e s  s t r i  g e n t  c o n t r o l  o f  s i n t e r i n g  
parameters  i n  o r d e r  t o  Ob td in  a composi te or  t h e  r e q u i r e d  p r o p e r t i e s .  
I n  v iew o f  t h e  program requ i remen ts ,  wh ich  a re  d i r e c t e d  t o w a d  t h e  de- 
velopment o f  a l ow  cost. p rocess  f o r  nea r  n e t  shape p a r t  f a b r i c a t i o n ,  
t h i s  reduced f l e x i b i l i t y  fur t .her f a v o r s  t h e  Si,N,--SiC system. 

F r a c t u r e  toughness improvements w i t h  d i s p e r s o i d  a d d i t i o n s ,  d e v i -  
a t e  f r o m  p r e d i c t i o n s  ha5ed on model s which assume l '  c o n t i  nuurn" m a t r i -  
c e s .  The toughness o f  a s i n g l e  o r  po lyphase p o l y c r y s t a l  1 i ne ceramic  
m a t r i x  wh ich  e x h i b i t s  t o  a l a r g e  e x t e n t  i n t e r g r a n u l a r  f r a c t u r e  i s  a 
f u n c t i o n  o f  t h e  morphology and t h e  s i z e  o f  g r a i n s .  I t  f o l l o w s  t h e n  
t h a t  d i s p e r s o i d s  have t o  meet c e r t a i n  minimum s i r e  r e q u i r e m e n t s  ( w i t h  
r e s p e c t  t o  m a t r i x )  i n  o r d e r  t o  e f f e c t  t oughen ing .  I n  t h e  p rocess  o f  
d e n s i f i c a t i o n ,  added d i s p e r s o i d s  may a l s o  c h e m i c a l l y  o r  p h y s i c a l l y  
m o d i f y  t h e  development o f  t h e  m a t r i x  m i c r o s t r u c t u r e ,  f u r t h e r  c o n t r i b -  
u t i n g  t o  d e v i a t i o n s  f ro i r i  t o u g h e n i n g / s t r e n g t h i n g  p r e d i c t i o n s .  

I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  n f  m a t r i x  g r a i n  s i z e  on p roper -  
t i e s ,  Si,N,-Sic ( w h i s k p r )  compos i tes  have been h o t  p ressed  f o r  ex- 
tended t i m e  (400 m i n . )  a t  s i n t e r i n g  tempera tu re  t o  snhance Si,N, g r a i n  
g rowth .  A s  can be seen i n  F i g u r e  1, extended s i n t e r i n g  t i m e  r e s u l t s  
i n  a c o a r s e r  Si,N,-bac,e m a t e r i a l  g r a i n  s t r u c t u r e ,  wh ich  i n  t u r n  p ro -  
duces an i n c r e a s e  i n  f r a c t u r e  toughness o f  t h e  m o n o l i t h i c  base mater -  
i a l .  

- 
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A s  w i t h  t h e  m o n o l i t h i c  Si,N,,, v a r i a t i o n  i n  d e n s i f i c a t i o n  parame- 

t e r s  o f  t h e  compos i te  i s  a n t i c i p a t e d  t o  r e s u l t  i n  d i f f e r e n c e s  i n  ma- 
t r i x  m i c r o s t r u c t u r e s  and hence mechanica l  p r o p e r t i e s .  It f o l l o w s  t h a t  
t h e  r e s u l t a n t  m a t r i x  m i c r o s t r u c t u r e s  o f  t h e  d e n s i f i e d  compos i tes  may 
n o t  be i d e n t i c a l  i n  g r a i n  s i z e  d i s t r i b u t i o n .  Hence, t h e  toughen ing  
b e h a v i o r  observed t h r o u g h  w h i s k e r  a d d i t i o n s  wou ld  n o t  be expec ted  t o  
be a s i n g u l a r  f u n c t i o n  such as t h a t  based on models wh ich  assume a ho- 
mogeneous cont inuum m a t r i x .  The observed f u n c t i o n a l  dependence con- 
s i s t s  o f  i n d i v i d u a l  p o i n t s  on a f a m i l y  o f  toughen ing  c u r v e s ,  each 
p o i n t  depending on t h e  m i c r o s t r u c t u r e  o f  t he  i n d i v i d u a l  compor;ite ma- 
t r i x ,  s i n c e  t h e  degree o f  toughen ing  ach ieved w i t h  a w h i s k e r  d i s p e r -  
s o i d  i s  dependent upon i t s  s i z e  r e l a t i v e  t o  t h e  p o l y c r y s t a l l i n e  m a t r i x  
g r a i n  s i z e .  Composi tes o f  f i n e r  m a t r i x  m i c r o s t r u c t u r e  ( s h o r t e r  s i n -  
t e r i n g  t i m e :  s o l i d  l i n e ,  F i g .  2 )  e x h i b i t  a h i g h  degree o f  toughen ing  
w i t h  an i n c r e a s e d  amount o f  d i s p e r s o i d  a d d i t i o n s .  The f r a c t u r e  tough-  
ness o f  composi tes h e l d  a t  s i n t e r i n g  t e m p e r a t u r e  f o r  an ex tended t i m e  
(400 m i n . ,  dashed l i n e ,  F i g .  2 )  shows h i g h e r  toughness m a i n l y  due t o  
c o a r s e n i n g  o f  t h e  m a t r i x .  The d i m i n i s h e d  c o n t r i b u t i o n  o f  d i s p e r s o i d  
t o  f r a c t u r e  toughness improvement r e s u l t s  f r o m  t h e  decreased m a t r i x -  
d i s p e r s o i d  s i z e  r a t i o .  

I n  a m a t e r i a l  w i t h  t y p i c a l  i n t e r g r a n u ' l a r  f r a c t u r e ,  t h e  energy ex- 
pended t o  p ropagate  a c r a c k  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a m p l i t u d e  
and f requency  o f  c r a c k  d e f l e c t i o n  by t h e  g r a i n s .  Based on g e o m e t r i c a l  
c o n s i d e r a t i o n s ,  t h e  expec ted  change i n  f r a c t u r e  toughness due t o  g r a i n  
s i z e  can be approx imated by t h e  e x p r e s s i o n  below:  

A K I c  = CKoIC (D /Do- - l )  (11 

where C i s  a g e o m e t r i c a l  f a c t o r  wh ich ,  f o r  an assumed c lose-packed a r -  
rangement o f  hexagona l ,  e q u i s i z e d  p a r t i c l e s  ( F i g u r e  3 ) ,  can be s e t  a t  
C = 0 .25 .  The KOIC t e r m  r e p r e s e n t s  t h e  measured f r a c t L - e  toughness o f  
t h e  m a t e r i a l  w i t h  0" average g r a i n  s i z e .  I n  t h e  absence o f  o t h e r  
toughen ing  e f f e c t s  and changes o f  f r a c t u r e  mode, t h e  change o f  g r a i n  
s i z e  f r o m  Do t o  D wou ld  produce an inc rease/decrease o f  f r a c t u r e  
toughness d i r e c t l y  p r o p o r t i o n a l  t o  D/D*. Based on t h e  same assump- 
t i o n s ,  t h e  f r a c t u r e  toughness o f  t h e  compos i te  can be e s t i m a t e d  u s i n g  
a p p r o p r i a t e  f r a c t i o n a l  c o n t r i b u t i o n s  o f  t h e  m a t r i x  and d i s p e r s o i d  
g r a i n  s i z e .  

I n  t h i s  s t u d y ,  @-Si,N, g r a i n  s i z e  ( e q u i v a l e n t  d i a m e t e r )  o f  t h e  
m o n o l i t h  and compos i te  m a t r i x  was de te rm ined  f r o m  t r a n s m i s s i o n  e l e c -  
t r o n  photomicrographs  ( 2 5 , O O O X  m a g n i f i c a t i o n ) ,  w i t h  t o t a l  c o u n t s  rang-  
i n g  f r o m  1500 - 2000 g r a i n s .  The e q u i v a l e n t  d iamete r  o f  t h e  d i s p e r -  
s o i d  was 1.95 p cor respond ing  t o  a w h i s k e r  o f  an average l e n g t h  o f  6 
vm and 12 : l  a s p e c t  r a t i o  (see T a b l e  1). Measured v a l u e s  f o r  g r a i n  
s i z e  and f r a c t u r e  toughness a r e  i n  f a i r  agreement,  s u g g e s t i n g  t h a t  t h e  
i n c r e a s e  i n  compos i te  f r a c t u r e  toughness a s  well as t h a t  o f  t h e  mono- 
l i t h  i s  most l i k e l y  d e r i v e d  f r o m  i n c r e a s e d  c r a c k  d e f l e c t i o n  due t o  en- 
l a r g e d  g r a i n  s i z e  ( e f f e c t e d  by t h e  a d d i t i o n  o f  l a r g e  w h i s k e r s  i n  t h e  
case o f  composi tes) .  



Tab le  1: C h a r a c t e r i z a t i o n  o f  S i c  Whiskers  
(Average D iameter  = 0.5 -6 0 . 2 )  

I I 

/ P r o c e s s i n g  Step Average Length  (um)/Counts Aspect  R a t i o  1 
I 

I 
/As-Received 18 ~fr 12/1574 33 
I A f t e r  Sed imen ta t i on  18 -t- 9/1430 33 
[ A f t e r  Homogenizat ion 5 .+ 3/1439 10 
l H o t  Pressed Composite 6 9 3/1780 12 

Tab le  2:  Comparison o f  Measured and C a l c u l a t e d  KIC-f3ased 

on Changes i n  M a t r i x  G r a i n  S i z e  

I I 

I Average G r a i n  S i z e  KIC (MPaam 1/2)  I 
-k 

I M a t e r i a l  S i  j N b  Composite Measured C a l c u l a t e d "  1 
I 
IAY6l  0 .37  f 0.29 0.37 4 .7  ? 0 . 3  4 .7  
I AYG2 0.59 I 0.41 0.59  5 .4  k 0 . 5  5 .4  

IAY6 -p- 20 v /o  S i c  0.24 -t 0.14 0.58 4.8 ? 0 .3  s . 4  
IAY6 + 30 v /o  S i c  0.36 2 0.24 0.84  6.4 f 0.5 6.2 

lAY6 -p- 10 v /o  S i c  0.36 + 0.24 0 . 5 1  4 . 4  9 0 . 1  5 . 1  

I + E q u i v a l e n t  d iamete r  
1"Ca lcu la ted  f rom Equa t ion  1, t h e  g r a i n  s i z e  o f  w h i s k e r  used i s  

1 1 .95 pm K J C "  = 4.7 MPa*rn 
I l H o t  p ressed f o r  90 m inu tes  
/ 2 H a t  p ressed f o r  400 m inu tes  

1/2 

E l e v a t e d  tempera tu re  (1200°6) mechanical  p r o p e r t y  c h a r a c t e r i z a -  
t i o n  o f  Si,N, m a t r i x  compos i tes  c o n t a i n i n g  S i c  w h i s k e r s  has shown t h a t  
t h e  w h i s k e r  a d d i t i o n s  i n c r e a s e  b o t h  f r a c t u r e  toughness and s t r e n g t h  
( F i g u r e  4 ) .  Examinat ion  o f  t h e  c o n t r o l l e d  s u r f a c e  f l a w  specinrens used 
f o r  f r a c t u r e  toughness d e t e r m i n a t i o n s  shows t h a t  t h e  enhanced mechani- 
c a l  p r o p e r t i e r  a t  1200°C a r e  r e f l e c t e d  i n  a reduced s u s c e p t i b i l i t y  t o  
s u b c r i t i c a l  c r a c k  growth  f o r  t h e  compos i tes ,  compared t o  t h e  mono- 
l i t h i c  base m a t e r i a l s  (Tab le  3 ) .  I n  a l l  cases examined t o  d a t e  t h e  
w h i s k e r - c o n t a i n i n g  composi tes exper ience  s u b s t a n t i a l l y  l e s s  s low c r a c k  
g rowth  p r i o r  t o  f a s t  f r a c t u r e  a t  1200uC. T h i s  phenomenon i s  a t t r i b -  
u ted t o  enhanced wh iske r  p u l l o u t  mechanism a t  h i g h  tempera tu re .  
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T a b l e  3: E v a l u a t i o n  o f  S u b c r i t i c a l  Crack Growth o f  AY6 and 
AY6-Based Composi tes a t  1 2 O O O C  

a I - 

82 
I 
IAY6 + 10 v/o S i c  w h i s k e r s  49 
IAY6 + 20 v/o S i c  w h i s k e r s  33 

63 

I AY6 

IAY6 + 30 v/o S i c  w h i s k e r s  

- c i  
I 

100 I 
94 I 

229 I 

139 I 

a = m i n o r  e l l i p t i c  a x i s  o f  p r e c r a c k  
c = 1/2 m a j o r  e l l i p t i c  a x i s  o f  p r e c r a c k  

T e s t i n g  t o  e v a l u a t e  t h e  e f f e c t s  o f  o x i d a t i o n  on t h e  s t r e n g t h  o f  
t h e s e  m a t e r i a l s  has been completed.  T e s t  b a r s  o f  AY6 and 
AY6-conta in ing  30 v/o S i c  w h i s k e r s  (Arco  SC-9) were o x i d i z e d  a t  1 2 0 0 O C  
f o r  100 hours  and, subsequent ly ,  broken a t  room tempera ture  i n  s tan-  
d a r d  f o u r - p o i n t  l o a d i n g .  The r e s u l t s  ( T a b l e  4 )  show t h a t  t h e  MOR o f  
the  composi te  was reduced s l i g h t l y  (12%) by t h e  o x i d a t i o n ,  w h i l e  t h a t  
o f  t h e  m o n o l i t h i c  AY6 was u n a f f e c t e d .  However, even a f t e r  o x i d a t i o n ,  
t h e  s t r e n g t h  o f  t h e  compos i te  i s  h i g h e r  (10%) t h a n  t h a t  o f  t h e  mono- 
l i t h .  F u r t h e r  extended t i m e  o x i d a t i o n  s t u d i e s  a r e  i n  p r o g r e s s .  

T a b l e  4:  Room Temperature MOR o f  S tandard  and O x i d i z e d  
S i l i c o n  N i t r i d e - B a s e d  M a t e r i a l s  

I I l̂__.~.-.....---.-~---.....~~.- 

I M a t e r i a l  S tandard  .._ll__ .̂_ll O x i d i z e d '  Change I 
1 AY6 

I 
773 k 67 791 rt: 66 +2% I 

I 
IAY6 + 30 v/o S i c  w h i s k e r s  ( S C - 9 )  975 k 39 859 k 117 -12%1 

Process Development 

Work on t h e  i n j e c t i o n  m o l d i n g  process  development was i n i t i a t e d .  
The approach i s  g i v e n  i n  F i g u r e  5. 

Batches o f  AY6-Sic (30  v /o  Tateho)  have been compounded a t  f o u r  
l o a d i n g  l e v e l s  o f  s o l i d s  f o r  t r i a l  i n j e c t i o n  m o l d i n g .  The l o a d i n g  
l e v e l s  a r e  54, 56, 58, and 60 v/o s o l i d s .  
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Tab le  5 d e s c r i b e s  t h e  r e s u l t s  o f  t h e  compounding, i n j e c t i o n  mold- 
i n g  and h i n d e r  b u r n o u t  t r i a l s  t o  d a t e .  I n  t h e  i n i t i a l  r u n s ,  i n j e c t i o n  
mo ld inq  o f  t h e  58 v/o m a t e r i a l  d i d  n o t  f i l l  t h e  b a r  c a v i t y  u n i f o r m l y .  
The 54-v/o m a t e r i a l  showed comple te  u n i f o r m  f i l l i n g -  o f  t h e  c a v i t i e s  
t h e  4-bar d i e  ( F i g u r e  6 ) .  

Tab le  5 :  Compounding and Mo ld ing  Behav io r  o f  AY6 S i l i c o n  
N i t r i d e  -I- 30 v /o  Tateho  S i c  N h i s k e r  Composite 

60 
i 
I 
I 55 
I 

54 
L ~ 

........... .......... -. .................. __ 
7- 

JSolids Load ing  1 Compounding I Mo ld ing  
I (volume %> I Behav io r  1 Behav io r  
+.---- + ........... __. 

I I 
I I 

I I 

I D i f f i c u l t  1 N/D 

I Accep tab le  I D i f f i c u l t  

I Good I Good 
I ....... -. L-... 

_ ......... ____ 

Burn o LJ t 
Behav io r  
___ .... 

N/D 

Good 

Good 

N/D = Not  Determined 

The b a r s  f rom t h e s e  r u n s  were s u c c e s s f u l l y  p u t  t h r o u g h  t h e  b i n d e r  
b u r n o u t  c y c l e  and w i l l  be encapsu la ted  f o r  H IP ing  and s i n t e r i n g  s tud -  
i e s .  SEM examina t ion  o f  f r a c t u r e  s u r f a c e s  o f  t h e  burned o u t  m a t e r i a l s  
showed t h e  presence o f  i n t a c t  w h i s k e r s  p r o t r u d i n g  from t h e  m a t r i x  ma- 
t e r i a l  ( F i g u r e  7 ) .  

S t a t u s  o f  M i l e s t o n e s  
~ - ~ I _  

M i l e s t o n e  122302 and 122303 have been completed. O v e r a l l  program 
e x e c u t i o n  i s  on schedu le .  

_~ P u b l i c a t i o n s  

None. 
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90 min 400 min 
I Yrn 

Figure 1: Fracture surface of S i l icon N i t r i d e  Base Mater ial  Held a t  
a t  Sintering Temperature 90 min. and 400 min. 
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F i g u w  2: Fracture Toughness o f  SI ,W, -S iC  (Whisker) Compos! t e s  
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K, = d 6 -  
INTERGRANULAR Y = f(4 

K, = f(D) 

c = 0.25 

TRANSGRANULAR 

K, f f(D) 

Figure 3 :  Model o f  Grain S i z e  E f f e c t  on Crack D e f l e c t i o n  Amp l i t ude  
and Frequency 

F i g u r e  4: Modulus o f  Rupture (MOR) and F r a c t u r e  Toughness 
(KIC) o f  Si,N,-Based Ceramics at 1200OG 



F i g u r e  5: 

- 1000 gin tolal (INITIAL BATCH) 
- AY6 / 30 v/o wh8s!ters 
- Unseparaled .latch0 

- 60 vi0 loading , ircrease binder 
- Dslerrnine rnax sdlids loading 
-Judge rnoldabiliiy 
- Indication of Fe cantarn,nalinn 

Whisksr Loading 

I Trial 1 - NDE for voids S cracks 

rii5T.w ........ Eva luate  6.- ) 
Sullabl l i ty  

A Loading -. .................. 

- Norinal bornout 
- Acceleralsd biirnoul 
- Whisker orir?nta:ion 

- Selecl densificalion method 
..... for deliverables Eva luate  I__. L- 

Process Oevelopment Approach f o r  Injection Molding 
Si3N, -S1 'C (Nhisker )  Composites 
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Figure 6: A. Four Bar In jec t ion  Molding Die and 8 .  Si3N3-30 v/o Sic 
(Whisker) Composite Test Bars a) as Molded and b) Burned Out 

AS MOLDED BURNED OUT 

Figure 7: Fracture Surfaces o f  I n j e c t i o n  Molded Si3N4-30 v/o S i c  
(Whisker) Composites a) as Molded and b) A f t e r  Binder Burnout 
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Sic- Whisker- Toxhened Si l icon  Nitride 
K. HayneS, M. M a r t i n ,  and H. Yeh (AiResearch C a s t i n g  Company) 

Qbjective/scorIe 

The objective o f  this twenty-four month program is t o  develop the  
ehnology base for fabricating a ceramic composite consistin 
n carbide whiskers dispersed in a dense silicon nitride mat 

is to be accomplished by slip casting as the reen shape forming method, 

experimental approach is used throughout the entire program. 
HIP'ing or sinter/HIP as the densificatio methad. An iterative 

The original goal of the program is a two-fold increase in fracture 
toughness over the unreinforced silicon nitride matrix (92% GTE Sylvania 
(GTE) SN-502 Si3N4 + 6% Y203 + 2% A1 03, designated as Code 2) without a 

ponsible far developing the fabrication techniques and providing 
specimens to Garrett Turbine En ine Campany (GTEC) . GTEC i s  responsible 
for determining th cal properties, including frac- 

radation of other properties. Ai ii esearch Casting Company ( A N )  i s  

icrastructure. A I  1 ied-Signal 
RC> provides analytical assis- 

lechnical/prosress 

Test cy1 inders containin o"/o ~~~~ 56-9, 30% Tateho SCW #1, and 20% 
Tateho SCW #1-5 silicon carbi s in the silicon nitride matrix 
(two cylinders of each) were 
basel i ne mono1 i thic i l  icon nitride cy1 inders, 
processed through pr sintering and niobium encapsulation. H a l f  of  the 
S13N4/SiC cornposi te ylinders have b en HIP'ped and sent to GTEC far 
machining and testin . The remainin Si3Nq/SiC composite samples and 
the baseline Si3N4 s mples await HIP .  

The niobium enea 
Tateho SCW #1-S, Si3N 
t o  GTEC from ACC were asel i ne b i  1 1 et 
had a density of only ornposi te bi 1 lets were 
HIP'ped to between 3.23 and 3 composite billets were to be 

via slip casting along with 
A1 1 cy1 iwders have been 

Nq, S i  Nq/20% 
68 SC- 3 ) sent 

nchined into test bars for strsasgth and fracture toughness measure- 
baseline monolithic Si3N4 billet was st to be machlned a t  

ue to its low density. Additional bas line billets will be 
B optimize the density of the baseline 

and S. ley, Engineered Materials Research Center, 
Allied-Signal Corporation, 
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Two samples previously sent to GTEC (#11074 containing 20% ARCO 
SC-9 Sic whiskers and #0125603 containing 30% Tateho SCW #1 Sic 
whiskers) were machined for room temperature flexural strength and frac- 
ture toughness evaluation. These tW0 billets were HIP'ed at 1800OC a 
28 ksi for 2 hours. 
using 2" X 0.250'' X 0.125" test bars. Fracture toughness testing was 
conducted at the University o f  Washington, using 2" X 0,258" X 0,250'' 
chevron notch bend bars. The 
flexure strength results correlated we1 1 with the microstructures 
observed in metallographic analysis. ARC0 strength values may be due 
partially to the possible preferred orientation of  the whiskers along 
the length of the test bar. 
(up to 40X) using an optical binocular microscope. Both tensile face 
and internal fracture origins were observed from the ARCO composite. 
The Tateho composite showed failure a t  inclusions similar to those 
identified using metallography. 
summarized later in this report. 

Flexural strength testing was conducted at GTEC 

The results are summarized in Table 1. 

Fractography was conducted on all specimens 

SEM analysis conducted at GTEC will be 

TABLE 1 

FLEXURAL STRENGTH/FRACTURE TOUGHNESS 

I I I 

Based on suggestions from Dr. R. Bradt and his staff at the 
University of Washington, GTEC has fabricated a new fracture toughness 
test flexure fixture and has developed new procedures for machining the 
notch, both aimed at increasing the reproducibi 1 i ty and re1 iabi l'i ty af 
chevron notch fracture toughness tests. 

A 1 kg sample of Tokai Carbon silicon carbide whiskers (brand name 
In addition, ACC received from GTE "Tokawhisker") was received by ACC. 

a quantity o f  ARCO S C - 9  silicon carbide whiskers. 
tions containing GTE Si N4 with 20% Tokaf Carbon "Tolcawhisker" silicon 
carbide whiskers and GT Si Nq with 20% ARCO SC-9 silicon carbide 

carbide whiskers to the Si3N4 were reduced from 2 hours to 15 minutes, 

Composite formula- 

whiskers were produced. Bq M i  ling times used to incorporate the silicon 
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Siips have been prepm-ed from the composite gowder. 
c a s t  from both the ARC9 asrd t k  Tokai silicon carb’wda whiskers. 

Billets have been 

Information f rom QRNL has indieat& t h a t  J.  M. Werber has produced a 
Inquiries were made by AGC silicon carb ide whisker with gasd potential. 

t o  acqu i re  a samgle o f  Haaber’s silicon carbide whiskers f o r  evaluat~oon. 
ACC will receive an i n i t i a l  sample of silicon cat-hide whiskers hy the 
second or t h i r d  week of November. 

ANAL YS IS 

Extensive analysis OF composite materials i n  var ious  stages o f  pre- 
cessing has been performed b y  GTEC and EMRC. 
fo l lmving  analysis prese;ated will focus on presintered and H I P  composite 
m~ccrostructures. Additisnal morphology work done on silicon carbide 
whiskers will a l s o  be p ~ s e r i t e d ~  

The i m j o r i t y  sf the 

Presintered -. Micr~strwcture -__- 

SCW tl/SiaHq composi tes 2in a presinter~d state .  

structure. 
Grain b ~ u n d a r y  pockets te i i tdd t o  be higher ii? Y / S i  r a t i o  than the  s i n -  
tered sample. H B W B V B ~ ,  the sintering aids tended t o  be present i n  a 
variety o f  Y - A I - S i  eombinatians; this reflects the distribution o f  the  
a d d i t i v e s  pr ior  t o  full sintering, b g t  during liquid phase s i n t e r i n g  a 
more hornogeneaus compos i ti QS? resul t s  
degraded r e g i o n s  were presmt; them WBTB nan-crystalline and rarely 
were associated w i t h  the sintering a ids .  

EMRC analyzed the microstructure o f  both ARC0 SC-S/Si$44 and Pateho 

The ARGO pr-%sintered samp7e contained much porosity and a very Pine 
The m ic ros t ruc tu re  exhibits a grain s i z e  af  Q,&15-0,2 micron. 

As w j  t h  the  si ntered sarnpl e some 

There was some bonding between 
the s i c  wh iske rs  and the S’I3N4. 

The Tateksd presintered ~ors ipo~?  te had a muck different mi&rastrmuc- 
tu re ,  
PSne microstrscture. Instead, the s i 1  icon nftrride was irregularly 

There were 1-10 micron 
size dwsa  Si-rich and s i n t e r i n g  a i d  particles. Outside o f  these dense 
p a r t i c l e s  the sintering aids were n o t  observsd. In addition, the  S i c  
whiskers seemed t o  be degrading as some have through holes and others 
appeared t o  be react ing w i t h  the Si$Q. 

Since the presintesed specime? c o n t a i n i n g  Tateha whiskers showed 
extensive whisker d e g r a d a t i o n ,  EWRC, t o  simulate the pseninier ing env i -  
ronment, conducted afi exper’anent *is stm if  he &Sskers were susceptible 
$0 nitrida%?oon a t  the temperstws and atmosphere involved. 
sew #1 whiskeps we-e heate2 in m e  atmosphere o f  flowing nitrogen a t  

(with flswing nitrogen atmosphere mainta ined) .  
submit ted f o r  X-ray d i f f r a c t i o n ,  
amount o f  Si3M4 formation. 
SC-9 whiskers showed n78: dsteectable Si& .  

There were very few regions exhibiting the initial stages o f  a 

shaped and j o ined t o  other p a r t ” i k  a t  a neck. 

Pateho 

QC f25QC f o r  2 hours. Ramp t i m e 5  up arid down were 8 hours each 
The whiskers were t h e n  

The X-ray results indicated a sizable 
A s i n i l a r  experiment performed with ARC0 



HIP Microstructure 

on bi 1 lets #11074 (2oX ARCWSi3N4) and #0125603 (30% TatehdSi3Nq). 
Microstructures taken were representative of the 2” test bars cut 
lengthwise from cylindrical billets. 
(Figure 2) samples show good Sic whisker distribution in the Si3N4 
matrix. 
sample), The ARCO sample showed slight preferred orientation in the 
lengthwise direction of the test bar, while the Tateho sample retained 
little or no whisker aspect ratio characteristics, suggesting severe 
whisker degradation/breakage. In addition, the Tateho sample contained 
inclusions not shown in the ARCO sample. 

SEM analysis was also conducted at GTEC on composite specimens from 
billets #11074 (20% ARC0 SC-9/Si3Nq) and #0125603 (30% Tateho SCW 
#l/Si3N4). The analysis was conducted on the fracture surfaces of flex- 
ure strength and fracture toughness specimens. 
structures showed the Sic whiskers in the ARC0 composite to be intact, 
having some degree of preferred orientation. The whiskers in the Tateho 
composite degraded to the point of having a significant reduction in the 
whisker aspect ratio characteristics or the elimination o f  whisker 
aspect ratio during processing. 
contained regions o f  unreinforced matrix which appeared to be large 
Si3Nq grains 20 to 50 microns in diameter, 

The fracture surfaces o f  the flexure strength specimens did not 
indicate any evidence of whisker pullout on the fracture surface, 
whiskers were not observed on the fracture surfaces o f  either composite. 
The failure origins were primarily surface flaws in the case o f  the ARCO 
composite which exhibited 131.5 ksi strength (Figure 3). The Tateho 
composite exhibited much lower strength (65 k s i )  which was associated 
with the gross flaws such as internal porosity (Figure 4) and large 
Si3N4 grains (Figure 5). 

At GTEC, metallographic analysis on polished sections was conducted 

Both ARCO (Figure 1) and Tateho 

(Some Sic whisker agglomeration was noted in the Tateho 

?he composite micro- 

The microstructure o f  both composites 

S i c  

The fracture surfaces of the ARC0 fracture toughness specimens did 
indicate some evidence of whisker pul lout/crack deflection (Figure 6). 
These fracture characteristics explain the 20% improvement in toughness 
(KIO = 6.45 2 0.53 ksi*in.+ by chevron notch) compared to the toughness 
o f  monolithic Code 2 Si3N4 (5.39 +_ 0.52 ksi*in.% by chevron notch). All  
whiskers observed on this particular fracture surface were perpendicular 
to the fracture plane. 
plane. 
ARCQ compos i te 

No whiskers were found lying in the fracture 
This suggests the possibility of preferred orientation in the 
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Figure 2. 3oX Tat&:, SCW #l/Si3N4 (Billet 80125603) 
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Figure 3. ARC0 SC-9 Flexural Strength Samples Showing 
Failure at the Tensile Surface 



Figure 4. Tateho SCW X 1  Flexural Strength Samples Showing 
Internal Porosity on the Fracture Surface 
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Figure 5. Tateho SCW #1 Flexural Strength Samples Showing 
Large Si3Nq Grains on the Fracture Surface 
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The results f r om the $atekg composite were no t  as encouraging. 
Whiskers were not observed the fracture surfaces (Fjgure 7 ) .  The 
speculation is that these whjskers w 
agrees with the metal lagraphy result 

ong the surroundi ng grai w boundary 

ni P i  can t 1 y degraded (whi ckl 
cannot be distinguished f rom 

EMRC ~ ~ r f ~ ~ ~ ~ ~  Scanning Transmiss!sn Electron Microscopy (STEM) 
le (Figures 8 i s  on the bul l y  processed 2QX A 

h 13). The grain size was abou in boundary packet 

Most whiskers observed 

size was less than 0,2 pm. 
ca ted  13.7 6.2.4 a t  .% (Atomic X )  Al, 67.8 $2.8 a t  .% Si and 18,5 21.1 a t  
.% Y .  
were much shorter,  possibly due to sample prepara t ian /or ien ta t i sn .  

Compositional analysis o f  the packet incl-i- 

The longest Si@ whisker observed was 5 ym, 

Nan-crystalline regions were faurnel throughout, appearing t o  be 
associated w i t h  degraelation'of S i c  whiskers ar~d Si3N4.  EMRC's hypoth- 
e s i s  is based upon the presence of some very f i n e  whiskers; the micro- 
crystalline areas could n o t  be unambiguously identified as e i t h e r  Si3N4 
or SiQ, 
The A1 content in the Si3Nq grai s was quite varied ( 1 . 4  k1.l  a t  .%); 
about 25% o f  the grajns cantaisle no A I .  
whiskers had de t ec t ab le  A I .  

Nan-crystalline f i lms were foun surrounding a1 1 whi skers.  

Approximately 25% o f  the Sic 

Whisker M~t-phology 

EMRC has done additional work on S i c  whisker aaerghslagy using STEM. 
( A  summary co 
3 - 9  S i c  whis orphologies, consisting o f  
stacking f a u l t s  lying normal t o  the whisker axis. 
faults ranged f rom 2-200 nm. 
from $0 nm to 8.5 micron. Many whiskers had surfaces that undulated 
coincident w i t h  the stacking f a u l t s ,  Other A CO whiskers had smooth 
surfaces, w h i l e  some had very irregular stack ngs. 
branched whisker was noted. There also was a considerable amount o f  
amorphous material ; S Q ~ I  contained low l e v e l s  o f  Ca. Overall, the ARGO 
wk.isker morphology was more cons is ten t  than those from T a t e k ~  and Tokai. 

~ ~ . ~ ~ ~ ~ ~ ~ y  i s  given i n  Table 2.) The ARC0 

The spacings between 
The diameters of the whiskers a l so  varied 

On occasion a 
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Figure 7. Tateho SCW #l Flexural Strength sample Showing 
No Observed Whisker Pullout or Crack Deflection 

Figure 8. General View of Sic Whisker Reinforced Si3N4 
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Figure 9. Non-Crystal1 ine Grain Boundary Pockets as Demonstrated 
by Tilting the Sample 



Figure 10, Degraded Area in S i c  Whisker Reinforced Si3Nq 

Figure 11. Fine Sic Whiskers in Degraded Area 
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Figure 12. Start of Degradation of Sic Whisker and SigNq Grain 
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I ,  

Figure 13. Y-Rich Layer between Sic Whisker and Si3Nq Grain 

The Tateho #1 and #l-S Sic whiskers tended to have smooth surfaces; 
stacking faults were still commonly observed (Figure 14). However, many 
whiskers had a highly irregular structure and appeared quite contorted 
(Figure 15). The diameter o f  the whiskers ranged from 50 nm to 
1 micron. A few branched structures were also found. The debris was 
both micro-crystal1 ine and non-crystal1 ine. 
hollow or had axial defects (Figures 14 and 15). 
seemed to have substantially fewer defects and debris than the Tateho 
#l-S sample. 

shaped whiskers. 
The irregularly shaped whiskers were often extensively contorted. 
diameter of the whiskers yaried from 50 nm to 0.5 micron. 
faults lying normal to the whisker axis were comon but some areas 
exhibited no stacking faults. 
crystalline debris was found also. Small crystallites (10 nm) rich in 
Co were noted; these most likely were the catalyst. 

PROBLEMS ENCOUNTEREO 

Some whiskers appeared 
The Tateho I1 whiskers 

The Tokai Sic whiskers consisted o f  both smooth and irregularly 
The smoothly shaped whiskers often varied in diameter. 

The 
Stacking 

Sonre branching was present as well; non- 

Supply o f  ARCO SC-9 Sic Whiskers 

In the original scope of the program, the primary source of Sic 
whiskers was to be ARCO Metals, ,utilizing the ARCO Silar SC-9 Sic 
whisker. A1 ternate sources of SIC whiskers could be incorporated into 
the program parallel with the ARCO SC-9. ARCO’s decision to initially 
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1' 

Bright Fie1 d 

- 

Dark r i e l d  

Figure 14. STEM of Tateho SCW #1 S i c  Whiskers Showing Stacking 
Faults Lying Normal to (111) Whisker A x i s  
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Figure 15. STEM o f  Tateho SCW #1 Whiskers 
Showing Irregular, Contorted Structure 
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restrict Sic whisker availability and eventually to discontinue sup- 
plying SC-9 S i c  whiskers, experimental iterations involving ARC0 SC-9 
had t o  be restricted. 
only commercially available Sic whiskers. 

Tateho SCW #1 and SCW #I-S Sic whiskers were the 

HIP Processing Problems 

The more recent property results seen with the processed samples 
have been encouraging. 
k s i  HIP unit has resulted in loss of samples and delay in progress. In 
addition, as indicated in Table 3, glass and tantalum encapsulation has 
shown poor re1 iabi 1 i ty. 
bility, but delivery has taken up to 10 weeks. Thus, the processing o f  
samples through HIP has been slow. 

However, the malfunctioning o f  the in-house 30 

Niobium can fabrication has shown better re1 ia- 

TABLE 3 

SUMMARY OF HIP EFFORTS (FEBRUARY 1985 - AUGUST 19%) 

*Including five runs aborted due to equipment f a i l u r e .  

Status of mjlestones 

?he milestones are in the process o f  being revised. 
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D J ' s ~ P - ? * o ~ ~ -  Toughened Oxide Gofipositaz 
7 .  N. T i e g s ,  P .  F.  Bacher, L. A .  Wat-ris, J .  W. Geer, and 
W. W .  Warwick (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

T h i s  work i n v o l v e s  development and characterization o f  S i c - w h i s k e r -  
r e i n f o r c e d  o x i d e  composi tes f o r  improved mechanica l  per formance.  To da te ,  
most o f  t h e  work has d e a l t  w i t h  a lumina as  t h e  m t r i x  because i t  was 
deemed a promii'sing m a t e r i a l  f o r  i i ' n i t i a l  s tudy .  Ilowwet., o p t i m i z a Q ? o n  s f  
m a t r i x  m a t e r i a l s  i s  a l s o  e x p l o r e d .  The approach t o  f a b r i c a t i o n  i s  t o  
f i r s t  use h o t  pressing t o  i d e n t i f y  composi t ions f o r  toughen ing  avd t h e n  t o  
e x p l o r e  p r e s s u r e l e s s  s i n t e r i n g  f o r  f a b r i c a t i o n  tci near  n e t  shape. 

- - 1 ~  'res hn i ca 1 p _.... r o q  re s s 

S i c  w h i s k e r s  X-ray p h o t o e l e c t r o n  spectroscopy ( X P S )  scans made on the  
s u r f a c e s  o f  ARCO and'Tateho S i c  w h i s k e r s  shoved t h a t  t h e  Patehha w h i s k e r s  
were much r i c h e r  i n  oxygen than  t h e  ARCO w h i s k e r s  and appeared t o  have 
some s u r f a c e  s i l i c a .  Alumjna--28 v o l  24 S i c  w h j s k e r  composi tes made f rom 
t h e s e  two w h i s k e r  batches had s i g n i f i c a n t l y  d i f f e r e n t  f r a c t u r e  toughness 

f o r  t h e  composi tes made w i t h  Tateho and ARC0 w h i s k e r s ,  r e s p e c t i v e l y .  I n  
a d d i t i o n ,  SEM euaminat ion  showed a very smooth f r a c t u r e  s u r f a c e  f o p  t h e  
composi te  made w i t h  Tateho w h i s k e r s  i n d i c a t i n g  l i t t l e  crack d e f l e c t i o n  by 
t h e  nh i sks rs .  E v i d e n t l y  t h e  surface c h a r a c t e r i s t i c s  o f  t h e  whs'skers 
i n f l u e n c e  t h e  bond ing  between t h e  m a t r i x  and t h e  w h i s k e r s ,  and t h i s  
a f f e c t s  t h e  fractum toughness.  

Further t e s t i n g  o f  t h e  r o l g  of  t h e  w h i s k e r - m a t r i x  i n t e r f a c e  band 
i n d i c a t e d  t h a t  by c o n t r o l l i n g  the  surfdce c h e m i s t r y  o f  t h e  w h i s k e r s  t h e  
f r a c t u r e  toughness can be a l t e r e d .  
s i 1  i c a ,  used i n  t h e  con ipos i te  w i t h  d toughness o f  K I ~  = 4 .2  MPa-n1'/2, 
wer2 s u b j e c t e d  t o  a c i d  l e a c h i n g  w i t h  H C I  and !IF. XPS showed a s i g n i f i c a n t  
r e d u c t i o n  i n  t h e  s u r f a c e  oxygen c o n t e n t .  An a l u m i n a - 2 8  v o l  % S i c  corn- 
p c l s i t e  mid& M i t h  t h e s e  w h i s k e r s  had a f r a c t u r e  Loughness o f  K I ~  = 
6.0 MPa.m'/'. Converse ly ,  t h e  w h i s k e r s  w i t h  the low scrrfi ice s i l i c a ,  used 
i n  t h e  compos i te  w i t h  a toughness o f  K I ~  =. 8 . 3  ~ ~ a - r n " ~ ,  woir~, o x i d i z e d  a t  
1000°C fos  60 minu tes .  XPS r e v e a l e d  a h i g h  s u r f a c e  s i l i c a  c o n t e n t ,  and 
consequent ly  t h e  Fracture tobghness  o f  a s i in l ' l a r  composi te  was K I ~  = 
/ . O  MPa.m1/2. 
t h e  f r a c t u r e  toughness: can be m o d i f i e d  by changinq t h e  sur face  c h e m i s t ~ y  
o f  t h e  w h i s k e r s .  Further  t e s t i n g  i s  under way t o  improve t h e  f r a c t u r e  
toughness by su r face  t r e a t m e n t s .  

w i t h  t h e  ARC0 and Tateho wh iskeys  were examined by t r a n s m i s s i o n  e l e c t r o n  
mic roscopy  (PEM). A comparl'son o f  TEM m i c ~ o g r a p h s  f o r  t h e  two samples 
revealed no marked d i f f e r e n c e s  i n  t h e  genera l  appearance o f  t h e  m i c r o -  
s t * r u c t u r e s .  The m a t r i c e s  c o n r i s t d  o f  r e l a t i v e l y  l a r g e  w211 -de f ined 
aluf i iaa  gl-ains.  
w h i s k ~ t -  were sharp and d i d  not i n d i c a t e  m a t e r i a l  t r a n s f e r  bet-ween these 
phases. 

v a l u e s .   he ~ ~ Z K ~ U X ?  ~ O U ~ ~ ~ W P S  were KI~  = 4.2 MP~.E+" and 8 . 3  MP~.~I+" 

The w h i s k e r s  w i t h  t h e  h igh  surface 

- E v i d e n t l y ,  t h e  c r a c k  p r o p a g a t i o n  b e h a v i o r ,  which de termines  

Samples o f  a lur i ina-  20 v o l  % S i c  whisker compos i te  mat ,~ t . ia l  f a b r i c a t e d  

Boundar les  between a lumina-a lumina and a l u m i n a - S i c  

However, evaminat ion  o f  m ic rographs  f r o m  t h e  compssi t e  made w i t h  
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Tateho whiskers a t  high magnification showed a possible glassy phase 
s~rround~ng some o f  the S i c  whiskers. 
the  two composites were generally similar, the properties o f  the 
alumina-SiC whisker interface are again believed to be the major factor 
affecting the mechanical properties o f  the whisker-reinforced composites, 

Long-term oxidation tests 

Because the microstructures between 

The long-terrm oxidation resistance of alumina-SiC whisker composites was 
to determine i f  any degradation o f  the mechanical properties 

occurs. The oxidation weight gains for two dffferent composites o f  alu- 
mina---ZQ va l  % S i c  whiskers show t h a t  nxidatisn of the  composites at e le -  
vated temperatures does occur (Fig. 1). 

ORNL-DbVG 86-1488 

0 200 400 600 800  1000 m a o  
EXPBSURE TIME (HR) 

F i g .  1. Summary o f  results of isothermal oxidation o f  alumina- 
20 vol % Sa"@ whisker composites. 

The initial workX performed with composite "A" showed that the oxida- 
t f o n  ra tes  up t o  1000 h a t  800 and 10QO'"C are relatively linear, indicating 
oxygen transport through the alumina matrix with no formation of a pro- 
t e c t j v e  layer at the surface as i s  common with S i c  and Si,N, materials. 
Apparently oxygen transports along grain boundaries, and the rate i s  accel- 
erated by the presence of monovalent and divalent atoms such as Na, Mg, 
and @a. 
balance mostly Na,O and MgO. 
transported readily. 

t h a t  the alumina used was 99.99% pure with the Na, Mg, and Ca content 

weiight gain is reduced, apparently because o f  reduced oxygen transport, 

The alumina powder used f o r  composite "A" was 99.5% pure with t he  
In this matrix, oxygen i s  apparently 

Composite "8" i s composi tional l y  indentical t o  composite "AA"' except 

ppm, and the S I C  whiskers were "cleaned" by sedimentation. Oxidation 
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The e f f e c t  o f  oxidation on the composite flexural strength 1's 
illustrated i n  Fig. 2. 
oxidative weight. gain, also exhibits significant degradation o f  t he  
flexural strength. Composite 'IB," on the other hand, shows little 
s t r e n g t h  degradation with exposure time. These results indicate that 
oxidation-produced proper ty  degradation is a potential l o n g - t e r m  problem 
f o r  t h e  application o f  a l i im ina - - -S iC  whisker composites in heat engines. 
The problem could be even more severe in  m a t r i c e s  such a s  zirconia, where 
oxygen transport o c c u ~ s  rapidly as compared w i t h  t h e  ra te  in alumina, 

As shown, composite " A , "  which showed h i g h e r  

3 
800 

ORNL-DWG 86-1989 

COMPOSITE "B" e 
1000"c 

-.- COMPOSITE *A'- 

. . . . . * I -7----i---l7 

0 200  400 6 0 0  8 0 0  1000 1200 

EXPQSUWE TIME ( H R )  

Fig. 2. F l e x u r a l  strength a t  room temperatme following isothermal 
oxidation for aluniina-20 vol % Sic whisker composites. 

Pressureless sintering 

Alumina-10 vol % Si6 whisker compos i tes  were fabricated f rom v a r i o u s  
alurnl'raa powders. A I 1  compositions c o n t a i n e d  ARC0 whiskers, contained 
2 w t  % Y 2 Q 3  a s  a sintering aid, and were fabricated under  the same con- 
ditions. A summary of the results is presented in Table I. As shown, 
h i g h  densities were achieved w i t h  all t h e  powders, with the  b e s t  densities 
obtained using Reynolds RC-HP DBM and Baikowski CR-lO1 Filrther improve- 
ments are being niade by using combinations o f  these powders t o  maximize 
reactivity and particle packing. 
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Lo1 - G e l  Oxide P0wde.g 
W .  D. Bond, P. F. Becher, and T. N. Yiegs (Oak Rldge National Laboratory) 

Objective/scoB 

Sol-gel processes have the potential for the synthesis of materials 
that can be processed at modest temperatures while obtaining highly uni- 
form composition in dense, fine-grain ceramics that incorporate dispersed 
second phases to increase fracture toughness. This research emphasizes 
the determination o f  the feasibility o f  sol-gel processes for (1) synthe- 
sizing powders of phase stabilized zirconia and alumina and (2) coating 
whiskers to control their interface properties to matrix phases, 
Sol-gel processes take advantage o f  the high degree of homogeneity that 
can be achieved by mixing on the colloidal scale and the surface proper- 
ties o f  the colloidal particles. The excellent bonding and sintering 
properties o f  colloids are a result of their very high specific surface 
energy. 

Material Sciences Program tasks of the Structural Ceramics Group in the 
Metals and Ceramics Division. The synthesis of sol-gel materials i s  
carried out in the Ceramics for Advanced Heat Engines Project. 
sification, characterization, and mechanical properties studies on com- 
pacts of the sol-gel powders are performed in the Materials Sciences 
Program. 

The work reported here is performed in a collaborative effort in the 

The den- 

Technical proqress 

Studies were continued on the preparation of colloidal zirconia and 
hafnia by thermal hydrolysis reactions in an autoclave and the charac- 
terization o f  the product colloidal oxides, Studies were also initiated 
on the preparation o f  fibrous, colloidal alumina (boehmite) by hydrother- 
mal reaction methods similar to those reported by Bugosh.'V2 

Electron microscopy studies show that zirconia and hafnia particles 
prepared by hydrolyzing 1 M salt solution at 175 to 20OoC for 4 h are 
roughly spherical (75- to 100-nm diam) and consist of agglomerated 
7-nm-diam crystallites. Surface area measurements (BET method) indicate 
that the crystallites are not tightly packed into the agglomerate 
(Table 4). The surface of  the Crystallites is available for nitrogen 
absorption as indicated by the calculated equivalent particle size. 
amount of nitric required for dispersing the Z r O ,  or HfQ, colloids t o  the 
stable sol state was 0 . 1  mol k'NO, per mol o f  the metal oxide and a pH 
value of -4.  
much slower rate, and at 1 2 5 O C  the oxides are essentially amorphous (C2-nm 
diam) for our nominal 4-h reaction time. 

Acid-stabilized sols  (pH 4) of 1 fl ZrQz or HfO, of low electrolyte 
content are readily prepared from the colloidal oxides formed by thermal 
hydrolysis. Zirconia so ls  with nitrate-to-ZrQ, mole ratios o f  0.05 to 0.1 
and hafnia so ls  with chloride-to-Hf0, mole ratios of 0.05 have been found 
to be highly stable. 
hydrolysis reactions of zirconyl and hafynl salts are essentially quan- 
titative at 200OC after a 4-h reaction time. 

The 

At lower reaction temperatures, the crystallites grow at a 

The yields o f  colloidal oxides from the thermal 
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Table 1. Surface area  of gels synthesized from ZrO, and HfO, 
partic1es prepared by thermal hydrolysis 

Hydrolysis Surface Calculated equivalent 
Ox i de temperature area particle diameter 

(“C) ( m ” d  (nm) 

Z r O ,  175 I49 

HfO, 17 5 91.0 

HfO,  200 85,9 

7 . 2  

6.8 

7 .2  

In some initial studies we have obtained ev ldence  that additional 
aging- o f  t h e  colloidal oxides produces inore uniform particles. I n  studies 
with t4f02, the colloidal particles were more uniform in size and spheri- 
cal when aged i n  the mother liquor from t h e  hydrothermal reaction 
for an additional 3 h at 175°C. Electron microscopy indicated that 
restructuring o f  the agglomerates o f  crystallites may have occ i~ r red .  It 
appeared that uniformly sized (500-nm-diam) spherical agglomrrates were 
formed from the more irregularly shaped and snial l e r  agglomerates o f  7-nm 
crystallites that were initially present -in the sample. HOweverl a 
complete restructuring d i d  not occur .  Additional studies on the effects 
o f  a g i n g  time and of the pW and electrolyte c ~ n c e n t r a t i ~ i - i  o f  the aging 
liquor are in progress. 

hydrothermal reaction, it i s necessary to employ partial ly hydrolyzed a1 u- 
rninurn nitrate ( e . g .  9[A1(OtII),N0,)] rather than the stoichiometric s a l t  
[Al(NO,),]. The position of equilibrium with the stoichiometric s a l t  
[Eq. (111 is too f a r  t o  the left to give goad yields; whereas t h e  thermal 
hydrolysis o f  AI(OH),NO, proceeds to near completion according t o  Eq. (2). 

To obtain good yields o f  hydrous, colloidal boehmite (A100H~XH20) by 

Al(NO,), + ( X  + 2) E,O f AlOOH-XH,O + 3WN03 (1) 

Colloidal alumina produced by t h e  thermal hydrolysis of 0.25 
,41(OW),NO, at 175 to 200°C after a 4 - h  reaction time was composed of 
ivregular-shaped agglomerates (average diameter -1 pin) o f  fibrous alumina 
monohydrate (boehmite) crystallites (1-nm diam and 50 nm l o n g ) .  
mum amount o f  nitric acid for dispersion t o  t h e  s t a b l e  sol state was 
0.07 mol HNO, per mol of oxide and a pH value o f  - 4 .  The hydrothermal7y 
synthesized alumina, zirconia, arid hafnia are compatible when cadispersed 
to m i  xed  hydrosol s .  

The mini- 
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cr-qcessing of I q r o v e d  Transf omt ion - Tougb-FpaecP C e r a m i c s  
3 .  S.  Blum, C. E. Knapp, and G. A .  Ross1 (Nor ton  Company) 

The objective of this program is the production of 
zirconia toughened ceramics ( Z T C )  which exhibit mechanical 
properties (strength and toughness) superior to those of 
the ""state of the art ' l  toughened ceramicsr particularly at 
high temperature and after prolonged aging at high 
temperature. In addition, such ceramics shsuld possess Pow 
thermal conductivity to minimize energy losses in heat 
engine applications - 

The scope includes the powder synthesis a n d  
characterization , shape forming, pressureless sintering, 
characterization of the sintered ceramics, and reporting of 
results. 

In order to, meet the program objectives, research will 
be focussed on comparing the performance of two types of 
powders, i .e. rapidly solidified and chemically derived, 
one of which will be chosen fox the final part of the 
program. The most promising compositions will be st-udied8 
which will produce t h r e e  c l a s s e s  of zirconia toughened 
ceramicsl i.e. Mg-PSZ, (MgB-partially stabilized zirconia), 
Y-TZP (Y 0 -Tetragonal Zirconia Polycrystals) a n d  ZTA 
(Zirconiz 4ouqhened Alumina), ~ ~ i t h  t h e  intention of 
identifying the best o n e 8  which will be eventually used for 
final property optimization. Several shape forming methods 
wil.1 a1.so be investigated, with particular emphasis on 
those which are based on colloidal ~uspension"s, and the 
best method will be selected, based on the properties o€ 
the green and sintered ceramics. Hot isostatic pressinq 
wi.11 be used in the exploratory phase of the program, to 
try to separate the influence of composition and 
microstructure f r o m  that of flaws on the mechanical 
properties. M i c r o s t . r u c t u r a 1 .  and fxactographic analysis 
w i l l  be used for a better understanding of strength and 
fracture toughness. 

Technica l  proqrers 

1. Experimental Procedure 
~I_ _I_.s_ ~ ........ - 

1.1 _.__ Powder ......... preparation 

The rapidly solidified ( I i /S )  powders were prepared by 
melting a charge of t h e  desired composition and 
rapidly quenching with a b l a s t  of compressed a i r .  
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Hollow bubbles were obtained, which were crushed and 
wet milled to get a powder with mostly sub-micron 
particles. Such powder was classified in some 
instances to obtain t h e  desired particle size 
distribution. 

The chemically derived (C/D) powders were made by 
caprecipitatian €ram ethanolic solutions of pre- 
cursors. The slurry was filtered and the cake dried 
to remove the alcohol, then washed to eliminate the 
salt by-product. The amorphous powder so obtained was 
then crystallized, either by air calcination or by 
hydrothermal treatment. The ethanslic solutions were 
used to avoid the formation of a g e l ,  which produces a 
coarse unsinterable powder. 

1.2 Powder characterization -I-I-. 

T h e  powders were characterized f o x  physical and 
chemical properties, Properties measured included BET 
surface a r e a r  particle size distribution, phase 
composition by X ray diffraction, morphology and state 
of agglomeration by SEM, purity by spectrographic 
analysis, weight loss v s .  temperature by TGA and 
crystallization by DTA. 

1.3 ShaDe forminn meth0d.s 

The shape forming methods used were: dry pressing 
(die presing fallowed by cold isostatic pressing QX: 

direct isostatic pressing), slip-casting and pressure 
assisted casting using air at about 700 KPa. The 
suspensions were prepared using water and selected 
dispersing agents and their rheological prsperties 
were measured with a viscometer. The objective was 
the preparation of a stable suspension with the 
highest solid loading.. Deairing was done before 
casting e 

1.4 Sintering and HlPing 

Pressureless sintering was done in electric muffle 
furnaces with a temperature controlPer/programmer, 
Dilatometry w a s  frequently performed for exploratory 
study and ta identify the best sintering conditions. 
HIPing was done on presintered billets in Ar pressure 
of 207 MYa. 
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1.5 Measurement of nhvsical and mechanical nrowsrties 

T h e  density o f  t h e  ceramic i d a s  measu red  w i t h  t-kc 
Archimedes method j 1-1 water. Strength was measured i l l  

4 Pt bending on P1BR bars of 3 x 3 ~ 3 0  mm, w i t h  spans of 
25.4 mrn and 12.7 mm, u s i n g  a crosshead speed 0 f  0.5 
mm/;nin. MOR values were obtained a t  r ~ o m  temperature 
and a t  1 0 0 0 " ~ .  For the hot MOW test, ths bars W I ~ P  

introduced i n  t h e  furniace at about 300 C and the  
temperature w a s  raised to IOOQOC in about 15 min. A 
fixture of hot pressed Sic (NC-203) w a s  u s e d .  T h e  
fract  ire toughness  at rocam tempera P re was measurcd 

and with t h e  
methoas. T h e  

w i t h  
m u l t i p l e  c o n t r o l l e d  flaw (MCF) 
latter method was used for measuring at 1000 (7: 
and the b a r s  were heated ah the same for t h e  
MOR test. 

(M1)(23 t h e  m i c r o i nil en t at i on 

0 

1.6 Microstructure ~ and fractsgraphic . . . . . . . . . . . . . . . . . . . analysis 

The micros t ruc tures  of the densified ceramics were 
obtained by SEE1 on pol i shed  and thermally etched 
samples. The fracture surface was obtained also by 
SEM ,.and the a n a l y s i s  of the  impurities was performed 
by SEM/EDS. 

2 I R e s u l t - s  ____- 

2.1 Powder c h a x a e t s r i z a t i s n  and shape €ormirig methods - - -I-- I - -_____ - 

 he r a p i d l y  sol  idified ( R / S )  and chcsnically dePrivc+cl 
(c/D) powders were characterized f o r  physical ar~d 
chemical properties. Table 1 shows Lhc! resul ts  of t.he 
s p e c t r o g r a p h i c  analysis for some of these powders. 
The f i r s t  generation of lower purity R / S  powders 
produccs yellow sintered ceramics, whcreas the seconr~ 
generation of purer psrssders produces ivory materials. 
The c h e m i c a l l y  d e r i v e d  p ~ w d e r s ,  a s  previously 
m e n t i o n e d ,  c a n  b e  c r y s t a l l i z e d  e i t h e r  b y  a i r  
calcination or hydrathermai :y. The chemical analysis 
of this @ Q W ~ ~ E -  i s  shown also in Table B .  The  i m p u r i t y  
levels are lower than in the case of the  R / S  powdcrs, 
except for sodium, which canno t  be corrrpPetely washed 
out I 
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Table 2 sbaws some typical properties of the various 
powders. Table 3 summarizes their advantages and 
drawbacks. 

Shape forming methods 

A) D r y  pressinq 

._l_-_.._.ll 

__._-__-_ 

Mast of the work h a s  c o n c e n t r a t e d  o n  t w o  
camposit ions: 4 w/o Y203-Zr0 (abbreviated as 
Z ~ Y )  a n d  8 0  w/a ( 4  w / o  Y & Z ~ O  1 - 2 0  w/o 
A 1 2 0 3  (abbreviated as Z4Y20A).2 % i t h  2 / S  and C/D 
powders were used. T h e  R / S  powder gives a higher 
green density after cold isostatic pressing, typically 
5 0 - 5 5 %  of TD at 200 MPa, compared to aboutQ 40% of TD 
for the C / D  pzwder, either calcined a t  700 C or auta- 
claved at 250 C. Howeverp the C/D powder densifies 
at g lowes temperature (about 1 4 5 O - 1 5 0 O o C  vs. 
1680 C for the milled R/S powder). 

B )  Slip casting 

In order ko systematically compare different forming 
techniques it was decided to focus on the Z4Y2OA 
composition and use  the R / S ,  C/D and Toyo-Soda Super Z 
powders. Previous experience has indicated that wet 
farming methods offer a higher probability of yielding 
the requisite green body characteristics. 

I n  the case of the R / S  powder, 7 5  w/o (36 v/o) solid 
Loadings were obtained. The green densities of the 
pressure cast billets were 58-6P% of TD. After cold 
isostatic pressing at 210 MPa, the density increased 
to 6 1 - 6 5 %  of T D .  ALL green billets were fired at 
16,0OoC to >93% of TI>. 

-__̂ I-. 

No difference was observed in the green densities of 
slip cast and gas pressure cast pieces. Mercury 
porosimetry revealed Little differences in po~osity 
and pore size distribution. An average pore s i z e  of 
0.09 - 0.1 um was obtained. T h e  major difference 
between the two techniques is the  time required for 
casting, i . e .  about 20 min-  for pressure castinq vs. 
4-6 hrs. for slip casting. 
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2.3 r49-PsZ ceramics ( 3  ................. w/o MgOj __ __l_s_ 

During this period rapidly solidified batches of 
higher purity were made. The chemical analysis of one 
of these materials, with a 2.35  w/o rJgo, i s  shown in 
Table 1. A f t e r  s i n t e r i n c j  a n d  aging, these Mg-PSZ 
ceramics have shown the typical microstructure already 
found for the ceramics of lower purity, ill-ustrated in 
Fig. 1. Efforts to produce billets to be used for  the 
standard MOR bars have failed; difficulties were en-  
countered in sintering these materials, i .e. formation 
of m-Zr8 and concurrent cracking. Work will be 
continue? with the purpose of evaluating these fine 
qrained Mg-PSZ vis a vis the N I L C W  Mg-PSli; ceramics. 

Efforts to produce Mg-PSZ and Mg-TZP ceramics by using 
the  chemically deri.ved powders h a v e  f a i l e d .  Extensive 
cracking  occurred when the Mg8 content  w a s  reduced to 
1 m / s  ( 0 . 3 3  w/o) i n  o r d e r  to obtain the Mg-TZP 
ceramics. Evec w i t h  1 * 3  w/o MgO cracking occurred. 
This composition was obtained from a nominal 3 w/o 

after MgO was los t  d u r i n g  the washing of 
er. The microstructure of a billet sintered 
C P  eorn'caining composite grains# i s  shown in 

Fig. 2.  When a 3 w/o MgO-ZrOZ powder was prepared 
by adding a solution of magnesium nitrate to a pure 
Z r 0 2  powder made with the  alcohol rnettiod, densifica- 
tion was n o t  complete at 1500"~ and a heterogeneous 
microstructure (Fig, 3 )  containing pores and large 
grains w a s  obtained, probably reflecting a poor MgO 

appointing results, the use of chemical powders for 
t h e  production of Mg-PSZ ceramics has  b e e n  d i s -  

d i s t r i b u t i o n  i n  the powder. Because Qf these d i s -  

CQntinUed. 

2 " 4  Y-TZP Ceramics ~ 1 1  ( 4 w / o  u,a,,~.-.~31 , 

A )  Ceramics .... made with the -I____- rapidly solidified ... __ ............ ( R / S )  -_ 
powders 

~ e c e n t P y  a 4 w/a Y ~ O ~ - Z ~ B  p o w d e r  of h i g h e r  
urity w a s  made by using purer $raphi-te electrodes i n  

!he arc  melting. process and improved collection equip- 
ment far the r a p i d l y  solidified bubbles. Ceramics 
made with this powder a x e  ivory, instead a€ yellow, 
which is the color o f  the lower purity materials. A 
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typical microstructure for a higher purity Y-TZP 
ceramic pressureless sintered is shown in Fig. 4 .  
Most of the qrains are tetragonal and submicron in 
size. This sample was sintered at 160OoC, 1 hr., 
and made with a mill grade (unclassified) powder. 
Fiq. 5 shows for comparison, the microstructure of a 
ceramic produced using the lower purity R / S  powder of 
the same composition. 

The strength values at room temperature and at 
1000°C for Y-TZP ceramics made with the R / S  (low 
purity) and C/D powders are shown in Table 4 .  Recent 
results, not shown in this table, indicate that the 
Y-TZP ceramics fabricated with the 'hi h purity powder 
possess a higher strength at 1000 C,  but a firm 
conclusion cannot be drawn due to insufficient data. 

8 

Fiqs. 6 and 7 show the fracture surface of two Y-TZP - 
ceramics, made with ~- low purity and high purity R/S 
powders# respectively. The MOR bars were fractured at 
room temperature and the strenqth values are reported 
in the captions. 

Table 5 reports the fracture toughness values for 
these materials, both at room temperature and at 
l O O 0 ~ C .  A large drop in toughness occurs at 
1000 C ,  which is expected, since the t-ZrQ2 
polymorph is thermodynamically stable at this 
temperature and, therefore, no stress induced 
toughening should occur. 

I31 Ceramics made with the chemically derived (@/P) __ 
powders 

Fiq. 8 shows t h e  typical. microstructure sf a 4 w / o  
Y 2 0 3 - % r 0 2  T Z P  ceramic made with a chemically 
derived powder (e thanol  method)4 By comparison with 
Pig. 4 ,  it appears that the microstructure is more 
uniform. This material was made by pressing a powder 
calcined at 700°C and milled in water to achieve de- 
agqlomeration. Tl?e typical strengths at room tempera- 
ture and at 100QQC are reported in Table 4 ,  whereas 
the fracture touqhness values are shown in Table 5 .  
These V-TZP materials, when compared with those made 
with the rapidly solidified powders, exhibit a similar 
strength at room temperature but are slightly less 
strong at ~OOOOC. 
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s i n c e  the powder calcined at 700"~ must be deaqqlo- 
merated by milling, which may introduce impurities, in 
s o m e  experiments the amorphous, as prepared 4 w/o 
Y 0 3 - Z r 0  powder was cryskallized in an auto- 
c3ave with water at 2 5 0 ~ ~  and LZ MPa steam pressure. 
After the hydrothermal. treatment the powder contained 
about 5% water and consisted of a mixture of t-ZxO 
and m-Zk-O In comparison w i t h  the  powder calcine8 
at ~ o o ~ c ? '  t h i s  powder contains softer agqlonerates, 
as shown by the  smaller average aqqlomerate size 
obtained from the  particle size distribution curve. 
Pressed green billets contain pores a round  10 nm in 
diameter, with a narrow size distribution. A 
dilatometer samples was densified to >988 of TD at 
1 3 O O 0 C ,  i n s t e a d  of 1 4 5 0 - h S O O ° C  r e q u i r e d  for 
s i rn i l -a r  samples m a d e  with the calcined powder-. 
Unfortunately, larger billets ( 5 6 x S 0 x 6 n r n )  c racked  
during firing and mechanical properties could not be 
obtained. This problem is now under s t u d y .  The 
results of this work were receftjjly presented at the 
Zirconia 111: Conference in Tokyo . 

2 

2.5 Y-rrZI? ceramics containing alumina .... as .......... .... dispersed phase ~ 

It has  been recently reported ( 4 )  that the  presence 
of alpha alumina i n  a HIPed Y-TZP ceramic sdronqly 
enhances the K O B ~  temperature strenqth and toughness. 
During t h e  past six months ,  two compositions w e r e  
s t - n d i e d ,  i.e. 4 SSJS y203 T Z P  with 1 0  w/o and 2 0  
w/o A1203. The f i r s t  composition was made with 
the chemical method, i.e. by mixing two ethanslic 
s s l u t . i o n s ,  o n e  containing Z r C 1 4 ,  BlCl3 and 

second composition was na6e by using both C/D and R/S 
powders e 

YCI .6H20 and the o t h e r  containing N a V H .  T h e  

Fig. 9 shows the microstructure o f  the Y-TZP with 10 
w / o  A 1 2 0  . T h e  distribution of the alpha alumina 
grains t % r o u g h o u t  t h e  zirconia matrix is fairly 
u t a i f o r m .  'file density is abaut 98.5% of TD and the  
strenqth o f  lxlxlOmm bars ( 3  pt.) was 1316 ElPa, which 
is higher than that measured on bars of the same s i z e  
f o r  t h e  Y-'I"zP ceramics without alumina, (about 1100 
MPa) . 
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T h e  Y - ' T Z P  ceramics containing 28 W/Q A f 2 0 L 3  wer- 
more tharouqhfy investigated. They were prepare 
both C/tP and h igh  purity R / S  powders. FOP the sake of 
comparison, ceramics were also made using the Super-% 
powder of similar composition sold by the Tayo Soda 
Mfq Co. (Japan). T h e  microstructures of these cera- 
mics are shown in Figs. 18, 1 1  and 1 2 .  All makeri3ls 
show a qood distribution of a l u m i n a  grains. T h e  me:-hs- 
nicaP properties are reported in Tables 4 and 5 -  hs_ 
can be observed that the addition of alumina Is.b.aera 
t h e  room temperature toughness but raises t h e  

ceramics retain a higher s t r e r i g  in comparison w i t h  
the Y-TZP materials, and also a higher fraetiicjn o f  the  
toughness. However the toughness values ah l o o O ? C  
are n o t  reliable, since d i f f i c u l - t i e s  were encountered 
in measuring the l e n g t h  of the cracks perpendicular to 
the bar length., A surprising result was the  relative- 
ly l o w  s k r e n g t ' h  of the HIPed materials, much 1 
t e T n  that rep~rtedf by the T o p  S ~ d a  researchers 

A possible explanation is the use of hi 
sintering a n d  HlPPSnq  temperatures in t h e  present 
study. 

strength. At 1Q00"C t h e  AE c s n t a  kaaing Y - T Z P  

2,6 ETA ceramics 

It w a s  previously reported that rapidly solidified _I_- .. I I 

batches of three compositions had been prepared and 
preliminary s t r e n g t h  data at temperature an 
1 0 0 0 ~ ~  w e r e  o b t a i n e d  for t h e  composition 

- 3 8  w/o Zr02-l.4 w / o  Y 2  3 .  RT MOR ( 3  
on 1xLxl0rnm b a r s  w a s  1378 MPa an6 

pa-.) on 3m3x30mm bars w a s  3 7 8  MPa. 

Recently, f o u r  more batches with higherG py-~.?ty were 
made and billets were sintered at 1600 C. Table 6 
shows c o m p ~ ~ i t i o n ~  and MOR ( 3  pt) v a l u e s  obtained 
using lxPxlOrnm bars. Material #4  has shown t-Tl;r02 
and alpha-alumina by XRD, whereas material. #I. eon- 
taained substantial amounts of m-ZrO on the surface,  
which could explain the much lower szrength. O f  these 
four materials, the one with highest RT strength and,  
hopefully, the lowest l e v e l ,  will be t e s t e d  
f o r  MOW and K at 10 e The microstructure of 
anateriais # 4  is*&own in Figs. I3 and 14. 
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3. Discussion 

Considerable e f f o r t s  in the past period have been 
devoted to the powder preparation and characterization, i n  
order to understand the r e l a t i o n s k i p  b e t w e e n  pswder pro- 
perties and those o f  the  green parts, which in t u r n  affect 
microstructure and properties of t i n e  ceramics. 

T h e  ~ / 6  powders have s h o w n  i n  general better perfor-  
mance than the  C / D  onesJ in t e r m s  of green density, good 
dispersibility (low agglomeration) in aq i~eous media, and 
b e t t e r  s i n t e r a b i l i t y  in t h e  c a s e  of t h e  Z 4 ' 6 2 U A  
composition. Another  interewtdng feature of these powders 
i s  the presence of _______ metastable _ _  phases produced by the rapid 
s o l i d i f i c a t i o n ,  i . e .  d e l t a  a l u m i n a  i n  t h e  

T%e3 C / 3  3e>owders1 o n  t h e  o the r  h a n d ,  possess some 
desirabJ-e f t ? a t u r e s b  s u c h  as parity and small crystalkite 
size and c a n  be sintered at a lower temperature, but a 
S ~ K ~ ~ U S  drawback is the agqlomeration, which results in low 
green density, nsn--uniforn pore size distribution in the 
pressed par t s  and difficulty i n  preparing good d i s p e r s i o n s  
in aqueous media. Their higher purity could be a pst;eratial 
advantage for  high temperature propert ies  and for t h e  pro-- 

200-300 C i n  a humid environment. 
TIIP Y-TZP ( 4  w/o y2o3) ceramics made with the  high 

p u r i t j  R / S  powder have shown a better strength retention at 
1000 C, in comparison w i t h  the low pijrity materials o f  
the  same composition. The reason for t h i s  i s  not under- 
stood at present  and more v o r k  is needed. The loss in 
s t r e n g t h  at 1000°C i s  probably caused  n o t  only by the 
drop in toughness, but also by the e l i m i n a t i o n  O S  the  corn- 
p r e s s i v e  s u r f a c e  layer generated b y  the t-ZrQ2 
11p - Z r D2 t r a E s fox ma t i or i  From khe data  a1 ready obtained, 
it appears t h a t  t h e  purity d i f f e r e n c e  does not p l a y  an 
important role since MOW bars made with the  purer C / D  pow- 
d e r  have  s s l l o w ~  a similar percent drop in strength at 

The c e r a ~ i c s  w i t h  t h e  Z4Y20A composition have shown 
higher room temperature s t r e n g t h  when compared to the Y-TZP 
materica1.w I TI-tese results figfee w i t h  those reported in a 
recent 'Toyo-Ssdn p a t e n t  , b u t  the strengths a f t e r  
B1CPirmg are much lower than those shown in the samile p a t e n t  
( 2 4 0 0  M P ~  i n  3 PO;). The room ternperatare touqhness is 
increased by t h e  a d d i t i o n  of alumina, h u t  only a small 
fraction is retained at IOOO"C This is contrast  w i t h  
the  results of 6. T ukurna et who reported a v a l u e  

far K~~ at IOOOOC, measured with 

Zr02-Y 0 -Al 0 powders. 

b l e m  OOf degradation of t h e  Y - T Z P   ateri rials a r o u n d  

1ooo"e. 

o f  about 6 P4Pa.m 1/9 

the SENE? technique 1 
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Obviously, more work is needed to find a reliable 
technique for measuring high temperature toughness and 
considerable effort will be devoted to this probelm in the 
next months. 

Future efforts will be focused in finding other 
compositions in which more toughness is retained at high 
temperature. Good candidates, are, for example, 
C e Q  - Z r 0 2  toughened alumina and Ce02-Zr02-Hf02 
toug%ened alumina, since the Ce02-TZP cer' appear to 
exhibit a new type of toughening mechanisrr?vcswhich makes 
these materials good candidates for high temperature 
applications. 



Status of the Milestones 
_I.._. l.i._-_____ I ~- 

!filestone ....... #1 .............. (properties ._ of E~~-PSZ ......... ceramics) l_l.___ 

A preliminary evaluation of the potential of t.hese 
materials has been done. Further work wi1.1 be limited to 
compare their properties with those of the NIECRA ceramics. 

Milestone # 2  (.Equipment lll..__l. for high purity R / S  powders) 

This milestane has been met, t h e  equipment was built and 
evaluation of several.. powders has been done or is in 
progress. 

Milestone I_.__ W3 (Initial __ evaluation . of R/S and . C/D powders) __ .... 

T h e  evaluation has been done and the R/S powders have  shown 
better performance. 

Milestone # 4  (Evaluation -- and optimization o f  Y - T Z P  
- .  ceramics) 

The evaluation has been done for these materials with and 
without a l u m i n a  a s  dispersed phase. They have shown a 
potential for meeting the program objectives. 

Milestone # S  (Paper for the Proceedings - of the 24th CCFI 
_l__l___ 

mee?.if!!! 
T h e  paper is being written and will be submitted before the 
deadline of Nov. 28, 1986. 

Milestone # 6  (Choice I__ of the two best forming methods) 

It was agreed with the proqrarn manager of ORNL that it. is 
premature to exclude now potentially promising methacis, 
therefore the deadline has been extended. 

Elilestone # 7  (First results for the ZTA ceramics) - _I__. 

T h e  milestone has been met.. 
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Fig. 1 SEM micrographs (polished and thermally etched 
surface) of a 2.95w/oMgO-ZrO 
150OoC and aged at 14OOOC. 
grade powder prepared by rapid solidification. 

ceramic sintered at 
h g h  purity, mill 

Pig. 2 SEM micrograph (polished and thermally etched sur- 
face) of a 1 .31  w/o MgO-Zr02 ceramic sintered at 
15OOOC. Powder prepared by ethanol method. 



Fig. 3 SEM micrograph (polished and thermally etched, 
ramie sintered ap surface) of a 3. OW/ 1500°C. ? x e  ZrO ared with the ethanol 

Fsthod and doped ium nitrate. I 

Fig. 4 SEM micrograph (polished and thermally etched 
surface) of a 4w/oY 0 -ZrO ceramic sintered at 
1600OC. Hiqh purity? dill 8rade powder prepared 
by rapid solidification. 
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Fig. 5 SEM micrograph (polished and thermally etched 
surface) of a 4w/oY 0 -2rO 
16OO0C. 
rapid solidification. 

ceramic sintered at 
Low purity? dill &ade powder prepared by 

Fig. 6 Fracture surface (SEMI of sample shown in Fig. 5. 
(MOR = 890 MPa) 
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Fig. 7 Fracture surface (SEMI of sample shown in Fig. 4. 
(MOR = 935 MPa) . 

Fig. 8 SEM micrograph (polished and thermally etched sur- 
face) of a 4w/oY 0 -2rO ceramic sintered at 15OOOC. 
Powder prepared si?h th8 ethanol method, calcined 
at 7OO0C and deagglomerated by milling. 
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Fig. 9 SEM micrograph (polished and thermally etched 
surface) of a 9Ow/o ( 4 w / o  Y 0 -Zr02)-10w/o A1 0 
ceramic sintered at 1500°C. 3Powder prepared2w?th 
the ethanol method, calcined at 7OO0C and deagglo- 
merated by milling. 

Fig. 10 SEM micrograph (polished and thermally etched sur- 
face) of a ceramic of composition 80w/o ( 4 ~ / o Y ~ O ~ ~ Z r o ~ )  
-20  w/o A1203 sintered at 16OO0C. 
grade powder made by rapid solidification. 

High purity, mill 



F 
21 I 10 

Fig. 12 SEM micrograph (polished and thermally etched sur- 
face) of a ceramic of composition 80w/o (5.3w/oY 0 -Zr03) 
-.;!Ow/oAl 0 
Powder &$plied by Toyo Soda Mfg. Co. (Japan). 

sintered at 1500°C and HIPed at 15502'?. 
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" .  

Fig. 13 SEM micrograph (polished and thermally etched sur- 

sintered at 16OO0C. 
face) of a ZTA ceramic with composition 76.1 w/o 
A1 0 -22.9w/o Zr02-1.02w/oY 0 
Hi?jh3purity, mill grade powae?'rnade by rapid 
solidification. 

Fig. 1 4  SEM micrograph (polished and thermally etched sur- 
face) of a ZTA ceramic with composition 76.lw/o 
A1703-22.9w/o Zr02-1.02w/oY 03, sintered at 160OOC. 
High purity, mill grade powaer made by rapid solidi- 
fication. 
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Advanced ZTransformaL-io~-TouRhened Oxides 
T. Y. T ien  ( U n i v e r s i t y  o f  Michigan) 

. .  bi ec tive/Scoog 

The objective of this project is to develop a thermal insulating material has sufficient 
strength and toughness for heat engine applications. The approach is to explore the composite 
materials in the system A1203:6r203/Zr02:Hf02. 

The goal of the present work is to optimize the strength and toughness of composiiions in 
the system A1203:Gr203/Zr02:Hf02 by optimizing the processing and the microstructures of 
the composites. Previous results indicated that the toughness could be increased by the 
controlling the tetregonal to monoclinic ratio of the dispersed zirconia particles (Zr02Hf02). It 
has also been demonstrated that the high strength and high toughness can be only obtained when 
the dispersed particles remain small and agglomeration is avoided. 

Technical Proares 

?he current research will emphasize development of procedures to produce material 
with single dispersed zirconia particles by the use of organic surfactant. 

Specimens of different matrix and dispersed phase mrnpositions with 15 vol % of 
ZrQ2:Hf02 particles were produced, Starting powders were produced by eo-precipitation from 
ethanol solution af aluminum and chromium nitrate and zirconium and hafnium oxychloride. 
Precipitated powders were dried, calcined and dispersed in aqueous solutions of 
polyelectrolytes. Polyelectrolyte molecules will absorbe on the oxide surfaces and will cause 
repulsion between particles. Slurries containing Go-precipitated oxide powders wlth different 
amount of polyelectrolyte molecules were prepared. Green compacts were made by forced 
filtration. The results (Table 1) showed that a better distribution of zirconia were obtained with 
slurries containing higher amount of polyelectrolyte. Toughness of these specimens were 
measured by micro-indentation method and the values were confirmed by four point bend. The 
results are given in Figure 1. It should be noted that a peak value toughness of >lo  MN/m3/2 
was obtained for specimens with a 40% tetragonal eontent. 



1 0 6  

Table 1 , Co-pracipitahad powder mixtures (Zr82 from oxy-cl), 
differenfr levels of palyedsslyta addition. 

green density (%) 

sintered density (7.) 
(1P hr., 1500°C) 

%tet (1E hr, 1SQB"c) 

*/&?t (1 hr., 1580'"~) 

% of palydecctrslyte saturation adsorption 

8 25 50 100 

45 45 45 50 

97 97 99 >99 

48 44 47 45 

30 25 35 42 
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R .  A .  C u t l e r ,  J. D .  B r i g h t ,  J. J, H a n s e n ,  D .  W .  P r o u s e  
(Ceramatec ,  I n c . 1  A .  V. V i r k a r  a n d  D. K. S h e t t y  ( U n i v e r s i t y  
o f  U t a h )  

0b.i  e c t  i v e / S c o P e  

P r e v i o u s  w o r k [ I ]  h a s  s h o w n  t h a t  i t  i s  p o s s i b l e  t o  
i n c r e a s e  t h e  s t r e n g t h  o f  A1203-Zr02 ce ramics  by i n c o r p o r a t i n g  
t r a n s f o r m a t i o n - i n d u c e d  re  s i  d u a l  s t r e s s e s  i n  s i n t e r e d  s p e c i m e n s  
c o n s i s t i n g  o f  t h r e e  l a y e r s .  T h e  o u t e r  l a y e r s  c o n t a i n e d  
A1203 a n d  u n s t a b i l i z e d  Z r 0 2 ,  w h i l e  t h e  c e n t r a l  l a y e r  c o n t a i n e d  
A 1 2 0 3  a n d  p a r t i a l l y  s t a b i l i z e d  Z r 0 2 .  When c o o l e d  f r o m  
t h e  s i n t e r i n g  t e m p e r a t u r e .  s o m e  o f  t h e  z i r c o n i a  i n  t h e  
o u t e r  l a y e r s  t r a n s f o r m e d  t o  t h e  m o n o c l i n i c  form w h i l e  z i r c o n i a  
i n  t h e  c e n t r a l  l a y e r  was r e t a i n e d  i n  t h e  t e t r a g o n a l  p o l y m o r p h .  
T h e  t r a n s f o r m a t i o n  o f  z i r c o n i a  i n  t h e  o u t e r  l a y e r s  l e d  
t o  t h e  e s t a b l i s h m e n t  o f  s u r f a c e  c o m p r e s s i v e  s t r e s s e s  a n d  
b a l a n c i n g  t e n s i l e  s t r e s s e s  i n  t h e  bulk. I n  t h e o r y ,  t h e  
r e s i d u a l  s t resses  w i l l  n o t  d e c r e a s e  w i t h  t e m p e r a t u r e  u n t i l  
t h e  m o n o c l i n i c  t o  t e t r a g o n a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  
i s  r e a c h e d  s i n c e  m o n o c l i n i c  a n d  t e t r a g o n a l  Z r 0 2  p o l y m o r p h s  
h a v e  n e a r l y  t h e  same c o e f f i c i e n t s  of t h e r m a l  e x p a n s i o n .  
T h e  d e m o n s t r a t i o n  o f  t h e  r e t e n t i o n  o f  r e s i d u a l  s t r e s s e s  
w i t h  t e m p e r a t u r e  i s  a p r i m a r y  p u r p o s e  o f  t h i s  p r o j e c t .  

P r e v i o u s  w o r k  was  a c c o m p l i s h e d  u s i n g  d r y  p r e s s i n g  
t e c h n i q u e s .  T h e  d e v e l o p m e n t  o f  s l i p  c a s t i n g  t e c h n o l o g y  
f o r  l a y e r e d  c o m p o s i t e s  w i l l  a l l o w  f o r  b e t t e r  d i s p e r s i o n  
o f  z i r c o n i a  i n  a l u m i n a  a n d  t h e r e b y  f a c i l i t a t e  h i g h e r  v o l u m e  
m o n o c l i n i c  Z r 0 2  i n  o u t e r  l a y e r s  w i t h o u t  s t r e n g t h  d e g r a d i n g  
m i c r o c r a c k i n g .  A c o m p a r i s o n  b e t w e e n  s l i p  c a s t i n g  a n d  d r y  
p r e s s i n g  t e c h n i q u e s  w i l l  b e  made  to i d e n t i f y  h i g h e r  s t r e n g t h  
m a t e r i a l s  for m o r e  d e t a i l e d  c h a r a c t e r i z a t i o n  d u r i n g  t h e  
s e c o n d  y e a r  o f  t h e  p r o j e c t .  

T e c h n i c a l  H i a h l i g h t &  

E x p e r i m e n t a l  P r o c e d u r e s  

M o n o l i t h i c  a n d  t h r e e  L a y e r e d  A120-~-10 v o 1 .  % Zr02 
bars u s e d  f o r  room t e m p e r a t u r e  t e s t i n g [  r e q u i r e d  t o o  
h i g h  o f  l o a d s  f o r  t e s t i n g  a t  e l e v a t e d  t e m p e r a t u r e s  d u e  
t o  t h e i r  l a r g e  c r o s s - s e c t i o n  ( 6  mm x 1 2  m m ) .  C o n s e q u e n t l y ,  
b a r s  o f  s m a l l e r  c r o s s - s e c t i o n  ( n o m i n a l l y  4 . 5  m m  x 5 m m )  
were made .  It  was a l s o  d e t e r m i n e d ,  d u e  t o  t h e  r e l a t i v e l y  
l o w  m o n o c l i n i c  c o n t e n t  ( 3 6 - 3 8 $ ) [ 2 1  i n  t h e  u n s t a b i l i z e d  
z i r c o n i a ,  t o  i n c r e a s e  t h e  r e s i d u a l  c o m p r e s s i v e  s t r e s s e s  
by i n c r e a s i n g  t h e  z i r c o n i a  c o n t e n t  f r o m  1 0  v o l u m e  p e r c e n t  
t o  1 5  v o l u m e  p e r c e n t .  U n s t a b i l i z e d  ( A 1 2 0 3 - * 1 5 Z r 0 2 )  and 

p a r t i a l l y  s t a b i l i z e d  (Alz03-15Zr02(2 m o l e  % Y203)) p o w d e r s  
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w 
5. 
T 

e r e  d i s p e r s e d  a n d  s p r a y  d r i e d  a s  r e p o r t e d  p r e v i o u s l y [ 2 ]  
8 make p o w d e r s  f o r  t h e  o u t e r  a n d  i n n e r  l a y e r s .  r e s p e c t i v e l y ,  
h e  p o w d e r s  w e r e  u n i a x i a l l y  p r e s s e d  a t  3 5  MPa,  f o l l o w e d  

b y  i s o s t a t i c  p r e s s i n g  a t  2 0 7  MPa .  M o n o l i t h i c  b a r s  w e r e  
m a d e  o f  t h e  i n n e r  a n d  o u t e r  l a y e r  p o ~ d e r s ,  a s  w e l l  a s  t h r e e  
s e t s  o f  camposite ban.s i n  w h i c h  t h e  o u t e r  l a y e r  t h i c k n e s s ,  
d l r  w a s  1 / 3 ,  1 / 6 ,  a n d  1 / 1 2  t h e  t o t a l  t h i c k n e s s ,  d ,  o f  t h e  
b a r .  S p e c i m e n s  were c h a m f e r e d  i n  t h e  g r e e n  s t a t e ,  u n l e s s  
o t h e r w i s e  s t a t e d  t o  a v o i d  s t r e s s - i n d u c e d  t r a n s f o r m a t i o n s  
w h i c h  occur  upon g r i n d i n g .  Bar s h a p e d  s p e c i m e n s  w e r e  sintered 
a t  1 5 8 5 O C  f o r  6 0  m i n u t e s  a n d  ho t ;  i s o s t a t i c a l l y  p ~ e s s e d  
( H I P )  at 150OoC f o r  3 0  m i n u t e s  i n  1 7 5  MPa A r  o v e r p r e s s u r e .  

X - r a y  d i f f r a c t i o n  ( X R D )  was u s e d  t o  d e t e r m i . n e  t h e  
Zr02 p o l y m o r p h  t y p e [  31 a n d  c a l c u l a t e  t h e  t h e o r e t i c a l  d e n s i t y .  
D e n s i t y  was d e t e r m i n e d  b y  w a t e r  d i s p l a c e m e n t .  S t r e n g t h  
b a r s  w e r e  b r o k e n  i n  f o u r - p o i n t  b e n d i n g  ( 2 0  a m  i n n e r  s p a n  
a n d  4 0  m m  o u t e r  s p a n )  a t  a c r o s s h e a d  s p e e d  o f  0 . 5  m m / m i n .  
F r a c t o g s a p h y  u s i n g  a s t e r e o  m i c r o s c o p e  w a s  c o u p l e d  w i t h  
e l e c t r o n  m i c r o s c o p y  t o  d e t e r m i n e  f r a c t u r e  o r i g i n s .  H a r d n e s s  
a n d  i n d e n t a t i o n  f r a c k u r e  t o u g h n e s s L 4 1  w e r e  d e t e r m i n e d  o n  
o n e  f r a c t u r e d  s p e c i m e n  ( p i c k e d  a t  r a n d o m )  a f t e r  p o l i s h i n g  
t o  a one m i c r o n  f i n i s h .  

R e s u l t s  a n d  D i s c u s s i o n  

X R D  s h o w e d  t h a t  t h e  m o n n c l  i n i c  c o n t e n t  r a n g e d  b e t w e e n  
6 0  a n d  7 0  p e r c e n t ,  d e p e n d i n g  o n  t h e  Z r O z  p a r t i c l e  s i z e  
u s e d  ( i . e . ,  D a i i c h i  D K 1  o r  D K 2 )  a n d  s i n t e r i i i g  c ~ n d i t ~ i o a s .  
Room t e m p e r a t u r e  c h a r a c t e r i z a t i o n  d a t a  a r e  g i v e n  i n  T a b l e  
1 .  A l t h o u g h  s u r f a c e  g r i n d i n g  i n c r e a s e s  t h e  s t r e n g t h  b y  
r o u g h l y  2 5 %  f o r  t h e  b a r s  i n  q u e s t i o n ,  i t  was d e t e r m i n e d  
t o  t e s t  t h e  b a r s  i n  t h e  u n g r o u n d  c o n d i t i o n  b e c a u s e  i t  was 
t h e n  c e r t a i n  t h a t  t h e  i n c r e a s e  j n  s t r e n g t h  was d u e  t o  t h e  
r e  s i  d u a 1 c om p i- e s s i v  e t r a  n s f o r m a  t i o  n -  i n d u c e d  s t r e s s e s [ 1 3 
a n d  n o t  t o  c o . m p r e s s i . v e  s t r e s s e s  c r e a t e d  w i t h i n  t h e  n e a r  
s u r f a c e  r e g i o n  d u e  t o  g r i n d i n g .  

T h e  s t r e n g t h  d a t a  ( s e e  T a b l e  1 )  i n d i c a t e d  t h a t  c o m p r e s s i v e  
s t r e s s e s  i n  t h e  t h r e e  l a y e r  c o m p o s i t e s  h a v i n g  l a y e r s  o f  
e q u a l  t h i c k n e s s  a r e  a n  t h e  o r d e r .  o f  1 3 0  t4.IPa. A s s u m i n g  
a m o d u l u s  o f  3 5 5  G P a  a n d & &  1 1 1  t o  b e  1 . 7  x 1 0 - 3  ( t a k i n g  
t h e  p e r c e n t  m o n o c l i n i c  i n  t h e  1 5  v o l .  % Z r 0 2  t o  b e  7 0 %  
a n d  t h e  v o l u m e  c h a n g e  o f  t e t r a g o n a l  t o  m a n o c l i n i c  t ,o  b e  
4 . ( 3 % ) ,  t h e  c a l c u l a t e d  r e s i d u a l  c o m p r e s s i v e  s t r e s s  s h o u l d  
b e  270 MPa.  A l l  o f  t h e  b a r s  f a i l e d  f r o m  t h e  t e n s i l e  s u r f a c e  
o r  c h a m f e r  r e g i o n  s u g g e s t i n g  t h a t  t h i n n e r  o u t e r  l a y e r s  
( i ,  e . ,  i n c r e a s e d  r e s i d u a l  c o m p r e s s i v e  s t r e s s e s )  w i l l  r e s u l t  
i n  i m p r o v e d  s t r e n g t . h ,  D a s e d  o n  t h e s e  t e s t s ,  i t  was a l s o  
d e t e r m i n e d  t o  u s e  t h e  p o w d e r  w i t h  c o a r s e r ’  Zr02 p a r t i c l e s  
( D K 2 )  f o r  f u r t h e r  t e s t i n g .  

De l i s  i t y , s t r e n g  t h , h a r d n e s s  , a n d  f r a c t u r e  t o u g h n e s s  4 1 
d a t a  f o r  m o n o l i t h i c ,  a s  w e l l  a s  t h r e e - l a y e r e d  b a r s  ( a l l  
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T a b l e  1 
C h a r a c t e r i z a t i o n  o f  Al.2O3-15ZrO2 

a .  S t r e n g t h  d a t a  f a r  5 b a r s  b r o k e n  i n  f o u r  p o i n t  b e n d i n g .  
b. P e r c e n t  m o n o c l i n i c  Zr02 [ 3 ]  ( b a l a n c e  is t e t r a g o n a l ) .  
c .  M o n o l i t h i c  i n n e r  m a t e r i a l  ( Z r 0 2  p a r t i a l l y  s t a b i l i z e d  ( Z i r c a r )  1. 
d .  M o n o l i t h i c  o u t e r  m a t e r i a l  ( u n s t a b i l i z e d  DK-1 Z i r c o n i a  ( D a i i c h i  j )  e 

e .  M o n o l i t h i c  o u t e r  m a t e r i a l  ( u n s t a b i l i z e d  D K - 2  Z i r c o n i a  ( D a i i c h i ) ) .  
f. T h r e e  l a y e r  c o m p o s i t e  u s i n g  Code A f o r  i n n e r  m a t e r i a l  a n d  

g. Not measured ( s i m i l a r  t o  B ) .  
h .  T h r e e  l a y e r  c o m p o s i t e  u s i n g  Code A f o r  i n n e r  l a y e r  a n d  

i. Not m e a s u r e d  ( s i m i l a r  t o  C ) .  

Coda B f o r  o u t e r  l a y e r s .  A l l  l a y e r s  o f  e q u a l  t h i c k n e s s .  

Code C f o r  o u t e r  l a y e r s .  A l l  l a y e r s  of e q u a l  t h i c k n e s s .  

b a r s  h a v i n g  a t o t a l  t h i c k n e s s  o f  4 . 5  m m )  w i t h  o u t e r  l a y e r  
t h i c k n e s s e s  o f  3 7 5 ,  7 5 0 ,  a n d  1 5 0 0  m i c r o n s ,  a r e  g i v e n  i n  
T a b l e  2 .  T h e  s t r e n g t h  d a t a  a r e  d e p i c t e d  g r a p h i c a l l y  i n  
F i g u r e s  1 a n d  2.  T h e  higher s t r e n g t h s  o b s e r v e d ,  a s  c o m p a r e d  

Table 2 
M e c h a n i c a l  P r o p e r t y  Da ta  f o r  Al203-15ZrO2 

a .  F o u r  o o i n t  b e n d  s t r e  
b. 
C .  

d. 
e. 
F. 
g. 
h. 
i. 

t a ( M P a ) a  

.I 
n g t h  o n  4 . 1  

H( - 
x 
17.1  

1 6 . 7  

1 7 . 4  

17 .0  

17.4 - 

Pa )b - 
s 

0 .53  

0 . 3 4  

0.58 

0 . 7 1  

0 . 2 7  

3 . 7 9  0 . 2 4  I 
3 * 8 0  I 0 . 3 9  

mm x 5 m a  x 50 mm b a r s .  
V i c k e r ' s  h a r d n e s s  d e t e r m i n e d  a t  loads b e t u e e n  7 5  a n d  2251.  
Number o f  b a r s  b r o k e n .  
Mean v a l u e .  
S t a n d a r d  d e v i a t i o n .  
W e i b u l l  m o d u l u s .  
I n d e n t a t i o n  t o u g h n e s s [ 4 1 .  
M o n o l i t h i c  " o u t e r  l a y e r "  A l 2 0 3 - I  5Xr02. 
M o n o l i t h i c  " i n n e r  l a y e r "  A 1 2 0 3 - ?  SZr02(2.0 m o l e  5 Y2O3). 
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F L g u r e  1 .  Room t e m p e r a t u r e  s t r e n g t h  c o m p a r i s o n  between 
m o n o l i t h i c  a n d  t h r e e  l a y e r  Al203-15 V o l e  % Z r 0 2  
c o m p o s i t e s .  
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Figure 2. Failure probabilities of monolithic and t h r e e  
layered Al2O3-I 5Zr-02 composites. 
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t o  d a t a  f o r  AI203-lOZrO2 r e p o r t e d  p r e v i o u s l y [ 2 ]  a r e  t h e  
r e s u l t  o f  h i g h e r  m u n o c l i n i c  z i r c o n i a  c o n t e n t  i n  t h e  o u t e r a  
l a y e r s  l e a d i n g  t o  h i g h e r  c o n p r e s s i v e  s t r e s s e s  i n  t h e  outera  
l a y e r s  a n d  imprnvcd p r o c e s s i n g  ( e l i m i n a t i o n  of' Ce02 i n c l u s i o i ~ s  
a n d  u n i f o r m i t y  o f  o u t e r  c o n s t r a i n i n g  l a y e r s ) .  T h e  s t r e n g t h  
i n c r e a s e s  w i t h  d e c r e a s i n g  o u t e r  l a y e r  t h i c k n e s s  a s  p r e -  
d i c t e d L 2 1 ,  i n d i c a t i v e  o f  f a i l u r e  f r o m  n e a r  s u r f a c e  d e f e c t s  
i n  t h e  o b i t e ~  l a y e r s .  Y r a c t o g r a p h y  s h o w e d  t h a t  s u r f a c e  
f l a w s  c o n t r o l l e d  f a i l u r e  i n  m o s t  c a s e s .  A l t h o u g h  t h e  m i c r o -  
s t s u c t u r e  was f i n e  g r a i n e d  ( s e e  Figure ? a ) ,  i n t e r n a l  f a i l u r e s  
o c c u r r e d  d u e  t o  a g g l o m e r a t e s  ( F i g u r e  3 b ) .  v o i d s ,  o r  r e g i o n s  
c o n t a i n i n g  e x a g g e r a t e d  g r a i n  g r o w t h  ( F i g u r e  3 c ) .  F u r t h e r  
o p t i m i z a t i o n  o f  p r o c e s s i n g  c o n d i t i o n s  a n d  z i r c o n i a  p a r t i c l e  
s i z e  s h o u l  d i m p r o v e  s t r e n g t h .  

F a i l u r e s  o r i g i n a t e d  i n  t h e  o u t e r  l a y e r  o f  t h r e e - l a y e r  
c o m p o s i t e s ,  s u g g e s t i n g  t h a t ,  r e s i d u a l .  stresses a r e  o n  t h e  
o r d e r  o f  3 9 5  M P a ,  2 4 5  M P a ,  a n d  1 2 0  MPa f o r  3 7 5 ,  7 5 0 ,  a n d  
1 5 0 0  m i c r o n s  o u t e r  l a y e r  t h i c k n e s s e s ,  r e s p e c t i v e l y  ( t o t a l .  
b a r  t h i c k n e s s  i n  a l l  c a s e s  was  a p p r o x i m a t e l y  4 . 5  mm). 
I f  t h e  m o n o c l i n i c  c o n t e n t  i n  t h e  b u l k  o f  t h e  o u t e r  l a y e r  
i s  T O $ ,  t h e  v a l . u e  m e a s u r c d  by X R D ,  t h e  s t r e s ses  i n t r o d u c e d  
a r e  o n l y  o n e  h a l f  o f  t h o s e  p r e d i c t e d C 5 1 .  It is p o s s i b l e ,  
h o w e v e r g  t h a t  t h e  m o n o c l i n i c ,  c o n t e n t  i s  h i g h e r  i n  t h e  n e a r  
s u r f a c e  r e g i o n  w h i c h  i s  p e n e t r a t e d  b y  x - r a y s  t h a n  i n  t h e  
b u l k  of t h e  o u t e r 3  l a y e r s .  I t  i s  n o t e w o r t h y  t h a t  t h e  s t r e n g t h  
o f  t h e  m o n o l i t h i c  c o m p o s i t e  was d o u b l e d  b y  i n c o r p o r a t i n g  
s t r e s s e s ,  w i t h o u t  a p o s t - s i n t e r i n g  s u r f a c e  t r e a t m e n t .  
T h i s  was v e r i f i e d  b y  h e a t i n g  t h e  s a m p l e s  t o  1 5 0 0 ° C  f o r  
o n e  h o u r '  a n d  a g d i n  m e a s u r i n g  roam t e m p e r a t . i i r c  s t r e n g t h ,  
w i t h  no o b s e r v e d  s t r e n g t h  c h a n g e .  

T h e  u s e f u l - n e s s  o f  t h i s  t e c h n i q u e  i s  s e e n  w h e n  o n e  
c o m p a r e s  W e i b u 1 . l  p l o t s  o f  m o n o l i t h i c  v c r s e s  t h r e e  l a y e r  
s p e c i m e n s .  T h e  l o w e s t  s t ~ e n g t h  s p e c i m e n  o f  t h e  375 m i c r o n  
o u t e r  l a y e r  b a r s  h a d  s t r e n g t h  g r e a t e r  t h a n  t h e  h i g h e s t  
s t r e n g t h s  o f  t h e  m o n o l i t h i c  b a r s  ( s e e  F i g u r e  2 ) .  The i n c r e a s e  
i n  b l e i b u l l  m o d r i l u s  ( 1 6 . 1  f o r  t h r s s  l a y e r  s p e c i m e n s  w i t h  
d l  : 3 7 5  m i c r o m e t e r s  a s  c o m p a r e d  t o  9 . 9  f o r  m o n o l i t h i c  
" o u t e r  l a y e r B B  s p e c i m e n s )  c a n  b e  e x p l a i n e d  b y  s u p e r p o s i t i o n  
o f  s t r e s s e s .  If 3 7 4  MPa ( t h o  difference i n  s t r e n g t h  b e t w e e n  
t h e  t h r e e  l a y e r  c o m p o s i t e  w i t h  t h e  highest s t r e n g t h  ( d 1 = 3 7 5  
m i c r o m e t e r s )  a n d  t h e  m o n o l i t h i c  D D ~ u t e r  l a y e r "  m a t e r i a l )  
i s  a d d e d  t o  t h e  f a i l u r e  s t r e s s  o f  e a c h  m o n s ' L i t h i c  o u t e r  
l a y e r  s p e c i m e n ,  t h e  m e a n  s t r e n g t h s  a r e  i d e n t i c a l  ( 8 2 5  M P a )  
a n d  t h e  W e i b u l l  m o d u l u s  o f  t h e  m o n o l i t h i c  ma te r i a l .  i n c r e a s e s  
f r o m  9 . 9  t o  1 7 . 6 .  T h i s  is i n  e x c e l l e n t  a g . i . e e m e n t  w i t h  
t h e  e x p e r i m e n t a l l y  d e t e ~ m i n e d  W e i b u l l  m a d u l u s  o f  1 6 . 1  ( s e e  
F i g u r e  2 ) .  U s i n g  t h e  same I s g i c .  t h e  W e i b u l ' l  m o d u l u s  a f  
t h e  i n t e r m e d i a t e  t h i c k n e s s  tkakee l a y e r  c o m p o s i t e  ( d l  = 
7 5 0  mi c r o n s )  woul d i n c r e a s e  t o  1 3 . 0 ,  c o n t r a r y  tea o b u c r v a t i o n  
( m  = 8 . 3  a s  s h o w n  i n  F i g u r e  2 ) .  F u r t h e r  c h a r a c t e r i z a t i o n  
o f  s t r e s s e s  a r e  u n d e ~ w a y  f o r  t h e  A 1 2 0 3 - 1 5  ZrQJ c o m p o s i t e s .  
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F i g u r e  3 .  Fraoture  s u r f a o e s  of A1203-15Zr02. ( a )  Typioal 
m i c r o s t r u o t u r e ,  and ( b )  a g g l o m e r a t e  remnant  
from spray drying. 
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( 0 )  

F i g u r e  3 ( c o n t i n u e d ) .  ( 0 )  Exaggerated g r a i n  growth.  

W h i l e  t h i s  t e c h n i q u e  is v a l u a b l e  f o r  c o m p o n e n t s  f a i l i n g  
d u e  t o  c o n t a c t  s t r e s ses  o r  t he rma l  s t r e s s e s ,  a s  is t h e  
ca se  f o r  mos t  ceramics ,  i t  w i l l  l e a d  t o  d e g r a d e d  s t r e n g t h  
fo r  materials f a i l i n g  i n  u n i f o r m  t e n s i o n ,  d u e  t o  t h e  b a l a n c i n g  
i n t e r n a l  r e s i d u a l  t e n s i l e  s t resses .  

Data  f rom e l e v a t e d  t e m p e r a t u r e  b e n d  t e s t s  a r e  shown 
i n  F i g u r e  4. The r e s i d u a l  stresses decrease a s  t h e  m o n o c l i n i c  
Zr02 c o n v e r t s  t o  t e t r a g o n a l  z i r c o n i a  w i t h  i n c r e a s i n g  temper- 
a t u r e .  T h e  d e c r e a s e  i n  s t r e n g t h  is i n i t i a l l y  s i m i l a r  t o  
t r a n s f o r m a t i o n  t o u g h e n e d  A l 2 0 3 - 1 5 Z r 0 2  ( s e e  F i g u r e  4 )  and  
z i r c o n i a  ceramics r e p o r t e d  p r e v i o u s l y C 6  .TI, b u t  f a l l s  p r e -  
c i p i t o u s l y  a t  t e m p e r a t u r e s  a b o v e  7 5 0 o C .  S t r e n g t h  d a t a  
i n  F i g u r e  4 s u g g e s t  that  t h e  r e s i d u a l  stresses a re  n o n - e x i s t e n t  
b y  1 O O O O C .  S u b s t a n t i a l  s t resses ,  h o w e v e r ,  s t i l l  e x i s t  
a t  7 5 0 o C ,  a s  e v i d e n c e d  by  t h e  l a y e r e d  c o m p o s i t e  b e i n g  2 0 0  
MPa s t r o n g e r  t h a n  t h e  m o n o l i t h i c  " o u t e r  l a y e r "  c o m p o s i t e .  
T h e  d e c r e a s e  i n  s t r e n g t h  is e x p e c t e d  t o  b e  a f u n c t i o n  of  
p a r t i c l e  s i z e  among  o t h e r  p a r a m e t e r s ,  a n d  a n a r r o w  21-02 
s i z e  d i s t r i b u t i o n  in t h e  o u t e r  l a y e r  would  r e s u l t  i n  t r a n s -  
f o r m a t i o n  f rom t e t r a g o n a l  t o  m o n o c l i n i c  o v e r  a s m a l l e r  
t e m p e r a t u r e  r a n g e .  One m u s t  u s e  l a r g e r  Z r O 2  p a r t i c l e  s i z e  
t o  a v o i d  t h e  m - -> t t r a n s f o r m a t i o n  a t  t e m p e r a t u r e s  b e l o w  
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F i g u r e  4. S t r e n g t h  of  A l 2 0 3 - 1 5 Z r 0 2  a s  a f u n c t i o n  o f  t e m p e r -  
a t u r e .  N o t e  t h a t  s u b s t a n t i a l  r e s i d u a l  s t r e s ses  
a r e  r e t a i n e d  t o  7 5 0 O C .  

1000°C, a n d  y e t  e n s u r e  t h a t  m i c r o c r a c k i n g  w h i c h  c a n  lower  
t h e  s t r e n g t h ,  d o e s  not o c c u r .  T h e  r e t e n t i o n  o f  o v e r  h a l f  
o f  t h e  r o o m  t e m p e r a t u r e  r e s i d u a l  s t resses  t o  7 5 0 ° C  s u g g e s t s  
t h a t  f u r t h e r  o p t i m i z a t i o n  of Z r O 2  p a r t i c l e  size w i l l  i n c r e a s e  
t h e  t e m p e r a t u r e  a t  w h i c h  s t r e s s e s  c a n  b e  r e t a i n e d .  T h e  
s u b s t i t u t i o n  o f  HfO2, or Z r 0 2 - H f 0 2  s o l i d  s o l u t i o n s ,  f o r  
Zr02 w i l l  s u b s t a n t i a l l y  i n c r e a s e  t h e  t e m p e r a t u r e  a t  w h i c h  
s t r e s s e s  are r e t a i n e d .  
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F i g u r e  5. S t r e n g t h  c h a n g e  ( i n  f o u r  p o i n t  b e n d i n g )  b e t w e e n  
t h r e e  l a y e r  c o m p o s i t e s  w i t h  r e s i d u a l  s t r e s ses  
a n d  m o n o l i t h i c  " o u t e r  l a y e r "  s p e c i m e n s  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e .  

I n  o r d e r  t o  i m p r o v e  t h e  r e t e n t i o n  o f  r e s i d u a l  s t resses  
a b o v e  7 5 0 ° C ,  h i g h  t e m p e r a t u r e  a n n e a l i n g  w a s  p e r f o r m e d  t o  
c h a n g e  t h e  Z r 0 2  g r a i n  s i z e  d i s t r i b u t i o n  ( i e e . 9  g r o w  s m a l l  
g r a i n s  w i t h o u t  i n d u c i n g  m i c r o c r a e k i n g ) .  A n n e a l i n g  a t  1300°C 
f o r  1 6  h o u r s  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  a m o u n t  o f  
m o n o c l i n i c  i n  t h e  m a t e r i a l .  A n n e a l i n g  a t  1 4 0 0 ° C  f o r  1 6  
h o u r s ,  o r  1500°C f o r  4 h o u r s  i n c r e a s e d  t h e  m o n o c l i n i c  c o n t e n t  
f r o m  59% t o  6 7 % .  a l t h o u g h  r o o m  t e m p e r a t u r e  s t r e n g t h s  were 
u n c h a n g e d .  C u r s o r y  e l e c t r o n  m i c r o s c o p y  showed  no  e v i d e n c e  
of  g r a i n  g r o w t h  o r  m i c r o c r a c k i n g .  

C h a n g i n g  t h e  size d i s t r i b u t i o n  o f  t h e  s t a r t i n g  Z r 0 2  
p o w d e r  was  also i n v e s t i g a t e d .  A z i r c o n i a  p o w d e r  ( K 9 0 6 )  
w i t h  a m e d i a n  p a r t i c l e  s i z e  of  1 . 3 5  m i c r o n s  ( a l l  p a r t i c l e s  
l e s s  t h a n  3 . 7  m i c r o n s ,  9 0 %  l e s s  t h a n  2 . 2  m i c r o n s ,  a n d  9 0 %  
g r e a t e r  t h a n  0 . 6 5  m i c r o n s )  was o b t a i n e d  f r o m  J. P e t e r s o n  
o f  T e l e d y n e  Wah C h a n g  A l b a n y .  T h e  p o w d e r  was p r o c e s s e d  
i n  a n  i d e n t i c a l  m a n n e r  to p r e v i o u s  w o r k [ 2 ] .  T h i s  " n a r r o w "  
21-02 s i z e  d i s t r i b u t i o n  A1203-15Zr02 p o w d e r  was c o m p a r e d  

t o  Z r 0 2  p o w d e r  c u r r e n t l y  u s e d  1 5 1  w h i c h  h a s  1 0 0 %  o f  t h e  
powder  l e s s  t h a n  1 . 8  m i c r o n s  a n d  a n  a v e r a g e  p a r t i c l e  s i z e  
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F i g u r e  7 .  X-ray d i f f r a c t i o n  d a t a  s h o w i n g  t h e  p e r c e n t  m o n o c l i n i c  
Z r O 2  i n  a m o n o l i t h i c  A l 2 0 3 - 1 5 Z r 0 2  ( o u t e r  l a y e r  
m a t e r i a l )  s p e c i m e n  a s  a f u n c t i o n  o f  t e m p e r a t u r e .  

of 0 . 4  m i c r o n s  (90% l e s s  t h a n  1 . 2  m i c r o n s  a n d  7 0 %  g r e a t e r  
t h a n  0 . 2  m i c r o n s ) .  T h r e e  l a y e r  c o m p o s i t e s  made  w i t h  t h e  
T e l e d y n e  m a t e r i a l  h a d  room t e m p e r a t u r e  s t r e n g t h s  o f  7 9 5  
MPa ( s = 7 2  M P a )  a s  c o m p a r e d  t o  7 5 2  N P a  ( s = 8 6  M P a )  f o r  t h e  
r t c u r r e n t t 8  t h r e e  l a y e r  m a t e r i a l  when 8-10 bars  o f  each material  
w e r e  t e s t e d .  T h e  p e r c e n t  m o n o c l i n i c  Z r O 2  was also v e r y  
c o m p a r a b l e .  w i t h  v a l u e s  o f  5 9 . 7  a n d  63.4 m e a s u r e d  f o r  t h e  
' I n a r r o w "  a n d  l l c c u r r e n t n  m o n o l i t h i c  outer l a y e r  s p e c i m e n s ,  
r e s p e c t i v e l y .  P e r c e n t  m o n o c l i n i c  v a l u e s  o f  5 4 .  3 a n d  52. 1 
were d e t e r m i n e d  for t h e  t h r e e  l a y e r  c o m p o s i t e s  u s i n g  "narrow" 
a n d  f t c u r r e n t ; w  Zr02 p o w d e r s ,  r e s p e c t i v e l y .  T h e  d e c r e a s e  
i n  p e r c e n t  m o n o c l i n i c  o f  t h e  t h r e e  l a y e r e d  c o m p o s i t e s ,  
a s  c o m p a r e d  t o  t h e  m o n o l i t h i c  m a t e r i a l s ,  i s  b e l i e v e d  t o  
b e  d u e  t o  t h e  c o n s t r a i n t  f a c t o r  d i s c u s s e d  a b o v e .  H i g h  
t e m p e r a t u r e  x-ray  d i f f r a c t i o n  w i l l  b e  per fo rmed  on a wnar roww 
( T e l e d y n e  Z n a 0 2 )  m o n o l i t h i e  s p e c i m e n  t o  s e e  i f  i m p r o v e d  
h i g h  t e m p e r a t u r e  s t r e n g t h  i s  t o  b e  expected. 

T h e  l a r g e s t  i m p r o v e m e n t  i n  s t r e n g t h  o c c u r r e d  by s u r f a c e  
t r e a t m e n t s  t o  t h e  " a s - s i n t e r e d "  b a r s .  U s i n g  t h e  " c u r r e n t "  
Al2Q3-15 ZrQ2 bars d i s c u s s e d  a b o v e ,  t h e  s t r e n g t h  i m p r o v e d  
f r o m  752 MPa f o r  " a s - s i n t e r e d "  b a r s .  t o  877 MPa (9215'7 N P a )  
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f o r  b a r s  t u m b l e d  i n  a d e b u r ~ i n g  m a c h i n e ,  to 9 3 4  M P ~  ( ~ ~ 1 1 6  
M P a )  f o r  b a r s  w h i c h  h a d  a p p r o x i m a t e l y  7 5  m i c r o n s  r e m o v e d  
f r o m  b o t h  s i d e s  u s i n g  a 3 2 0  g r i t  w h e e l .  T h i s  s t r e n g t h  
i n c r e a s e  i s  t o  b e  e x p e c t e d  s i n c e  f r a c t o g r a p h y  h a d  s h o w n  
t h a t  failure i n i t i a t e d  frcrrh t h e  t e n s i l e  sur face  i n  “ a s - s i n t e r e d ”  
b a r s .  X - r a y  d i f f r a c t i o n  i s  n e e d e d  t o  d e t e r l l i i n e  i f  t h e  
l i g h t  t u m b l i n g  i n c r e a s e d  t h e  m a n o c l i n i c  c o n t e n t .  G a e i b u l l  
p l o t s  o f  t h e  strength of m o n o l i t h i c  a n d  t h r e e  l a y e r  c o m p o s i t e s  
which h a v e  been s i n t e r e d  2 n d  t u m b l e d  g i l l  b e  compared .  

D i s p e r s i o n  o f  A l 2 0 3 - Z r O 2  powdelos  was i n v e s t i g a t e d  
w i t h  both pH c o n t r o l  a n d  s u i - f a c e  a c t i v e  a g e n t s  u s e d  i n  
s p r a y  d r y i n g L 2 1 .  B a s e d  o n  room t e m p e r a t u r e  s t r e n g t h  testing 
i t  was  d e t e r m i n e d  t o  u s e  t h e  same d i s p e r s i o n  s y s t e m  i n  
s l i p  c a s t i n g  a s  p r e v i o u s l y  u s e d  i n  s p i - a y  d r y i n g .  S l i p  
cast b i l l e t s  ( 1 0 0  m m  by 1 0 0  m m >  were p r e p a r e d  u s i n g  v a c u u m  
d e g a s s e d  s l i p s  o f  A l 2 0 3 - 1 5 Z r 0 2  p o u d e r .  T h e s e  b i  l l e t s  deraoti- 
strated t h a t  i t  w a s  p o s s i b l e  t o  c o n t r o l  t h e  sut .er  l a y e r  
t h i c k n e s s  a n d  make u n i f o r m  l a y e r s  v i a  t h i s  p r a c e s s .  S i n t e r i n g  
a n d  s t r e n g t h  t e s t i n g  o f  b a r s  c u t  f r o m  t h e s e  b i l l e t s .  i n  
c a m p a r i s a n  t o  s p e c i m e n s  u a d e  f r o m  s p r a y  d r i e d  p o w d e r g  i s  
i n  p r o g r e s s .  

T a p e  c a s t i n g  w a s  e v a l u a t e d  a s  a n  a l t e r n a t i v e  m e t h o d  
o f  f a b r i c a t i o n ,  a s  c o m p a r e d  t o  p o w d e r  p r e s s i n g ,  d u e  t o  
t h e  a b i l i t y  t o  c o n t r o l  t h e  l a y e r s  t o  p r e c i s e  t h i c k n e s s e s .  
I n d i v i d u a l  l a y e r s  o f  A l 2 0 3 - I  5Zr02 % e r e  l a m i n a t e d  t o g e t h e r  
u s i n g  c o n v e n t i o n a l  ceramic p a c k a g l  ng  t e c h n i q u e s  a n d  e q u i p m e n t  e 

T h e  r e s u l t i n g  c o m p o s i t e  ( 5  m m  t h i c k )  was s i n t e r e d  t o  make 
a thraee l a y s r  c o m p o s i t e .  A l though  t h e  above r e s u l t s  d e m o n s t r a t e  
t h a t  t a p e  c a s t i n g  c a n  b e  u s e d  t o  m a k e  l a y e r e g :  c o m p o s i t e s  
of c o n s i d e r a b l e  t h i c k n e s s ,  s l i p  c a s t i n g  i s  p r e f e r a b l e  d u e  
t o  p r o b l e m s  a s s o c i a t e d  w i t h  b P n d e r  r e m o v a l  f roin t a p e  c a s t  
c o m p o s i t e s .  

B o t h  ? ‘ e l e v a t e d  t e m p e r a t u ~ e  t o u g h n e s s  t e s t i i i g  ( p a r t  
of m i l e s t o n e  123702)w and E s l i p  c a s t i n g / s p r a y  d r y i n g  c o i n p a r i s o n  
( m i l e s t o n e  1 2 3 7 0 3 )  p1 tasks a r e  in p r o g r e s s  a n d  w i l l  b e  c o m p l e t e d  
b y  t h e  n e x t  r e p o r t i n g  p e r i o d .  

.- 

A p a p e r  e n t i t l e d  ? ~ T r a n s f o r m a t i o n - T ~ u g h e n e d  A l u m i n a  
with Improved S t r e n g t h  at E l e v a t e d  T e m p e - a t u r e s r l  b y  2 .  A .  Cutler, 
J.D. B r i g h t ,  A . V .  V i r k a k ,  a n d  D.K. S h e t t y  w z s  s u b m i t t e d  
t o  t h e  A m .  Ceram. S o o .  T h e  p a p e r  i tac !budes r e s u l t s  o f  t h e  
first eight r i l un ths  of  t h e  O A N l  f u n d e d  pt’ogralo.  
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In  jec t ion  Molded CoanposiZres 
M.  A .  Janney (Oak Ridge Nat-Sonal Laboratory)  

Objective/scoge 

The goals o f  t h i s  activity a m  twofold. (1) t o  evaluate the ability 
o f  advanced ceramic-ceramic composites to be injection molded and prs- 
cessed using s t a n d a r d  wax- and/or polymer-based binder systems; and (2) ts 
develop advanced complex-shape forming teehnolog?es t h a t  will elim'n'nate 
some of the problems associated w i t h  wax- and polymer-based bl'nder systems 
such as long binder removal times, cracking, and low green s t r e n g t h .  

Technical proqrcs? 

ark this period has focused on defining the effects o f  
ten% and s o l i d s  loading on t he  f l o w  properties of Al,Q,--SplC 
slurries. T o t a l  s o l i d s  contents from 25 t o  55 vol % and whi 
up to 60% were investigated. Rheolosical measurements have demonstrated 
that both  t h e  total solids loading and the whisker c o n t e n t  of t h e  s o l i d  
affect t h e  processability o f  t h e  slurries. 

whiskers,? and Darvan 7 4  and citric aci'd"" as  d i s p e r s a n t s ,  
levels were held c o n s t a n t  a t  0.25 t % Darvan 7 and 0.07 w t  % citric acid 
based on t h e  weight o f  solid in  t he  slurry. 
9.2 kO.1 for a111 slurries. The dry AI20, and S I C  were added t o  an aqueous 
solution of t h e  d i s p e r s a n t s  mixed by hand to incorporate t 
the liquid, then s o n i c a t e d  using a 300-W ultrasonic probe, 
ficulty was encountered in preparing the high-solids and high-whisker-con- 
tent slurries; they tended t o  be dilatant in  the hand-mixed candition and 
became Fluid only after intensive ultrasonic mixing, After mjxirag, the  
slurries \alere aged, w i t h  continuous agitation, far 4 days prior t o  testing. 
F l o w  behavior was determined with a Model RFS-8400 fluids spec%rometer*** 
u s i n g  a parallel p l a t e  geometry. 

Flow curves for slurries w i t h  25: 48, and 55 vol  % solids are shown 
in Figs. 1-4 .  For each solids loading there was a distinctive change in 
flow behavior f r o m  Newtoniaw o r  shear rate thinnlng (pseudoplastic) flaw 
to dilatant f l o w  a t  a characteristic whisker content .  For the slurries 
studied here,  the  changes t o  dilatant flow occu~red a s  follows: (1) at 
25 vol % solids, between 40 and 60% whfskers; (2 )  a t  40 X s o l i d s ,  between 
30 and 40% whiskers; and ( 3 )  a t  55 vol % s o l i d s ,  between 15 and 28% 

Aque us slurries wgre prepared from A16SG alumina,"  SC 

The pW was adjusted t o  

* A I  coa I P i  t t sb i r rgh ,  Pa 
b a t e h o  Chemical Co a Japan. 

ZR. 1. Vanderbilt Co, Norwal k, Conn. 
* *F i she r  Scientific Cs, Pittsburgh, Pa. 
'ftMadel 300, F i s h e r  Scientific €0, Pittsburgh, Pa. 

***Rheometyics, Inc., Piscattaway, N .  J ,  
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F i g .  1. Flow curves f o r  25 vol % A16SG-SCWlS slurries w i t h  
0 ,  20 ,  40, and 60% SCWlS whiskers. 
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F i g .  2 .  Flow curves f o r  40 vol % A16SG-SCWlS slurries c o n t a i n i n g  
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F i g .  4 .  Flow curves f o r  55 vol % A16SG-SCW1S s l u r r i e s  c o n t a i n i n g  
0, 5, 10, and 15% SCW1S whiskers. 
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a r i s e  a t  h i g h  s o l i d s  l o a d i n g .  
l ow  l o a d i n g s  such as a t  25 v o l  % s o l i d s  (60% wh iske rs )  and 40 v o l  % s o l i d s  
(40% wh iske rs )  i n d i c a t e s  t h a t  t h e  “ e f f e c t i v e ”  s o l i d s  l o a d i n g  i s  h i g h e r  
t h a n  t h e  a c t u a l  s o l i d s  l o a d i n g .  For  w h i s k e r - c o n t a i n i n g  s l u r r i e s ,  such an 
e f f e c t  i s  n o t  s u r p r i s i n g ;  
g r e a t e r  t han  i t s  a c t u a l  volume because o f  i t s  l a r g e  aspec t  r a t i o .  

F i g u r e s  2 and 4 show t h e  presence o f  a sma l l ,  y e t  r e a l ,  anomaly i n  t h e  
f l o w  o f  t h e  s l u r r i e s  w i t h  40 v o l  % and 55 v o l  % s o l i d s .  I n  b o t h  cases, 
t h e  f l o w  cu rves  f o r  t h e  s l u r r i e s  c o n t a i n i n g  5% wh iske rs  f a l l  below t h e  f l o w  
cu rves  f o r  t h e  s l u r r i e s  c o n t a i n i n g  no wh iske rs .  We b e l i e v e  t h a t  t h e  
pack ing  o f  p a r t i c l e s  i n  t h e  s l u r r i e s  c o n t a i n i n g  5% wh iske rs  i s  somewhat 
more e f f i c i e n t  t han  i n  t h e  s t r a i g h t  a lumina s l u r r i e s .  

Summaries of t h e  v i s c o s i t y  behav io r  f o r  these Al,O,-SiC Whisker 
s l u r r i e s  a r e  shown i n  F i g s .  5 and 6. F i g u r e  5 shows t h e  v i s c o s i t y  a t  
50 s-l p l o t t e d  a g a i n s t  t h e  w h i s k e r  c o n t e n t  i n  t h e  s o l i d  phase a t  25, 40, 
and 55 v o l  % t o t a l  s o l i d s .  A s  t h e  t o t a l  s o l i d s  l o a d i n g  i nc reases ,  t h e  
v i s c o s i t y  o f  t h e  s l u r r i e s  a l s o  i nc reases ,  and t h e  amount o f  wh iske rs  t h a t  
can be i n c o r p o r a t e d  i n t o  a f l o w a b l e  compos i t i on  decreases. 
shows t h e  same d a t a  a s  F i g .  5, r e p l o t t e d  as v i s c o s i t y  a t  50 5 - l  ve rsus  
volume f r a c t i o n  t o t a l  s o l i d s ,  a t  v a r i o u s  wh iske r  l o a d i n g s .  We observe 
t h a t  t h e  s lopes  o f  t h e  cu rves  f o r  v i s c o s i t y  vs.  volume f r a c t i o n  s o l i d s  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  presence o r  absence of  whiskers,  a t  l e a s t  up 
t o  15% wh iske rs .  

F lowable s l u r r i e s  c o n t a i n i n g  a maximum o f  (1) 60% wh iske rs  a t  
25 v o l  % s o l i d s ,  (2) 30% wh iske rs  a t  40 vol % s o l i d s ,  and (3) 15% wh iske rs  
a t  55 v o l  % s o l i d s  were produced i n  t h e  A16SG-SCWlS-Darvan 7 - c i t r i c  a c i d -  
w a t e r  system. Rheo log ica l  c h a r a c t e r i z a t i o n  was used t o  d e f i n e  l i m i t s  o f  
p r o c e s s a b i l i t y  f o r  t h e  s l u r r i e s  based on a t r a n s i t i o n  f rom Newtonian o r  
p s e u d o p l a s t i c  f l o w  t o  d i l a t a n t  f l o w .  

The occurrence o f  d i l a t a n c y  at, r e l a t i v e l y  

t h e  “volume o f  in f luence’ ’  o f  a wh fske r  i s  

F i g u r e  6 

S t a t u s  o f  m i l e s t o n e  

No a c t i v i t y .  

P u b l i c a t i o n s  

None. 
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F i g .  5 .  Summary p l o t  f o r  A16SG-SCWlS s l u r r i e s  showing v a r i a t i o n  o f  
v i s c o s i t y  ( a t  50 s- ) w i t h  w h i s k e r  c o n t e n t .  

F i g .  6. Summary graph f o r  A16SG-SCWIS s l u r r i e s  showing v a r i a t i o n  o f  
v i s c o s i t y  ( a t  50 s - l )  w i t h  volume f r a c t i o n  s o l i d s .  
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1.2.4 Silicate Matrix 

Mullite-SiC Whisker Composites 
Solomon Musikant and S .  Samanta (General Electric Co., Space Systems 
Division) 

ObjectivelScope 

The objective o f  this program is to develop high toughness, high 
strength, refractory ceramic matrix composites which are amenable 
to law cost, near net shape forming for application to automotive 
engines. 

In this program, the General Electric Company, Space Systems 
Division, is pursuing the development of Sic whisker reinforced mullite 
( 3  A1203.2 S i02 )  matrix ceramic composite. 
of  the mullite matrix fracture toughness by the incorporation o f  trans- 
formation toughening by additions of r~~5Hf0.502 is proposed. This 
mullite matrix composite can meet a very significant need in the ceramic 
heat engine technology. That specific need i s  for a low thermal con- 
ductivity, high strength, tough, hard and wear resistant ceramic with 
intrinsically good thermal shack resistance. The intrinsically good 
thermal shock resistance is due to mullite’s moderately l o w  modulus 
o f  elasticity, 
o f  thermal expansion (CTE), 5 X 10-6/oC, as well as good levels sf 
strength. The thermal conductivity i s  low, being approximately equal 
t o  that of Zr02. Since the coefficient of thermal expansion (CTE) 
is about half that of Zr0z9 mullite experiences for lower thermal 
stresses than Zr02 when exposed t o  the same thermal gradient. 

Similarly, in comparison to alumina, mullite i s  intrinsically 
superior with respect to thermal shock because o f  mullite’s lower 
CTE and lower modulus o f  elasticity. 
t o  have lower resistance to thermal shock. 

with fracture toughness of > 4 . 0  MPaJiii: 

o f  the mullite-Sic whiskers compositions with varying parameters. 
The major steps in this investigation are as foliows: 

In addition, the enhancement 

30 x 106 psi (207 GPa), and relatively low coefficient 

Any matrix with a high CTE tends 

The initial aim o f  the investigation i s  t o  prepare a composite 

In order to achieve thTs goal, we have initiated investigation 

1. Prepare mullitelSiC whisker compositions using fine particle 
siae mullite powder. Whisker compositions may range between 
15 and 30 wt %. 
before incorporating into a batch Composition. 

consolidation. 
Investiaate the addition of a transformation toughening 

Whiskers may be milled for size reduction 

2 .  Investigate sintering aids which will assist in composite 

3. 
agent ire. 5~f0 ~ 502, t o  mu1 I i te s i c  compos 
the fracture toughness of the matrix mater 

(a) Cold isostatic pressing and sinterjng 
( b )  Hot isostatic pressing ( H I P ) .  
( e )  Cold ?’sostatic pressing ( C I P )  sinter 

pressing (HIP). 

4 .  Consolidation methods include: 

tions t o  enhance 
a1 * 

ng, and h o t  isostatic 
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5. Explore t h e  a p p l i c a t i o n  o f  c o a t i n g  m a t e r i a l s  t o  whiskers 
t o  c o n t r o l  t h e  bonding s t r e n g t h  o f  whisker  t o  matr ix ;  i n -  
c o r p o r a t i n g  d i f f u s i o n  b a r r i e r s  a t  t h e  wh iske r /ma t r i x  i n t e r f a c e  
t o  min imize chemical r e a c t i o n s  between t h e  m a t r i x  and whisker. 
Charac te r i ze  t h e  composites f o r  mechanical ,  p h y s i c a l ,  chemical  
and thermal p r o p e r t i e s  a t  room temperature and a t  e l e v a t e d  
temperatures.  

5. 
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Technical/proqress 

B i  1 l e t  Preparation and Processing 

D u r i n g  t h i s  reporting period, preparation o f  f ine r  par t ic le  size raw materials, 
namely, Baikowski mullite, Norton alumina, NbzO5, glass I and PrOZ-Hf02 (1:1 
molar) solid solution was completed. Each o f  the above raw materials was f i r s t  
a t t r i t i o n  milled in 2-propanol f o r  s i x  hours and the f iner  fraction of each 
was separated by repeated gravity sedimentation o f  coarse par t ic les  from an 
aqueous slurry of each a t t r i t i o n  milled materia?. Top aqueous layers containing 
f iner  fractions o f  each material were siphoned o f f ,  dried and used for  composite 
batch preparation. 

As mentioned i n  the previous Technical Progress Report No. 8, a ser ies  of 
composite batch compositions have been planned t o  be fabricated from the above 
f ine par t ic le  size raw material powders and clean milled Arco SC9 Sic whiskers. 
The procedures f o r  fabrication of these composite b i l l e t s  i s  to  include sintering 
of CIP'ed (cold i sos ta t ica l ly  pressed) b i l l e t s  i n  argon or nitrogen in order 
to  minimize oxidation o f  S i c  whiskers and then HIP'ing i n  Nb-1Zr metal cans 
using S i c  powders/whiskers as a load t ransfer  and separation medium in-between 
the b i l l e t  and the Nb-1Zr can. The planned compositions are shown in Table 
I .  So f a r ,  the f i r s t  four composite batches (Nos. 1-4, Table I )  have been 
prepared and are ready t o  be fabricated j a t o  b i l l e t s .  

Two preliminary b i l l e t s  were densified w i t h  compositions similar to  1 and 
2 o f  Table I except t h a t  non a t t r i t i on  milled powders were used t o  conserve 
the limited supply a f  a t t r i t i on  milled powders. Clean, milled Arco S i c  whiskers 
were used. The objective o f  these two b i l l e t s  t o  check out the processing 
steps before committing the a t t r i t i on  milled p r prepared composites. The 
b i l l e t s  were CIP'ed a t  50-55 Ksi and t h e n  sintered. Bi l le t  No. Y 1  (mullite 
A/SiC whiskers, 1 0 / 3 0 ,  w t  %) was sintered in flowing argon a t  1700°C for 2 
hours and b i l l e t  go. Y2 (mullite A/Nb2Og/SiG whiskers, 65.3/4.7/30.0, w t  %) 
was sintered in flowing nitrogen a t  1750°C for  2 hours. The b i l l e t s  were buried 
inside a layer o f  mullite-SiC whisker mixture (50:50, by weight) d u r i n g  
sintering. Si ntere bil l e t s 8  densit ies were relat ively low, approximately 
58% theoretical .  Sintered b i l l e t s  wer then encapsulated i n  Nb-LZr cans by 
he1 ium-arc welding (work performed by r .  E. Gorsky, University o f  Maryland) 
and HIP'ed a t  1600"C, 25 Msi for 30 minutes. After HIP'ing, the Nb-1Zr cans 
were cut and b i l l e t s  surrounded by a layer of S i c  powdc3rlSiC whiskers, 70/30 
w t  %, used a s  the separation medium between the b i l l e t  and Nb-1Zr can, were 
taken out  rather easily.  

However, the f inal  densit ies of b i l l e t s  Nos. Y1 and Y2 were 93% and 57% 
theoretical .  I t  i s  deduced t h a t  the H I P ' f n g  can fai led i n  the case o f  bil 
Y2. 

However, in t h e  case o f  Y 1 ,  there are two changes from prior practice wh 
may be operating to  produce a b i l l e t  of (95% theoretical density: 

O f  
e t  

ch 

( a )  Argon sintering i n  l ieu o f  a i r  sintering. 
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( b )  The addition o f  A1203 to the batch in an attempt to reduce the glassy 
grain boundary created by the slight excess o f  .Si02 in the Baikswski 
193CR mullite. 

To cheek out these effects, two more billets (Y3 and Y4) will be prepared similar 
to Y 1  except that we w i l l  reduce the added A1203 content as indicated in Table 
11. I n  order to improve sinterability, composition No. Y3 uses Mullite A:! 
which has  a lower alumina addition than Mullite A ,  while Composition Y4 uses 
as received Elai kowski mu1 1 i te 193CR. 

The alumina/silica contents of these three mullites are as follo 

wa % 
!!203 Si 02 

Mullite A** 74.0 26.0 

Mullite A2** 70.2 29.8 

Mu1 1 i te ( 1936R)* 68.2 31.8 

*Composition determined by EDX analysis 

**Csmposi ti on by cal cul ati’ un 

Composition No.Y3 contains mullite A 2 / S i C  whiskers, 70/30, w t  %, where mullite 
A2 i s  9 5 / 5  V %  Edaikowki mullite/Nortsn a!urnina, instead o f  85/15 V%. Composition 
NO.Y4 contains no extra alumina added to Baikowski mullite, 193CR. No, Y4 
may be considered as a baseline composition. Ihus, the results should show 
the  effect of alumina addition to t h e  original mullite in the range o f  0-15 
V %  on the properties of final nsullite-SiC whisker composites. 

I 

_I_- Whisker Coating 

Preliminary investigation of coating of Si@ whiskers w i t h  carbon was performed 
during this reporting period. Such a coating on the whiskers may be beneficial 
in controlling matrix/whisker interface bonding. Thus, such a coating cairld 
promote more whisker pull-outs and hence increase t he  fracture tou hness of 
composites. I n  t h i s  preliminary investigation, dilute solutions Q2-10 V%)  
o f  an organic (furfuryl alcohol based) resin in iso-propyl alcohol were prepared, 
S i @  whiskers were then impregnated with these solutions, cured, dried, and 
carbonized followed by hand milling. SEM examination o f  such treated S i c  

s k e r s  indicated the formation of  a coating on the whiskers’ surfaces (Figures 
2, and 3 ) -  It is planned to prepare an additional composite billet (Y5 )  

ng S i c  whiskers, w h i c h  have been coat-ed with the 5 V %  organic resin solution, 
order t o  investigate possible KIC enhancement of such ceramic  composi t es .  

p l a n  to prepare billets Y3, Y4 and Y5 (Table 11) in the next per iod .  
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Publications 

Table111 lists the Milestone schedule for this study. All scheduled milestones 
are on target except 3.3.2 and 3.3.3. Work on these has been delayed due to 
funding restrictions. 

None 
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TABLE I 1  

MULLITE-Sic WHISKER COMPOSITES 

COMPOSITION, PERCENT BY WEIGHT 

No. Mu1 1 i t e  Nb205 Zr02-Hf 02 Glass I 203 S i  C Wh i s ker Notes 

Y 1  

Y2 

Y3 

Y4 

Y5 

NOTE: - 

65.3 (A) 4.7 

S in te r  i n  Ar 
17OO0C, 2 Hr 
H I P  16OO0C/ 
25 Ksi/30 Min 

30 ( U )  

30 ( W  Sinter  i n  Ni); 
1750°C, 2 Hr 
H I P  16OO0C/ 
25 Ksi/30 Min 

70 (A2) 30 (F) 

M u l l i t e  (A) - Baikowski m u l l i t e ,  193CR/Norton alumina, 38-900, 95/15 V% 
Mu1 1 i t e  (A2) - B a i  kowski mu1 1 i te,  193CR/Norton a1 umi na , 38-900,95/5 V% 
M u l l i t e  (M) - Beikowski m u l l i t e ,  193CR 
S i c  Whiskers (U) - Sedimentation cleaned, dr ied,  m i l l e d  1/2 h r  
S i c  Whiskers (F)  - Same as (U)  except coated w i t h  f u r f u r y l  alcohol based res in"  

from a 5 V% so lu t i on  i n  iso-propyl alcohol 

*Furcarb LP-340, Chem., Div., Quaker Oats, Co., Chicago, I L  60654 
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TABLE I 1  I 

Development of Ceramic Matrix Composites fer  Application in the Ceramic 

Technology for Advanced Heat Engine Program - Mullite Si C Whisker Composites 
Subcontract 86X-00218C 

Mi 1 ts t o=Sc hed ul e 

Task 

1. 

1.1 

1.2 

1"3 

2 .  i 

2.1 

_1_1 

2.2 

3.0 

3.1 

Feasibility demonstration 

Establish performance goals 

Fabricate Initial specimens 

Characterize initial specimens 

Develop process flem sheets 

Develop low cost near net shape process 

Fabricate initial liquid phase sintered specimens 

Fabricate initial HIP specimens 

Fabricate improved liquid phase sintered specimens 

Fabrfcate improved HIP specimens 

Select best process f o r  optimization 

Develop o p t i m i z e d  process 

Document optimized process flov sheet far intermediate 

level of optimization 

Document pfocess flow sheet for f i n a l  level of 

optimization 

Property measurements 

Characterize microstructure of each stage of process 

development 

initial 

imp r o v ~  d 

Bate 
_I_. 

1 2 1  141 84 

1/7/85 

2/1/85 

4 / 1 / 8 5  

4 / 5 1  85 

8 / 2 /  85 

8 l 2 1 8 5  

1 1 3 / 8 6  

5/3/85 

9 1 6 / 8 §  
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December 1, 1 9 8 L  
Task 

3.1 intermediate o p t i m i z a t i o n  

- 

f i n a l  optimization 

3.2 

3.3 Property measurements 

3 . 3 . 1  

Submit deta i l ed  t e s t  plan t o  ORtT 

(a)  Measure MOR, K I c  a t  RT and l2OOC 

(b) Measure MOR, E, K ~ c  CTE, k ut RT and lL200C. 

Thermal soak a t  lOoOC/SOO hrs .  and repeat t e s t s .  

( c )  Repeat (b) 

3.3.2 

3 . 3 . 3  

3.3.1, 

4.0 

Perform cyclic f a t i g u e  t e s t  and fatigue crack 

propagation test 

Model MOR of composi te  

Perform thermal shock a n a l y i s  

Repor t s  

Milestone schedule 

Bimonthly r e p o r t s  

Semi annual reports 

Page 2 of 2 
Date 
I__ 

5/31/85 

9 / 6 / 8 5  

9 / 6 / 8 6  

5/16/86 

8/16 / E35 

8/15/86 

z i i s i a s  
3/15/85 
5 / 15/85 
a l l s la5  
8/ IS/ 85 

a n / 1 5 / s s  
1 / 1 5 / 8 6  
~ / 1 ~ ~ 8 6  
5/15/86 
t l l 5 l 8 6  

d1S/85 
12 l"f5/85 

6 /  15/86 

Final r e p o r t  n o / u /  86 
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Figure 1 S I C  wiskers coated with 10% resin  solution, carbonized i n  N2 a t  
980°C 1 h r ,  then separated by manual mi l l ing .  

Figure 2 S I C  whiskers coated with 5% res in  solution, carbonized i n  N2 a t  
9 8 0 0 ~  1 h r ,  then separated by manual mi l l ing .  



Figure 3 S i c  whiskers coated with 2% resin  solution, carbonized i n  N2 a t  
980°C 1 hr,  then separated by manual mi l l ing ,  
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Loss Expapsion Ceramics for Die.y.e,I Engine A p p ? . i c a t i o n s  
J .  3. Brown, J r . ,  R .  E. Swanson ( V i r g i n i a  P o l y t e c h n i c  Institute and S t a t e  
U n i v e r s i t y )  and F. A .  Wumrnel (Consu l tan t )  

I .  O b j e c t i v e s  and Scope o f  Work 

The major o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  i n v e s t i g a t e  s e l e c t e d  

o x i d e  systems f o r  t h e  development of  a low expans ion ,  h i g h  the rma l  shock 

r e s i s t a n t  ce ramic .  S p e c i f i c a l l y ,  i t  i s  t h e  g o a l  o f  t h i s  s t u d y  t u  

deve lop  an i s o t r o p i c ,  u l t r a - l o w  expans ion  ceramic which c a n  b e  used 

above 120OOC and which i s  r e l a t i v e l y  inexpens ive .  

11. I n t r o d u c t i o n  

The need f o r  s t a b l e  f a b r i c a b l e  low thermal  expans ion  c e r a m i c s  f o r  

u s e  i n  advanced h e a t  e n g i n e s  was f i r s t  r ecogn ized  i n  t h e  Department of  

Energy Advanced Gas Turb ine  (AG'I') technology programs. More r e c e n t l y ,  

t h e  need f o r  ceramic m a t e r i a l s  hav ing  low [.herma1 expans ion  f o r  u s c  i n  

components of  advanced low h e a t  r e j e c t i o n  d i e s e l  e n g i n e s  h a s  a l s o  been  

r ecogn ized .  Components f o r  the AGT, i n c l u d i n g  t h e  r e g e n e r a t o r  and othex- 

p a r t s  i n  t h e  h o t  f low p a t h ,  o p e r a t e  unde r  the rma l  c y c l i c  o r  o t h e r  

c o n d i t i o n s  which r e q u i r e  low the rma l  expansion i n  o r d e r  f o r  t h e  

couiponents t o  have s a t i s f a c t o r y  l i f e .  Only two major ceramic systems 

--magnes ia-alumina-s i 1 i c  a and t h e  l i t h i a - a  lumina-s il i c a  -- have been 

e v a l u a t e d  ex tcns j -ve ly  f o r  use in f a b r i c a t i n g  t h e s e  low expans ion  ceramic 

components. Compositions r v a l u a t e d  e x t e n s i v e l y  i n  t h e  magnesia-alumina- 

s i l i c a  system a r e  n e a r  t h e  compos i t ion  of t h e  compound c o r d i e r i t e ,  

whereas compos i t ions  e v a l u a t e d  i n  t h e  l i t h i a - a l u m i n a - s i l i c a  system are  

near t h a t  of  t h e  compound spodumene. Advanced low h e a t  r e j e c t i o n  d i e s e l  



139  

e n g i n e  d e s i g n s  a l s o  have demonstrated t h e  need f o r  low thermal  expans ion  

ceramics  which a l s o  have r e l a t i v e l y  h i g h  mechanical  s t r e n g t h .  Ceramic 

materials based upon e i t h e r  spodumene o r  c o r d i e r i t e  have r e l a t i v e l y  low 

s t r e n g t h  and h i g h  thermal  expans ion  compared t o  fused s i l i c a ,  f o r  

example. It is of c o n s i d e r a b l e  importance t o  de te rmine  whether  o t h e r  

ceramic systems e x i s t  i n  which t h e  thermal  expans ion  c a n  b e  t a i l o r e d  s o  

a s  t o  b e  v e r y  n e a r  z e r o  over  a r e l a t i v e l y  wide tempera ture  range ,  

ex tending  t o  a t  l eas t  1200OC. 

The r e s e a r c h  program i n c l u d e s  t h e  fo l lowing  t a s k s :  s y n t h e s i s ,  

p r o p e r t y  c h a r a c t e r i z a t i o n ,  and f a b r i c a t i o n  of  c a n d i d a t e  low thermal  

expans ion  ceramics  from f o u r  systems based upon aluminum phosphate ,  

s i l i c a ,  m u l l i t e ,  and z i r c o n .  I n  t h e  f i r s t  two sys tems,  t h e  g o a l  i s  t o  

s t a b i l i z e  l o w  thermal  expans ion ,  h i g h  t e m p e r a t u r e ,  h i g h  c r y s t a l  symmetry 

phases  v i a  s o l i d  s o l u t i o n  format ion .  I n  mull i te ,  d e v i a t i o n  from 

s t o i c h i o m e t r y  and s o l i d  s o l u t i o n  f o r m a t i o n  i s  u t i l i z e d  t o  reduce t h e  

thermal  expansion.  I n  z i r c o n ,  t h e  c r y s t a l  a n i s o t r o p y  and thermal  

expans ion  a r e  reduced v i a  s o l i d  s o l u t i o n  format ion .  Based upon e a r l i e r  

d a t a  of' t h e  i n v e s t i g a t o r s ,  c o m p o s i t i o n a l  ranges  a r e  e v a l u a t e d  by  

f a b r i c a t i n g  e x p e r i m e n t a l  specimens and de termining  phase  c o n t e n t  p l u s  

m i c r o s t r u c t u r e ,  thermal  expans ion ,  s o l i d u s  t e m p e r a t u r e ,  and d e n s i t y .  

T h o s e  c o m p o s i t i o n s  w h i c h  e x h i b i t  a c c e p t a b l e  s i n t e r i n g ,  p h a s e  

composi t ion ,  and expansion c h a r a c t e r i s t i c s  a r e  s t u d i e d  in more d e t a i l ,  

i n c l u d i n g  f l e x u r e  s t r e n g t h ,  c r e e p ,  thermal  c o n d u c t i v i t y ,  and c r y s t a l  

s t r u c t u r e .  F i n a l l y ,  t h o s e  ceramic composi t ions  e x h i b i t i n g  t h e  b e s t  
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cornbi.nation o f  p r o p e r t i e s  a r e  e v a l u a t e d  as t o  t h e i r  f a b r i c a t i o n  b e h a v i o r  

i n  t h e  form o f  specimens hav ing  masses up t o  about  0 . 5  kg .  

III. T e c h n i c a l  Progress  f o r  Aluminum Phosphate  

A .  Background 

The v a l u e  o f  an u l t r a - l o w  c o e f f i c i e n t  of t he rma l  expans ion  

co r re sponds  t o  t h e  d e s i r e  t o  f i n d  a ceramic ma te r i a l  w i t h  h i g h  the rma l  

shock r e s i s t a n c e .  Most of t h e  a n a l y t i c a l  e q u a t i o n s  f o r  t he rma l  shock 

r e s i s t a n c e  a r e  based on t h e  fo l lowing  e q u a t i o n :  

0 (1-i-I) f K ___.___ 

Ea 

where U i s  t h e  s t r e s s  r e q u j r e d  t o  f r a c t u r e ,  1-i is Poisson’s  r a t i o ,  E i s  

t h e  modulus of  e l a s t i c i t y ,  and a i s  t h e  l i n e a r  expans ion  c o e f f i c i e n t  

(1 ) .  S i n c e  a i s  i n  t h e  denominator ,  as i t s  v a l u e  approaches z e r o ,  t h e  

r e s i s t a n c e  t o  the rma l  shock w i l l  t h e o r e t i c a l l y  approach i n f i n i t y .  

According t o  Hummel ( 2 ) ,  i t  h a s  been  shown e x p e r i m e n t a l l y  t h a t  dense ,  

low p o r o s i t y  m a t e r i a l s  w i t h  t h i s  U l t K a - l O W  c o e f f i c i e n t  o f  expans ion  do 

indeed have t h e  b e s t  r e s i s t a n c e  t o  the rma l  shock. 

f 

Three m a t e r i a l s ,  A D O 4 ,  RP04, and Li20*A1 0 2 S i 0 2  ( B  -eucryptite) 

have been t a r g e t e d  a s  compris ing a system Lhat h a s  p o t e n t i a l  f a r  

u l t r a - l o w  expans ion .  B-euc ryp t i t e  i s  of  i n t e r e s t  i n  t h a t  i t  h a s  an 

a v e r a l l  n e g a t i v e  c o e f f i c i e n t  of  thermal  expans ion  up to 1000 C ( 3 ) .  Work 

has p r e v i o u s l y  been conducted w i t h  6 - e u c r y p t i t e  t o  b r i n g  i t s  c o e f f i c i e n t  

n e a r e r  t o  z e r o .  I n c r e a s i n g  t h e  S i 0  c o n t e n t  a s  a s o l i d  s o l u t i o n  i n  

2 3  

0 

2 
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6-euc ryp t i t e  was success fu l  i n  br inging  t h e  c o e f f i c i e n t  c l o s e r  t o  zero  

( 4 ) .  However, s u b s t i t u t i n g  Ge f o r  S i  produced no s i g n i f i c a n t  

d i f f e r e n c e  i n  the thermal expansion c o e f f i c i e n t  ( 5 ) .  Another s tudy 

inves t iga t ed  the  s u b s t i t u t i o n  of 2” f o r  0 i n  0-eucrypt i te .  This 

s u b s t i t u t i o n  r a i s e d  the  o v e r a l l  expansion t o  a p o s i t i v e  va lue ,  bu t  

reduced t h e  expansion aniso t ropy  ( 6 )  Hurnmel and Langensiepen have 

found t h a t  a s o l i d  s o l u t i o n  of 50% AlPO and 50% 8-eucrypt i te  w i l l  

produce a thermal expansion as low as t h a t  of fused s i l i c a  ( 7 ) .  

4+ 4 +  

2- 

4 

The c r y s t a l  s t r u c t u r e s  of A D O 4 ,  BP04, and $-eucrypt i te  a r e  known. 

Euc ryp t i t e ,  L i 2 0 * A 1  0 ‘ 2 S i 0 2 ,  e x i s t s  in two forms: 

e -euc ryp t i t e  form i s  the low temperature form which occurs  i n  na tu re .  

A t  970°C 2 10°C, t h i s  form conver t s  t o  6-eucrypt i te ,  t h e  form obtained 

when s t a r t i n g  m a t e r i a l s  a re  f i r e d  i n  a i r  (8). B-eucryptite has a 

4+ 
s t r u c t u r e  s i m i l a r  t o  high-quartz ( space  group P6 22) with h a l f  t h e  S i  

ions  replaced by A13+ i ons  ( 6 ) .  The charge ba lance  i s  maintained by L i  

ions which l o c a t e  themselves i n  channels  running p a r a l l e l  to t h e  c-axis .  

A t  460°C, an o r d e r l d i s o r d e r  t r a n s i t i o n  occurs  i n  which t h e  L i  atoms 

begin t o  occupy 6-fold coord ina t ion  s i t e s  as well as  the  4-fo1d 

coord ina t ion  s i t e s  they occupied below 460°C (9,101. This r e a c t i o n  i s  

r e v e r s i b l e  and shows no d i s c o n t i n u i t i e s .  

(‘1 and e .  The 2 3  

2 
+ 

+ 

AlPO is a half-breed d e r i v a t i v e  of  s i l i c a ,  wi th  A13* and P5’ ions  

The t ransformat ions  i n  

4 

occupying t h e  sites occupied by Si4+ i n  s i l i c a .  

A l P O  are  g iven  i n  F igu re  1 .  4 
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SI. 55PC 1 0 2 525 0 "C >1 moot 

Berlinitet----, Tridyanite A l P O  +--+ C r i s t o b a l i t e  AlPO +--+ Fused A1P04 
4 4 

5 86+2*C 93 23 OC 1 3 O o C ( ? )  2 1 0 ~ 5 O C  

cr.c------t3 a+& B 4-----d R, a -4 B I. 

F i g u r e  1 .  Transformations in Alp0 (11). 4 

These c o n v e r s i o n s  a r e  more r a p i d  and occur  a t  a lower t e m p e r a t u r e  than  

those  co r re spond ing  t o  s i l i c a  (1 1)  . 
5+ 

B P 0 4  i s  a l s o  a ha l f -b reed  d e r i v a t i v e  of  s i l i c a ,  w i t h  B3' and P 

i o n s  occupying t h e  s i t e s  occupied by Si4' i n  s i l i c a .  The s t r u c t u r e s  of 

AIPOs and BP04 a r e  more c l o s e l y  r e l a t e d  t o  each o t h e r  t h a n  t o  t h a t  o f  

s i l i c a  ( 1 2 ) .  

Even though a s i g n i f i c a n t  d i f f e r e n c e  e x i s t s  i n  t h e  i o n i c  r a d i i  o f  

A13' and B3+, t h e  compounds AlP04  and BP04 fosm a c o n t i n u o u s  s o l i d  

s o l u t i o n  above 1 2 0 0 O C  (13) .  Th i s  is  p o s s i b l e  s i n c e  b o t h  compounds 

e x h i b i t  an o r d e r e d ,  t e t r a g o n a l ,  h i g h  c r i s t o b a l i t e  s t r u c t u r e  a t  t h i s  

t e m p e r a t u r e  (121,  This  s o l i d  s o l u t i o n  c a n  b e  quenched i n  a m e t a s t a b l e  

form t o  rooui t empera tu re .  The s t a b i l i z a t i o n  o f  t h i s  f i - c r i s t o b a l i t e  

s o l i d  s o l u t i o n  i s  c h e m i c a l ,  n o t  mechanical .  Long-term h e a t  treatments 

w i l l  c a u s e  e x s o l u t i o n  and t h e  appearance of A l ( P 0  ) Non-equilibrium 

c o n d i t i o n s  w i l l  a r i s e  d u r i n g  h e a t  t reatments  due t o  t h e  v o l a t i l i t y  o f  

B 0 and P 0 and t h e i r  subsequen t  l o s s  f r o m  t h e  compos i t ion  ( 1 4 ) .  Horn 

and Hummel have developed t e n t a t i v e  e q u i l i b r i u m  and non-equ i l ib r ium 

ljhase diagrams f o r  t h e  system BPO - A D O 4 .  These a r e  reproduced i n  
4 

3 3 '  

2 3  2 5  
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F i g u r e s  2 and 3 .  6 - e u c r y p t i t e  h a s  a l s o  been  shown t o  form s o l i d  

s o l u t i o n s  w i t h  A1P04 ( 7 ) .  

Some of  t h e  p h y s i c a l  p r o p e r t i e s  of 6 - e u c r y p t i t e ,  A I P 0 4 ,  and BP04 

have b e e n  documented. e - e u c r y p t i t e  mel t s  i n c a n g r u e n t l y  aL abou t  140Q°C 

(8 ) .  When i t  i s  h e a t e d ,  B-euc ryp t i t e  undergoes a n e t  r e d u c t i o n  i n  

volume, b u t  i t  behaves w i t h  h i g h  a n i s o t r o p y  w i t h  i t s  a - u n i t  c e l l  a x i s  

expanding and i t s  c - u n i t  c e l l  a x i s  c o n t r a c t i n g  ( 6 ) .  The m e l t i n g  p o i n t  

of  A1P04 i s  between 1850 and 20OO0C. I t  t e n d s  t o  decompose i n  a i r  

b e f o r e  m e l t i n g  by l o s i n g  P205 (15)  a The the rma l  expans ion  of A l Y O  i s  

s i m i l a r  to t h a t  of t h e  analogous s i l i c a  s t r u c t u r e s  ( 1 6 ) .  BP04 h a s  a 

m e l t i n g  p o i n t  i n  t h e  v i c i n i t y  o f  130Q°C (13)  e 

4 

4 '  
F i g u r e  2.  The b:i.nary system BPO - A D O  

4 

Many of t h e  compos i t ions  s t u d i e d  p r e v i o u s l y  were p repa red  by f i r s t  

m e l t i n g  t h e  raw m a t e r i a l s  t o  f o r m  a g l a s s ,  t hen  by r e c r y s t a l l i z i n g  t h e  

g l a s s .  Horn and Eummel r e p o r t e d  t h a t  i n  t h e  s y s t e m  BPO -A1PO4, g l a s s e s  
4 
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could o n l y  b e  o b t a i n e d  from compositions c o n t a i n i n g  10 t o  70 mole 

percent  A l p 0  ( 1 3 ) .  
4 

F i g u r e  3. Tentative non-equil . ibri im diagram of the system 
BP04 .- A1P04. 

S o l i d - s t a t e  r e a c t i o n s  have b e e n  used t o  o b t a i n  t h e  compounds as 

w e l l .  Humme1 used E i 2 C 0 3 ,  A 1 2 0 3 ,  and P o t t e r ’ s  f l i n t  t o  form 

B-eucrypt i te  ( 3 ) .  

Some d i f f i c u l t i e s  have been encountered i n  eva lua t ing  systems 

c o n t a i n i n g  AlPQ and BP04. The v o l a t i l i t y  o f  B203 and P 0 r e q u i r e s  

that compos i t ions  con ta i i i i ng  t h e s e  compounds b e  s e a l e d  i n  p l a t inum.  The 

4 2 5  

s e a l s  sometimes f a i l  due t o  e i t h e r  t h e  i n t e r n a l  p r e s s u r e  from B 0 o r  

P205  o r  from t h e  d e l e t e r i o u s  r e a c t i o n  of P 0 

2 3  

w i t h  t h e  p l a t i n u m  (17). 2 5  

The ternary phase e q u i l i b r i a  between A l P Q 4 ,  BPO4, and 6 - e u c r y p t i t e  

a r e  b e i n g  s t u d i e d .  I n i t i a l  TrJOsk w i l l  concentrate on mapping t h e  b i n a r y  

phase diagrams o f  t h e  system p r i m a r i l y  u s i n g  d i f f e r e n t i a l  t he rma l  
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a n a l y s i s  (DTA) . X-ray d i f f r a c t i o n  and o p t i c a l  and e l e c t r o n  microscopy 

w i l l  b e  used t o  supplement t h e  DTA. Eventua l ly  t e rna ry  compositions 

w i l l  be s tud ied .  

Concurrent wi th  t h e  phase diagram work, thermal  expansion d a t a  w i l l  

be  c o l l e c t e d  with a d i l a tome te r .  A1P04, BP04,  and B-eucryptite a re  t o  

be t e s t e d  a lone ,  i n  b ina ry  compositions,  and i n  t e rna ry  compositions.  

A f t e r  i n i t i a l  screening work i s  completed, r eg ions  wi th  t h e  most 

promising r e s u l t s  w i l l  be  s tud ied  i n  g r e a t e r  d e t a i l .  

I n i t i a l  work inc ludes  determining a c o n s i s t e n t  method for 

prepa ra t ion  of A1P04,  BPO and B-eucryptite. 4 

B .  Procedure 

Processes  have been developed f o r  t h e  c o n s i s t e n t  formation of 

A1P04, BP04, and B-eucryptite i n  t h e  labora tory .  The s t a r t i n g  materials 

f o r  t he  A1P04 are  aluminum hydroxide , A1(ON)3' nH20, and d i b a s i c  ammonium 

phosphate ( N H  ) € P O 4 ,  weighed t o  g ive  a 1:l A1 0 t o  P205 r a t i o  after 

accounting f o r  weight loss. The s t a r t i n g  materials f o r  BPO are  b o r i c  

a c i d ,  %BO3,  and d i b a s i c  ammonium phosphate,  weighed t o  g ive  a 1:l B 0 
2 3  

t o  P205 r a t i o  a f t e r  weight l o s s .  

B-eucrypt i te  a r e  l i t h ium carbonate ,  L i  CO alumina, A1203; and s i l i c a  

g e l ,  S i 0 2 .  These a r e  weighed t o  g ive  a r a t i o  of 1:1:2 Li,0/A1203/Si02 

a f t e r  weight loss. In  the  case  of t h e  B-eucryptite,  t he  raw materials 

were ca lc ined  a t  2OO0C for 24 hours before weighing, and i n  t h e  c a s e  of 

4 2  2 3  

4 

The s t a r t i n g  materials f o r  t h e  

2 3;  

L 

t h e  A1P04,  a weight f a c t o r  f o r  t h e  A l ( O H ) 3 * n H 2 0  w a s  determined. 
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The h e a t  t r e a t m e n t s  and c o n t a i n e r s  used f o r  a l l  samples  a r e  shown 

i n  Tab le  1. The r a w  rrnaterials f o r  each b a t c h  a r e  mixed unde r  a c e t o n e  

u s i n g  a m o r t a r  and p e s t l e .  The p r o c e s s  i s  r e p e a t e d  between each f i r i n g .  

A f t e r  t h e  f i n a l  f i r i n g ,  samples a re  removed and reground d r y  w i t h  a 

mor t a r  a d  p e s t l e .  The samples a r e  then  analyzed by X-ray d i f f r a c t i o n  

t o  d e t e r n i n e  whether  t h e  r e a c t i o n  is  somple t e .  F i n a l l y ,  saroples a r e  

s to red  i n  a d e s i c c a t o r .  

Samples have been p r e p a r e d  f o r  DTA and have been  run . .  A l l  samples 

were weighed on a mole p e r c e n t  b a s i s  t hen  s e a l e d  i n  a p l a t i n u m  t u b e .  

A l P O  and BPQ were pu rchased  from A l d r i c h  Chenlical Company and have 

been used f o r  t h e s e  expe r imen t s .  The 100% A I P 0 4  and BP04 samples 

r e c e i v e d  no h e a t  t r e a t m e n t  p r i o r  t o  a n a l y s i s .  The 90 mole p e r c e n t  

A l P O  -10 mole p e r c e n t  BPB4 sample was p r e f i r e d  a t  1300°C f o r  48 hours ,  

t h e n  f u r n a c e  coo led  before a n a l y s i s .  The res t  of t h e  AlPO -BP04 

samples ,  70-30, 50-50, 30-70, and 10-90, were hea ted  t o  1650°C as  

determined by o p t i c a l  pyrometer  i n  a s t r i p  f u r n a c e o  then  quenched i n  

water i o  r e t a i n  a g l a s s y  phase.  Labora to ry  s y n t h e s i z e d  (3-eucrypt i te  w a s  

used for a n a l y s i s .  The p u r e  s a m p l e  had no h e a t  t r e a t m e n t  p r i o r  t o  DTA 

other  t h a n  t h a t  involved i n  forming i t .  

4 4 

4 

4 

X-ray d i f f r a c t i o n  p a t t e r n s  were run on a few o f  t h e  samples t o  

e n s u r e  t h a t  a g l a s s y  phase  had formed. I n  t h e  future ,  o p t i c a l  

microscopy w i l l  be  used t o  d e t e r m i n e  the  index of r e f r a c t i o n  t o  a i d  i n  

a s s u r i n g  t h a t  a g l a s s y  p h a s e  h a s  been o b t a i n e d .  



Table 1. Saniple compositions and processing. 

F i r s t  F i r i n g  Second F i r i n g  Th i rd  F i r i n g  
0 0 0 

ComPound Temp C / T i m e  h/  C o n t a i n e r  Temp a C / T i m e  h / C o n t a i n e r  Temp. C/Time h / C o n t a i n e r  

KE-A1 
KE-A2 
KE-A3 
KE-A4 
KE-A5 
KE-A6 
KE-BI 
KE-B2 
KE-B3 
KE-B4 
KE-A7 
KE-A7 
KE-A7 
KE-B5 
KE-B5 
KE-B5 
KE-A8 
KE-A9 
KE-B6 
KE-A10 
KE-B7 
KE-El 

A1P O4 1 ZOO/ 8/ alumina 
A1P04 1 ZOO/ 8/alumina 
A1P o4 12 00/ 8/ alumina 
A1P04 1200/8/alumina 
A IP  O4 82 5/ 6 / a  lumina 
A 1P O4 825/ 6 /a lumina 
BP O4 8OQ/5/ a lumina 
BP U4 800/5/ alumina 
BP O4 82 5/ 6 /a lumina 
BP 0 82 5/ 6 /a  lumina 
A1Pft4 400/12/pla  t inum 
A 1P O4 40011 2 / p l a t  inum 
A1P04 4OO/ I Z/alumina 
BP O4 4OO/ 12/p l a  t inum 
BP O4 4OOf I 2 / p  l a  t inum 
BP 0 4 O O / i  2 /a lumina 
A 1P b4 4 0 0 / 1 8 / p l a t  inum 
A 1P Ob 
BP 0 
A1Ph4 400f 1 5 / p l a t i n u m  
BP O4 
B -eucryp t i te  

4OO/  1 2.5 /p  l a  t inum 
400/ 1 2.5 / a lumina 

400/ 1 5/a lumina 
120/24/  a lumina 

1300/4/alumina 
1 3 0 0 / 4/ a lum i n  a 
1300/ 4 /  alumina 
1 3 00 / 4 /  a lumina 
1100/54/plat inum tube  

1300 /34 .5 /p l a  t inum 

1150/7.5/alumina 
11 SO/ 7 .  S/alumina 
1 l O O /  5 4 / p  l a  t inum tube  

1300 /72 /p la t inum 
1300 /72 /p la t inum t u b e  
10 90/ 7 2/ a lumina 
10 90/ 72/p  l a  t inum 
1090 /72 /p la t inum t u b e  
10 90/ 7 2/ a lumina 
10 80 / 7 O/ p 1 a t inum 
10 90/ 7 3 f p l a  t inum 
10 90/ 7 3 / alumina 
1 0 80 / 7 2 / p l a  t inum 
10 80/ 72/ a lumina 
130Q/ 48  f p l a t  inum 13OO/36/p lat inum 
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C. R e s u l t s  and D i s c u s s i o n  

P u r e  AlPO and BPO were n o t  formed usi.ng t h e  c o m p o s i t i o n s  KE-A1-6 

and KE-€31-4 l i s t e d  i n  Tab le  1. Varying amounts o f  c o n s t i t u e n t  o x i d e s  

4 4 

were i d e n t i f i e d  u s i n g  X-ray d i f f r a c t i o n .  The s u c c e s s f u l  h e a t  t r e a t m e n t s  

f o r  b o t h  t h e  A1E'(a4 and t h e  BPO (KE-A8-10 and KE-B5-6) were i d e n t i c a l .  

BPO c a n  b e  s y n t h e s i z e d  e q u a l l y  w e l l  i n  a n  alumina c r u c i b l e ,  a plat-inurn 

c r u c i b l e ,  o r  a s e a l e d  p l a t i n u m  t u b e ;  however, A l P 0 4  c a n  b e  b e s t  

s y n t h e s i z e d  i n  a p l a t i n u m  t u b e  o r  i n  a p l a t i n u m  c r u c i b l e  a t  a lower 

t e m p e r a t u r e  t h a n  t h e  1300 C p r e v i o u s l y  u s e d .  Both compos i t ions  a r e  

f i r e d  a t  175'C f o r  one  h o u r ,  400°C f o r  abou t  1 2  h o u r s ,  and 108O-103O0C 

4 

4 

0 

for 72  h o u r s .  T h i s  h e a t  t r e a t m e n t  g i v e s  A1P04 and BP04 accord ing  t o  

X-ray d i f f r a c t i o n  a n a l y s i s .  

The p r o c e d u r e  l i s t e d  in Tab le  1 f o r  forming 6 - e u c r y p t i t e  g i v e s  a 

material  which c o n t a i n s  s m a l l  amounts o f  i m p u r i t i e s .  

AlPO and $PO4 do  n o t  s i n t e r  hard when heated. Both are  w h i t e  4 

powders t h a t  remain e a s y  t o  g r i n d .  6 - e u c r y p t i t e  s i n t e r s  t o  a v e r y  ha rd  

mass 

The heat t r e a t m e n t s  used f o r  forming A l P O  and BPO are  s u c c e s s f u l  

~ O K  B c o u p l e  o f  r e a s o n s .  The low t empera tu re  f i r s t  f i r i n g  h o l d s  t h e  

t e m p e r a t u r e  a t  1 7 5 O C  f o r  a n  hour  t o  a l l o w  t h e  155°C decompos i t ion  of 

(NH4>2*HP04 t o  b e g i n .  The t e m p e r a t u r e  is: t h e n  r a i s e d  t o  400'C t o  a l l o w  

t h e  e v o l u t i o n  o f  water from H BO T h i s  a l l o w s  f o r  a 

s low i n i t i a t i o n  o f  t h e  r e a c t i o n s  and h e l p s  t o  t i e  up B 0 and P205 i n  

t h e  compounds and p r e v e n t s  t h e i r  v o l a t i l i z a t i o n  d u r i n g  the second 

4 4 

and A1(OH)3* R20. 
3 3  

2 3  
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f i r i n g .  The second f i r i n g  a t  nea r ly  llOO°C i s  high enough t o  a l low t h e  

r e a c t i o n s  t o  go t o  c o m p l e t i o n ,  y e t  low enough t o  min imize  

v o l a t i l i z a t i o n  of B 0 and P 0 2 3  2 5'  

Earl ier  h e a t  t rea tments  t h a t  f a i l e d  t o  produce Alp0 and BP04 may 

be unsuccessfu l  f o r  a number of reasons .  The i n i t i a l  f i r i n g  

temperatures  a r e  t o o  high.  I n  t h e  case  of  A V O 4 ,  a t  1200°C t h e  

v o l a t i l i z a t i o n  of  P 0 is  apprec iab le ,  so  t h e  1300 C second f i r i n g  is  

much too  h igh  for a system open to a i r .  I n  t he  case  of  BPO 8OOoC i s  

above the  melt ing po in t s  of bo th  B203 (Tm = 488-452OC) and P 0 (Tm = 

4 

0 

2 5  

4 '  

2 5  

5 8 ~ - 5 8 5 ~ c )  a 

IV. Technical  P r o g r e s s  f o r  S i l i c a  

A .  Background 

An i d e a l  m a t e r i a l  f o r  thermal shock r e s i s t a n c e  w i l l  possess  very 

low thermal expansion as w e l l  as thermal expansion an i so t ropy ,  g iv ing  

v i r t u a l l y  no dimensional change. The i s o t r o p i c  proper ty  i s  important i n  

t h a t  l oca l i zed  stresses a t  t he  g r a i n  boundaries  and wi th in  the  c r y s t a l s  

u s u a l l y  r e s u l t  f r o m  t h e  an i so t rop ic  thermal behaviors  along d i f f e r e n t  

c rys t a l log raph ic  d i r e c t i o n s  dur ing  thermal cyc l ing .  Therefore ,  a 

n e g l i g i b l e  volume change from t h e  thermal expansion measurement does not 

n e c e s s a r i l y  i n d i c a t e  d i m e n s i o n a l  s t a b i l i t y  s i n c e  t h i s  c a n  b e  

accomplished by l a r g e  expansion i n  one c r y s t a l l o g r a p h i c  d i r e c t i o n  and 

l a r g e  con t r ac t ion  i n  another .  In  g e n e r a l ,  phases wi th  low symmetry, 

open s t r u c t u r e ,  and h igh  e l a s t i c  c o n s t a n t s  tend t o  have low expansion 
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c o e f f i c i e n t s .  O t h e r  f a c t o r s ,  such  as h e a t  c a p a c i t y ,  h e a t  of  fo rma t ion ,  

and m e l t i n g  p o i n t  a l s o  seem t o  c o n t r o l  o r  have a r e l a t i o n s h i p  w i t h  

t h e r m a l  expans ion  ( 1 8 ) .  However, t h e  a c t u a l  mechanism i s  s t i l l  n o t  

c l e a r ,  and t h e  s imple  anharmonic t h e r m a l  v i b r a t i o n  model appea r s  t o  be  

o f  l i t t l e  u s e  i n  complex c r y s t a l  s t r u c t u r e s .  

The c r y s t a l  l a t t i c e  t h e r m a l  e x p a n s i o n  is  u s u a l l y  ve ry  s e n s i t i v e  t o  

minute  chemica l  changes.  It  c a n  b e  expec ted  t h a t  t h e  thermal  expans ion  

of a p u r e  compound c a n  b e  mod i f i ed  by  i n t r o d u c i n g  f o r e i g n  atoms. The 

work of K i r c h n e r  ( 1 9 )  and K i r c h n e r ,  e t  a l .  (20)  showed t h a t  t h e  the rma l  

expans ion  and t h e  expans ion  a n i s o t m p y  c a n  b e  reduced by changing t h e  

l a t t i c e  c o n s t a n t s  o r  d e f e c t  s t r u c t u r e  when s o l u t e  atoms are  added. In 

a d d i t i o n ,  a n i o n  s u b s t i t u t i o n  s e e m s  t o  have t h e  sane  e f f e c t  as c a t i o n  

s u b s t i t u t i o n .  G e i g e r ,  e t  a l .  (21) found t h a t  by p a r t i a l l y  s u b s t i t u t i n g  

n i t r o g e n  f o r  oxygen i n  B - e u c r y p t i t e ,  t h e  a n i s o t r o p i c  expans ion  was 

g r e a t l y  reduced.  An i n t e r e s t i n g  phenomenon of  6 - e u c r y p t i t e  i s  t h a t  i t  

undergoes n e g a t i v e  volume change  upon h e a t i n g  ( 2 2 ) .  I t  i s  a l s o  

i n t e r e s t i n g  t h a t  c r y s t a l s  w i t h  t h e r m a l  c o n t r a c t  i o n  i n  one 

c r y s t a l l o g r a p h i c  d i r e c t i o n  u s u a l l y  have  a S c r e w  a x i s  of  symmetry along 

t h e  c d i r e c t i o n  ( 2 3 ) .  The s p i r a l  Qf t h e  t e t r a h e d r a  can extend o r  

c o n t r a c t  depending on t h e  t o r s i o n a l  s t r e s s  as  po in ted  o u t  by G i l l e r y  and 

Bush (24). 

Knowing t h a t  t he rma l  e x p a n s i o n  c a n  b e  n o d i f i e d  by f o r n i n g  a s o l i d  

s o l u t i o n ,  and knowing t h a t  t h e  h i g h  t e m p e r a t u r e  form 0 5  c r i s t o b a l i t e  

( §io2) is most s t r u c t u r a l l y  and thermodynamical ly  s i m i l a r  t o  fused 
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s i l i c a  (141, it i s  reasonable t o  choose s i l i c a  as a m a t r i x  for 

developing new low thermal expansion ceramics .  To do s o ,  it  is  

necessary t o  f i n d  t he  compounds t h a t  a r e  i s o s t r u c t u r a l  with s i l i c a .  

These compounds can b e  of  e i t h e r  half-breed o r  s t u f f e d  d e r i v a t i v e  

s t r u c t u r e  of s i l i c a .  A1P04 and BP04 a r e  examples of  t h e  former, and 

l i t h ium aluminum s i l i c a t e s  a r e  examples of t he  la t ter .  Also,  the  

symmetry i s  a lways  lower f o r  d e r i v a t i v e  s t r u c t u r e s .  Therefore ,  t h e  

phase r e l a t i o n s  a s  w e l l  a s  thermal expansion behaviors  w i l l  be  s tud ied  

by adding A1P04, BP04, T i 0 2 $  and poss ib ly  P205 t o  S i O z .  It i s  

an t i c ipa t ed  t h a t  the  high c r i s t o b a l i t e  phase can  be s t a b i l i z e d  by the  

s o l u t i o n  method. 

According t o  Tien and Hummel ( 2 5 )  t h e  Si02-Ti02 system c o n s i s t s  of 

a maximum s o l u b i l i t y  of approximately 10 w t %  of Ti0 i n  S i 0 2  at: 1540'C 

and a s o l u b i l i t y  l i m i t  of approximately 20% of S i 0 2  io  Ti02, t h e  

e u t e c t i c  po in t  being a t  20% T i Q  I t  w a s  also pointed out  

that: t he  thermal expansion o f  both SiQ2 and Ti0 was changed by forming 

a s o l u t i o n .  

2 

and P540°C. 2 

2 

B. Procedure 

The compositions prepared for studying the phase r e l a t i o n s h i p s  

between S i 0  -TiQ a r e  l i s t e d  i n  Table 2 .  Batches of 20 g esch were 

prepared by mixing s i l i c i c  ac id  and t i t a n i c  oxide i n  ace tone ,  and then 

were ca lc ined  a t  IOOOOC f o r  2 hours.  

2 2 

A f t e r  c a l c i n i n g ,  samples  were Sired i n  platinum c r u c i b l e s  at: 163Qo&: 

f o r  40 hours.  Af te r  t he  heat- t reatments  t he  furnace cooled t o  below 
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0 1000 C i n  approximately twelve minutes .  Samples were t h e n  ana lyzed  by  

s t a n d a r d  X-ray d i f f r a c t i o n  methods. 

C .  R e s u l t s  and D i s c u s s i o n  

The c r y s t a l l i n e  phase formed f o r  each composition i s  l i s t e d  in 

The s o l i d  solution of Ti02 i n  S i02  w a s  e v i d e n t  s i n c e  t h e  X-ray Table  2. 

0 
T a b l e  2. Phase analyses of S i 0 2  .~ T i O Z  composi t ions a t  1630 C .  

Sample 
No. 

corn-. wt =k___ Phases 
. .  

S io2 T i 0 2  

TS-1 

TS-2 

TS -3 

TS-4 

TS-5 

TS-6 

TS-7 

TS-8 

TS-9 

TS-10 

TS-11 

TS-12 

TS-13 

TS-14 

95 

90 

85 

80 

7 5  

65 

55 

45 

35 

25  

20 

15 

10 

5 

5 

10 

15 

20 

25 

35 

45 

55 

65 

75 

80 

85 

90 

95 

a - c r i s t o b a l i t e  

G l a s s  

Rut i 1 e ( S S> * 4 1  as s 

R u t i l e  ( S S )  +Glass 

R u t i l e  (SS)+Glass  

R u t i l e  ( S S )  +Glass 

R u t i l e  ( s S )  + G l a s s  

Rutile ( S S )  G l a s s  

R u t i l e  (SS) +Glass 

R u t i l e  (SS) +Glass 

R u t i l e  (SS) 

R u t i l e  (SS) 

Rutile (SS) 

R u t i l e  (SS) 

+* ss i n d i c a t e s  s o l i d  s o l u t i o n .  
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d i f f r a c t i o n  p a t t e r n  of composi t ion  TS-1 before f i r i n g  showed t h e  peaks 

of a n a t a s e ,  and o n l y  a - c r i s t o b a l i t e  was d e t e c t e d  a f t e r  f i r i n g .  It was 

found t h e  d-spacing change o f  c r i s t o b a l i t e  ( a t  t h i s  l o w  angle)  w a s  too 

s m a l l  t o  be d i s t i n g u i s h e d  (26) .  

V .  Technica l  Progress Eor N u l l i t e  

A .  Background 

M u l l i t e - b a s e  ceramics  have p o t e n t i a  €or u s e  i n  advanced h e a t  

engines  because  of t h e i r  low expans ion ,  high s t r e n g t h ,  h i g h  s t a b i l i t y ,  

and relatively l o w  expense compared t o  c a r b i d e  and n i t r i d e  ceramics  

which have been i n v e s t i g a t e d  e x t e n s i v e l y .  

The i d e a l  mullite should have three c h a r a c t e r i s t i c s :  

(i) Very low c o e f f i c i e n t  of thermal  expansion o v e r  a la rge  

t e m p e r a t u r e  i n t e r v a l  ( u p  t o  at l e a s t  I Z O O ~ C )  ; 

(ii) High mechanical s t r e n g t h ;  

(iii) High thermal  shock r e s i s t a n c e .  

1. Phase E q u i l i b r i a  

It i s  well known t h a t  m u l l i t e  is t h e  o n l y  s t a b l e  compound under  

normal a tmospheric  p r e s s u r e  i n  t h e  a l u m i n a - s i l i c a  b i n a r y  system. I t  has 

been used extensively i n  refractories  because  o f  i t s  h i g h  m e l t i n g  

tempera ture .  Klug (27 )  showed t h a t  m u l l i t e  m e l t s  i n c o n g r u e n t l y  a t  1790 

- f 1O"C, and its s o l i d  s o l u t i o n  limits were d e f i n e d  as a f u n c t i o n  of 

tempera ture .  The phase diagrams are shown i n  F i g u r e  4 (28) and F i g u r e  5 

(27 ) .  
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Ffgure  4 Aluiiiina-silica equilibrium phase d iag ram.  
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M u l l i t e  compos i t ion  v a r i e s  i n  a narrow r e g i o n  from 71.8 wtX ( 3 : 2  

m u l l i t e )  t o  77.3 wt X ( 2 : P  m u l l i t e )  A I  0 However, t h e r e  i s  no 

d e f i n i t i v e  boundary between 2 :1 m u l l i t e  and t h e  corundum phase  r e g i o n .  

2 3 '  

2 C r y s t a l  S t r u c t u r e  

Using t h e  Z o l t a i  ( 2 9 )  c l a s s i f i c a t i o n  scheme, m u l l i t e  w i t h  i t s  

c o r n e r - s h a r i n g  [A10 1 and [Si0 1 t e t r a h e d r a  i s  c o n s i d e r e d  t o  b e  a doub le  

c h a i n  a l u m l n o s i l i c a t e  w i t h  shari-ng c o e f f i c i e n t  1 .75.  The s t r u c t u r e  

4 4 

s i  I P V  with X VI 
[*l1+2x 1-2x 

formula C I ~  m u l l i t e  i s  expres sed  as A l  

r ang ing  from 0.125 t o  0,2 ( 3 : 2  - 2 : l  r i lul l i te)  ( 3 0 ) .  X i s  number of 

oxygen v a c a n c i e s  p e r  formula u n i t .  Sadanaga, e t  a l .  ( 3 1 )  arid Burnham 

( 3 2 )  found t h e  ave rage  s t r u c t u r e  of  m u l l i t e  t o  be v e r y  s i m i l a r  t o  t h a t  

of s i l l i m a n i t e  w i t h  s t r a i g h t  c h a i n s  o f  edge-sharing I A l O 6 l  o c t a h e d r a ,  

b u t  w i t h  oxygen v a c a n c i e s  appea r ing  when e x c e s s i n g  AI3' i n  t h e  

t e t r a h e d r a l  s i t e s .  The c h a r g e  - b a l a n c i n g  s u b s t i t u t i o n  is  2A1 3 t - + e q  I; 

. ~ r o m  3 : 2  t o  2:1 m u l l i t e ,  t h e  number o f  oxygen v a c a n c i e s  
2-  

2 s i 4 +  + o 

i n c r e a s e s .  The u n i t  c e l l  dinlensions and d e n s i t i e s  change n o n - l i n e a r l y  

( 3 3 )  upon v a r y i n g  t h e  compos i t ion .  When t h e  A 1  0 c o n t e n t  i n c r e a s e s ,  a 
2 3  

and c i n c r e a s e ,  b d e c r e a s e s ,  and d e n s i t y  d e c r e a s e s .  

Burnham ( 3 4 )  c o n s i d e r e d  m u l l i t e  t o  have a d i s o r d e r &  A I ,  S i  

d i s t r i b u t i o n ,  b u t  t h i s  i s  t r u e  f o r  t he  ave rage  u n i t  c e l l .  Nakajirna and 

Ribbe ( 3 5 )  i n t e r p r e t e d  t h e  complex d i f f r a c t i o n  p a t t e r n s  of A l - r i c h  

mal l i tes  as i n d i c a t i n g  t h a t  m u l l i t e  h a s  an incommensurate a n t i p h a s e  

domain s t r u c t u r e  w i t h  a n o n i n t e g r a l  p e r i o d i c i t y  ranging from 9 t o  15A. 

McConnell and Heine ( 3 6 )  were f i r s t  t o  d e m o n s t r a t e  a new scheme o f  

0 
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s yrnnie t r y  a n a  l y s  is  E o r  inconimensur a t e  mod u l a  t eB s t r u c  t ur e t o d e t e rmin e 

t h e  o r d e r i n g  p a t t e r n s  b o t h  of the A 1 - S i  atoms and of t h e  oxygen 

v a c a n c i e s ,  M u l l i t e  h a s  t o  lower  i t s  f r e e  energy  by o r d e r i n g  oxygen. 

T h i s  t h e r e b y  e s t a b l i s h e s  t h e  A1-Si o r d e r i n g :  two A 1  atoms move a p a r t  i n  

t h e  ab  p-lane when a vacancy o c c u r s  between them. By i n t r o d u c i n g  

parame t er C1 ( o r d e r i n g  in A 1 2 0 3 '  SiO,) and C 2  ( o r d e r i n g  i n  A 1 2 0 3 ) ,  

o v e r l a p p i n g  o c c u r s  t o  modulate  3 A l  0 - 2  SiOZ and 2A7. 0 "SiOZ. They were 

a b l e  t o  demonst ra te  t h a t  maximum o v e r l a p p i n g  of  C1 and C2 boundary 

r e s u l t s  i n  v e r y  s t a b l e  m u l l i t e  w i t h  t h e  number o f  oxygen 

v a c a n c i e s  ranging  from x = 0 * 2 5  to x = 0.4 i n  t h i s  g i v e n  e x p r e s s i o n  A1 

2 3  2 3  

2 

3 Thermal Expans i o n  

The g o a l  of t h i s  s t u d y  i s  t o  deve lop  an u l t r a - l o w  expans ion  

m u l l i t e  .I Hummel ( 3 7 )  c l a s s i f i e d  t i iu l l i t e  w i t h i n  t h e  i n t e r m e d i a t e  

expans ion  group which h a s  t h e  r e g i o n  of t h e  c o e f f i c i e n t s  of expans ion  

f rom 20 x lo-' K-' t o  80 x loe7  K-'. The expans ion  d a t a  g iven  by 

S h a f f e r  (28 )  are  shown i n  Table  3 .  

Although l i t t l e  work h a s  been done on t h e  a x i a l  thermal  expans ion  

m e a s u r e m e n t  b e c a u s e  o f  t h e  l a c k  o f  h i g h  t e m p e r a t u r e  X-ray 

d i f f r a c t o m e t r y ,  Fenstermacher  and Hummel ( 3 9 )  p o i n t  o u t  t h a t  m u l l i t e  

c r y s t a l s  do  n o t  have a n  e x c e p t i o n a l l y  h i g h  d e g r e e  of  thermal  expansion 

an i s  o t r opy . 
Leopold and S i b o l d  (40) i n v e s t i g a t e d  p o t e n t i a l  methods f o r  v a r y i n g  

t h e  thermal  expansion and o t h e r  p r o p e r t i e s  of m u l l i t e  b o d i e s  a t  
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Table  3 .  Thermal expansion oE 3 A 1  0 * 2 S i 0 2 .  
2 3  

C o e f f i c i e n t  o f  

Temp e r a t u  r e Tn t e rva 1. 

20 - 1 3 2 5 O C  

20 - sOooc 

20 - l0OO0C 
26 - 1500°C 

45 .0 

4 6 . 3  

51.3 

5 6 . 2  

t empera tu res  t o  80OoC. They observed t h a t  the r a t i o  of A l  0 / S i 0  i n  

t h e  s t a r t i n g  m a t e r i a l s  s l i g h t l y  a f  fecized t h e r m a l  expansion o f  t h e  

m u l l i t e  c o m p o s i t e s ,  and t h a t  a compos i t ion  of  6 3 . 6 %  m u l l i t e  p l u s  3 6 . 4 %  

Si0 showed t h e  lowes t  t he rma l  expans ion  c o e f f i c i e n t .  

2 3  2 

3 

Again,  t h e  g o a l  o f  t h i s  r e s e a r c h  i s  t o  o b t a i n  m u l l i t e  which i s  a s  

-7 K-l 
p u r e  as  p o s s i b l e  and h a s  a c o e f E i c i e n t  o f  expans ion  below 20 x 10 

i n  a much l a r g e r  t e m p e r a t u r e  i n t e r v a l  (up  t o  a t  l e a s t  1 2 0 0 ' ~ ) .  so, 

a t t e n t i o n  i s  pa id  t o  the m u l l i t e  r a t h e r  t han  m u l l i t e  compos i t e s  i n  t h e  

i n i t i a l  s t a g e s .  

The R e l a t i o n s h i p  between C r y s t a l  S t r u c t u r e  and Thermal Expansion o f  

Mu 11 i t  e 

Gr imva l l  (41) s t a t e d  t h a t  a n  i n s u l a t o r  w i t h  harmonic l a t t i c e  

v i b r a t i o n  h a s  no the rma l  expans ion .  The r e a s o n  i s  t h a t  the r e s t o r i n g  

f o r c e s  p e r p e n d i c u l a r  to t h e  d i r e c t i o n  of  an atomic d i s p l a c e m e n t  depend 

bn t h e  s t r a i n  s t a t e .  The mic roscop ic  model f o r  m u l l i t e  i s  n o t  s i m p l e .  
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For  i t s  complicated s t r u c t u r e ,  m u l l i t e  r e s e a r c h  can b e n e f i t  by 

comparison w i t h  c o r d i e r i t e  which has a very low thermal  expansion and 

has been  s t u d i e d  e x t e n s i v e l y .  Hochel la ,  ROSS, and Gibbs (42) s t u d i e d  

t e t r a h e d r a l  and o c t a h e d r a l  bond l e n g t h  v a r i a t i o n s  i n  c o r d i e r i t e  upoti 

h e a t i n g  and t h e  e f f e c t  on i t s  channel  c o n s t i t u e n t s .  They gave t h e  

s t r u c t u r a l  i n t e r p r e t a t i o n  of  t h e  a x i a l  expansion of c o r d i e r i t e .  The 

c a s e  i n  m u l l i t e  i s  remarkably s imi l a r .  I n  m u l l i t e ,  t h e  volumes o f  

[A1O41 and [ S i 0  I t eCrahedra  s i t e s  are expected t o  show l i t t l e  o r  no  

change upon h e a t i n g  because  o f  t h e i r  h i g h  bonding s t r e n g t h .  With 

i n c r e a s e d  AI Q /sio2 r a t i o ,  more  AI^* i o n s  w i l l  e n t e r  t e t r a h e d r a l  s i t e s .  

The s t a b i l i t y  of [ A 1 0  I is  less  t h a n  t h a t  of [ A I 0  1 by using P a u l i n g ' s  

e l e c t r o s t a t i c  t h e o r y .  Smal le r  s i z e d  and h i g h e r  charged S i  ions  p l a y  

an important  r o l e  h e r e .  This  w i l l  resul t  i n  a s l i g h t l y  weaker bonding 

i n  a t e t r a h e d r a l  s i t e .  However, the o v e r a l l  e f f e c t  on thermal  expans ion  

depends on t h e  bonding s t r e n g t h  of f A l O  1 o c t a h e d r a l  s i t e .  I t  h a s  t h e  

weakest  bond s t r e n g t h  ( 5  = 1 / 2 1  in t h e  s t r u c t u r e  of  m u l l i t e  and is t h e  

l e a s t  s t a b l e  due t u  t h e  edge-sharing.  

5. Approach 

4 

2 3  

4 4 
4* 

6 

S y n t h e t i c  m u l l i t e  i s  developed mainly by s o l i d - s t a t e  i reac t ion ,  b u t ,  

if n e c e s s a r y ,  a n o t h e r  method such  as s o l - g e l  decomposi t ion w i l l  be 

employed t o  a c h i e v e  t h e  minirrium expansion.  

4 + 
When u s i n g  o t h e r  o x i d e s  t o  s u b s t i t u t e  f u r  Si or  A I 3 '  i n  m u l l i t e ,  

t h e  s i z e s  and c h a r g e s  of t h e  s u b s t i t u t e s  should b e  compat ib le  o r  a t  

l e a s t  c l o s e  t o  S i  The c h a r g e  c a u s e s  t h e  n u d e r  of  oxygen 
44 

and AI3*.  
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v a c a n c i e s  t o  v a r y  and t h e  s i z e  d e t e r m i n e s  which s i t e  between t e t r a h e d r a  

and o c t a h e d r a  t h e  c a t i o n  o c c u p i e s .  The l a t t e r ,  i n  f a c t ,  d e t e r m i n e s  t h e  

c o o r d i n a t i o n  number of  s u b s t i t u t i n g  c a l i o n s .  Fo r  t h e  above r e a s o n ,  

Ti02, BP04, P204, and A l P O  a r e  s e l e c t e d  a s  s u b s t i t u t e s  i n  m u l l i t e .  4 

I f  t h e  s o l u b i l i t y  ol: t h e  s o l u t e  o x i d e s ,  such as T i 0  i n  r n u l l i t c  i s  

exceeded ,  a second phase w i l l  b e  p r e s e n t .  At. t h i s  s t age ,  i n c r e a s i n g  i t s  

s o l u b i l i t y  limit by r a p i d  c o o l i n g  o r  i n c r e a s i n g  t h e  t e m p e r a t u r e  should 

b e  t r i e d .  The amount of o t h e r  phases  p r e s e n t  should b e  minimized. 

2 '  

By u s i n g  o t h e r  c a t i o n s  t o  s u b s t i t u t e  fox S i 4 +  o r  A13+  t o  i n c r e a s e  

t h c  bond s t r e n g t h  iri t h e  t e t r a h e d r a l  o r  ocLahedra1 s i t e s  i n  m u l l i t e ,  t h e  

the rma l  expans ion  d a t a  w i t h  v a r y i n g  amount o f  s u b s t i t u t e s  w i l l  b e  

o b t a i n e d  from d i l a t o m e t r y  and h i g h  t empera tu re  X-ray d i f f r a c t o m e t r y  f o r  

t h e  a x i a l  expansion.  The r e s u l t s  w i l l  b e  compared t o  p u r e  m u l l i t e  made 

under  t h e  same c o n d i t i o n s  e 

B .  P rocedure  and I n i t i a l  R e s u l t s  

Four oxiden a re  b e i n g  used f o r  s u b s t i t u t i o n  e f f e c t s  on t h e  thermal. 

expansion of  r i i u l l i t e ,  w i t h  T i 0  b e i n g  t h e  f i r s t  t e s t e d  in i n i t i a l  

s o l i d - s t a t e  r e a c t i o n s .  The s o l u b i l i t y  l i m i t  o f  T i 0  i n  m u l l i t e  i s  low 

( 4 3 )  and e f f o r t s  are  b e i n g  made t o  exceed t h e  l i m i t .  

2 

2 

Tab le  4 shaws t h e  compos i t ions  and p r o c e s s i n g  c o n d i t i o n s .  Samples 

5-001 t o  5-004 w e r e  f i r e d  t o  make p u r e  m u l l i t e .  Samples 5-005 t o  3-008 

were f i r e d  w i t h  d i f f e r e n t  molar amounts of A l  0 atid S i 0  and d i f f e r e n t  

a d d i t i o n s  of  T i 0  f o r  e v a l u a t i o n  o f  t h e  s o l u b i l i t y  and t h e  e f f e c t  on 

2 3  2 

2 

thermal  expans ion .  
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T a b l e  4 -  Mullite compositions and processing. 

Sample  Desired F i rpi t E; it- ing Second F i r i n g  
a 0 No. Compound Temp. C/Time hlcontainer Temp. C / T i m e  h/Container 

J-00 1 

J-002 

5-003 

J-004 

J-005 

J-006 

5-007 

5-008 

3A1203 * 2 S i O2 

2Al2O3.SiO 2 

3Al2O3* 2Si02  

2A1203- S i 0 2  

m u l l i t e  

mu 1 1 it e 

m u l l i t e  

m u l l i t e  

1200/6/alumina 

1200/6/alumina 

13001 6 /a lumina  

1300/6/alumina 

1500/24/alumina 

1.500 12 4 /  a lumina 

1500/6*/alumina 

P 500/6*lalumina 

13 90/ 2 4 /  alumina 

1 3  9012 4/  a lumina 

1500/ 18**/alumina 

15OO/ 18**/ alumina 

Remarks : 

J-001 = A1203 -t Si02'nH20 ( 3 : 2 )  

J-OQ2 = A1203 + Si02'nH20 ( 2 : l )  

5-003 = A1(OR)3'nH20 + SiOZ"nl120 ( 3 : 2 )  

5-004 2: A1(08)3"nH20 -+ Si02'nH 0 (2:1) 

5-005 ,OQ6,007,008 = Al(OH)3'nH20 + SiQ2"nH 0 + Ti0 

5-005 = 2 . 8 0  A120, 1 .87 S i 0 2  0 . 3 3  T i 0 2  (3:2:0 .14)  TiOp w t %  = 6.22% 

5-006 

5-007 = 2 . 6 0  A1203 1 . 7 3  SiOz 0 .67  Ti02 c3:2:0.77) Ti02 wt% = 12.67% 

J-008 = 2 . 6 0  A1203 1.53 Si02  0 . 8 7  Ti02 ( 3 : P . 7 6  = 1.001 TiO, wt% = 15.30% 

2 

2 2 

2 .HI A1203 1.65 S i 0 2  O a 5 5  T i O p  (3:1.76=O.59) TiQ2 vt% = 10.25% 

2 

* f i r e d  in the old furnace 

*fired in the new furnace 
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Samples 5-009 t o  5-012 w i l l  b e  fi.xed w i t h  t h e  same r a t i o  of  

The thermal. A1203/Si02 (3:Z) but w i t h  1 t o  4 weight  p e r c e n t  O E  T i O Z ,  

expansion data w i l l  b e  c o l l e c t e d  I 

9 1 1  f i r e d  samples a r e  analyzed by X-ray d i f f r a c t i o n  t o  i d e n t i f y  t h e  

phases  present .& i n  o rde r  t o  d e r i d e  whether t h e  f u r t h e r  f i r i n g  i s  

needed 0 

The unit .  c e l l  p a r a m e t e r s  of mull i t re  Ersm samples  5-005 t o  5-008 

were de te rmined  by t h e  m u l t i p l e  r e g r e s s i o n  method. The r e f r a c t i o n  

p lanes  used a re  (1101, (1201, (210>,  (OOI), (2201, (ill), (130),  ( 4 0 1 ) ,  

(1411,  (2301, (3203, (0411,  (3311, and (002). The r e s u l t s  cou ld  o n l y  b e  

compared r e l a t i v e  t o  each o t h e r  but could n o t  b e  used as t h e  p r e c i s e  

c e l l  pa rame te r s  s i n c e  the 2 6  e r r o r s  were c o r r e c t e d ,  b u t  p o t  based on 

i n t e r n a l  s t a n d a r d s .  The r e s u l t s  showed no s i g n i f i c a n t  changes i n  c e l l  

pa-rame:ters and volume upon v a r y i n g  t h e  cornpasi-Lions. Note t h a b  t h e  

plihpose of d e t e r m i n i n g  cell paramete r s  o f  m u l l i t e  i s  t o  t r y  t o  deterrnine 

whether one p a r t i c u l a r  compositi .on w i l l .  have c e l l  edges a and b c l o s e s t ,  

s i n c e  it i s  d e s i r e d  t o  have c l o s e  c e l l  edges i n  o rde r  t o  g a i n  t h e  l o w  

axial expans ion .  

Samples were p r e p a r e d  a s  f o l l o w s :  

( i>  The weight f a c t o r s  of pure S i 0  nH20 and Al(OI1) nH 0 were 2 3 2  

de te rmined .  

( i i)  Samples  o f  PO-g batches were p repa red  by mixing t h e  powders i n  

acetone,  and c a r e f u l l y  g r i n d i n g  f o r  about one-half  h o u r .  

(iii> Samples t h e n  were p r e f i r e d  at 10B°C - 200°C o v e r n i g h t .  
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(iv) Samples t h e n  were f i r e d  i n  covered  alumina c r u c i b l e s .  

(VI The f u r n a c e  was t u r n e d  o f f  and allowed t o  c o o l  t o  room 

t e m p e r a t u r e .  

The p u r e  S i 0  'nH20 powder w a s  f i r e d  at 15OO0C f o r  8 hours  i n  an 
2 

alumina c r u c i b l e .  X-ray powder d i f f r a c t o m e t r y  w a s  used t o  d e t e r m i n e  

t h a t  no  m u l l i t e  could  be  formed. Thus,  i t  i s  a p p r o p r i a t e  t o  u s e  alumina 

c r u c i b l e s  t o  make m u l l i t e  below t h a t  t e m p e r a t u r e .  

The TiQ2 phase was found i n  samples  5-006 t o  5-008, which means 

t h a t  t h e  s o l u b i l i t y  of Ti02 i n  m u l l i t e  i s  exceeded when t h e  weight  

p e r c e n t  of  Ti02 i s  g r e a t e r  t h a n  6.222,  based on  t h i s  ser ies  of 

experiment  . 

V I .  Z i rcon  

No p r o g r e s s  t o  r e p o r t .  

VII. S t a t u s  of M i l e s t o n e s  

S t a t u s  of  m i l e s t o n e s  i s  p r e s e n t e d  i n  T a b l e  5 and F i g u r e  6 .  

One of t h e  p r i n c i p a l  i n v e s t i g a t o r s  p a r t i c i p a t e d  i n  t h e  Annual 

Cont rac tor ' s  Meet ing i n  Dearborn and t h e  Conference for P r o c e s s i n g  f o r  

R e l i a b i l i t y  of Advanced Ceramics i n  Corning.  

Two new h i g h - t e m p e r a t u r e  f u r n a c e s  as well as an a n a l y t i c a l  b a l a n c e  

have been r e c e i v e d  and are i n  u s e .  The h o t  press and X-ray 

d i f  f r a c t o m e t e r  have b e e n  s e r v i c e d  and c a l i b r a t e d .  
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A s u r f a c e  a r e a  and pure volume ana lyzer  has  a l s o  been received and 

is  be ing  s e t  up. 

VPI 1.1 

V P T  1.2 

V P I  2.1 

V P X  3.1 

V P X  3 . 2  

V P X  4.1 

V P I  4.2 

V P I  4 . 3  

V P X  4 . 4  

VPI 5.1 

W T  5 . 2  

W E  5.3 

W I  5 . 4  

W I  6.0  

Table  5. Key t o  major milestones. 

Process  s e l e c t i o n  f o r  phosphate- and s i l i ca t e -based  systems 
(Oct .  31 ,  1986) 

Process  s e l e c t i o n  f o r  m u l l i t e -  and zircon-based systems 
(Oct .  31, 1986) 

Complete l i t e r a t u r e  review ( O c t .  3 1 ,  19%) 

Complete upgrade of c h a r a c t e r i z a t i o n  f a c i l i t y  (Dec. 31 , 1986) 

Complete upgrade of specimen f a b r i c a t i o n ,  process ing  
f a c i l i t i e s  ( June  30, 1987) 

Complete i n i t i a l  sc reening  of phosphate-based systems 
(Dec. 31 ,  19871 

Comnp l e t  e i n i t  i a l  5 creening o f  s i  1 i c  a t e-bas ed sys terns 
(Dec. 31 ,  1987) 

Complete i n i t i a l  sc reening  of zircon-based systems 
(Dee. 31,  1987) 

Complete i n i t i a l  sc reening  of mull i te-based systems 
(Dec. 31 ,  1987) 

Complete second-stage proper ty  and c h a r a c t e r i z a t i o n  e v a l u a t i o n  
of phosphate-based systems (Sept .  30, 1988) 

Comp l e  t e second-stage proper ty  and charas  t e r i z a  t ion  e v a l u a t i o n  
of s i l i c a t e - b a s e d  systems (Oct .  31 ,  1988) 

Complete second-stage p rope r ty  and c h a r a c t e r i z a t i o n  e v a l u a t i o n  
of mullite-based systems (Mov. 30,  1988) 

Comp 1 e t e s e c o nd - s t age p P o pe r t y and c ha r ac t e r i z a t i o  m eva lu a t ion  
of zircon-based systems (Dec. 31. 1988) 

Complete sca le -up  specimen f a b r i c a t i o n  of  most promising low- 
expansion ceramics  (Feb.  28, 1989) 
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Bids have been received and are being e v a l u a t d  f o r  a tlirrnial 

expansion measuring system. 
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1.4.1 Ceramic-Metal J o i G  

JsinYng af Ceramics for  Heag-EZgine Applications 
M. t. S a n t e l l a  (Oak Ridge N a t i o n a l  Laboratory)  

Qbject ive/scope 

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  develop s t r o n g  r e l i a b l e  j o i n t s  con- 
t a i n i n g  ceramic components f o r  a p p l i c a t i o n  i n  advanced h e a t  engines, 
P r e s e n t l y ,  t h i s  work i s  focused on t h e  j o i n i n g  o f  p a r t i a l l y  s t a b i l i z e d  
z i r c o n i a  t o  nodu lar  c a s t  i r o n  by b r a z i n g .  J o i n t s  o f  t h i s  arrangement w i l l  
be r e q u i r e d  f o r  a t t a c h i n g  m o n o l i t h i c  p ieces  of  p a r t i a l l y  s t a b i l i z e d  z i r -  
c o n i a  t o  c a s t  i r o n  p i s t o n  caps i n  o r d e r  f o r  t h e  ceramic t o  p r o v i d e  t h e  
i n s u ? a t i o n  necessary f o r  use i n  uncooled d i e s e l  engines. A novel  method 
f o r  b r a z i n g  z i r c o n i a  t o  c a s t  i r o n  has a l r e a d y  been e s t a b l i s h e d .  The 
emphasis o f  t h i s  a c t i v i t y  f o r  FY 1986 w i l l  be t o  improve t h e  i n t e g r i t y  of 
j o i n t s  between z i r c o n i a  and c a s t  i r o n ,  t o  assess t h e i r  mechanical proper-  
t i e s  a t  room temperature and e l e v a t e d  temperature ( p r i m a r i l y  by shear 
t e s t i n g )  and t o  i n v e s t i g a t e  t h e i r  thermal ag ing  behavior .  

Techn ica l  p roqress  

There was a c t i v l t y  i n  t h r e e  areas d u r i n g  t h i s  r e p o r t i n g  pers’o 

1. assess ing t h e  s t r e n g t h  o f  j o i n t s  between z i r c o n i a  and c a s t  i r o n  and 
between z i r c o n i a  and t i t a n i u m  by shear t e s t i n g ,  

j o i n i n g  t o  z i r c o n i a ,  and 
stress i n  braze j o i n t s  between 

2. t h e  use o f  a l t e r n a t e  a l l o y s  f o r  
3 ,  a method o f  e s t i m a t i n g  r e s i d u a l  

ceramics and meta ls .  

The work done i n  these areas i s  o u t  

J o i n t  s t r e n g t h  

J o i n t s  between z i r c o n i a  and ca 

i n e d  i n  t h e  f o l l o w i n g  paragraphs. 

t i r o n ,  and between z i r c o n i a  and 
t i t a n i u m ,  were sub jec ted  t o  shear t e s t i n g  at. temperatures o f  25 and 400°C. 
The specimens were t e s t e d  i n  t h e  unaged c o n d i t i o n  o r  a f t e r  ag ing  a t  400°C 
f o r  100 h .  Both t h e  ag ing  and t h e  t e s t i n g  o f  specimens a t  40QOC were done 
i n  a i r .  The temperature o f  400OC was selected because i t  i s  i n  t h e  range 
where t h e  brazed i n t e r f a c e  between z i r c o n i a  and c a s t  i r o n  i s  expected t o  
be under s teady-s ta te  o p e r a t i n g  condr ’ t ions f o r  an i n s u l a t e d  p i s t o n  cap i n  
an uncooled d i e s e l  engine. 

The j o i n t s  were made by two d j f f e s e n t  b r a z i n g  processes: 

1, The a c t i v e  s u b s t r a t e  process, i n  which t h e  z i r c o n i a  i s  vapor coated 
w i t h  t i t a n i u m  p r i o r  t o  b raz fng .  
r e a c t i v e  f i 11 e r  meta l  , AWS BVAg-18 (Ag-30Cu-16Sn). The b r a z i n g  was 
done i n  vacuum a t  735OC. 

T h i s  technique uses a so-ca l led  non- 
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2. The a c t i v e  f 
i s  r e q u i r e d .  
15ABA, which 
AG-23 e X U - 1 4  
a t  775OC. 

l l e r  meta l  process, i n  which no c o a t i n g  o f  t h e  z i r c o n i a  
The f i l l e r  meta l  used f o r  t hese  j o i n t s  was I n c u a i l  

i s  produced by GTE Wesgo and has t h e  compos i t i on  o f  
51n-1.25Ti. I n  t h i s  case t h e  b r a z i n g  was done i n  vacuum 

The m a t e r i a l s  used f o r  b o t h  processes were N i l c r a  grade MS p a r t i a l l y  s t a -  
b i l i z e d  z i r c o n i a ,  grade 8003 n o d u l a r  c a s t  i r o n  e l e c t r o p l a t e d  w i t h  copper,  
and commerc ia l l y  pu re  t i t a n i u m .  

The r e s u l t s  o f  t h e  shear t e s t s  a r e  g i v e n  i n  Table 1 f o r  t h e  a c t i v e -  
s u b s t r a t e  j o i n t s  and i n  Table 2 f o r  t he  a c t i v e - f i l l e r - m e t a l  j o i n t s .  For  
t h e  j o i n t s  o f  z i r c o n i a  t o  c a s t  i r o n ,  b o t h  s e t s  o f  d a t a  show t h a t  a g i n g  o r  
t e s t i n g  a t  4 0 Q O C  s i g n i f i c a n t l y  reduces j o i n t  s t r e n g t h .  The j o i n t s  t h a t  
were aged and t e s t e d  a t  4 0 P C  had s t r e n g t h  f a r  below t h e  t a r g e t  minimum o f  
100 MPa, sugges t ing  t h a t  o b t a i n i n g  h i g h - s t r e n g t h  j o i n t s  by b r a z i n g  z i r -  
c o n i a  d i r e c t l y  t o  c a s t  i r o n  may n o t  be p o s s i b l e  w i t h  t h e  techn iques  p re -  
s e n t l y  b e i n g  s t u d i e d .  

The d a t a  f o r  j o i n t s  o f  z i r c o n i a  t o  t i t a n i u m  a l s o  show t h a t  a g i n g  o r  
t e s t i n g  a t  400°C reduces j o i n t  s t r e n g t h .  I n  t h i s  case, however, t h e  
j o i n t s  were g e n e r a l l y  much s t r o n g e r  than  t h e  j o i n t s  s f  z i r c o n i a  t o  c a s t  
i r o n  j o i n t s  f o r  t h e  same s e t  o f  t e s t  c o n d i t i o n s .  Table 1 shows t h a t  even 
a f t e r  a g i n g  t h e  j o i n t s  made between z i r c o n i a  and t i t a n i u m  by t h e  a c t i v e -  
s u b s t r a t e  p rocess  s t i l l  had h i g h  s t r e n g t h  a t  25 and 4 Q O O C .  The c loseness 
o f  t h e  s t r e n g t h  o f  t h e  aged specimens suggests t h a t  t hese  j o i n t s  a r e  
r e l a t i v e l y  r e s i s t a n t  t o  s t r e n g t h  degrada t ion  due t o  the rma l  ag ing .  
Tab le  2 shows t h a t  t h e  z i r c o n i a - t o - t i t a n i u m  j o i n t s  b razed  by t h e  a c t i v e -  
f i l l e r - m e t a l  t echn ique  a l s o  had v e r y  good s t r e n g t h ,  b u t  i n  t h i s  case t h e  
t r e n d  o f  t h e  d a t a  suggests t h a t  t hese  j o i n t s  may n o t  be as t h e r m a l l y  
s t a b l e  as t h e  a c t i v e - s u b s t r a t e  j o i n t s .  

Tl ’ tanium was s e l e c t e d  as an a l t e r n a t e  t o  c a s t  i r o n  f o r  t hese  e x p e r i -  
ments because i t s  thermal  expansion c o e f f i c i e n t  i s  v e r y  c l o s e  t o  t h a t  o f  
z i r c o n i a  (9 .5  t o  10.0 x 10-6/oC), and i t  has r e l a t i v e l y  h i g h  d u c t i l i t y  up 
t o  the  b r a z i n g  temperatures used t o  form the j o i n t s  w i t h  z i r c o n i a ,  It was 
a n t i c i p a t e d ,  t h e r e f o r e ,  t h a t  r e s i d u a l  s t r e s s e s  would be m in im ized  i n  t h e  
j o i n t s  made w i t h  t i t a n i u m  a s  compared t o  those  made w i t h  c a s t  i r o n .  The 
b e t t e r  s t r e n g t h  o f  t h e  j o i n t s  between z i r c o n i a  and t i t a n i u m  i n d i c a t e s  t h a t  
r e s i d u a l  s t r e s s  may be i m p o r t a n t  i n  d e t e r m i n i n g  mechanical  b e h a v i o r ,  and 
t h i s  aspect  o f  ceramic-to-metal  j o i n t s  i s  b e i n g  s t u d i e d  i n  more d e t a i l .  

A l t e r n a t e  a l l o y s  

I n  an e f f o r t  t o  examine t h e  s u b s t i t u t i o n  o f  a l t e r n a t e  a l l o y s  f o r  n o d u l a r  
c a s t  i r o n ,  a c t i v e - s u b s t r a t e  braze j o i n t s  were made between z i r c o n i a  and 
two i ron-based h e a t - r e s i s t a n t  a l l o y s :  a l l o y  800H, a s o l i d  s o l u t i o n  a l l o y ,  
and ,4286, a p r e c i p i t a t i o n  hardened a l l o y .  
j o i n t s  was a t e t r a g o n a l  t y p e  o b t a i n e d  f rom NGK, and i t  was vapor  coa ted  
w i t h  0.6 pm o f  t i t a n i u m  p r i o r  t o  b r a z i n g .  
was t h e  f i l l e r  meta l  s e l e c t e d  because o f  i t s  r e l a t i v e l y  low b r a a i n g  tem- 
p e r a t u r e  and c o m p a t i b i l i t y  w i t h  h e a t - r e s i s t a n t  a l l o y s .  The nominal com- 
p o s i t i o n  o f  l i t h o b r a z e  720 i s  71.7Ag-28Cu-0.3Li w t  %. Vacuum b r a z i n g  a t  
790QC was used t o  form t h e  j o i n t s  between z i r c o n i a  and t h e  a l l o y s .  
j o i n t s  were c r o s s  s e c t i o n e d  and examined m e t a l l o g r a p h i c a l l y .  The 

The z i r c o n i a  used f o r  these 

Handy and Harmon L i t h o b r a z e  720 

The 
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Table 1. Shear t e s t  r e s u l t s  f o r  ac t ive-  
subs t ra te  braze j o i n t s  

Test Shear 
Specimen In te r face  Aging temperature s t rength 

("C) MPa 1 

MCB-64 ZrQ, Fe None 25 
MCB-7 1 ZrO,  Fe None 400 

MCB-72 Z r O ,  Fe 400°C/100 h 25 
MCB-73 ZrO, Fe 400°C/100 h 400 

188 
9 1  

114 
30 

MCB-97 Zr0,Ti None 25 262 
MCB-98 Zr0,Ti None 400 133 

MCB-99 Z r 0 , T i  400°C/100 h 25 123 
MCB-100 Zr0,Ti 400°C/100 h 400 123 

Table 2 .  Shear t e s t  r e s u l t s  f o r  ac t ive-  
filler-metal braze j o i n t s  

Test Shear 
Spec i men In te r face  Aging temperature s t rength 

("C> (MW 

MCB-61 
MCB-79 

MCB-95 
MCB-96 

MCB-IO8 
MCB-109 

MCB- 110 
MCB-111 

ZrO, Fe 
ZrQ, Fe 

ZrO,  Fe 
ZrO, Fe 

Zr0,Ti 
Zr0,Ti 

ZrO,Ti 
Zr0,Ti 

None 
None 

400°C/100 h 
400°C/100 h 

None 
None 

400°C/100 h 
40O0C/1O0 h 

25 
400 

25 
400 

25 
400 

25 
400 

165 
140 

6 1  
za 
289 
123 

103 
67 
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microstructure o f  the j o i n t  between z i rcon ia  and a l l o y  800H i s  shown i n  
Fig. 1. Sound j o i n t s  w i t h  s im i la r  microstructures were formed i n  both 
cases. 
res i s tan t  a l l oys  f o r  nodular cast  i r o n  appears feas ib le  from a brazing 
standpoint, and addi t ional  evaluation o f  t h i s  approach i s  proceeding. 

This experiment shows t h a t  subs t i tu t ion  o f  iron-based heat- 

Flg. 1, Optical  mlcrograph o f  braze joint between iT&Cn7ia (top) and 
a l l o y  800H. Braze f i l l e r  metal i s  LIthobraze 720. 

Residual stress 

An identat ion technique using a Vickers indenter on a standard hardness 
t e s t e r  has been adapted f o r  est imat ing residual  stress patterns i n  ceramic 
braze j o i n t s .  
j o i n t  i s  i l l u s t r a t e d  i n  Fig. 2. 
c l e a r l y  shows greater extension o f  cracks p a r a l l e l  t Q  the Jo in t  than 
indentat ions fa r the r  away, e.g., a t  pos i t ion  B. 
ind icates t h a t  there i s  a s izable residual  t e n s i l e  stress i n  the z i rcon ia  
ac t ing  normal t o  the brazed surface. Comparing the crack lengths i n  
stressed and unstressed regions a1 lows est imat ion of the  magnitude o f  
residual  stress a t  any point .  The residual  stress act ing normal t o  the 
brazed surface a t  pos i t ion  A i n  Fig. 2 was estimated t o  be about 200 MPa. 
The development o f  t h i s  technique as a means o f  i d e n t i f y i n g  residual  
stress patterns i n  ceramic-to-metal braze j o i n t s  i s  continuing. 

The r e s u l t  o f  using t h i s  approach on a zirconia-to-A286 
The indentat ion a t  pos i t i on  A i n  Fig. 2 

This cracking pa t te rn  
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Fig. 2. Opt ica l  micrograph o f  braze j o i n t  betueerr z i rcon ia  and A286 
i n  z i rcon la  t o  deterarlne sense aqd magnitude o f  showi ng i ndentations 

res idual  stress prod 
top o f  the mlcrograph. 

by brazing. The braze jo4nt  i s  p q r a l l e l  t o  the 

Status of milestones 

None. 

Pub1 ica t ions  

1. M. L. Santella, "Joining Ceramics t o  Metals by Act ive Substrate 
Brazing, presented a t  the 17th In ternat ional  AWS Brazing Conference, 
A p r i l  15, 1986, At lanta,  Georgia. 

2. A. J. Moorhead and M. L. Santella, "Development and 
Characterization of Brazed Joints i n  Ceramic Mater ia l  s,I@ presented a t  
the Mater ia ls Science and Engineering Symposium, Oak Ridge National 
Laboratory, May 16, 1986. 
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This portion s f  the projec t  i s  identjfied as prog’ect element 2 within 

The subelements include m a ~ r o ~ o d e l i ~ ~  and micromodeling of 

the work breakdown structure (WBS). It contains three subelements: 
(1) Three-Dimensional Modeling, (2 )  Contact Interfaces, and ( 3 )  Mew 
Concepts. 
ceramic microstructures, properties o f  static and dynamic interfaces 
between ceramScs 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 o f  research Sn Materials Design Methodology ele- 
ments include determining analytical techniques f o r  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 will provide U.S .  companies w i t h  methods f o r  
optimizfng mechanical properties through microstructural control, f o r  pre- 
dicting and controlling interfacial bonding and minimizing fnterfacial 
friction, and for developing a properly descriptive statistical d a t a  base 
f o r  their structural ceramics. 
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2.2 CONTACT INTERFACES 

2.2.2 Dynamic Interfaces 

S&udies of Dynamic Contact of Ceramics and A l l o y s  for Advanced Wea5 Engines 
K. F, Dufrane' and id. A.  Glaesir (Battelle Columbus Division] 

Objective/scope 

The objective of the study i s  to develop mathematical models o f  the 
friction and wear processes of ceramic interfaces based on experimental 
data. The supporting experiments are t o  be conducted at temperatures t o  
650 C under reciprocating sliding conditions reproducing the loads, speeds, 
and environment o f  the ring/cylinder interface of advanced engines. The 
test specimens are to be carefully characterized before and after testing 
to provide detailed input to the model. The results are intended t o  provide 
the basis far identifying solutions to the tribology problems limiting the 
development of these engines. 

Technical progress 

Apparatus 

The apparatus developed f o r  this program uses specimens of a simple 
flat-on-flat geometry, which facilitates procurement, finishing, and testing. 
The apparatus reproduces the important operating conditions of the 
piston/ring interface of advanced engines. The specimen configuration and 
loading is shown in Figure 1. The contact surface of the ring specimen i s  
3 . 2  x 19 mm. A crown with a 32 mm radius i s  ground on the ring specimen 
t o  insure uniform contact. The ring specimen holders are pivoted at their 
centers t o  provide self-alignment. A chamber surrounding the specimens i s  
used t o  control the atmosphere and contains heating elements t o  control 
the temperature. The exhaust from a 4500 watt diesel engine is heated t o  
the specimen temperature and passed through the chamber to provide an atmos- 
phere similar t o  that of actual diesel engine service. A summary of the 
testing conditions i s  presented in Table 1. 

Materials 

Monolithic alpha silicon carbide, silicon nitride, and three zirconia 
compounds were selected for the cylinder specimens. The compositions of 
the materials are presented in Table 2. 

Plasma-sprayed coatings of chromium carbide and chromium oxide were 
applied on mild steel base metal for both ring and cylinder specimens. 
Chromium plated ring specimens and gray cast iron cylinder specimens were 
used for baseline data- Monolithic ring specimens were cut from the sides 
of the  cylinder specimens. 

Silicon nitride without lubrication 

Earlier non-lubricated experiments with silicon carbide, a l l  three 
zirconias, and various plasma-sprayed metallic and ceramic coatings resulted 
in high wear rates, high friction coefficients, and extensive surface damage. 
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Load 

t 

/ 
Figure 1. Test specimen configuration and loading 

An experiment using self-mated silicon nitride without lubrication produced 
similar results. As shown in Figure 2, the ring specimen was worn across 
its entire width in 8 minutes o f  sliding at a light load of 12 N/m. The 
measured friction coefficient was 0.23 far mast o f  the experiment. The 
edges of the specimen were chipped, but there were no overall fractures. 
The wear surfaces were generally smooth overall with local bands o f  heavier 
wear. At higher magnification, Figure 3a, the wear bands consisted o f  
extensive smearing and apparent transfer between the two sliding surfaces, 
similar to that experienced with metals. The remaining overall surfaces, 
which appeared smooth at low magnifications, consisted of local pitting, 
as i n  Figure 3b.  The pits appeared t o  be formed by the brittle removal o f  
individual grains f r om the microstructure. In spite o f  the severe sliding 
conditions experienced without lubrication, there was no evidence o f  thermal 
shock cracking on the worn surfaces. 

Experiments with lubrication 

An experiment with self-mated silicon nitride and SAE IO mineral oil 
lubrication produced excellent results in that the wear was limited to a 
polishing mechanism. As shown in Figure 4a, the overall wear surface o f  
the ring specimen was smooth with only the pits remaining from the original 
grinding visible. A t  higher magnification, Figure 4 b ,  the contacting wear 
surface was polished and without features, A few local areas experienced 
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Table 1. Summary of testing conditions 

Sliding Contact: 
"Cylinder" Specimens: 
I' R i ng I' Spec i men s : 
"Ring" crown radius: 
Motion: 
Speed: 
toad : 
Ring Loading: 
Atmosphere: 
Measurements : 

Dual flat-on-flat 
12.7 x 32 x 127 mm 
3.2 x 19 x 19 mm 
32 mm 
Reciprocating, 108 mm stroke 
500 to 1500 rpm 
to 950 N 
t o  50 N/mm 
Diesel exhaust or other gases 
Friction and wear (after test) 

Table 2. Current cylinder and ring specimens 

Mater i a1 
Nominal Composition, 

Abbreviation Weight Percent 

Magnesia Partially Stabil- MPSZ 3.3 % MgO 
ized Zirconia 3 X Hf02, bal Zr02 

Yttria Partially Stabilized YPSZ 5.4 % Y2O3, bal Zr02 
Zirconia (2-191) 

Alumina Transformation ATTZ 3.6 % Y203, 20 % 
Toughened Zirconia Al2O3, bal Zr02 

Sintered Alpha Silicon SiC Sic 
Carbide 

Si1 icon Nitride 

Chromium Carbide 

2 % W ,  0.5 % Mg, 
0.25 X Al, bal Si3N4 

Si3N4 

Cr3C2 20 X Cr3C , 12 % Ni, 
9 % W, ba i! Cr 

Chromium Oxide Cr203 5 % Cr, bal Cr2O3 

Chromium Plate Cr Cr 

Gray Cast Iron -- 3.3 % C, 2.3 % S i ,  
0.7 % Mn, bal Fe 
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Figure 2, Wear bands and edge chipping on ring specimen o f  s i l icon 
n l t r i d e  run without lubrication 
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a .  smearing and transfer i n  heavy wear band 

b. local spalling in s m t h  amas M ~ u W I  heavy mar bands 
Figure 3. Surface d m g e  on silicon nftr ida run w l W t  i u b r t c r t # ~  
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2000x 
a. smooth surface wi th  p i t s  remaining from or ig inal  grinding 

10,M)ox 

b. polished contacting wear surface 
Figure 4. Smooth wear surfaces on s i l i con  n i t r i d e  run with SAE 

mineral oi l  lubr icat ion 
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more ex tens ive  p i t t i n g  and removal of su r f ace  g r a i n s .  However, s i n c e  the  
t o t a l  depth of wear was very l imi ted  and had not removed t h e  p i t t i n g  a s soc i -  
a ted  w i t h  t he  o r i g i n a l  g r ind ing ,  t hese  a r e a s  may have been the  r e s u l t  of 
remaining damage from the o r i g i n a l  su r f ace  prepara t ion .  As w i t h  t he  spec i -  
mens from t h e  unlubr ica ted  t e s t s ,  t h e r e  was no evidence o f  t h e r m 1  shock 
cracking on t h e  s i l i c o n  n i t r i d e  wear su r faces .  

W i t h  the completion of the  room-temperature base l ine  experiments using 
SAE 10 mineral o i l  l u b r i c a t i o n ,  experiments were conducted using SDL-1 
d i e s e l  engine o i l ,  a polya lphaolef in ,  a s  t he  l u b r i c a n t .  The i n i t i a l  exper i -  
ments used chromium-plated r ings  a g a i n s t  c a s t  i ron ,  YPSZ, and s i ?  icon  
n i t r i d e .  The r e s u l t s  a r e  summarized in Table 3. The base l ine  experiment 
a t  room temperature  w i t h  c a s t  i ron  cy l inde r  specimens r e su l t ed  i n  ?ow r ing  
wear and f r i c t i o n  c o e f f i c i e n t s  i n  t h e  hydrodynamic range. With r i n g  loadings 
t o  16  N / m m  and r u n n i n g  f o r  over 2 hours ,  t h e  wear was confined t o  less 
than 0.013 mm.  The r i n g  su r faces  were highly pol i shed ,  and most o f  the 
measured wear probably occurred i n  t h e  e a r l y  break-in po r t ion  of t h e  run. 

Table 3 .  Resul ts  o f  e leva ted  temperatures  experiments 
w i t h  SDL-1 l u b r i c a n t  dnd chromium-plated r i n g s  

Cy 1 i nder Temper a t  u r e  F r i c t i o n  Ring 
Mater ia l  C Coe f f i c i en t  Wear 

Cast iron 20 0 .06-0.07 l e s s  than 0.013 mm 

Cast i ron  310 0.13 through Cr 

Cast i ron  26 0 0.07-0 - 0 1  No. 1-0.051 mm 
No. 2- through Cr 

YPSZ (i1191) 260 0 - 2 - 0  ..3 through Cr 

Si3N4 (N6132) 26 0 0.14 through Cr 

The experiment w i t h  c a s t  i ron  d t  310 C ,  t he  temperature  SDL-'l was 
r epor t ed ly  capable o f  wi ths tanding ,  r e su l t ed  in a high f r i c t i o n  c o e f f i -  
c i e n t  and high r ing  wear. Af te r  only 1 hour o f  r u n n i n g  a t  a r i ng  loading 
of 10 N/rnm,  the  0.10 mm o f  chrornium p l a t e  was worn through t o  t h e  base 
metal .  Also, t h e  e n t i r e  t e s t  chamber was coated with d t enac ious  black 
l a y e r  of l u b r i c a n t  decomposition products .  The c a s t  i ron  cy l inde r  specimens 
were grooved from t h e  s l i d i n g  con tac t  and heavi ly  coated w i t h  a tenac ious  
l aye r  of wear debris and l u b r i c a n t  decomposition products.  

W i t h  the i n a b i l i t y  of SDL-1 t o  ope ra t e  d t  310 C i n  t h e  appara tus ,  a 
hea t ing  experiment was conducted t o  observe i t s  behavior a t  e levated temper- 
a t u r e s .  Drops o f  t h e  l u b r i c a n t  were placed on a s t e e l  p l a t e  heated t o  
increas ing  temperatures ,  A t  temperatures  above 260 6, t he  SDL-1 l e f t  a 
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dark r e s idue  a f t e r  evaporat ing.  The r e s idue  became darker  and more tena-  
c ious  a s  t h e  temperature was increased.  O n  t h i s  b a s i s ,  360 C was determined 
t o  he t he  maximmi allowable opera t ing  temperature f o r  t he  Sob-1 and was 
used i n  t h e  subsequent t e s t s ,  

As shown i n  ? a b l e  3, the  r e s u l l s  o f  t h e  c a s t  i ron base l ine  experiment 
a t  260 C were much b e t t e r  than obtajned a t  310 C .  However, t he  r ing  wear 
was s u b s t a n t i a l  a f t e r  4 hours of running a t  a r i ng  loading o f  10 N/narn. 
One speciinen was  warn t h r o u g h  the  0.10 nin~ o f  chromium p l a t i n g ,  while the  
o ther  had worn approximately 0 .051  inch. 

The y t t r i a  p a r t i a l l y  s t a b i l i z e d  z i r con ia  experienced high f r i c t i o n  
c o e f f i c i e n t s  and the chromium p l a t i n g  was rap id ly  worn away with a r i n g  
loading o f  10 N/mm. Vis ib l e  hot spots  assoc ia ted  w i t h  thernaaeiastic i n s t a -  
b i l i t y  ( IE I )  ~ e r c  very pronounced throughout t h e  t e s t .  The su r faces  of 
t h e  z i r con ia  cylinder.  specimens were badly cracked from the  thermal shock 
assoc ia ted  with t h e  IEI. 

The f r i c t i o n  c o e f f i c i e n t  measur-ed w i t h  the  s i l i c o n  n i t r i d e  cy l inder  
specimens a t  260 C was a l s o  r e l a t i v e l y  high ( 0 . 1 4 ) ,  b u t  b e t t e r  than t h a t  
measured with t h e  zi 'rconia cy l inder  specimens, T h e  wear on t he  r i n g  spec i -  
i w n ~  was a l s o  rapid.  in thaf  the rhromium p l a t i n g  was W O T ~  through i n  1 
hour o f  running a t  a r i n g  loading of 16 N/mm. 

The poor r e s l i l t s  t r i t h  the  c a s t  i ron and s i l i c o n  n i t r i d e  af ;  260 C com- 
pared w i t h  those a t  l-oorn temperature suggest t h a t  t h e  SDL-1 is not praviding 
adequate l u b r i c a t i o n  a t  th i s  temperature.  P is ton  r ings  depend upon hydro- 
dynainic l u b r i c a n t  f i lms  i s  minimire ~ e a t f .  The primary problem i s  probably 
t h e  g r e a t l y  reduced v i s c o s i t y  a t  t h c  high temperature.  The inherent  wear 
r e s i s t a n c e  of t he  chromium p l a t i n g  i s  appdrent ly  inadequate t o  survive 
with the  marginal l u b r i c a n t  f i lms  provided by t h e  SDL-1 a t  760 C .  Experi-  
ments a r e  being conducted using Cr-jC7 and Cr2O3 r i n g s  and cy l inde r  specimens 
with SDL-I a t  263 C i o  de te rmine ' tke  ex ten t  o f  improved performance over 
t he  chromium p l a t i n g .  

Calcu la t ions  w?rc made o f  t he  approximate wear c o e f f i c i e n t s  obta-ined 
with t h e  var ious  experiments for  a d i r e c t  comparison. The wear c o e f f i c i e n t s  
~ e r ~  ca l cu la t ed  using t h e  r e l a t i o n s h i p a :  

where: k = wear c o e f f i c i e n t  
p -- hardness o f  wearing member 
V = wear volurne 
1. = appl ied load 
x = s l id inn  d i s t ance .  

I 

Ihe rEsults a r e  presented i n  Table 4.. 
For a bas i s  o f  comparison, t h e  wear c o e f f i c i e n t  of a conventional 

d i e se l  t ruck engine was c a l c u l a t e d ,  A wear depth o f  0 . 2 5  rnm was assullied 
f o r  6000 hrs of s e r v i c e  a t  dn average r ing  loading o f  18 N / m r n .  The r e s u l t i n g  
wear c o e f f i c i e n t  o f  5 x l o e 9  i s  i n d i c a t i v e  of t h e  very l o w  weat- ra tes  a s s o e i -  
a ted  with hydrodynamic l u b r i c a t i o n .  The wear c o e f f i c i e n t s  o f  10-6 obtained 
w i t h  t h e  chromium p l a t e  and Si3N4 a t  room temperature a c e  i n d i c a t i v e  o f  
e x c e l l e n t  l u b r i c a t i o n ,  but a re  s i g n i f i c a n t l y  higher  than t h e  f i e l d  service 
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Table 4 .  Comparison o f  approximate ring wear coefficients 

Rin 
Wear 

Ring Cylinder Temperature$ Coefficient, 
Material Material Lubr i cant C I.: 

cr cast iron SDL- 5 -100 5 X loe9" 
YPSZ YPSZ none 540 pi x 10-4 
YPSZ YPSZ SAE 10  20 2 x 10-4 

Si3M4 SAE 10 20 1 x 10-6 
Cr cas t  iron SAE 10 20 2 x IO+ 
Cr cast iron SDL-1 310 1 x 10-4 
Cr cast iron SDL-1 

Cr YP SZ SDL- 1 
260 1 x 10-5 
260 1 x 10-5 

Cr Si3N4 SDL- 1 260 1 10-4 

pica1 actual diesel truck engine experience 

example, This is probably due to the influence o f  the high wear rates 
experienced during the break-in por t ion  o f  the short laboratory experiments, 
Wear coefficients of 10-4 indicate poor  lubrication and aggressive wear 
mechanisms. The 1.0-4 values obtained with the SDL-1 lubricant at 260 C 
suggest that the viscosity is t o o  low at this temperature t o  pi-aduce hydro- 
dynamic a i l  f i l m s ,  Future experiments with Cr3G-3 and C203 ring specimen 
coatings will  help to determine the improvement that can be expected using 
S5L-1 with materials having higher wear resistance than chromium plate. 

Status o f  milestones 

The m i  1 e s t o n e s  of constructing t h e  friction and wear apparatus, 
obtaining specimens, performing initial wear experiments, and initiating 
modeling o f  the wear Q ~ O ~ E S S ~ S  have been met and dre progressing in general 
accordance w i  t h  the mi 1 estone schedul e. 

Pub1 i cations 

1. K. F. Dufrane, "Sliding Performance o f  Ceramics f o r  Advanced Heat 
Ceramic F;*ny-lneering and Science Pmceed.ings, Ju  1 y- Engines" , v a 7, n a 7-8 

August 1986. 
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2. K .  F .  Dufrane and kl. A .  Glaeser,  "Wear o f  Ceramics i n  Advanced Heat  
Eng ine  Applicat ions" ,  submitted for the 3.9137 Vear of iVateriaZs Conference. 

3 .  K .  F. Oufrane and W. A .  Glaeser,  "Performance o f  Cerarnics i n  Ring/ 
Cylinder Applicat ions" ,  submi t ted f o r  the 1387 SAE Tn-tsrnat7:o?zuZ Congre.7.9 
and Exposition. 

Refe rences  --- 
1. E .  Rabinowicz, F r i c t ion  and Wear of Mat.erials, p .  138, John Wiley 

and Sons, Inc . ,  New York ,  1966. 



1 8 9  

2.3 NEW CONCEPTS 

Advan c ed St a t i s  t ic s 
W .  P.  Eatherly (ORNL) 

No Report Received 



The design and appl ica t ion  o f  re1 i a b l c  load-bearing s t r u c t u r a l  
components from ceramic m a t e r i  al s requi res  a de t a i l ed  understanding 
of  t h e  s t a t i s t i c a l  nature  o f  Fracture in b r i t t l e  ma te r i a l s .  The 
overa l l  ob jec t ive  o f  t h i s  progratii i s  t o  advance the  cu r ren t  under- 
s tanding o f  f r a c t u r e  s t a t i s t i c s ,  e spec ia l ly  in the following th ree  
a reas  : 

s Optimum t e s t i n g  plans and d a t a  ana lys i s  techniques.  

c Consequences o f  time-dependent crack growth  on the. 
evolut ion of i n i t i a l  s t r eng th  d i s t r i b u t i o n s .  

Q Confidence and to1 erartce bounds on p red ic t ions  t h a t  use 
t h e  Wejbull d i s t r i b u t i o n  func t ion .  

?he s tud ie s  a re  being ca r r i ed  o u t  l a rge ly  by ana ly t i ca l  and computer 
s imulat ion techniques.  Actual f r a c t u r e  d d t a  a r e  then used as appro- 
p r i a t e  t o  confirm and dernonstrate the  r e s u l t i n g  da ta  ana lys i s  tech-  
ni ques. 

During the  previous repor t ing  pe r iod ,  work was ca r r i ed  o u t  on 
a l l  t h ree  o f  t he  primary objec t ives  l i s t e d  above, The work described 
h e r e i  ii concentrates  on progress toward the  second ob jec t ive :  Predic- 
t i o n  o f  the  evolut ion o f  i n i t i a l  s t rength  and flaw s i z e  d i s t r i b u t i o n s  
during s l o w  crack growth. As wil l  be demonstrated below, s t r eng th  
degradation due t o  s u b c r i t i c a l  crack growth  (SCG) modifies t he  d i s t r i -  
bution of i n i t i a l  s t r eng ths .  The d i s t r i b u t i o n  obviously s h i f t s  down- 
ward i n  s t rength  as SCG proceeds,  b u t  l e s s  obvious i s  a change in  the  
form i J - 6  t h e  d i s t r i b u t i o n  funct ion such t h a t  t he re  i s  l e s s  s c a t t e r  in 
s t rengths  (lower c o e f f i c i e n t  o f  v a r i a t i o n )  a f t m  SCG t h a n  before.  

compl i c a t i  ng f a c t o r s  in the a n a l y s i  s of s t r u c t u r a l  re1 i a b i  1 i t y  . 
Models of b e h a v i o r  and methods o f  analys is  a r c  a v a i l a b l e  f o r  each 
f a c t o r  when present  ind iv idua l ly .  For ins tance ,  in  t h e  case of 
non-uniform flaw s i z e s p  the  Weibull d i s t r i b u t i o n  i s  a model t h a t  i s  
of ten  found t o  be reasonable i n  descr ibing the  s t r eng th  vari  abi 1 i t y  
and s i z e  e f f e c t s  t h a t  r e s u l t  from non-uniform f l a w  s i z e s .  For t he  
case o f  uniform, u n i a x i a l  stressed bodies,  t h e  Weibull distribution 
i s  o f  t he  form: 

Figure 1 i l l u s t r a t e s  t h e  i n t e r r e l a t i o n s h i p  of t h ree  important 



F ig .  1 I n ~ ~ r r e ~ ~ ~ ~ ~ ~ ~ h ~ ~  of three important f a c t o r s  
i n  the analysis  o f  s t ruc tura l  r e l i a b i l i t y .  

here B i s  the  cumulative probabi l i ty  o f  f a i l u r e ,  V j s  the ~ o l i ~ e  under 
niform s t r e s s ,  0 i s  the ~ a ~ n ~ t ~ ~ ~  o f  t h a t  s t r e s s ,  tn i s  the Weibull 
odulus ,  and CT i s  a ~ o r m a ~ ~ ~ ~ ~ g  arameter. The empirically derived 
arameters, m abld (5 can be thou h t  o f  as material propert ies  f o r  

materi a1 s t h a t  are pPoperly descri cd by the Weibrall d i s t r i b u t i o n .  

then models o f  crack growth r a t e s  are  avai lable  t h a t  allow the strength 
degradation o f  a material t o  be predicted. 
s h i p  t h a t  i s  often found t o  be reasonable -in describing ceramic mate- 
r i a l s  i s :  

Referring t o  Figure 1 again, i f  SCG i s  the  only GO p l  icat ing f a c t o r ,  

One crack velocity r e l a t i o n -  

v = A K n  (23 

where v i s  the veloci ty  o f  crack g rowth ,  K - i s  t h e  applied s t r e s s  
in tens i ty  f a c t o r  For the defect  o f  interest ,  and W and n aye empir- 
i ca l l  y derived paranieters 

In  t h e  case shown on Figure 1 where stress gradients are  the on ly  
compl i ca t ing  f a c t o r ,  e i t h e r  ana.lytica1 o r  numerical methods o f  analys is  
are avai lable  t o  determine the complete s t ress  s t a t e  f a r  v i r tua l  l y  any 
geometry and loading c a n f i  
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I n  the  above th ree  cases  where only one o f  t he  three  complicating 

o f  re1 i a b i l i t y  a re  s t ra ight forward .  \dhen t ~ o  of the  th ree  complicating 
fact ,ors  a r e  present  sinrul taneously (corresponding t o  regions A, B ,  and 
C of Figure l ) ,  the  ana lys i s  i s  more involved, For ins tance ,  when bo th  
non-uniform f l a w  s i z e s  and s t r e s s  grad ien ts  a r e  present  ( region A ) ,  the  
more general form of the  Weibtrll d i s t r i b u t i o n  involving area or volume 
i n t e g r a l s  i s  necessary: 

1: l a c t o r s  a r e  present ,  the  methodolyies used f o r  design a n d / o r  predict ion 

where the  in t eg ra t ion  of t h e  s t r e s s  term i s  ca r r i ed  o u t  over a l l  
volume elements, dV, t h a t  a r e  under t e n s i l e  s t r e s s ,  When b o t h  s t r e s s  
g rad ien t s  and SCG arc present a t  the  sanic time (region B ) ,  very l i t t l e  
added complexity arises s ince  the  flaw a t  t he  highest  s t r e s sed  point 
wi l l  always control f a i l u r e ,  The s t r u c t u r e  wil l  behaw s imi l a r  t o  a 
uniforiiily s t r e s sed  body loaded t o  t he  same s t r e s s .  The s i t u a t i o n  i s  
more complex, however, when bo th  non-uniform flaw s i z e s  and  SCG a re  
present  simultaneously (region C ) ,  In t h i s  region,  t he  i n i t i a l  
s t rength  and flaw s i z e  d i s t r i b u t i o n s  evolve in a way t h a t  i s  [ lo t  
nornral 1 y expected. 
1 are present  simultdneously (region D ) ,  the  ana lys i s  i s  even more 
complex becduse u n l  i ke the  previous cases ,  the  f l  au t h a l  would cause 
f a i l u r e  iil the  absence o f  SCG may or may n o t  he t he  flaw t h a t  causes 
f a i l u r e  a f t e r  SCG. The following two sec t ions  descr ibe  charac te r -  
i s t i c s  o f  materials t e s t e d  in regions C and D respec t ive ly .  

bhen a1 1 t h ree  compl i cat, i ng f a c t o r s  of F i yure 

I .  Non-Uniform Flaw Sizes  and  Sub-c r i t i ca l  Crack Growth 

Dynamic f a t igue  t e s t i n g  i s  a popular twthocl t o  cha rac t e r i ze  SCG 
t h a t  involves loading the  specimen t o  progressively higher loads on a 
l i n e a r  loading schedule ( s t r e s s  is proportional t o  t ime) u n t i l  f a i l -  
ure occiurs. When several uniform, uniaxial  - s t r e s s  specimens a re  
t e s t ed  a t  each 0.f a number o f  loading r a t e s ,  t he  r e s u l t s  can be 
p l a t t e d  as  shown schematically 01-1 Figure 2 .  Each d a t a  p o i n t  cor re-  
sponds t o  the  average s t rength  of specimens t e s t ed  a t  a p a r t i c u l a r  
loading r a t e ,  The e r r o r  bars ind ica t e  t h e  standard devia t ion  o r  
some o ther  measure o f  v a r i a b i l i t y  o f  s t rengths  within each g r o u p ,  
The e r r o r  bars  a re  drawn with a s lope  n f  unity on t he  l o g - l o g  s ca l e  
(higher  s t r eng th  specimens f a i l  a t  longer times t o  f a i l u r e  in dynamic 
f a t i g u e ,  t he re fo re  the  e r r o r  bars a r e  not v e r t i c a l ) .  Di f fe ren t  loading 
r a t e s  r e s u l t  in  d i f f e r e n t  average t i m e s  t o  f a i l u r e .  The measured aver- 
age s t r eng ths  as  shown by the  d a t a  po in ts  r e f l e c t  t he  t rue  behavior of 
t he  average s t rength  which  i s  reprcso.n.ted here a s  t h e  s o l i d  l i n e .  A t  
very sho r t  times t o  f a i l u r e  (very f a s t  loading r a t e s ) ,  the  s t rength  i s  
independent o f  time and i s  of ten described as the " i t1ei-t  st rength ' !  of 
t h e  ma te r i a l .  As  t he  loading r a t e  i s  progressively decreased the re  i s  
more time f o r  SCG and the  s t rengths  a l s o  decrease ,  
accordirig t o  Equation 2 ,  the  s o l i d  l i n e  asymptot ical ly  approaches a 
s t r a i g h t  1 ine a t  very long t i ines t o  Fai lure  where the  s lope  o f  the 
s t r a i g h t  l i n e  i s  - l / n .  

For t he  case of SCG 
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Time to Failure (Sec) 

f i g .  2 Log stress v s .  log time to failure showing 
typical dynamic fatigue behavior. 

Figure 3 i s  similar t o  Figure 2 except t h a t  a family of nine 
curves are shown representing the 10, 20, ... 90 percentile behaviors 
o f  a Weibull distribution (where the initial strengths have a Weibull 
nodulus o f  5). The lowest curve, for instance, represents the behav- 
i o r  o f  specimens with an initial strength equal to the 10 percentile 
behavior o f  the distribution (approximately 450 MPa for this choice o f  
parameters). 
would be observed can be predicted by the intersections o f  the family 
o f  dynamic fatigue curves with the straight line o f  unity slope repre- 
senting the loading rate o f  interest. 
on Figure 3 and are labelled as  "fast loading" and "slow loading"B 

The important point to be illustrated on Figure 3 i s  that the 
distribution o f  initial strengths or inert strengths i s  different 
than the distribution of  strengths in the asymptotic region of the 
dynamic fatigue curves. 
the variability in strengths has also decreased. It has been shown 
by derivation t h a t  i f  the inert stitengths have a Weibull distribution 
with modulus m. , and i f  SCG is properly described by Equation 
2, then the st$&&$hs at very Slow loading rates (in the asymptotic 
region of  Figure 33 also have a Weibull distribution, but with a 
higher modulus, m The m at slow loading rates is a function 
o f  the inert m ana'i%e slaw crack growth exponent, n, as follows: 

A t  any given loading rate, the strength distribution that 

Two such loading rates are shown 

Not only have the strengths decreased, 

. 

It i s  interesting t o  note that at intermediate loading rates on 
Figure 3 (neither on t h e  plateau nor the asymptote), the  distribu- 
tion i s  no longer a simple Weibull distribution, 
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Fig,  3 Dynamic f a t i g u e  behavior f a r  a f a m i l y  o f  
i n i i t i  a1 ly Mei b u l l  strengths. 

T h t  relationship between m ' s  and ka i s  sh0w-i on F igure  4 where 
the r a t i o  o f  m As n approaches 
i n f i n i t y ,  the  taS~rn @?!&roach each o the r .  A s  n approaches 2 ,  
t i i t :  r a t i o  o f  n's approaches i n f i n i t y  ( i  .e., a mater? a1 w i t h  an n 
i n i w m e n t a l l y  g r e a t e r  t h a n  2 t e s t e d  a i  uery slow load ing  r a t e s  has 
v i r t u a l l y  no scatters i n  s t reng th ) .  

study i nc3 iacle : 

i s  p l o t t e d  versus n. 

Some a @  the  inwe s i g n i f i c a n t  conclusions from t h i s  p a r t  o f  t h e  

Sub-cr i t ica l  crack g r o ~ t h  reduces the sca t te r  i n  strengths 
rega~dless  of the form o f  the  i n i t i a l  strength d i s t r i b u t i o n .  

@ I f  t he  i n i t i a l  s t reng th  d i s t r i b u t i o n  i s  Weibul l ,  t h e  d.ist.ribt.r- 
t i o n  a t  slow l o a d i n g  rates i s  also ldeibull bu t  w i t h  a h igher  m 
value as  described by Equation 4 .  

Q The m value a t  s106v load ing  rates can be cased f u r  s i z e -  
scal i ng cal  tu1  a t i  ons i f the  p red ic ted  strengths are  a1 so 
i n  the "asymptat i  c" region.  

8 Instead o f  the prev ious method, however, i t  i s  vecsmmended 
t h a t  s i z e  s c a l i n g  be done by deducing the i n i t i a l  s t reng th  
d i s t r i b u t i o n ,  s c a l i n g  t h e  i n e r t  strength t o  t h e  nesv speciinens 

us'r rsg the 1 oadi ng schedule o f  i riterest 
7 CUI a t i n g  the degradation o f  the  scai  ed specirrlen 
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lacreare in Weibuil Modulus, m 
uring Dynamic Fatigue Testing 

Slow Crack G r ~ ~ t l h  Exponent, n 

F i g .  4 Dependence of the  asymptotic Weibull modulus 
on the slow crack growth exponent e 

11. ~ o n - ~ ~ ~ ~ o r ~  Flaw Sizes,  Sub-Critical Crack Growth, and Stress 
Grad i en t s 

In  the previous section, the problem was simplified somewhat 
because the action of SCG was only important fo r  one defect i n  each 
specimen, Of course SCG acted on a l l  s t ressed defects ,  b u t  for  a 
parti CUI a r  specimen, the defect t h a t  waul d be strength control 1 ing 
under iner t  conditions would be the same defect  t h a t  would be 
strength controlling i n  t ha t  specimen regardless of the stress-t ime 
schedule. Unfortunately, t h i s  simp1 i f i c a t i s n  i s  n o t  j u s t i f i e d  in 
regian D of Figure 1 where a l l  three complexities are present simul- 
taneously. In  t h i s  case, a par t icu lar  specimen may f a i l  from one 
defect  i f  tested a t  a f a s t  loading r a t e ,  b u t  W Q U I ~  f a i l  from a d i f -  
ferent defect i n  a d i f fe ren t  location i f  t h a t  same specimen had been 
tested a t  a s l o w  loading r a t e ,  The consequences o f  this s i tuat ion 
are d i f f i cu l t  t o  predict ,  b u t  one could imagine t h a t  an i n i t i a l l y  
Wejbull strength d is t r ibu t ion  might  be modified dur ing SCG because 
different flaws would become strength control l  ing, 

Figure 5 i s  a Schematic of a three-point bend specimen with two 
defects t h a t  can i l l u s t r a t e  the problem. 
and i s  located a t  the point sf maximum s t r e s s .  
sf s i z e  "4a" and i s  located halfway between the center and the r igh t -  
hand load  point. Because of t h i s  special s i tua t ion ,  the s t r e s s  
intensity factors  fo r  the t w o  defects  are  ident ical ,  therefore f a i l -  
ure i s  equally l i ke ly  t o  occur from e i t h e r  flaw. ~f sCG acts  on the 
f l a w s  during loading, the defects  will graw a t  the same absolu te  ra te  

One defect i s  o f  size  "a'' 
The other de fec t  i s  
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F i g ,  5 Schematic of a bend specimen w i t h  two 
competing flaws. 

(assuming a re la t ionship  such as Equa t ion  2 ) .  
maintain equal s t r e s s  i n t e n s i t y  f a c t o r s  for. the two ,  the  second flaw 
would have t o  grow a t  f o u r  times the  r a t e  o f  the  f i r s t .  T h i s  does n o t  
happen, therefore ,  a f t e r  the f i r s t  increment o f  SCG, the center  defect 
will  become the s t rength l imi t ing  defec t .  Similar e f f e c t s  o f  competing 
defects  are  expected i n  any s t r u c t u r e  iqith s t r e s s  gradients  during SCG. 
A i  long times t o  f a i l u r e  there  i s  a grea te r  l ikelihood o f  f r a c t u r e  
i n i t i a t i n g  from a defect  near t h e  point of rriaximuni s t r e s s  than a t  short 
times t o  f a i l u r e .  

Figure S i l l u s t r a t e s  the "clouds" of f rac ture  or igin posi t ions 
t h a t  arc expected for mater ia ls  with t w a  d i f f e r e n t  Weibull moduli 
when tested i n  three-point  bending with no  SCG ( 2 ) .  Ir; each o f  the 
two s ide  v iews,  the data  points record the posit ions of the strength 
i n i t i a t i n g  defect  i n  each o f  50 specimens chosen randomly from a 
population of Weibull s t rengths .  From the e a r l i e r  discussion of 
Figure 5 ,  one could predict  t h a t  a f t e r  S C G ,  the cloud o f  or igins  in 
each case o f  Figure 6 would be more densely packed around the point 
of maximum s t r e s s  t h a n  t h a t  shown f o r  the i n e r t  s t rengths .  Not 
o b v i o u s ,  however, i s  whether extremely long times t.o f a i l u r e  will 
r e s u l t  in a l l  o r ig ins  occurring a t  the point of maximum s t r e s s ,  or 
whether the cloud reaches a l imi t ing  densi ty  t h a t  does n o t  change 
w i t h  1 onger t e s t i n g  times. 

was used to  b e t t e r  understand the consequences o f  SCG in bodies w i t h  
s t r e s s  grad ien ts .  The model i s  composed o f  two uniformly stressed 
sub-volumes t h a t  a re  loaded in s e r i e s .  When loaded t o  f a i l u r e ,  the 
f r a c t u r e  or ig in  will  be located i n  e i t h e r  reg-ion A or  region R .  
Computer simulation of  d a t a  and analyt ical  der ivat ions were b o t h  
u t i l i z e d  t o  gain i n s i g h t  i n t o  the  behavior of two-body specimens when 
tes ted  under conditions t h a t  promote S C G ,  The most important concl u -  
s ions o f  the  two-body s tudies  include: 

However, i n  order t o  

The "two-body" model of Figure 7 i s  a very simple st,ructure t h a t  
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F ig .  6 Results o f  f rac ture  origin position study 
showing tha t  positions of fracture origins 
are dependent on Weibull modulus. 

FORCE 

F i g .  7 Schematic o f  the "two-body" model which i s  
useful as  a simple s t ruc ture  w i t h  a s t ress  
gradient . 
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8 ~ a r  a l l  continuous strength ( I i s t r i bu t i o rS ,  as sub-crit ical  
crack growth proceeds, the p r o p o r t i o n  of  fa i lures  i n  the 
higher stressed sub-volume increases,  

8 The proportion o f  fa i lures  in the h i g h e r  stressed sub- 
vol m e ;  asymptsti ca l  Ily approaches a f i x e d  val ue a t  very  
slow loading r a t e s .  

For Bdeibull materials tes ted dk  slow loading r a t e s ,  m 
estimated from strengths follows the same re1 ationship 
as tha t  f o r  uniformly stressed bodies (Equat ion 4 ) .  

o For Weibull materials tested a t  s l o w  l o a d i n g  ra tes ,  m 
estimated form o r i g i n  positions Fallows a d i f fe ren t  
re1 ationship: 

n 
s 1 ow="i n e r t  ( n - 2 ) 

I t  i s  expected ( b u t  n o t  y e t  demsnstratd or proven) t h a t  similar 
conclusions a re  v a l i d  for  bodies w i t h  a r b i t r a r y  s t r e s s  gradients.  

On schedule 
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Phys ica l  Prapec-ties of Structqrel Ceramics  
R. K. Williams, R, 5 .  Graves, and $1. A. Janney (Oak Ridge 
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(Ijbject1ve-e 

engine applications usual ly  contain more than one phase and several C Q ~ -  

anents. The thermal conductivities o f  these materials are low relative t o  
etals, and this characterjstic, along with thermal ~ x p ~ n s i o ~  p l u s  f r a c -  
ture strength and toughness, is a prime factor in determining suitability 

iven ceramic for a particular advanced engine component. The pur- 
s research j s  t o  develop an improved ~ n ~ e ~ s ~ a n d ~ n ~  o f  the fac- 
etermine the thermal conductivities o f  these c ~ m p l e x  structural 

materials a t  high temperatures. 

The structural ceramics presently considered f o r  use in advanced heat 

o f  the e f f e c t s  o f  Cr203 and Fe,Q, additions on the thermal 

paint defect scattering on 

by available theories, Interest in t he  prob em arose because alumina i s  
an excellent h i g ~ - ~ e m ~ e ~ a t ~ r e  structural materidl, but  f o r  some a p p l i c a -  
tions its thermal conductivity i s  Loo high, and dissolving other M2Q3 
oxides shows promise a s  a m ~ ~ ~ Q d  o f  ~ ~ n ~ ~ ~ ~ l ~ ~ ~  thermal conductivity. 
Consequently, there i s  general i n t e r e s t  i n  developing a reliable method 
for predicting t h f s  effect, 

apparatus that has been in service f o  many years.233 I n  t h i s  apparatus 
an uninstrumented sample i s  compresse between two gold-plated Armco Iron 
heat meter bars, and the sample tempe ature drop and heat f l u x  are 
inferred from ternperature-distance data obtained on the two heat meters. 
Indium foils, under a compressive load of 34 MPa, are used t o  minlmize 
resistance t o  heat flow at the two sample-meter bar i n t e r f a c e s ,  and the 

resistance i s  determined by making measurements on standard 

X, o f  A’I,?Q, has been completed. The purpose o f  this investi- 
a t i o n  was t o  determine whether the effect o 
he thermal conductivlty, A ,  o f  alumina-base ceramics could be explained 

A l l  OF the data were obta ined in a comparative longitudinal heat f l o w  

onlinear flow o f  heat i s  minimized by t h e  g o l d  p l a t i n g  and by 
n a vacuum. The method used i n  calculating 1 allows f o r  h e a t  

are t y p i c a l l y  1. t o  2%. The experimental uncertainty has 
by making meas sernents on samples  of known thermal conduc- 
l ess  than +3% 

Two gsoups of h t-pressed compacts WE e prepared for this stu 

j ,  o r  both cr,a:, o r  the pure A1,0, sampl 
A l z 0 3  series an o s f t i a n s  ~ o n t a i ~ ~ n ~  Cr, 

been pre§ented prey i 0 

samples, and a l l  o f  t ressed for 1 fn, 

o f  the a p p r o p r i a t e  ni owder, drylng, calca’ning a t  
1150°C in a i r ,  and h o t  pressing in a graphite d i e ,  Grain s i z e  measure- 
ments were obtained f r o m  photomicrographs, and checks o f  longitudinal and 
transverse sections showed no obvious anisotropy. Scanning electron 
micrographs were required for some o f  the finegrained material, and the 

5 were not used f o r  any o f  the 

The solid s~luti ed by adding an alcohol solution 
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gra in  s i z e s  ranged f i ~ r . n  7 t o  71 urn. 
g ra in  g r o w t h ,  y i e l d i n g  the  7l-pm gr3in s i z e .  
small amount o f  a second phase i n h i b i t e d  g r a i n  growth i n  t h e  4 mol X 
Fe,O, compact. Elemental analyses  were obtained w ’ t h  a q u a n t i t a t i v e  
microprobe agparatt ls .  
showed rnarimum di f fe rer ices  o f  about, 0 . 4  mol 7; Cr,0,. 

Yhemal canduc i iv i ty  samples, 6.35 mm in  d-iarwher and 5 . 1  mrn tall, 
were machined f r o m  the C O T I F ~ ~ C ~ S ,  and t h e  sur face  capbide r eac t ion  l a y e r  
va?s avoided. Geometvical dens i ty  measurements w r e  made on a1 1 o f  t hese  
ca re fu l  l y  nachi  ned sampler,  and t h e s e  va l  ues were compared w i t h  t he  X-ray 
values ,  The l e a s t  dense samples contal’ned a k o u t  3% poros i ty ,  and the  
po ros i ty ,  P ,  values  o b t a i n e d  i n  t h i s  manner were used t o  c o r r e c t  the  
measured ihhermai conduc t iv i ty ,  A ,  values  using Maxwell’s equat ion“ :  

Adding 7 mol % Fe,O, g r e a t l y  enhanced 
Bresuniably the presenca of  a 

Checks by wt cherni s t f y  on t h r e e  d i f f e r e n t  compacts 

1 f 0.5P 

The e x p e r i w n t a l  d a t a  a r e  shown 9’n F i g .  1.  

Umklapp p ~ o c e s s e s  and by phonon-graln bounda~y scat. tering These two 
s c a t t e r i n g  processes  a l s o  occur i n  a l loyed  c e ~ a m j c s ,  and they must be 
accounted f o r  in  order  t o  i d e n t i f y  the  s t r eng th  o f  t he  phonon-point  d e f e c t  
s c a t t e r i n g  i n t rod i i red  by a l loy ing .  
determine t h e  strength o f  the  Umklapp process and boundary s c a t t e y i n g ,  and 
a Callaway5 model was adopted f o t  t h e  a n a l y s i s ,  The h ighes t  temperature 
d a t a ,  a t  36Cl K ,  \ y e w  used ii, t he  a n a l y s i s  because t he  formula f o r  Umnklapp 
scattering i s  v a l i d  a t  h i g h  temperatures .  

s c a t t e r i n g  ratee, t h e  r e s u l t s  w e w  compared w j t h  several  theorfes.6”9 
These t h e o r i e s  i n d i c a t e  t h a t  the  s c a t t e r i n g  i s  determined by t h e  mass d i f -  
f e rence ,  e l a s t i c  s t r a i n ,  and ’Focal fo rce  cons t an t  changes a s soc ia t ed  w i t h  
t h e  fors igt i  atoms. I he  resul ts  a f  t h i s  study i n d i c a t e  t h a t  t he  s t r a i n  and 
fo rce  cons tan t  changes a re  n3g l ig ib i e  and t h a t  the s c a t t w i n g  a’s e n t i r e l y  
due t o  t h e  d i f f e r e n c e  i n  atomic mass. This  i s  s h o w  i n  Fig. 2 .  The 
r e s u l t s  a l s o  a r e  c o n s i s t e n t  w i t h  the suggest ion t h a t  a l i g h t  a t ~ m  i n  a 
heavy m a t r i x  produces more s c a t t e r i n g  than a heavy atom i n  a l i g h t  
mat. r ix .1°  l h e  r e s u l t s  of t h i s  s tudy t k e r e f o ~ e  provide a good b a s i s  f o r  
predict-ing t h e  e f f e c t s  o f  p o i n t  d e f e c t  s c a t t e r i n g  o f  phonons i n  o t h e ~  
ceramics .  

The thermal cond~ctivity s f  unalloyed h1,0, i s  l imi ted  by 3-phonon 

Data f o r  unalloyed AleO3 were used t a  

Af t e r  i den t i fy ing  t h e  poin t  d e f e c t  con%r ibu t i on  t o  t h e  t o t a l  phonon 

- 
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Fig- 1. 
s ~ l i d  s o l u t i o n s ,  

Exper imental  thermal c o n d u c t i v i t y  d a t a  f o r  AI,O,-based 

cri:ii I)WI> P G - ' ~ # : ~ L .  

r ( EX P ER I M E NT 

F i g .  2. 
c a l c u l a t e d  f r o m  t h e  mass difference between Al,Q, and t h e  solutes 
Cr203 and Fe,O,. 

The phonon--point de fec t  s c a t t e r i n g  s t r e n g t h ,  r ,  can be 
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S t a t u s  of....ni lestonys 

311201 Complete study o f  CP203 and 
Fee03 e f f e c t s  on thermal 
conductivity, was completed. 

SeptembeP 30, 1986 

__ Publications .---. . . .. .- 

W. K.  W.i'lliatns, R. S, Graves, M. A .  Janey,  T .  N. T i e g s ,  and 
D. W .  Yarbrseagh, "The EfPects  o f  Cr.,O, and Fe,Q, Addltiaras an t h e  Thermal 
Conductivity o f  A3,0,," paper submitted t o  J o u r n a l  o f  A p p l i e d  Physics  on 
September 30, 1386. 
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Effect of Translucence of Engineering Cer amics on-&&& Transfer i n  
Ddesel Engines - Thomas Morel and Syed Wahiduzzaman (Integral  
Technologies Incorporated) 

Objective/scope 

Ceramic material s are  be-i ng used as thermal barr ier  materials, 
separating the engine metal substructure from the convective and radia- 
t i ve  heat fluxes originating in the combustion gases. The heat t ransfer  
t h r o u g h  the ceramic layer t o  the substructure will be increased by any 
translucense, which would allow a par t  of  the radiation heat flux t o  
pass through the barr ier  material. To quantify the e f fec t  of  trans- 
lucense of  engineering ceramics on the heat t ransfer  i n  diesel engines, 
Integral Technologies i s  conducting analytical studies using detailed 
computer codes which describe a r e a l i s t i c  engine thermal environment 
including gas-to-wall heat fluxes, a5 well as the combined radiation/ 
conduction heat t ransfer  t h r o u g h  a thermal barr ier  layer. A detailed 
parametric study will be carried o u t  in which t h i !  following parameters 
w i l l  be varied, and t h e i r  e f fec t  on heat barr-ier effectiveness w i l l  be 
studied: I> material absorption coeff ic ient ,  2) material conductiv i t y ,  
3) material thickness and 4) engine operating conditions (speed, 
fuel /a i r  r a t io ,  boost). An analysis o f  the resul ts  will yield bounds on 
c r i t i c a l  properties,  beyond which there i s  a reason f o r  concern about 
t h i s  e f f ec t . .  Also,  suggestions wi l l  be made for methods t o  control any 
adverse effects .  

Technical progress 

In order t o  study the e f fec ts  of translucense i n  ceramic layers, 
one needs t o  describe the main heat t ransfer  processes within such 
layers, which are conduction and radiation. An extensive 1 i t e ra ture  
review was performed in order t o  select  a radiation model accurate 
enough t o  describe the e f fec t  of pertinent parameters on to ta l  heat 
t ransfer ,  and yet t ractable  enough t o  be pract ical .  

Once such a model i s  constructed, i t s  success in answering the 
posed questions will be largely dependent on the proper choice of 
physical parameters, which i n  t h i s  case includes the complex refract ive 
index, single scat ter ing albedo, thermal conductivity and the specif ic  
heat of the medium. Unfortunately, information on properties f o r  cer- 
amic materials i s  sparse, especially for radiative properties. In the 
absence of re l iab le  property data,  the only feasible approach i s  t o  
perform a parametric analysis over a broad range o f  poss-ible values of  
the properties i n  order t o  account f o r  the uncerta-inty of  the chosen 
property values and t o  determine t h e  sens i t iv i ty  o f  the calculated 
resul ts  t o  the selected property values. Thus, an important par t  of the 
work is t o  determine the lower and upper bounds 011 these parameters, 
which shou7d be comprehensive, yet  n o t  overly broad, t o  allow meaningful 
conclusions t o  be drawn. 
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Combined Radi ation/Conduct.ion Model 

The genera7 scheme of eval irati ng the gas-ts-wal 1 heat t r amfe r  in 
diesel engines will involve the solution of a one-dimensional energy 
(heat transfer) equat ion within the wal l ,  coupled with the appropriate 
baundary conditions. The walt is assumed t o  be  composed o f  two layers ;  
an insulating coatirig materia? facing t h e  combustion gas and a metallic 
substrate (Figure 1). The gas side boundary condition (gas-to- 
convection and radiation) will be provided by an engine simulation code 
IRIS, described in !.lore1 et a 1 . l  The energy equation will be salved far 
two distinct reg ions :  a semitransparent region within the ceramic, and 
a f u l l y  opa~ue  region within the substrate. The energy equation fo r  
both  o f  these regions is given by 

pc = -P.q 

where p is density, c is specific heat, I is temperature, q is heat  flux 
vector = -kVT * F (combined candurstisn anti radiation), k is thermal 
conductivity, and F i s  radiative component of t he  heat f l u x  vector. 

The gas side boundary condition (see Figure 1) is given by 

a i s  absorptivity o f  the surface, G is incident rad iant  heat  f l ux ,  
ehissivity o f  the surface, EkA black’hody emissive power a t  temperature 
T, h is the convective heat ransfer coefficient- a t  the yas-wall inter- 
face, and k i s  the conductivity o f  the ceramic layer. It should be 
noted here h a t  ttie above temperature tm1mdarr.y condition irivol ves only 
t h e  portion o f  the radiant  energy spectru~ai which is beyond hc,  since 
only th- is portion o f  the energy inter*acts a t  t he  surface and must 
therefare be conducted directly from the  surface. This i s  becaiise t h e  
ceramic layer i s  assumed t o  be opaque t a  r a d i a t i o n  at. wavelengths beyond 
A _  (the suhstrate i s  opaque a t  all wavelengths), The rest aP the  energy 
pkmetrates i nsi de arid i nteracts v o ~  umctrical ly with the ceramic and 
w i l l  be taken into account by the radiative h m t  f lux  vector F, ads will 
be discussed in detal’l subsequently. The other boundary condition is  

where superscripts c and s d m o t e  ceramic layers and substrate  respec- 
ti vely. 

The radiative heat  f l u x  vector, which is an integral  over the whole 
spec ts~~m,  is computed separately by solving the equation o f  t ransfer  
describing thal, radiative intensity distribution in t.ha iiiedium. In the 
opaque region o f  the medium (substrate), F i s  identically zero and the 
energy equation becomes the Bamjiiliar unsteady conduction equation. 



~ a ~ i a t i o n  Heat Flux i n  Ceramics 

The ~ Q V ~ ~ ~ ~ ~ ~  equation f o r  radiation t ransfer  can be treated very 
accurately as ~ u a ~ i - s t a t i O ~ ~ r ~  Par most  engineerin applications 
( V i s k a t $ ) ,  because the time-scales o f  radiation a r  an order of  

here. I t  should be  p o i n t e d  o u t  thin% t h e  t i m e  ~ e p e n ~ e ~ ~ ~  o f  t he  radia- 
t i v e  f l u x  j s3  however, s t i l l  included, as i t  i s  coupled throai 
t ransient  t e ~ p ~ ~ a t ~ r e  distribution of the medium and through the time 
dependence o f  the gas-radi a t i  on process. Even though the term i nval v i  ng 
the  time derivative i i i  t h e  equat~ ion o f  t ransfer  can be neglected, the 
s o l u t i o n  o f  t h e  very complex inlegro-differenlial radiative t ransfer  
equatl’on i s  still a formidable task., The exact solution o f  t h i s  
equation e x i s t s  f o r  very few s imp le  geometrical s i tuat ions and almost 
excl  usi wely f o r  non-sca t te r i  ng medi urn ( V i  skanta and Anderson , 3  love  ,4  
and Viskanta and Sang5). 

~ a ~ ~ ~ t ~ ~ ~  belaw the scaI@s typ’iica’83y ei?cou!lt@red, and t h i s  hold5 also 

ecame o f  the in t rac tab i l i ty  o f  the exact equation, many approxi- 
mate schenies o f  s o l  utr’en o f  r a d i a t i v e  t ransfer  eq~ratfon have been 

. Among them, several applicab t o  the  problem a t  hand are‘ 
, requiring different, degrees o ~ o ~ ~ ~ ~ a ~ ~ a ~ ~ l  e f f o r t s .  Two 

commonly used approaches are t h e  discrete ord ina te  method ~~~u~ and 
IncroperaGI and the spherical harmonics m ~ t ~ ~ o d  ( c and Viskanta7).  
In the f o rmer  method, radiant e et’gy i s  d i v i d e d  discrete streams 
and t h e  phase function i s  expande endre polynomials 
about the scatterjng angle ,  and i n  ad a7 i s  replaced by 
a suitable quadrature. The s i x  f l u x  two f l u x  methods 

method, QI-I the other k ~ t h e  r a d i a t i o n  f i e l d  i s  expanded i n  terms a f  
kegendre p ~ ~ y ~ ~ ~ ~ ~ a l  b o t h  methods the result ing system o f  n o r  
homogeneous equations has t o  be solved t o  ob ta in  the radiation f i e l d .  
In t he  simplest sphericail harm~i-r ics method where only T.WO terms 
expansion are retained ( P I  ~ ~ ~ , ~ ~ a ~ ~ ~  t h i s  becomes identical t o  
Eddington’s approx i  a t i o n  which is applicable only i n  the o p t  
thick l i m i t  ( O z i s i k g ) .  The accuracy OP the spherical harmonics method 
improves as more terms are retained, b u t  t h a t  comes a t  the c o s t  o f  
increased ~ o ~ p ~ t ~ ~ ~ ~ ~ a ~  e f f o r t .  In a co par i son  o f  radiative t ransfer  

y Parward sca t t e r i  og l a m r  ~ ~ ~ e ~ i ~ ~  ( 
Viskanta7), i t  was ob ed t h a t .  the  two-Flux e thod  compares 

iscrete ordinates methad and higher rder spherical harmonics 
methods I but. i t  r e q i i i  res a cons; derably small e r  computali onal e f f o r t .  

i n t o  a serfecg 

are ,  essentially, subsets  o f  t h i s  me sphe r i ca l  harmonic. 

In v iew of  the above,  the two-flux method was chosen f o r  the 
present study. The general expression of the t w o - f l u x  model i s  o f  t h e  
form 
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where 
3 I 

FA i s  the  fo rward  radiative f l u x ,  e 

- f lux and r i s  the opta'call depth defined as  

i s  t h e  backward radiative 
' A  

where x i s  t he  normal distance from the surface i n t o  the inter ior  o f  the 
ceramic. I t  may be no ted  t h a t  the i i l t e g r a t i o n  l imits i n  eq (2c) extend 
only over the  wavelengths over which  the material i s  t r a n s 1 u ~ e n t  and f o r  
which the radiant energy penetcates into the  inter ior  o f  t he  ceramic.. 

Method o f  S o l u t i o n  

The energy equation has to be solved simultaneously f o r  the seirii- 
t ransparent  ceramic layer and the opaque substrate.  An addi tional 
boundary condition will be required t o  completely specify t he  system o f  
equations. T h i s  may be a convective boundary condition f o r  t he  coolant  
side of  t he  engfiw, o r  a fixed prescribed tmpera ture  on that interface. 

The governing equation (2)  has t o  be solved f o r  each A and then 
integrated over the semitransparent region o f  the coating. This i s  

p l  ished by discretizing the  semitransparent wavelength region i n t o  
a number o f  bdnds  over wbieh r a d i a t i v e  properties are assumed constmt,  
Each of these equations. i s  integrate2 over t.he wavelength bandj over 
which the radiative properties and baundary conditions are assumed ti? be 
uniform. T h i s  operation leaves the form of the flux equat ions unalter- 
ed,  except. for  the emission term which i s  replaced by an a quantity 
integrated over the band of wavelengths. Then a solu'i-s'ara of a pa i r  o f  
different ia l  equations i s  obtairmA for  each band. The solution o f  these 
equations provides the radiative f 1  ux integrated over the bandwidth. 
Itas sum o f  t h e  heat. fluxes ~ v e r  a l l  bands then gives the total  radiata've 
f l u x ,  These equations are solved w i t h  the temperature distribution o f  
the previous time s tep .  As already discussed, this  i s  an acceptable 
scheme since the changes in the temperature f i e l d  will be very small 
from one t ine  s t e p  t o  t h e  next.. 
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The chromatical 1y irst rated forward a ac kward f l  ux equations 

s are generate 
a t  both inte 

are further t i z e d  so t,hat 

The resu l t ing  ~ W O  sets  of linear equa- 
terative s o l u t i o n ,  

)i i t s  results were 
compared t o  a h i  h ly  accurate and i r i v o l  ~ ~ ~ e ~ ~ ~ a l  sal u t i  
and V i  skanta. a e specific test case 
one -in which scattering plays a signifi 
expected t o  be an 
and airiskanta comp ~ ~ r f ~ ~ ~ a ~ ~ ~ ~  of va 
geometrically sirn the scattering m 
para1 le1 slab of un i t y  x .  Since t h e  exp 
t h e i r  exercise was t o  under different scattering proper- 
ties, the medium t o  be cold  st3 t h a t  the emission term could 
be neglected. I n  amputation, t h i s  term was 
the medium was se a t  i t s  c ~ n t r ~ ~ ~ t ~ o ~  was ne 
boundaries were n 
were assumed t o  be suspended i n  a i r ,  
one of the ~ o u ~ ~ ~ r ~ ~ ~  wa5 assumr?d. In 
resent calculations ~ ~ o d ~ f ~ e ~  t 
f ue and Viskant 

thr the medium f o r  
sons are also shown 
transmittance i s excel 1 ent. but 
be lower than the ~ e n ~ ~ ~ ~ r ~  ea 
however, g e t  be t t e r  as medium 
b = 0.345, Table 1 
energy transmitted, t 
considered t o  be ser 
implemented correctly a 
relevant test case by a 

A study has been un ~~~~~e~ eo assess the sensitivity of 
parametem co a t ive  heat transfer process. This 
was done u s i n  del in a s t a ~ ~ - ~ ~ o ~ e  mode p r j o r  t o  

ase- 1 a" ne' condi - 
t i o n s  chosen as follows: 



Second surface ref lectance = 0 . 7  
Second surface eln i t tance = 0.3 

and the  inside reflectance o f  the f i r s t  surface was calculated us ing  t h e  
fa1  1 a w i  ng eqiiati on, which takes i nto  account. the t o t a l  i nterml 
reflection: 

Figlares 3 ta 6 show several  sawplFis from parametr ic study. F igure 3 
pertains t o  the e f fec ts  of scattper.ing albedc, It i s  plotted (as are a l l  
remaining figur-es) w i t h  respect. t o  t h e  o p t i c a l  th ickness I: =1 kL/(l-au). 
I t  appears t o  i ndi cat@ t h a t  i ncreds i ng the  scat ter i  ng a1 bedo i ncreases 
the transmittance. I n  fac t ,  when t he  e f f e c t  o f  u) on 'i i s  taken i n t o  
cons i rferati on, one f i  nds t h a t  i ncreas-i ng the a1 bedo decreasrls t h e  
t ransmi t tance-  Figure 4 shows t h a t  the e f f e c t  o f  the back s c a t t e r i n g  
fraatfora i s  small, especially as the phase function becomes less 
anisotropic (appraaching 0.5). The e f f e c t  o f  increasing r e f r a c t i v e  
i n d m  i s t-e, incrreaw the t ransmi t tance moderately (Figure 5). I t  shoul d 
be noted that. the refrac%ive index of ceraml'e material i s  expected t o  be 
quite close t o  1 . 5 ,  and the present resul ts  indicate that the u n c e r t a i~ 
ty i n  i t s  v a l w  i s  not  expected t o  lead t o  s i g n i f i c a n t  crrors. Ry 
cont ras t ,  cis would be expected, the i n f l u e t i r e  o f  t he  front. surface 
re f lec t iv i ty  i s  r a t h e r  substantia7 (Figure 6 ) -  This  imp l i es  surface 
fihish and depos i t i on  will great ly  in f luence t o t a l  r a d i a t i v e  heat, 
t ransfer .  I n  a l l  these p l o t s ,  i t  e m  be seen tha t  op t i ca l  depth is of 

e para mete^ i nf1 uenci ng the  1 oad s f  radiation heat t r ans  fer. 

Milestone I l a ,  niodel ferniulation was i-eached in March, 1986. 
W i  1 estone Ilh, node1 devel apment was completed i n August., 

No pub1 ications concerning t h i s  ~ o r k  S J P ~  prepared duririg t h i s  
period. 

Wefarenees .__. 

1- Morel, T., Kepibar, R . ,  Blumherg, P.  H. and Fort., E. F. (1986) 
"Examination of Key Issues in  Low Heat Rejectiars Eiit~ines, '~ S,'aE 
Paper 860316. 

2. Viskanta, 8. (1966), in I rvine,  T .  F. J r . ,  Harti-setZ., J. P. (eds): 
Advances in Heat Transfer, Vol. 3.  New York, London, Academfc 
Press. 

3. Viskanta, R., Anderson, E. E. (19751, "!-Deat Trans fer  i n  Ser i -  
transparent Solidr; ." in I r v i n e ,  T. F. J r . ,  Hartnett, S .  P. (eds). 
Advances i n  Heat -.1 Transfer, ' 401 .  11, New York, London, Academic 
Press 
Love (%958>, __...-...*a Radiaeiuri Heat T r a e ~ ,  C 4. E -  f4erkill Pub. Ca. 



2 1 1  

5. Viskanta, R. and Song, Tae-Ho (19851, "On the D i f f u s i o n  Approxi- 
mation f o r  Radiation Transfer- i n  Glass." Glastechnische Berichte, 
Val .  58, No. 4, pp.  80-86. 

6. Houf, W .  6 .  and Incropera, F. P. (19801, "An Assessment o f  Tech- 
niques f o r  Predic t ing Radiat ion Transfer i n  Aquaous Media," Journal 
o f  Q u a n t i t a t i v e  Spectroscopy and Radiat ion Heat Transfer, Vol. 23, 
pp.  101-115. 

7. Meng'hic, M. P. and Viskanta, R.  (1983), "Cornparsison o f  Radiat ive 
Transfer Approximations f o r  a Highly  Forward Scat ter ing Planar 
Medium," Journal o f  Q u a n t i t a t i v e  Spectroscopy and Radiat ion Heat 
Transfer, Vol. 29, No. 5 ,  pp. 381-394. 

8. Qzisik, M. N. (1985) Radiat ive Heat Transfer, Werbel and Peck, New 
York. 



Cool ant 
Side 

TCOol 

\-*----*- 

Subs t ra  Le 

2 1 2  

-\ 

‘-..--/+ p”” 

Ceramic 

/ 

Gas Side 

Figure 1: Physical k d e l  of the  Insulating Coating 



213 

1.S 

' 6.88 
c 
a 
11 

s 8.68 

i 
Y 

t 
t 0.40 
a 
n 
C 

6 
8.28 

F 9 Method 

Modified Two-Flux 

41.88 I 1.0L 0.18 1.w 10.86 
Opt Ica I Thickness 

Figure 2: Comparison of model predict ions to accurate literature 
results of Menguc and Viskanta (1982) for a scattering 
radiation medium. 

Pack Scattering hac. 4.5, tCr 1 4 %  = 1.6, Fr R f l  d . 2  
1.88 

Albedo, &f 
Reflectance 

Figure 3 :  affect of scattering albedo. 



214  

Back-Scattering 
Fract ion.  b 

Figure  4 :  Effect of back-seateering fraction. 
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Single Modified Two Fg Metnod Cal CUI a t i o n  
Bptical Back Scattering F l  cpx o f  

Depth Scattering Albedo o f  the Present Work-- __ Menguc & Yiskanta 
Reflectance Transmittance Reflectance Transmittance -_._ _LI _1_.---.---- ______ 1 Fraction . w --- 

0. a 0.039 0.8 et. 805 0.961 0.013 0.948 

2 0.039 0. If 0.055 0.452 a. 075 0.430 

10 a. 039 0.8 0.071 0.022 0.087 0.024 

1 0.345 0. a 8.244 a. 472 0.240 0.456 

9 61.075 8.8 0.070 0.641 0.093 Q.602 

1 0- 039 0.8 0.038 0.672 0.058 0.6393 
-___. 

Table I Cornpari son o f  model predictions to accurate 1 i terature resu9 t s  
s f  Mengufc and Viskanta (1982) f o r  a scattering radiation medium 
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of the bars, m y  MII,-S'HI "A". %e mallet- bars are much harder to 
a l i g n  in the  furnace and i f  they are n o t  properly centered it ccxi.kd 
result. i n  erronems cRata. A majority of faiJ.ures very close to  t h e  
beginning of the  steps are occurring w i t h i n  30 mitrutes of reaching the 
designated teqxx-at~re.  Stress rup tu re  keesting is cont inuing  on the 
HIT arid NGK TR's. 

Fracture toughness evsluaLion of the TYZ's has s t a r t e d  
heen decided to use the indent and break method. 'i%is m e t i i d  was 
chosen because th.e teclitlique is relat ively easy to do and can be done 
on the  s.31rrxe3 s i ze  bars t h a t  are used for flexinre t e s t ing .  

It has 

Rst. heat t rea tment  characterization has revealed that, as 
expected, the monix l in ic  phase content  (%m) changes with heat 
treatmnt t i m e ,  Fo r  t he  HIT the %ti is very low and stays Pow 
throughout t h e  tests. 
tes t ing,  but  the content is aiwul; 3 ti.ms higher than HIT. 
the  XY increases w i t h  increasing heat treatment t ime 
correl.ates \&ell with decrease in dens'I.ty and stretlcqth with heat 
treatment t h e  

The AC and IDS13 also had constant 8n tliroughouL 
The Bn for 

mis increase 

Hardness r e m i n s  e s s e n t i a l l y  cons tan t  for all T"I'Z's except KY 
which shows a slighL dccrease after 100 hrs of heat treatment the.  

The f i n a l  d raf t  OE the in-house technica l  ireport, aut-hored by 
Lise SehLoler, on the work done for the  l a s t  t h r e e  years has k e n  
edited and corrections are n w  k i n g  made. 



2 2 1  

Figure 5 .  Koransha "Sintered" Stepped-Temperature Stress RuDture  
d ' l  
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Figure 6.  % Monoc l in ic  Content vs Heat Treatment Time 
Z MONOCLINIC VS HEAT TREATMENT TIME 



2 2 2  

Fracture ~ e ~ u v i o r  of Tough.gned ceramics 
P .  F. Becher and W .  H .  arwick (Oak Ridge National Laboratory) 

Bbjective/scope 

Because of their excellent toughness, oxide ceramics such as 
partially stabilized zirconia (PSZ), dispersion-toughened alumina (BTA), 

is thought t o  be due to a stress-induced transformation (of the 
dispersed tetragonal ZrQ, phase) that requires additional energy in 
order f o r  catastrophic fracture to occur. However, t hese  materials are 
s e i  11 susceptibl t o  slow crack growth and thus strength degradation. 
Also there is l i  i t e d  evidence that a t  temperatures above 700QC, ti 
dependent aging 
involved in the transfor a t i o n  process leading to slgnificant losses 
in toughness and s t reogth .  It is essential that mechanisms responsible 
for bath the slow crack growth and aging behavior be well understood. 
Similarly the toughening behavior in whisker-reinforced ceramics and 
their high-temperature perfoymance must be evaluated in order to develop 
materials for particular applications. 

In response t o  these needs, studies have been initiated t o  examlne 
toughening and fatigue properties of t ransformatisn- toughened and whlsker-  
reinforced materials. 
standing the e f f e c t  o f  microstructure on processes responsible for* 
time-dependent variations in  toughness and high-temperature strength. 
In addition, fundamental insight into the slow crack growth behavior- 
associated with these materials is being abtained. 

whisker-reinforced cerama'cs are pri e candidates f o r  many diesel 
The enhanced toughn s s  o f  the PSZ and DTA materials ine components. 

ffects can reduce the  concentration of the phase 

Particular emphasis has been placed on under- 

Tech n i c a 1 p r o  q re s s 

Experimental results on the h i ~ h - t e ~ ~ ~ r ~ t u r ~  f r a c -  
ture strength behavior in 
forced compssftes. 
outer spans respectively) strengths are deter ined for rectangular cross 

2.5-mm thick by 2.6-mm wide by 20-mm l o n g )  whose surfaces 
ith a 220-grit diamond resinoid-bonded grinding wheel. 

The bar edges are beveled using a 6-pwp diamond lap with the direction o f  
polishing parallel to the length of the  bar, The flexure tests include 
(1) fast fracture strengths obtained by equilibrating the sample and 
fixture f o r  15 min a t  the test temperature and then fracturing the 
samples at a stressing rate of >3Q MPa/s, and (2 )  fracture strengths 
retained after exposing the sample a t  a selected temperature to a fixed 

umjna-20 vol % Si@ whisker rein- 
Four-point flexure ( 6 , 3 5 -  rn and 19.05-rnrn inner and 

stress ( 2 / 3  of the fast fracture strength a t h a t  temperature) 

o f  the mechanical 
esired t i m e .  The latter t e s t  [an interrlapte static fatigue 
e s t ]  provides data on the  long-ter 

As noted by Becher and Wei,' the flexure strengths of such com- 
p r o p e r t i e s  at e levated  temperatures. 

posites are sensitive to the degree o f  microstructural homo 
(i.e., the uniformity o f  dispersion of t he  whiskers in the dense 
matrix). Thls can be seen by the improved strengths, Fig. 1, which a m  
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F i g .  1. The h i g h  f r a c t u r e  s t r e n g t h s  o f  t h e  alumina-20 v o l  % S i c  
wh isker  composi tes a r e  main ta ined t o  temperatures approaching 1200°C. 
The two p l o t s  a r e  r e p r e s e n t a t i v e  o f  t h e  temperature dependence o f  t h e  
f r a c t u r e  s t r e n g t h s  f o r  composites f a b r i c a t e d  by d i f f e r e n t  processes. 
The lower  curve  i s  r e p r e s e n t a t i v e  o f  m a t e r i a l s  f a b r i c a t e d  by techniques 
u t i l i z e d  i n  t h e  pas t .  
curve  a r e  r e p r e s e n t a t i v e  o f  m a t e r i a l s  f a b r i c a t e d  u s i n g  improved wh isker  
d i s p e r s i o n  techniques.  

The improved s t r e n g t h s  i l l u s t r a t e d  by t h e  upper 

o b t a i n e d  when f u r t h e r  re f inements  a r e  made i n  t h e  e l i m i n a t i o n  o f  wh isker  
and m a t r i x  powder agglomerates and i n  improv ing t h e  d i s p e r s i o n  o f  t h e  
wh iskers  i n  t h e  m a t r i x .  In t h e  case o f  p r e s s u r e l e s s - s i n t e r e d  
composi tes where comparable toughness va lues  a r e  obta ined,  t h e  f r a c t u r e  
s t r e n g t h s  a r e  lower  as a r e s u l t  o f  t h e  lower  d e n s i t i e s  c u r r e n t l y  
achieved by t h i  s process ing  r o u t e .  

t u r e  s t r e n g t h s  i n  an o x i d i z i n g  environment ( a i r )  t o  temperatures i n  
excess o f  1000°C as shown i n  F ig .  1. The two alumina-20 vol % S i c  
wh isker  composites e x h i b i t  v e r y  s l i g h t  changes i n  s t r e n g t h  between room 
temperature and 1100OC; however, a t  128O*C and above t h e r e  i s  a marked 
loss i n  s t r e n g t h .  

The alurnina-20 v o l  X S i c  wh isker  composites r e t a i n  t h e j r  h i g h  f r a c -  
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S t u d i e s  o f  t h e  r a k e  o f  ~ ~ i d a t f o n  o f  thi? a lam ina  20 v o l  X S i c  
w h i s k e r  reinforced con~pssit,es, as  dete.rinined by w e i g h t  chacge as 3 func- 
t i o n  of time, r e v e a l  a s u b s t a n t l a !  i n z c e a s e  l s r  nxidat.. ion ra tes  w ; t h  
i n c r e a s e  i n  t e n p e r a t u w .  F o r  example,  f o c  expssurc tjmes o f  under 
100 h, t h e  o x i d i a t i o f i  r a t e  a t  1 2 W C  i s  10- eo 15- fn ld  greater .  t h a n  t h 3 t  
a t  1OOO"C, w h i c h  i s  2- t o  4 - f o l d  gr l2a ter  t ha i i  t ha t  at. 800"C.3 The 
s u b s t a n t i a l  i n c r e a s e  "1 nx ida t i ' on  ra te5,  d w  t o  the SiC--;xygt?n i-eactiois, 
a t  1200°@ colneidei wjt.h the  l o s s  i n  f r a s twrc  s t w n g t h  i n  the  com- 
p o s i t e s .  

a i r  a t  e l e v a t e d  tsmperatures can p e n e t r a t e  l o c a l l y  i n t o  the compos:te t o  
f o r m  larger  d e f e c t s .  The l o s s  i n  s t w f i y t h  i n  z i ~  a t  t e m p e r a t ~ r e s  above 
1100°C i s  r e l a t e d  t o  t h i s  o x i d a t i o n  b e h a v i o r .  The skipface layer f o r - -  
mation i s  a r e s u l t  o f  t h e  o x i d d t i o n  of  t he  S1'C w h i s k e r s  and t h e j c  c h ~ n r i -  
cal i n t e r a c t i o n  w i t h  t h e  alumina m a t r i x .  W i t h  the g e n e r a t i o n  0.5 a 
surface l a y e r  o f  S iO ,  d u r i n g  oxidation o f  the  S i c  wh iske rs ,  t h e r m -  
dynamjcs would p r e d i c t  t h a t  m l l i t s  should form a t  t h e  Al ,O , -S iO,  
i n t e r f a c e .  Indwx.l, t k  f o r m a t i o n  of  f i n e  mullite p a r t i c l e s  has been 
observed at. the a1 urn*< na-SiC whi s k c r  i n t e r f ~ e  at elevated temperature.  
The k i n e t t c s  o f  r n u l l i t a  f o r m a t i o n  alee PnhaDaced by i m p u r j t i e s ,  and i n  
pu re  systems t h e  r e a c t j o n  r a t e s  a r e  q u i t e  s low. 
term stability o f  t h e  phases present and t h u s  improved mechanicall p r o p -  
e r t i e s  a t  t empera tu rps  >1200°C, e i t h e r  i m p u r i t i e s  mdst be cont:-o'bled o r  
m a t r i x  i f iater"1 s t h a t  resu l t  i n  g r~a t ,e , r  therfi?sdyi,amiC s t a b i  1 i ty must be 
se? tlcted" 

The f r a c t u r e  s t r e n g t h s  retained a f t e r  va:-iQus t i 'mes o f  exposure  t o  
an applied s t r e s s  at. $00, 1000, and llOO°C are  shows i n  F i g .  2. A t  
1000°@, the  samples werc subjected t o  an a p p i i 4  %tress  o f  355 !+'a (2/3 
o f  the  f a s t  f r a c t u r ~  s t r e n g t h  at, 100O'C). i he  retained fr&cture 
s t r e n g t h s  increase w i t h  e x p o s u r e  ti'riies o f  up t o  1800 h. Similar beha- 
v i o r  i s  a l s o  observed a t  800°C w l t h  an a p p l i e d  st.ress o f  405 MPa (2 /3  o f  
t h e  f a s t  f r a c t u r e  s t r e n g t h  a t  SO?nC).  A t  llOO°C w i t h  an a p p l i r d  s t r e s s  
o f  370 MPa (2/3 o f  t h e  f a s h  f r ac tu re  st.Pow?gt$a at; l1003C), the  w t a i i i e d  
f r a c t u r e  s t r eng th  i n i t i a l l y  i n c r e a s e s  f o r  an exposure %?me o f  100 h .  
A f t e r  100 A ,  the  re ta ined  fractLnrc s t r m q t h a  a t  11003@ remain  constant 
with cof~'iii1tJed e x p o s ~ ~ r e  tiimes o f  up t o  1000 h .  Thus the  SiC-Whisker- 
reinforced a luminas  exhjb i t .  cons iderable  promise  f o r  l ong - te rm a p p l i c a -  
t i o n s  i n  ox ic i . i z ing  env i ronments  a t  temperatures o f  up t o  llOO°C w i t h  
a p p l i e d  stresses s f  u p  t o  2/3 t h ~  f i .acture s t w n g l h .  

A sur face  l a y e r  formed d u r i n g  the  exposure o f  these composi tes t o  

If  one d e s i r e s  l ong -  

- 

None. 

P u b l i c a t i o n s  . . . . . . . . . . .- 

None. 



Fig. .  2 .  The retained fracture 
s t a t i c  f a t i g u e  o f  alumina reinforce 

and 11QO"C. The fracture? s 
sure t i m e  f o r  samples subject@ 

f a s t  f racture  s t r eng th  a t  t h e  desi 
OC, the retained f 

slcreasing time of exposut-e. How 
s t rengths  remain constant w l  
increase i n  retained strengt" 
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QcJic Fatigue Tou~haned Cez-mics 
K .  C. Liu and C. W. Brdnkman (Oak Ridge National Laboratory) 

The objective o f  this t a s k  actlavity is t o  demonstrate the  capability 
t o  perform tensisn-tension dynamlc fatigue testing on a uniaxially loaded 
ceramjc specimen a t  e levated  tempepatures, 

Three areas of research have been Identified as t h e  main thrust s f  
t h l o  task:  (1) derign, fabricatlow, and demonstration o f  a load train column 
t h a t  truly a l i g n s  w i t h  the  line o f  spec1 en  loading-, (2) development of 
a simple specimen grip t h a t  can effectively link the  load train and test 
specimen w i t h o u t  cmplicatfng the specimen geometry and, hence, minimize 
the  c o s t  o f  the  test, speclrnen; and ( 3 )  design and analysis o f  a speca'men 
POP tensile cyclic fatigue tes t - r ' f i y .  

~ . . . .  Technical proqresz 

TWO approaches i n  speci en heating have been pursued, na 
reststance and inductance heat ing  methods, 
the  previous r e p o r t .  
a d  received. It has six Kanthal Super heating e le  e n t s  capable o f  
ach-9eving temperatures as  h igh  a s  1800QC, 
associated w i t h  the high-ternperatuw t e s t  system were received a1 so .  
Preparations f o r  tr-r'al heating are in progress. 

The resistance heating method has been used f a r  many years in t h e  
t e s t i n g  o f  ceramics,  In contrast, heatiing by induction power has pr~t been 
widely used in tensile testing of ceramics, Because o f  i t s  unique heating 
characteristic and c ~ r n p a ~ t w s s ,  we w e w  a b l e  to develop a simple and e f f e c -  
t l v e  method o f  heating by inductlan t h a t  i s  especially convenient fat- high- 
temperature testing of ceramics. This method p e r m i t s  replacement o f  the 
high-cast ceramic g r i p p l n g  fixtures w i t h  less  expensive p u l l - r o d  fixtures 
made o f  a wlckel-base allay because the heating power can be focused i n  the  
gage section o f  the  specimen. The drawback is t h a t  the maximum speclmen 
temperature is limited by the ability of  t h e  pull-rod alloy t o  withstand 
t h e  stress a t  temperature (abaut 3,000"C maximum). 

The former was discussed in 
Since then t h e  ref is tanee heating furnace was order@ 

The ceramic gripping fixtures 

An alumina specimen was initially heated f o r  a short time with a 
j nduc t i on  g e n e r a t ~ r  t o  1300°C. The specimen heating 

d indlrectly via a short tubular susceptor made s f  si1 
a heating element centered on the specimen and i n d u c t i o n  load coil. The 

sceptor I s  about  50 rnm long with an inner diameter o f  39 
11 th lckness,  To preserve t h e  maximum heating power arou 
on, the susseptorr is encapsulated in a cylindrical f i r e b r i c k  shell and 

capped o f f  a t  both ends. The heater fits the entire space be 
eta1 pull-rod f f x t u r e s .  The specimen temperature was measur 
easesnably undform w f t h i n  the  25-mm gage length, with a s m a l l  temperature 

dvop-of f  o f  about 25°C 
s0uB"ce was reasonably w 11 insulated, the  heat  dissipated from both ends o f  
t he  specimen t o  the  pul rads did  n o t  appear to have overheated the metal 
fixtures, Overall observa t fons  indicate that this heating method i s  
appropriate for applicatlons t o  fatigue t e s t j n q  o f  structural c e ~ a m i c s .  

et; is the traderpame o f  iw;pa"oved molybdenaara? disiliclde 

t both ends o f  the gage section. Because the heat 

I_... ._ ____.. * 
heatdng elements manufactwed by Kanthal Cssporatlsw . 
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D i f f i c u l t i e s  encountered du r ing  i n i t i a l  i n d u c t i o n  heat ing  experimen- 

To avo id  those problems, t h e  

t a t i o n  were: (1) the  temperature g rad ien t  along t h e  gage sec t ion  cou ld  n o t  
be measured o p t i c a l l y ,  ( 2 )  a mechanical extensometer cou ld  n o t  be at tached, 
(3 )  specimen setup was somewhat cumbersome. 
heat ing  s t ra tegy  was mod i f ied .  
carb ide  was c u t  i n t o  two halves along the  l o n g i t u d i n a l  ax i s .  
were then assembled back i n  t h e  f i r i n g  p o s i t i o n  a f t e r  the  specimen was 
loaded i n  the load  t r a i n  column. The h a l f  s h e l l s  were s l i g h t l y  separated 
w i t h  a gap t h a t  prov ided good v i s i b i l i t y  o f  t he  gage sec t i on  f o r  the  tem- 
pera ture  and s t r a i n  measurements by o p t i c a l  inst ruments o r  by a mechanical 
extensometer. To heat  the  susceptor e f f i c i e n t l y ,  t he  l oad  c o i l  was 
s i t u a t e d  h o r i z o n t a l l y  w i t h  t h e  windings separated i n  two sec t ions  by about 
50 mm and centered on the  t e s t  specimen, as shown i n  F ig .  1. The susceptor 
s h e l l ,  n o t  v i s i b l e  i n  F ig .  1, was press f i t t e d  i n  the  c a v i t y  a t  t h e  i nne r  
ends o f  t he  f i r e b r i c k s ,  which i n  t u r n  f i t t e d  i n s i d e  the  c o i l  opening. The 
f i r e b r i c k s  were h e l d  together  by g lass  f i b e r .  No d i f f e r e n c e s  were no t i ced  
i n  the  heat ing  c h a r a c t e r i s t i c s  o f  t he  specimen, except t h a t  the l a t t e r  
method requ i red  somewhat more power. However, t h e  small power loss was a 
wor thwhi le  t rade -o f f  t o  ge t  around t h e  d i f f i c u l t i e s  encountered i n  the  pre- 
v ious  heat ing  method. 

Impor tant  f i n d i n g s  and observat ions 

developed and demonstrated t o  be a simple and e f f e c t i v e  method o f  heat ing  
alumina specimens f o r  prolonged pe r iods  o f  t ime t o  temperatures o f  a t  
l e a s t  13OO0C. 

Status o f  mi lestones 

F i r s t ,  t he  t u b u l a r  susceptor o f  s i l i c o n  
The halves 

The induc t i on  heat ing  technique, us ing  a 2.5-kW generator ,  was 

A d r a f t  r e p o r t  (Mi lestone 321403) was completed cover ing des ign and 
i n i t i a l  t e s t  r e s u l t s  of g r i p s  f o r  u n i a x i a l  f a t i g u e  t e s t i n g  o f  ceramic 
mater i  a1 s. 

Pub1 i c a t i o n s  

None. 
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VIRONMENTAL EFFECTS 

Ststlc Behavior of Tounlfrened Ceramics 
. M. Ferber, T ”  H i m ,  and G. Zejgler ( U n i v e r s i t y  o f  I l l i n o i s )  

0 h j e c t  i ve/scope 

s t a b i  1 i t y  o f  toughened cerami cs f o r  d i  esel engi ne appl i c a t i  ons. The work 
i s  d i v ided  i n t o  the two tasks.  The f i r s t  i nvo l ves  the  measurement o f  the  
time-dependent s t rength  behavior  o f  ceramic bend-bar samples as a f u n c t i o n  
of temperature and app l ied  s t ress  us ing  t h e  I n t e r r u p t e d  Fat igue (1.F.)  
method. Although a v a r i e t y  o f  candidate engine ma te r ia l s  w i l l  be 
exami ned, cur ren t  s tud ies a r e  focusing upon commerci a1 ly awai l a b l e  
p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ). 
m i  c ros t  ruc tu res  of selected I. F. specimens are cha rac te r i  zed us i  ng SEM and 
TEM. I n  add i t ion ,  x-ray d i f f r a c t i o n  and d i l a tomet ry  s tud ies  are used t o  
examine changes i n  t he  t ransformat ion behavior o f  t h e  PSZ ceramics 
resu l  L i n g  f rom the  h i  gh-temperature exposure. 

The o b j e c t i v e  o f  t h i s  program i s  t o  study t h e  long-term mechanical 

In t h e  second task,  t h e  

Techni ca7 progress 

( a )  Procedure 

Two eommerci a1 Mg-PSZ cerami cs* designated PS-PSZ ( thermal shock 
grade) and MS-PSZ ~ ~ a x i ~ ~ ~ ~ ~  s t reng th  grade/1983) were chosen f o r  i n i t i a l  
t e s t i n g  s i n  e both are pr ime candidates f o r  use as pro to type d iese l  engine 

(83) and TS (84 ) )  were examined. 
form of e i t h e r  c i r c u l a r  d i scs  100 mn i n  diameter and 7.6 mm t h i c k  o r  
rec tangu lar  plates (101,6 x 101.6 x 6.35 m). 
(25.4 X 2.82 X 2.5 mn) were then machined from these shapes f o r  subsequent 
mechanical proper ty  s tud ies.  The t e n s i l e  sur face  o f  each sample was 
po l i shed t o  a 0.25 urn f i n i s h  and the  edges beveled us ing  a 6 pm diamond 
wheel 

The f a t i g u e  behavior was determined m i  ng an i n t e r r u p t e d  f a t i g u e  
( 1 * F * )  technique i n  which the  four-po int  ben s t r e n g t h  Sf  was measured as 
a func t i on  o f  t ime (TI, temperature (T),  and app l i ed  s t ress  ( u a ) .  This  
method has several  advantages over colnventi m a l  s t a t i c  f a t i g u e  t e s t i n g .  
F i r s t ,  s ince -time 4s a c o n t r o l l a b l e  quan t i t y ,  problems associated wi th an 
unpredic tab le fatl’gue l i f e  (as i n  t h e  case of s t a t i c  f a t i g u e )  a re  
avoided. I n  the present Study,  t h i s  fea ture  al lowed f o r  p e r i o d i c  
examination o f  t e s t  specimens SO t h a t  changes i n  both phase composi t ion 
and t rans format i  on character3 S t i  CS Could be asce r ta i  ned. A Second 
advantage i s  t h a t  processes r ’espons ibk  fo r  both s rength degradat ion and 

Both 1983 and 1984 v in tages o f  t h e  TS PSZ (designated TS 
S t a r t i n g  ma te r ia l s  were obtained i n  t h e  

Rectangular bend specimens 

s t rength  enhancement can be read i  ly d i  s t i  ngui shed e E! 
l_l_ * Manufactured by Nilcra Ceramics, SA Office, Glendale Heights, 

I 1  1 i n o i  s, 



I.F. studies i n v o l v i n g  both m a t e r i a l s  were conducted a t  temperatures 
o f  500, 800, and 1000°C f o r  exposure t imes ranging from 1 t o  1008 h.  The 
base l ine  data were estab l i shed us ing specimens subjected t o  a ze ro  stress 
l e v e l  Subsequent t e s t s  were then performed w i t h  a, equal t o  60, 70, and 
80% o f  the  f a s t  f r a c t u r e  s t rength  (i.e. 60, 70, 80% of  S f  values measured 
a t  t he  same T f o r  'c = 1 h and Q Tables 1 and 2 o u t l i n e  s p e c i f i c  
t e s t  cond i t ions  considered t o  d%te for the MS and TS ma te r ia l s  
respec t ive ly .  For each cond i t ion ,  Sf was determined a t  temperature by 
f r a c t u r i n g  th ree  o r  more samples. However, i n  a few cases specimens were 
he ld  a t  temperature but not  f ractured,  As discussed below these samples 
were used t o  examine the  creep deformat ion behavior. 

A l l  t e s t i n g  was conducted i n  a s p e c i a l l y  designed F lexure Test System 
(F.V.S.)" capable of ho ld ing  up t o  th ree  bend samp1es.t The general 
layout  o f  the  F.T.S. i s  shown i n  Fig. 1. The Tes t  Frame contains the 
hardware f a r  app ly ing  mechanical forces t o  each o f  t h ree  samples which are 
supported by aluminuni oxide (A1 03) fou r -po in t  bend f i x t u r e s .  The loads 
are generated by pneumat ica l ly  $ r i ven  a i r  cy l i nde rs  loca ted  a t  the top s f  
t he  support frame. These loads are t ransmi t ted  i n t o  the  hot zone o f  t he  
furnace through A1203 rods. Each o f  t he  bottom t h r e e  A1203 rods are a l s o  
attached t o  a load c e l l  which monitors the appl ied fo rce  as a f unc t i on  o f  
time, Water-cooled adapters connect the aluminum oxide rams t o  both t h e  
load c e l l s  and the  a i r  cy l i nde rs .  The computer monitors the  load on each 
specimen and provides necessary adjustments i n  the  a i r  pressure ( v i a  the 
e1 ectro-pneumati c t ransducer 1 such t h a t  the desi red st ress  l e v e l  i s  

f rac tu red  us ing a prescr ibed load ing  r a t e  (345 KPa/s i n  the  present 

Table 1: I.F. exposure cond i t i ons  examined f o r  NS PSZ (83 v in tage)  

= 0). 

a in ta jned.  Fo l low ing  the  designated exposure time, t h e  samples are 

study).  

T (  I /  
Stress Level ( % I /  Exposure _I Tiine (h) 
u (MPa) 0.5 24 168 3 36 1008 a 

800/0/0 
800/60/207 
1 ooo/o/o 
1000/60/172 

X X X X X 
0 X X X X 
X x X X X 
0 X X X X 

Note: X-I.F. t e s t  cond i t ion ;  O-condi t ion not examined. 

The F.T.S. design i s  based on a s i m i l a r  system o r i g i n a l l y  developed 
by S. M. bliederhorn and N. J. Tighe o f  t he  Nat ional  Bureau o f  
Standards. 

data col l  ect  i on. 
0 Two manually c o n t r o l l e d  F.T.S, u n i t s  to supplement the  
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Table 2: 1.F. expos~srr csnd-s'tions examined for TS PS2 

V i  ntage/P ("C)/ 
S t r e s s  l m e l  ( % j /  m c r s u i " e  i i w  ( h )  
u' (!!Pa) 0.5 24 168- 33K----- 1008 a 

X 
0 
X 
0 
X 
0 
X 
0 
0 
0 
X 
0 

0 
X 
0 
X 
X 
X 
X 
X 
X 
X 
0 
X 

0 
X 
0 
X 
X 
X 
X 
X 
X 
X 
X 
X 

0 
X 
0 
X 
X 
X 
X 
X 
X 
X 
0 
X 

0 
X 
0 
X 
X 
X 
X 
X 
X 
X 
X 
X 

ll_l_.__)____ .- I._ ........... -....,. ____ 
? { ( ~ e :  X-I.F.'. t e s t  c o n d i t i o n ;  O-cond i t i on  n u t  examined. 

Several techniques were B . ~ S P ~  t o  c h a r a c t e r i z e  both t h e  as-received and 
tested I.F. samples, F o r  exampip, t he  m i c r o s t r u c t u r e s  were examined  u s i n g  
both s tandard  ceramographic methods and SEH. 
allcb-:ed f o r  characterization of f r a c t u r e  surfaces. 
add-r'ii'onal i n f o r m t i  on concern ing  microstructural and phase changes 
o c c u r r i n g  i n  bo th  t h e  t e n s i l e  and compressive reg ions o f  the fractured 
1.:. s p e c i x n s .  Fina l ly ,  the  volume f v a c t i o n s  o f  t h e  cubic  ( c ) ,  
%etragnnal  (t), and monoclinic (iii) phases were d e t e r n i n d  i r o n  x-ray 
d i  f f r a c t i v n  aiid Raman spectroscopy s t u d i  PS .* 
u s i n g  a dclzrl pushrod d i  latomster."" 
an N ? S  sing;e crystal  A1203. 
L I J Z  as - rzc2 i  Y &  ;;ateri 31 s ,  t h e  d i  1 atorneter was insdi f i ed  so t h a t  
t m g e r d t u r e s  3s low BS -190°C colr ld  be achieved,  The cxpansion- 
con t i -ez t i on  charac ter i  s t i e s  vere a l so  meast:red f o r  selected I .F. 
samsplcs. 
used t o  exai-ii-ine changes i n  t h e  (t)-(;il> t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  
(7it-i S i  ng  fro^ the h i  gh-tefq3eratuPe eXpOS;JiY, 

e x p s ~ u r e  VJZIS &.termiced f06- Sc?Ve;.a? O f  t h e  1.F- s~iipls.; us ing  two 
hods. F i r s t ,  tkc  permanent. def l ec t io r~  ~ d l ;  msa.zured a t  v a r i o i i s  

p o s i t i o n s  along t h e  f l e x u r e  specimens which w i - e  exposed but no t  

* Measurements p r o v i d e d  by 2. F. Becher and 6, Reguil, Oak Ridge N a t i o n a l  

** 3 i l a t r s n i e  11, Theta IndustrSes, INC., P o r t  !dashingtan, P4er.r Yai-k, 1-m 

The l a t t e r  technique a1 so -- 
ikM stl idSes p r o v i d e d  

The thermal expansion bchav io r  of the MS and IS ceramics vas  measured 
'1 he re fe rence  s tandard  cons is ted  o f  

In order t o  t t s t a b l i s h  t h e  Ms temperai~,re o r  
+ I .  . 

 he i - e s u l t i  ng d a t a  (percent alongat ior :  versus tei i rpesature) wcre 

T h e  e x t w t  of creep de fo rmat ion  resuli i  ny from the  h i  cjh-temperature 

_..... -_ . 

Laboratory, Oak Ridge, T N .  

bzSoratnry, Oak Ridge ,  TN. 
p e i - a t ~ ~ e  I - T w ~ s ~ J ~ ~ : w ~ ~ s  provided by P. F. Gecher, Ozk R i  dgp Nati m a l  
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Figure 2. interrupted fatigue data for MS PSZ tested at (a) 800°C and 
(b) 1 OOOOC revealed no clear dependency upon applied stress or exposure 
ti me. 
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f r a c t u r e d .  Actual  measurements were dstt6trw-ined wi th  an o p t i c a l  microscope 
equipped w i t h  a f i l a r  eyepiece, 
a t tached t o  the F.T.S. so t h a t  real time d e f l e c t i o n  measurements cou ld  be 
made. 

I n  t h e  second method, an L.V.D.T. was 

( 2 )  I .F. and Deforniat i  on Behavior  

The I.F. da ta  f o r  t h e  MS PSZ samplrs t e s t e d  a t  800° and 1008°C a r e  
i l l u s t r a t e d  i n  F igs .  2 (a )  and ( b ) ,  r e s p e c t i v e l y .  A t  800"C, t h e  s t r e n g t h  
a t  both t h e  0% and 60% s t r e s s  l e v e l s  e x h i b i t e d  a s u b s t a n t i a l  s h o r t - t e r m  
inc rease  and then was re7at ive:y  independent of t ime.  The e x t e n t  o f  t h i s  
i n c r e a s e  i n  Sf  was on l y  m a r g i n a l l y  dependent upon t h e  s t r e s s  l e v e l ;  t h e  
sLrength be ing  s l i g h t l y  greater f o r  t h e  stressed samples (a  = 207 MPa) a t  
a l l  values o f  T. 
s t r e n y t h  liidxiiiiuln a t  T --ZOO h f o r  bo th  t h e  s t ressed  and u n s t r e s s e d  
samples. 
we11 below the s t a r t i n g  s t reng th .  

R e s u l t s  f r o m  the  1,F. rneasiirernents f o r  Ihe TS(83) PSZ tested a t  500" 
and 800°C a re  shown' in  F i g .  3. 
samples ( 6 0 % )  d i d  n o t  c h a n g ~  apprec iab l y  f o r  exposure t i nes  up t o  1008 
h. Iloweves, when t h e  T was r a i r e d  t o  800"C, S i n i t i a l l y  increased f o r  
T .: 100 h and then decreased a f t e r  1008 h t o  353 -b: 56 MPa, which i s  
comparable t o  t h e  va lue obta ined a f t e r  24 h. 
o f  a p p l i e d  stress, e x h i b i t e d  a d e f i n i t e  & f i n i t e  mesxirnurn w j t h  
i ncreas i  ng exposure ~i me. 

The I.F. da ta  at. 1000°C (F ig.  2 ( b )  r e v e a l &  a mildest 

A t  l onger  exposure t i m e s ,  Sf for  the 8% s t r e s s  level dropped 

A t  500°C the s t r e n g t h  o f  t h e  s t ressed  

T h e r e f o w ,  under a p p l i c a t i o n  

Sf 

Figtire 3. 
independent of  t iw .  
60% s t r e s s  r e s u l t e d  i n  a s t r e n g t h  maximum. 

S t r e n g t h  o f  TS(83)  samples s t ressed  a t  500°C ( a )  was 
F o r  te5t-s conducted a t  800°C t h e  a p p l i c a t i o n  of t h e  
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S i m  j a r  behavior  was observed when the  TS samples were s t ressed (0 
172 Mtaa) a t  XOOO'C (F ig .  4).  However, t h e  average s t r e n g t h  a f t e r  1008 
was on ly  85% o f  i t ' s  i n i t i a l  s h o r t - t e r m  value (T = 24 h).  
was a p p l  ed, t h e  s t r e n g t h  d i d  not  change s i g n i f i c a n t l y ,  a t  l e a s t  t o  360 h, 
t h e  e x t e n t  o f  (83) data. These r e s u l t s  suggest t h a t  f o r  T > 800"C, t h e  
applied s t r e s s  l e v e l  can have a dramat ic  a f f e c t  upon t h e  l o x g - t e r m  
mechand c a l  behavior,  

group o f  PS(84)  samples a t  bo th  800" and 1000OC. 
ob ta ined a t  1000°C ( F i g .  5)  were very s i m i l a r  t o  those f o r  t h e  1983 
v i n t a g e  specimens. The only apparent d i f f e r e n c e  was t h a t  the maximum i n  
t h e  TS(84)  curve f o r  t h e  s t ressed samples occurred a t  a s l i g h t l y  l o n g e r  
exposure time. Th-is d iscrepancy may have been due t o  d i f f e r e n c e s  i n  t h e  
s h o r t - t e r m  (T = 0.5 h )  s t r e n g t h s :  304 i 2 6  MPa f o r  TS(83) and 375 t 2 0  MPa 
f o r  TS(84). 

I n  order  t o  b e t t e r  elucidate  t h e  r o l e  o f  Q upon f r a c t u r e  s t rength ,  
t e s t s  i n v o l v i n g  t h e  ~ ~ ( 8 4 )  PSZ exposed a t  ~ ~ ~ a ~ a w e r ~  conducted u t i l i z i n g  
60, 70 and 80% a p p l i e d  s t r e s s  l e v e l s .  Resu l ts  f o r  these I,F. tiests are 
shown i n  F igs.  6 ( a ) - ( c > ,  Ac tua l  values o f  CI were 207 MPa (60%), 241 MPa 
(70%) and 276 MPa ( G O % ) ,  A t  t h e  60% l e v e l  (? lg .  6 ( a ) ) ,  S f  e x h i b i t e d  a 
s h o r t - t e r m  i n c r e a s e  f o r  .r<336 h ,  w h i l e  110 s ~ ~ e ~ ~ t ~ e n i ~ ~  was observed f o r  
t h e  unst ressed samples. These results are  i n  agreement w i t h  those 
observed f o r  ' t h e  83 m a t e r i a l .  Data f o r  the  70% s t r e s s  gave evidence o f  a 
small drop i n  Sf  d u r i n g  t h e  f i r s t  168 h o f  t e s t i n g  ( F i g .  6 ( b ) ) .  
exposure t imes, t h e  s t r e n g t h  increased i n  f a s h i o n  s i m i l a r  t o  t h a t  a t  t h e  
60% l e v e l .  F i n a l l y ,  as shown i n  F i g ,  6 ( c )  t h e  s h o r t - t e r m  decrease ?in S f  
became even more e x t e n s i v e  a t  t h e  80% s t r e s s  l e v e l  a Therefore,  t h e  1 ,F .  
behav io r  o f  the TS PSZ (84)  was c h a r a c t e r i z e d  by s t r e n g t h e n f n g  and 
weakening processes bo th  o f  which were s t r o n g l y  dependent upon t h e  a p p l i e d  
s t r e s s  e Possi b l  e mechani sms are  discussed be l  ow, 

Both t h e  TS and MS samples t e s t e d  a t  1000°C under s t r e s s  exper ienced 
s i g n i  f j c a n t  creep deformat ion,  P r e l i m i n a r y  r e s u l t s  obta ined f rom post -  
exposure o p t i c a l  measurements a r e  shown i n  Fig .  7 ( a )  f o r  t h e  MS PSZ and 
Fig.  7 ( b )  f o r  t h e  TS (134) PSZ. MS f l e x u r e  samples t e s t e d  for  1008 ki 
e x h i b i t e d  a maximum permanent deformat ion a t  sample midspan nf  -320 urn 
while m a x ~ ~ ~ ~ ~  d e f l e c t i o n  i n  TS samples exposed f o r  336 h was -140 urn. 
The i imp1 i c a t i  ons o f  t h i s  behavi o r  concernj ng s t r e n g t h  var-1' a t i  ons a r e  
d iscussed bel  ow. 

= 

When no s t r e s s  

The r e ~ r ~ d u ~ ~ ~ ~ ~ ~ t y  o f  t h e  1 . F .  data was examined by t e s t i n g  a second 
The general t r e n d s  

A t  l o n g e r  

(3 )  X-Ray and D i l a t o m e t r y  Resu l ts  

X-ray analyses o f  the polished sur faces o f  f r a c t u r e d  MS and TS 
specimens were used t o  determine t h e  volume f r a c t i o n  o f  (m), vfmm 
f a r  t h e  TS(83)  and MS m a t e r i a l s  a r e  summarized i n  F i g .  8 ( a )  and (b) ,  
r e s p e c t i v e l y .  ~n genera l ,  yf rn  P r t h e  1000°C t e s t  increased s i  gn i  f i c a n t l y  
w i t h  i n c r e a s i n g  exposure t ime. 
m a t e r i a l  exposed a t  I0TBQ"G i n d i c a t e d  t h a t  t h e  magnitude o f  \ifm f o r  a g iven  

as s i g n i f i c a n t l y  g r e a t e r  when a s t r e s s  was appl ied.  However, t h e  
s t r e s s  dependency f o r  (m) formation in t h e  MS PSZ ceramics t e s t e d  a t  
1800'G was minimal 
s t r e s s  f o r  both m a t e r i a l s .  

o r e  i m p o r t a n t l y ,  data f o r  t h e  TS(83) 

A t  8CIO"C, V f m  was r e l a t i v e l y  independent o f  T and 
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Figure 4. A strength maximum wa 
under stress (60%) at 1 600°C. The strength of the unstressed samples 
remained unchanged with tirris. 

Figure 5. B.F. behavior for the TS (84) samples exposed at 1000°@ was 
similar to that for theTS (83) material. 
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Figure 6. A short-terns strength degradation process was observed in the 
TS (84) material tested at 80Q°C. The extent of the this degradation became 
more pronounced as the stress level increased: (a) BO%, (b) 70%, and (c) 80%. 
Data for 0% stress level are included in each plot far comparison. 

. . . . . . ._ . . . . . . . . . 
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Figure 6 con t i i i ued  

As shown i n  F i g .  9 ( a ) ,  Vf"' was a g a i n  r e ? a t i v e l y  independent  o f  T and 
applied s t r e s s  f o r  t h e  TS(84)  PSZ exposed a t  800°C. The o n l y  e x c e p t i o n  
o c c u r r e d  f o r  t h e  samples s t r e s s e d  a t  t h e  80% leve!. 
of VfM fi)r t h e  T S ( 8 4 )  exposed a t  1000°C (Fig.  9 ( b ) )  d i d  r \ O t  shoiv t h e  s a m ~  
s t r o n g  st ress  depcndence as the 83 m a t e r j a l .  As d i scussed  below, 
subsequent cerarnographic s t u d i e s  wpre used t o  p r o v i d e  a d d i t i o n a l  i n s i g h t s  
i n t o  thP p o s s i b l e  s t r e s s  dependence o f  t h o  r a t e  o f  (m) format ion,  

and ( t )  phases were i! v o l v e d  i n  the ( m )  fo rmat ion .  
c o n d u c t e d  a t  I100°C"-7 have shown t h a t  a t  l e a s t  two types o f  r e a c t i o n s  can 
lead t o  t h e  g e n e r a t i o n  of t h e  (m) phase. The f - i r s t  i s  t h e  e u t e c t o i d  
decompos i t ' on  o f  the M g Q - c t a b i l i z e d  ( c )  m a t r i x  wh ich  can occu r  v i a  t.wo 
reac t i  ons : 

The t ime-dependence 

The f a c t  t h a t  V ' values  o f t e n  exceeded t h P  V e (volunre f r a c t i o n  o f  

Recent. a g i n g  s t u d i e s  
the ( t )  phase) f o r  tKe as-rece!vvcd ceramics  i n d i c a - e s  f t h a t  both t h e  ( c )  

? 

and 

.These r e a c t i o n s  g e n e r a l l y  i n i t i a t e  a l o n g  g r a i n  boundar ies  and then s l o w l y  
consume t h e  ( c )  phase w i t h i n  gra-Fn i n t e r i  I* . [ h e  scsultirig (m) phase i s  
o f ten  i n  the  form o f  sma l l  1-5 urn g r a i n s .  99' The ttiei-mal expans ion  
a n i s o t r o p y  a s s o c i a t e d  w i t h  t h e s e  (m) grains can promote e x t e n s i v e  
m i c r o c r a c k i n g  upon cool ing .  ] h i s  i n i c r o c r a c k i n g  i s  a l s o  f a c i l i t a t e d  by 

- 

- 
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Figure 8. The (m) v~lurne fraction increased significantly with time in the 
(a) MS and (b) TS (83) samples exp 
material gave evidence of a stress 
(m) formation, At 880°C, the (m) 
insensitive to exposure time and 

"c* the! ~ ~ - J r m e r  
both m a t ~ ~ r i a l s  yvas 
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xposed at (a) 1 
stress. At 800°C (b), the 

pon stress level. 



t h 9 r m l  expansion C i i  f fe rences  b s t w t . n  the (m) gi-ai ns and surrounding 
m a t r i x .  

an ion vacancy &-phase (Ng Zr-5012) w i t h i n  t h e  region between a d j a c e n t  ( e )  

t hen  yr*cus i n t o  the ( c )  mztrix due t o  Fhost-range d i f f u s i o n  o f  Rg. 
i nter fac- i  a1 s t  mi  ns whi cl-r accompany t h i  s 6 -phase r e a c t i  on can dest roy t h e  
p r e c j p i t a t e  c o h e r e r q  am1 thus  promote the  ( t )  t o  ( In)  t r a n s i t i o n  upon  
cooling. T h i s  r e s u l t s  i n  an i nc rease  i n  t h e  M temperature, Thc presence 
o f  these de5tabii 1 i z p d  pi.eci p i t a t e s  a t  re1 a t i  vefy low csncentrati on 1 eve1 s 
catr) l ead t o  improved thermal shock 
s a c r i  $ i c i n g  s t reng th  and toughness,' 

generaticm proeasses, As discussed previoi ls ly, ' *g M, f o r  bot13 ttw TSi83)  
and MS smples tes ted a t  1000°C increased freili t h e  ss-recei.ved value o f  
- 5 t ; O C  t o  tba.  - 3 S O O C .  The time-dependence a s s o c i a t e d  w i t h  this  increase,  
wk;ich w s  due t o  t h e  p r e c i p i t ? t e  des tab l  i z a t i o n  process (6-phasp 
fo rma t ion ) ,  appeared t o  bia independent o f  t h e  a p p l i e d  s t ress .  These 
i n i t i a l  results were ob t i l i ned  froin d i l a t o m e t e r  measurements conducted i n  
t k e  25-1900°C te f ipera ture  range, Nore r e c e n t l y ,  data ob ta ined  i n  t h e  25- 
13@O"C range revealed a second ( m ) - ( t )  hy%t.Presj s f o r  I .F.  sanrpl r s  ~ x p o s e d  
a t  1000°C. As showri i n  F i g .  10 (Ciirve B), t h i s  h y s t e r e s i s  occurred over a 
nuch h i g h c r  temperatur-e range. Such behavior i s  cs?ns is ten t  w i t h  the 
transformation o f  t h e  ui-rstabi 1 imed Zr02 generated froin the e u t e c t o i d  
dscomposi ti on. 

(4) 

The second type o f  r e a c t i o n  i n v o l v e s  t h e  fsr i i id t ion o f  an ordered 

pseci  pi  t a t e s .  3-6 The S - p  2 ase r a c l e a t e s  a t  t h e  ( t >  - ( c )  i n t e r f a c e  and 
The 

e z i  s t a n c ~  wi t h o u t  s i  g n i f j  cal-stly 

t r y  s tud ies  gave direct  ev idence f[ r" both types of (m) 
5- r' 

O p t i c a l ,  SEM, and Tt-1-4 Studies 

Standard ceramographi c techniques YEW used t u  prepare I .F. samples 
PO? i shed ~ ; p e c i  mens were s u b s e q ~ i e c t l y  etched i n fo r  o p t i  cal exan i  n a t i  on. 

b o i l i n g  phosphoric acid t o  d e l i n e a t e  the g r a i n  bsundaty str-uctarr-e 
i n c l u d i n g  decomposition p l ~ s e  if prpsen%. I r r i t i a l l y  the e t c h i n g  tirte was 
var ied between 1 and 10 m i n ~ ~ t e s .  
f o r  t he  5 minute exposeire, 
f r a c t i o n  o f  t h e  eutectoid decomposi t ion phase (V 
opt ica l  m-icrsgt-aphs o f  the t e n s i b  region neap. tm f r a c t u r e  s r f a c e  (Area 
A i n  F i g ,  11)*-* 
determined a t  severa l  a d d i t i o n a l  p o s i t i o n s  on t h e  t e s t e d  f l e x u r e  bar 
(Regions B-I9 in F ig .  11). 79-S.i~ allowed f o r  examinat ion  OF possible 
e f f e c t s  of s t r e s s  upon t h e  extent sf the  decomposition r e a c t i o n .  

F a r  t h e  samples t e s t e d  a t  10GO°C, th2  g r a i n  boundary decomposi t ion 
phase for both the MS and TS samples incri?a$ed s t e a d i l y  w i t h  i r r c reas ing  
exposure t i rw  as illustrated i n  F i g ,  12, The y paramptei- Sn t h i s  f i g u r e  aepresmts  the  yj d t h  of the  decsmposi t i on zone ( c a l  cr l l  a t &  u s i  ng V f  d 
rsien~used from Region A )  while G i s  t i l e  a v e r a p  grain diameter". The 
decomposition rate f ~ r  the TS m a t e r i a l  was insens;tive t o  s t r e s s  level and 
material v i n t a g e .  
stressed samp? e5 d i d  no t  vary s i  g i i i  F i  c a n t l y  w i t h  f l  m u r e  bat- p o s i t i o n .  

Bptiiiium c o n t ~ a s t  between ph-?ses occur red  
the volume 

) was then measured f r o m  
U s i n g  the l i n e a r  intnc-cept method x 

3 
Fd 

I n  t h e  case of the s t r e s s e d  I.F. sacriplps, V f  was 

~u r thesmnre  f o r  a fixxed expos:are t ime,  v fd  f o r  t h e  

d .-....I -.I__._- & -' ipserf? was no measrrrable e f f e c t  o f  etching time up0s.S V f  . 



i
s

 



244 a
 

v
 



0.30 

0.20 

0.1 0 

I 1000°C 1 

I 0.00 I I I I 

200 400 600 800 1000 1200 0 

N 
P in 

Figure1 2. The time dependence of the eutectoid decomposition formation 
(at 1000°C) was insensitive to stress level. 
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S i r i i i l a r  r e s u l t s  were obta ined from Raman spectroscopy studies,  The lack  
of a st ress  dependency f o r  t h e  TS (83) m a t e r i a l  c o n t r a d i c t s  t h e  x-ray d a t a  
shown i n  Fig. 8( b )  
Finally, the decomposi t ion r a t e  For t h e  MS PSZ was s i y n i f i c a n l t y  l a r g e r  
than t h a t  f o r  the TS m a t e r i a l .  This d i f f e r e n c e  nay be a t t r i b u t i r d  t o  the  
h igher  SrO content  i n  t he  TS PSP (determined by x - ra  fluorescence). S r O  
has been shown t o  i n h i  b i t  the  decosnposi t i on process. 

The SEM examinat ion o f  the as-exposed ( t e n s i l e )  surfaces o f  severa l  
f r a c t u r e d  TS samples ( t e s t e d  a t  1 0 0 O O C )  gave a d d i t i o n a l  e 'dence f o r  t h e  
e u t e c t o i d  decompositon r e a c t i o n .  As d i ~ c ~ s s e d  previouslyrf ,  e x t e n s i v e  
f a r m a t i o n  o f  the (m) decomposi t ion phase occurred i n  t h e  TS and PIS 
specimens exposed for  1008 h a t  t h e  60% s t r e s s  l e v e l .  The s u r f a c e  ( m )  
phase co s'sted o f  1-5 pm diameter  g ra ins  i n  agrement  w i t h  p rev ious  
s tud ies .  9-3 Numerous m i  crocracks were a1 so  observed p a r t i c u l a r l y  i n  
reg ions conta-a'ni ng a h igh d e n s i t y  of (m) g r a i  ns. In general,  t h e  
c o n c e n t r a t i o n  o f  t h i s  (m) phase d imin ished as t h e  exposure t i m e  
decreased. In a d d i t i o n ,  no m i c r o c r a c k i n g  was ~ b s e ~ ~ d  f e r  T G 168 h.  
Although siinilar r e s u l t s  were obta ined f o r  t h e  unstressed samples ~ x p o s e d  
a t  1000°C, t h e  associated m i c r o c r a c k i n g  was general l y  l e s s  extens ive.  A t  
800°C and below, no m i c r o c r a c k i n g  was obss~rved. 

The TEM s t u d i e s  o f  t h  TS samples exposed a t  lOOQ'C prov ided a number 
a f  r e s u l t s .  In p a r t i c u l a r ,  f o u r  d i s t i n c t  areas (designated T1, T2, T 2 ' ,  
and Ti!") were observed i n  s t r e s s e d  and unst ressed samples f r a c t u r e d  a f t e r  
1008 h. T I  consisted of  a p r e c i p i t a t e  a r r a y  ( c h a r a c t e r i s t i c  o f  t h e  as- 
rece ived m a t e r i a l )  present w i t h i n  the  g r a i n  i n t e r i o r ,  rhe m a j o r i t y  o f  
these preeip'r ta tes  were inonocl i n i  c as expected from t h e  d i  1 atoursetry 
data. Areas T2, T 2 ' ,  and T2" were c h a r a c t e r i s t i c  of the  g r a i n  boundary 
decomposi t ion region. I n  T2, t h e  (m) phase had a regular (undeformed) 
appearance w h i l e  t h e  MgC decompositon prodtict was i n  t h e  form o f  we?!- 
defjned pipes. These p ipes  were o f ten  p e r p e n d i c u l a r  t o  t h e  growth 
f r o n t ,  Area 1 2 '  was s i m i l a r  t o  T2 except t h a t  t h e  (m) phase was h i g h l y  
twinned. T h i s  r e s u l t  suggests t h a t  T2 and T2 '  w2re formed i n  accordance 
w i t h  Eqs, I and 2, respectively. Consequently, t h e  t w i n n i n g  i n  'TZ' was 
associated w i t h  ( t ) - ( m )  t r a n s f o r m a t i o n  upcan coo l ing ,  The l a s t  area T2" 
consisted of small 1-5 urn gra ins  c o n t a i n i n g  an i r r e g u l a r  MgO dgcomposi t ion 
products 

The above r e s u l t s  f a r  t h e  stressed 6.F. samples w r e  r e l a t i v e l y  
independent o f  l o c a t i o n  w i t h i n  t h e  f l e x u r e  specimen ( t e n s i l e  ver-sds 
compressive regions > e  H o w ~ v e r ,  i n t e r g r a n u l a r  microcracks were observed i n  
the t e n s i l e  reg ions o f  samples exposed f o r  T > 336 h.  

Thi s d i  scregancy i s  c u r r e n t l y  under exarni n a t i  on. 

1 0  

( 5 )  Passi  ble Mechanisms A f f e c t i  ng S t r e n g t h  

As di'scixssed p r e v i o u s l y ,  t h e  t-iaiie-dependent s t r e n g t h  behav i o r  for t h e  
a t  800 and 1000°C e x h i b i t e d  a s t r o n g  dependence upon the 

and reakewl ng processes dependi ng uQOi7 t i  me and 
Based on rcssalts o f  t h e  m i c r o s t r u c t u r a l ,  x-ray,  and thermal 

expansion studies  it i s  clear t h a t  severa l  processes could he respsnsible 

s. I n  p a r t i c u l a r ,  t h e  a p p l i c a t i o n  o f  s t r e s s  p r ~ i ~ l ~ t t ? d  both 

or such behavior. Table 3 summarizes several of the p o s s i b l e  
echanisrna, Cases 1-4 are only a p p l i c a b l e  t o  t h e  I , F .  behavior- a t  1000°C. 



(1) Enhanced High-Temperature.TougRen%ng an Strengthen i  ny 

( 2 )  Preferential Generation of ~ ~ ~ ~ ~ e ~ ~ i ~ ~  Stresses 

o s i t i a n  Reaction ~ ~ ~ ~ ~ ~ ~ t ~ ~ n ~  ng 
copi  c Redi s t s i  b u t i  on of Flexure 

Nan1 i near Creep (Strengtheni ng 

the Phase Assemb? age ~~~~~e~~ ng ~ ~ c ~ a r r ~  sm), arid 
F l a w  M o d i f i c a t i o n  Processes ~ ~ t r ~ n ~ ~ ~  Loss due t o  S o w  
H i  csocracki  ng; Strength ~ ~ h a n ~ ~ ~ ~ ~ t  d ~ i e  t o  Crack B l u n t i  

~ ~ ~ ~ n ~ e ~ t  S h i f t  i r e  MS t o  Higher Tempera 

Tensile Surfaces due t o  Stress Depende cy of the Eutectoi 

( 4 )  Change i n  I n t r f n s i c  Toughness 

( 5 )  

Mechanism 1 i s  based on t he  observation t h a t  the precipitate 
t r ~ ~ ~ ~ ~ s ~ a ~ i  on characteri s t i  cs changed a b v u p t  1.y w i t h  i n c r e a s i  
~ ~ r ~ t ~ ~ ~ "  Assuming t h a t  ~ ~ a ~ s ~ o ~ ~ ~ ~ i o ~  t ~ ~ g ~ ~ ~ ~ ~ ~  dictated t 
behavior ,  then an increase i n  M .  ( re la t ive  t o  t h e  800 and 100 

atures )  would r a i s e  bo th  $he fracture t 
ance wixh a model descr ibed previously. ~ ~ w ~ v e ~ ~  there  are 
s w h i c h  tend t o  discredit dha's ~ ~ ~ ~ a ~ ~ ~ ~ *  Firs t ,  ~ a l ~ ~ ~ a ~ ~ ~ ~ ~  

hness and s t rength  -in 

a ~~~~~u~ s t r e n g t  on t h e  t r a ~ s ~ ~ ~ ~ i ~ ~ ~  on 
( a t  T = lo00"C) o f  on l y  less t h a n  that  
~ ~ ~ e r ~ ~ ~ n ~ a ~  l y  ( F i  s o  increased f a r  the 
unstressed samples 

A second poss$bl i s  t h a t  the volume increase 
a ~ ~ ~ ~ ~ a ~ y i n g  t h e  f s r m a t i a n  5 f  the e u t e ~ t ~ i d  ( m )  phase led t o  p r e f e r  
generation o f  compressive stresses a1 ostg the outer tens i le  surface 
stressed bend bars*** 

model * predi c 

xpect a simi5ar short-term increase i 
S f e  T h j s  ~ ~ e ~ ~ c ~ i ~ ~  nconsistent w i t h  t h e  data i n  F i g ,  5. 

ges ts  t h a t  the rate o f  (!?I) formatl'orr was pro  o r t i n a l  t o  ttd a p p l j  

nism 21, 

The fac t  that  Sf on ly  increased when Q was ~~~~~~~ 

ess level,  I na ' t i a l  w i d e  ce for t h i s  stress d ~ ~ e n ~ ~ ~ ~ y  was prov 

m e s s  (Fiig. 21), t 
t h e  x-ray d a t a  f o r  the Ts(83 PSZ ~~~~~~~ a t  lQOO°C. ~~~~~~~, i 
the ~ ~ ~ a ~ ~ ~ r a ~ ~ ~  c s tud4  es of 
existence o f  t h i s  s t ress  depe la;, ~ ~ ~ ~ ~ f o ~ ~ *  t k  

t i o n  o f  t h i s  ~~~~a~~~~ i s  un 
The ~~~a~~~~ flexure strengt 

induced ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ t i ~ ~  ~ ~ o w e ~ i ~ ~ ~  
Th is  mechiani sm, which other cerarni cs 9 

a t  the tensile and corn s. exAibl"t a ~~~~~~~~~ 
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s t r e s s  exponent. A I  t h o u g h  the  avai 1 ah1 e creep d a t a l 3  F O P  t h e  MS rnater-i a1 
reveal  a l i n e a r  s t r e s s  dependence, t h e  v a l i d i t y  o f  these r e s i r l t s  i s  
ques t i onab le  S ] ~ C P  the t e s t s  were condiictcd i n  bending. I n  p a r t i c u l a r ,  
recant  s t u d i e s  have shown thxt the s t ress  exponent determined from bend 
Pests i s  no t  r e l i a b l e  i f  t h e  creep rates i n  t e n s i o n  and compression a r e  
d i  f f e r e n t  . Therefore, Mechani sm 3 may not be rill ed out  en t  i rely. 

The s u b s t a n t i a l  m i c r o s t r u c t u r a l  and phase changes observed a t  1000°C 
could have a l t e r e d  the i n t r i n s i c  f r a c t u r e  toughness KIC a t  t h a t  
temperature (Mechanism 4). Foi- example, rssi dual  s t resses  generated form 
t h e  e&ectvid decomposi t ion would be expected t o  lower KIC. 
i n s i g h t s  i n t o  these toughness v a r i a t i o n s  #ere o b t a i n e d  by measuring t h e  
room temperature KIc f o r  TS(84)  sairrples p r e v i o u s l y  t e s t e d  a t  1000°C. 
r e s u l t i n g  toughness va lues were i n s e n s i t i v e  t o  both exposure t i m e  and 
s t ress  l e v e l  sugges t ing  t h a t  Mechanism 4 may be i n a p p r o p r i a t e .  

Mechanisms 1-4 are pr imari ly  associated w i t h  t ime-dependent 
v a r i a t i o n s  i n  t h e  b u l k  m a t e r i a l  c h a r a c t e r i s t i c s .  However, 'one must a l s o  
cons ide r  t h e  pass i  b l e  effects o f  f l a w  m o d i f i c a t i o n  processes (Mechani 5111 
5). Fo r  example, t h e  i n i t i n l  drop i n  s t r e n g t h  o f  t h e  YS(84) samples 
s t ressed  a t  800°C may have  resulted f rom slow crack growth which was 
a c t i v a t e d  a t  s t r w s  l e v e l s  exceedjng 60%. As 'c increased, t h e  
s t r e n y t k e n i  ng mechanism became the dorni nant process * 
i nc rease i n  Sp may have r e f l e c t e d  the in f1wnce  o f  crack b l u  

Psssi  $1 e 

The 

The corresponding 
i ng .  A 

s i  m i  1 al- t r a n s i t i o n a l  hehavi  o r  has been observed f o r  a1 mi na. 75 I n  t h e  
case o f  t e s t s  a i  1000°C, stressed-induced i i i i c roc rack i  ng iiid, 
t h e  long-term s t r e n g t h  degrada t ion  o f  the  s t ressed  TS PSZ 
These p o t e n t i a ?  f l a w  m o d i f i c a t i o n  processes w i l l  be i n v e s t  
by per fo rm ing  a d d i t i o n a l  I.F. t e s t s  u s i n g  indented f l e x u r e  

S t a t u s  o f  m i  1 estones 

The I.F. experrninetal  ma t r i ces  f o r  t h e  t4S and TS PSZ 

have promoted 
fo r  T > 200 h ) .  
gated f u r t h e r  
sampl es. 

eramics were 
completed. 
P a r t i a l l y  S t a b i l i z e d  Z i r c o n i a  f u r  D iese l  E n g i n e  AppPic.ations," was a l s o  
submi t ted f o r  p u b l i c a t i o n  i n  t h e  B u l l e t i n  o f  t h e  American Ceramic  
Society. B o t h  t a s k s  were completed by September 30 i n  accordance w i t h  the 
m i  1 estone schedul e (331202 ). 

A paper e n t i t l e d ,  " T i  me-Dependent Mechani c a l  Behaui o r  o f  

I_ ... ..-- 
t Based on r e s u l &  i n  Ref, 13, t h e  creep behav io r  f o r  t h e  TS PSZ i s  

expected t o  be s i m i l a r  t o  t h a t  for t h e  $.is PSZ, 
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Pub1 i c a t i  ons 

S t a b i l i z e d  Z i r c o n i a  f o r  D iese l  Engine Appl-ications," submi t ted f o r  
p u b l i c a t i o n  i n  t h e  B u l l e t i n  of t h e  American Ceramic Society .  

A paper e n t i t l e d ,  "Time-Dependent Mechanical Behavior o f  P a r t i a l l y  
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Environmental Ef f ec t s in-Tough en ed Ce ramie s 
Norman L. Hecht  ( U n i v e r s i t y  o f  Dayton) 

Objectivelscope 

The University of Dayton Research Ins t i tu te  (UDRI) has continued i t s  
study of "The Effect o f  Environment Upon the Mechanical Behavior o f  
Structural Ceramics f o r  Application in the DOE Ceramic Technology for  
Advanced Heat Engines Program." This study was in i t ia ted  i n  January 1985 
through a subcontract with Martin Marietta Energy Systems Inc. The 
primary goal o f  t h i s  prograrn i s  t o  determine the e f fec t  of environment 
upon toughening and strength in commerically available transformation 
toughened ceramics [par t ia l ly  stabi 1 ized ZrO, (PSZ) and dispersion 
toughened A1 * 0 3  ( D I A ) ]  
mechanism(s) responsible for environmentally induced strength degradation 
in the temperature range of 25°C t o  1050°C. 
information a n d  insight obtained from th i s  program can be used t o  determine 
the long-term appl icabi l i ty  o f  toughened ceramics as diesel engine 
components. 

Dynamic fatigue methods ( 4  point bend strength measurements as a 
function o f  stressing r a t e )  are being used in a three-phase program t o  
investigate strength,  slow crack growth, and aging in environments con- 
taining controlled amounts o f  water vapor.  Similar t e s t s  are a l s o  being 
conducted in iner t  atmospheres (dry N,) t o  distinguish in t r ins ic  effects  
from environmentally induced effects .  

I n  the f i r s t  phase of the program a l l  commercially available materials 
were investigated for  evaluation. In th i s  phase of the program, manu- 
facturers '  d a t a  and preliminary characterization studies conducted a t  
the University o f  Dayton were ut i l ized t o  screen the candidate PSZ and 
DTA materials. From the eight candidate materials screened, f ive were 
selected f o r  further study i n  the second phase of the program. A 4 point 
flexure modulus of rupture ( M O R )  tes t ing p l a n  (mini-matrix) was developed 
for  the evaluation of the candidate materials. I n  a d d i t i o n ,  the effects  
of aging on the candidate materials and three (IJDRI) prepared h i g h  purity 
ZrO, powder compacts were also studied. 
were used t o  select  the two f i n a l i s t  candidate materials which are being 
more intensively evaluated i n  the third phase of the program. A descrip- 
tion o f  the ac t iv i t i e s  pursued and the resul ts  obtained are presented i n  
t h i s  semiannual report. 

Emphasis i s  focused on understanding the 

I t  i s  anticipated t h a t  the 

The resul ts  of these studies 

Work p l a n  

As described in o u r  l a s t  semiannual report ,  the work scope consisted 
of three major  tasks.  A description of these tasks i s  outlined i n  Table 
1 .  Eight commercial transformation toughened ceramics (Tab'ie 2 )  were 
identified for screening and i n i t i a l  evaluation as outlined i n  Task 1.  
The elements employed in the preliminary screening analysis conducted 
in Task I are described in Table 3 .  The mini-matrix t e s t  plan developed 
f o r  evaluating the f ive candidate materials under Task I 1  i s  outlined in 
Table 4. After flexure tes t ing,  a l l  fractured samples were examined 
visually and  representative samples were selected for  XRD analysis and 
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TASK I 1  

Table  1 .  Work Scope. 

TASK 111 
..I_.____ 

TASK I 

Q Conduct Candidate  
Matr ix  Test Program 

S t u d i e s  
o Conduct A g i n g  

Eva 1 ua t i on o f  Po ten t  i a 1 
Candidate  Transformation 
Toughened Ceramics (TTC)  

Implementation o f  
MOR T e s t i n g  Plan 

I d e n t i f i c a t i o n  o f  YTC 
Suppl iers  

ITA-XS121 

DTA-AZ301 

MS-PSZ 

1s-PSZ 

Y 1z P - XS 2 4 1 

z191 

PSZ-Z201 

CTZP 

e Screening  Evalua t ion  
o f  P o t e n t i a l  Candidate  
TTC M a t e r i a l s  

Z r O ,  Dispers ion  Toughened A1 ,03 

Dispers ion  Toughened Pil,O, ( 1 9 %  ZrO,) 

t r e a t e d  for  h i g h  s t r e n g t h )  

3 w t .  % MgO S t a b i l i z e d  ZrO, ( h e a t  t r e a t e d  
for high thermal shock r e s i s t a n c e )  

-5 wt. % Y,O, S t a b i l i z e d  Zr0, ( w i t h  

3 w't. % MgO S t a b i l i z e d  ZrO, ( h e a t  

10% A120, a d d i t i o n )  

5 w t .  % Y,O, S t a b i l i z e d  ZrO, 

5 .4  w t .  % Y,O, S t a b i l i z e d  Z r O ,  

CeO, S t a b i  1 i z e d  Z r O ,  ( w i t h  10% A1 ,03 
a d d i t i o n )  

___ _____..____ -- 

8 Analys is  o f  TTC 
Screening  Data 

I n v e s t i g a t i o n  o f  f i v e  
S e l e c t e d  Candidate  
M a t e r i a l s  

F i n a l i z e  Candidate  
S e l e c t i o n  f o r  
Matr ix  T e s t i n g  Plan 
(four t e m p e r a t u r e s ,  
two atmospheres ,  
and two s t r e s s i n g  
r a t e s )  

D e t a i l e d  I n v e s t i g a t i o n  
o f  the  Two F i n a l i s t  
TTC M a t e r i a l s  

S e l e c t i o n  o f  the 
Two F i n a l i s t  
Mater ia  1 s 

F i n a l i z a t i o n  o f  an 
Expanded Matr ix  
Test i  ng  P1 a n  

Table 2 .  Transformation Toughened Ceramic M a t e r i a l s  
I d e n t i f i e d  f o r  E v a l u a t i o n .  

Ma t e r i a 1 
Suppl i e r  

Ce rarna tec I nc . 
Kyocera I n t  ' 1 . 
N i 1 c r a  C e r alii i c 

( U S A )  Inc .  

N i l c r a  Ceramic 
(USA) I n c .  

Ceramatec I n c .  

N G K  Locke Inc .  

Kyocera I n t ' l .  

Ceramatec Inc .  

_I .. _.I__ 

Ma t e r i a 1 Mater ia l  
D e s c r i p t i o n  

.---.-.___I ....~............___I_ __ 
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T a b l e  3. Elements o f  the Prel iminary Screening Analysis (Task I ) .  

0 Visual Inspec t ion  ( low power microscope) 

e Surface  F in ish  Measurement 

e S E M / E D A X  

0 High Power Optical  Microscopy 

e Density 

0 Vickers Hardness 

e Coef f i c i en t  o f  Thermal Expansion Measurenient 

0 

e 
0 

Modulus of Rupture ( M O R )  Tes t ing  ( i n  dry N, a t  rooni temperature 
and a t  1050'C) 
X R D  (as - rece ived ,  af ter-  MORR,-, and M O R l o s o )  

F rac ture  Toughness ( con t ro l  l e d  s u r f a c e  fldw and micro- 
i nden t  technique 

Table 4 .  MOR Matrix 'Test P l a n  (Task 11). 

Tempe r a  t u  r e  
("0 

25 

25 

25 

25 

250 

250 
250 

800 

800 

800 

1050 

1050 
1050 

1050 

_- ._I_- 

Atmosphere 
I._- ___ll___l--l 

Dry N 2  

Dry N2 

10% H,O 

10% H,Q 

Dry N2 

10% H,O 
10% H,O 

Dry N, 
10% H,O 

10% H,O 

Dry N 2  

Dry N, 
10% H,O 

10% H,O 
-_ ---- 

MOR Crosshead 
Speed (cm/s) 

0 a 0064 

0 z 00004 

0.0064 

0 00004 

0 0064 

0.0064 
0 00004 

0.0064 

0 0064 
0.O0004 

0.0064 

0 - 00004 
0.0064 

O.OOO04 
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. fracture analysis  by SEN. 
vacuum were employed f o r  additional evaluation of the candidate rnaterials 
(see Table 5 ) .  
spectroscopy were used t o  evaluate the aged samples. 
candidate mater ia ls ,  h i g h  pur i ty  ZrO, powder compacts of  2 ,  3,  and 4 mole 
percent Y,O, were pressed and s intered f u r  a g i n g  s tudies .  

The r e s u l t s  of Task I1  were used f o r  the select ion o f  the two 
f i n a l i s t  materials t o  be evaluated more extensively.  The det.ailed matrix 
t e s t  p l a n  used f o r  evaluating the t w o  f i n a l i s t  materials under Task I11 i s  
presented in Table 6. 

A g i n g  treatments in 10% water, dry N , ,  and 

MOR t e s t i n g ,  XRD analys is ,  Ramn spectroscopy, a n d  infrared 
I n  addition t o  the 

Technical progress 

R e s u l t s  

Summary o f  Task l__ll I r e s u l t s .  The r e s u l t s  obtained from the s tudies  con- 
ducted under Task I were described in de ta i l  i n  our f i r s t  semiannual 
report .  The r e s u l t s  obtained in Task I a re  summarized i n  Table 7 and in 
Figure 1 .  Task I was completed with the select ion o f  t h e  f i v e  candidate 
materials t o  be studied fur ther :  NGK I..ocke Z191, Ceramatec C T P P g  Nilcra 
MS-PSZ, Kyocera AZ301, and  Kyocera 2201. 

- 
Surnriiary ..-.. o f  Task .. I 1  r e s u l t s .  __.....__.I the i n i t i a l  r e s u l t s  obtained for  the 

a c t i v i t i e s  under Task I 1  were described i n  o u r  previous semiannual 
report .  All o f  the a c t i v i t i e s  l i s t e d  under Task  I 1  have now been com- 
pleted,  a n d  the r e s u l t s  oh'tained are sumtiiarized i n  t h i s  section. The 
flexure t e s t i n g  ( M O R )  outl ined in the mini-matrix t e s t  has been completed, 
and  the r e s u l t s  obtained are  shown graphically in Figures 2 through 6.  
The l i n e a r  decrease i n  strength w i t h  increasing temperature was determined 
by a b e s t  f i t  computer analysis .  
analyzed, a n d  the r e s u l t s  obtained are  summarized in Table 8. As shown 
in Table 8 ,  the r e l a t i v e  precision ( t h e  r a t i o  of the half wid th  of the 
95% confidence interval  t o  t i l e  coverage MOR) i s  generally l e s s  thar i  25%. 
These r e l a t i v e  precision values calculated reClect b o t h  the s c a t t e r  in 
the MOR values measured a n d  the s i z e  of the sample population used t o  
determi ne the mean val ue and the standard devi a t  ion. 

environmental conditions were a1 so s tudied,  
on the assumption t h a t  if a material i s  subject  t o  subcr i t ica l  crack growth, 
higher s t rengths  w i l l  be observed a t  the higher s t ress ing  r a t e  because 
there i s  less t i m e  f o r  subcr i t ica l  crack growth .  This e f f e c t ,  k n o w n  as 
dynaiiiic fa t igue can be characterized by a I n - l n  p l o t  o f  f rac ture  strength 
versus s t ress ing  r a t e .  The relat ionship between f rac ture  s t rength and 
s t ress ing  rat.e i s :  

- 
/he  MOR r e s u l t s  were a l s o  s t a t i s t i c a l l y  

The e f f e c t s  o f  subcr i t ica l  crack growth and the e f f e c t s  o f  selected 
The procedure used was based 



255 

Tab le  5. Aging Inves t iga t ions .  

-I 

Aging Treatments 
Materi a1 i n  10% H,O, Dry N,, a n d  Vacuurii 

_ .̂-I_ ___I-. 

21 91 
AZ301 
Z2Ql 
CTZP 

xs121 
XS241 

MS-PSZ 

TS-PSZ 

2Y* 

3Y" 

4Y * 

250°C/120 hrs, 300"C/25 hrs 
250°C/144 hrs, 3OO"C/25 h r s ,  250°C/120 hrs i n  dry  N, 
250°C/1 20 hrs,  300°C/25 hrs 
150°C/120 hrs, 250°C/120 h r s ,  300°C/25 hrs 
250"C/120 hrs, 3QO°C/25 h r s ,  250"C/120 hrs in  dry N, 
25OoC/120 hrs and 240 hrs,  3OO0C/25 hrs ,  25O0C/12O 

25OoC/120 hrs and 144 hrs, 8OO0C/2QO hrs, 25OoC/12O 

25O0C/12O hrs, 80OoC/200 hrs, 250"C/1261 hrs in  dry W, 

25!2"C/24 hrs, 250°C/24 hrs in  dry N , ,  250°C/168 hrs 

250°C/50 hrs ,  250"6/24 hrs i n  dry N,, 250°C/168 hrs 

250°C/24 hrs, 250°C/24 hrs i n  dry N,, 250"C/168 hrs 

hrs i n  dry N , ,  250°C/168 hrs i n  vacuum 

hrs i n  d ry  N ,  

250°C/168 hrs  i n  vacuuni 

i n  vacuum 

i n  vacuuni 

i n  vacuum 

Specia l ly  prepared f i r e d  d i s c s  of 2 mole Z Y,O& 3 rnole % Y,O,, and 4 mole % * 
V,O, ZrO, for  ana lys i s .  

Tab le  6. F i n a l i s t  MOR Matrix Test Plan. 

Temperature 

25°C 

250°C 

800°C 

1050°C 

Environment" 
MOR Crosshead Speed (cm/sec) 

0 000O4 0 D 0021 0,0064 

X X X 

x X X 

X X x 
X X x 

X x X 

X X X 

X X X 

X X X 

Environmental C o n d i t i o n s :  A t m l  - Dry N,; A t m 2  - 90% N,/10% H , Q .  x 
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Table  7.  Surrirliary o f  Screening  Evalua t ions  f o r  TTC M a t e r i a l s .  

... 

N i l c r a  
TS-PSZ 

ZrO, 
MgO 

.... 

33 

69 

5.7 

1025 

- 

6.0  

'orous 
:Oairse 
Ira i ned 
30-60 11) 

l a t e r i a l  

9 
(4-12)  

9.5 

-.. 

~ - .  ..... ....... 

Mater ia l  
Designat ion 

Chemistry 
(Components) 

Kyocera 
DTA- AZ 30 1 

A' 2'3 

PI ....... __ -_ 

ZrO, 
S i O ,  - T r a c e  

C r y s t a l  S t  r'wc turrz 

% Monoclinic 
As-Received 

% Monoclinic 
After MOR,050 

Dens i t y  ( g / c c )  

Hardness (kg/mm') 

F r a c t u  re To u g h ne s s 
(MPa J 6 )  
By Control  led 
F1 aw 
By Micro Indent  

Major Micros t ruc-  
t u r a l  Fea tures  

Average Sample 
S u r f a c e  F i n i s h  
Measurements ( 1-1 i n )  

C o e f f i c i e n t  o f  
Thermal Expansion 
( x  l o y 0 c )  

Ni l c r a  
MS-PSZ 

ZrO, 
McJO 

23 

88 

5 . 7  

1099 

- 

7 . 6  

Porous 
c o a r s e  
g r a i  tied 

n a t e r i a l .  
(30-60 11) 

10 
( 4 - 1  5)  

1 0 . 3  

..... ..... 

....... ~ 

28 

21 

4 . 2  

1939 

4.6 

11.1 

Dense two 
phase m a t e r i a l  
w i t h  g r a i n s  
2 .311 - 211. 

2.8 
(2-4)  

8.4 

. .-.-. ......-........ 

___1--.. .... ._.__. 

Ky o c e r a. 
P S Z - Z 2 0 I  

ZrO, 
y203 

II._ - -__l_.__l 

3 

0 

5.9 

1282 

5.4 

8,8 

Dense f i n e  
g r a i n e d  
mate r i  a 1 

avg. z *3u). 
(0.2-0.5 11 

6.1 
(4-8) 

11.0 
:on t i nued 'I - ......... L 
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Table 7.  Summary of Screening E v a l u a t i o n s  for TTC Materials (concluded). 

Crystal Struc- 
ture  

% Monocl i n i  c 
As-Received 

% Monoclinic 

Hardness ( kg/mm2) 

Major Microstruc- 
tural  Features 

Average Sample 
Surface F i n i s h  
Measurements 

Coefficient o f  

Slope change (3 625°C. * 
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2-191 

DRY N2 AT LOADING RATE OF 0.15 INIMIN 
I000 -c--c--ClO% WzO AT LOADING RATE OF 0.15 IN/MIN 

-10% H20 AT LOADING RATE OF 8.001 IN/MIM 
-DAY N2 AT LOADING RATE OF 0.001 lNIMIN 

800 
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-600 
g: 
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200 

0 

TEMPERATURE ("C) 

Figure 4. L.inear dependency o f  f lexure strength versus temperature f o r  Z191. 
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where of = fracture strength 

A , n  = constants 

G = s t r e s s  ra te  

The constant n ,  the s t r e s s  intensity factor exponent, gives a measure of 
the s t ress  corrosion suscept ibi l i ty  o f  the material. Large n values are 
synonymous with lower s t r e s s  corrosion or fatigue suscept ibi l i ty .  

of l n o f  versus 1n;yields a s t ra ight  l ine  with a slope o f  . 
stressing ra te  for  crosshead speeds of 0.00004 and  0.0064 cm/s were cal-  
culated for the PSZ and DTA materials a t  2 5 O C ,  250°C, 800"C, and 1050°C 
using temperature corrected calculated values o f  e la s t i c  modulus. Using 
the stressing rates established a n d  the MOR values obtained, the values 
of n d n d  A were determined from equation ( 1 ) .  The resul ts  o f  these c a l -  
culations for  the five materials studied in the mini-matrix t e s t  program 
(Phase 11) are presented in Table 9.  
slopes calculated were evaluated a t  a confidence level af 95%- 
validated slopes are also identified in Table 9. Typical computer gener- 
ated graphs for  t h i s  dynamic fatigue d a t a  are presented i n  Figures 7 

Samples froni each g r o u p  of candidate material tested i n  MOR were 
evaluated by x-ray diffract ion ( X R D ) ,  scanning electron microscopy (SEM), 
and Raman spectroscopy. A summary of the XRD d a t a  i s  presented in 
Table 10. 

present a t  the stressed a n d  unstressed regions was observed by Raman 
analysis o f  the tens i le  edge o f  MOR fractured specimens. A Nilcra TS-PSZ 
fractured sample was used for  fur ther  investigation o f  th i s  increase i n  
monoclinic phase. The experimental procedure used was described i n  our  
previous semiannual report ,  The Nilcra sample was found t o  have a mono- 
c l i n i c  fraction of 13% when analyzed on the unstressed e n d ,  and analysis 
on the fractured edge of the sample revealed a rrronoclinic fraction of 
65%, showing the effects  of s t ra in  on the material. The fracture was 
25 mni long with a 5 rim x 2.5 mm cross section. The nieasurements were 
taken on the 25 mm side.  The purpose o f  t h i s  study was t o  determine the 
spatial  variation o f  t h i s  stress-induced t rans i t ion ,  Figure 14 presents 
a p l o t  o f  the monoclinic fraction present a l o n g  the tensi le  edge of the 
fractured specimen. 

A p l o t  

The 1 

The s t a t i s t i c a l  validity of the 
The 

t h r o u g h  13. 

As reported in previous studies,  a s h i f t  i n  the monoclinic fraction 

A q j n g  studies. The extended exposure of the candidate transformation 
toughened ceramic materials t o  water vapor ,  dry N,, and vacuum environ- 
ments a t  low and moderate teinperatures ( a g i n g )  was also studied. 
different  aging treatments were investigated as outlined in Table 5. 
t e s t s ,  XRD analysis,  infrared spectroscopy, and Rarnan spectroscopy were 
used t o  evaluate the aged samples. The resul ts  of the XRD analysis o f  
the aged samples are presented in Table 1 1 ,  a n d  the MOR resul ts  are pre- 
sented in Table 12.  The ATR FTIR spectra obtained for  the as-received 
and the aged samples are presented i n  Figures 15 t h r o u g h  20. 

powders with 2 ,  3, and 4 mole percent Y,03 (2Y, 3Y, and 4Y) were obtained 

Several 
MOR 

TQ better understand some of these a g i n g  e f fec ts ,  high purity ZrO, 
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Figure 7.  Dynamic fatigue resul ts  f o r  MS-PSZ 
a t  25°C i n  10% H,O. 
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Figure 8. Dynamic f a t i g u e  resul ts  for MS-PSZ 
a t  250°C i n  10% H,O. 
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- 1 .  

70 

Figure 9.  Dynamic f a L i g u e  resu l t s  for  CTZP 
a t  25°C i n  10% H,O. 

Figure 10. Dynamic fatigue resu l t s  for  CTZP 
a t  250°C i n  10% H,O. 



27 1 

Figure 11. Dynamic f a t i g u e  resul ts  f o r  MS-PSZ 
a t  25'C i n  Dry N,. 

e 

F i g u r e  12. Dynamic f a t i g u e  results f o r  AZ301 
a t  25°C i n  Dry N,. 
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Figure 1 3 -  Dynamic f a t i g u e  resul.t:.s for MS-PSZ 
a t  1050°C in 10% 11,O. 
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NILCRA TS-PSZ #1Q - 

? 
#. 

F 

f I I I I I 'U 
. €340 1.26 1.68 2, io .ooo .420 

D i s t a n c e  From F r a c t u r e d  Edge 
(mic rons  x 104) 

Figure 14. M o n o c l i n i c  f r a c t i o n  versus d i s t a n c e  from 
f r a c t u r e d  edge. 
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F igu re  15.  ATR F T I R  spectra f o r  MS-PSZ. 

eno. no 733.3~1 sea. e7 eon. an ssa. aa 46s. e7 m o .  ao 
WAVENUMBERG CCM--1) 

Figure  16. ATR F T I R  spectra f o r  AZ301. 
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Figure 17. ATP. FTIR spectra f o r  2191. 

r A: As Received 
8: Aged a t  250'C f o r  120 ~ r s .  

F i g u r e  18. ATR FT IR  spectra f o r  CTZP. 
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H 

7- . 
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WAYENUYOERS <CM--1.3 

ATR FT-IR Spectra far 2201 

Figure 19. ATR FTIR spectra f o r  2201. 

1\ - A: A$ Received - 8: Aged a e  250'c for  240 HrS .  

L LI c: Aged d t  250°C for 120 Hrs. 

WAVENUMBERS <CM-12 

ATR FT-If? Spectra for XS241 

F i g u r e  2Q. ATR FTIR spectra f o r  XS241. 



for  study. Discs o f  each powder were piqepabfled by dry pressing iand then 
s i n t e r i n g  a t  1400°C f o r  20 hours. 
250°C in b o t h  10% water vapor, dry N,, a n d  vacuum (see Table 5 ) .  Discs 
i n  the as-prepared s t a t e  and a f t e r  a g i n g  were analyzed by SEM, X R D ,  and 
ATR FTIK.  A summary o f  the XRD data obtained i s  presented i n  Table 1 3 ,  
and the IR spec t ra  obt.ained i s  presented i t 7  Figures 21 'shrorryh 23. 
e f f e c t s  o f  aging treatments on the 2 and 4 mole percent o f  the Y,O, 
s tab i l ized  ZrO, was a l s o  studied by Raman spectroscopy, 
the 211 and 4Y discs  i n  dry N, and 10% H,O a t  250°C was investigated by 
the Raman spectroscopy procedures described l 'n our  1 a s t  semiannual report .  
The tetragonal peak a-l; 146 Cm-'  w e r ~  selected f o r  computing the monoclinic 
pair  a t  178  and 188 cm-' were selected f o r  computing the monoclinic 
f ract ion present. The spectra  obtained for the unaged 2Y material i s  
shown i n  Figure 24  and the  spectra obtained f o r  t h e  2 Y  material aged in 
dry N, arid 10% H,O f o r  48 hrs a t  250°C are  presented in Figures 25 and 26. 
The spectra obtained f o r  the 4Y material in the as-received and a f t e r  
a g i n g  a t  10% H,O f o r  50 hours a t  250°C are  preserited in Figures 27  and 28. 
The 2Y a n d  4Y discs  aged i n  vacuum For 168 hours were also analyzed by 
Raman, 'The spectra obtained f o r  the 2Y aged  in vacuum i s  shown i n  
Figure 2 9 ,  and the  spectra for the 4Y aged in vacuum i s  s t w m  in Figure 30, 

Discs from each g r o u p  were aged a t  

The 

The dgincj of 

~ Results __.. _I__ql obtained .._.-. i n  Task 111. As reported, t h e  Nilcra MS-PSL and the 
Kyocera AL301 material were selected f o r  more detai led invest iqat ion.  The 
r e s u l t s  o f  the  MOR va lues  obtained f o r  the selecled maSv-ix t e s t  conditions 
a re  presented in Table 14. A s t a t i s t i c a l  a n a l y s i s  of the data obtained 
and an evaluation o f  the  s l o w  crack growth are  under study: 

1_ Analysis -l_.l_-______ o f  Results. The flexure strength o f  the transfot-ination 
toughened ceramics decreased 1 i nearly wi t h  i ncreas i ng temperature 
f o r  the AZ.301 materi a1 , the  transforma t,i on toughrned ceramics  have an 
average f l e x u r e  st rength of  about 200 MPa a t  1050°C. The ,42301 material 
has a room temperature f lexure  s t r c n g t i l  i n  excess of 1200 MFa and d n  

average flexure strength o f  almost 600 MPa a t  1050°C. The MOR cneasure- 
meints mad2 i n  de-y N, tended t o  be h igher  t h a n  thosc made in ~2 with 10% 
W,O. I n  addi t ion,  the MOR ineasureiiierzts made using the rapid loading r a t e  
tended to  be higher t h a n  the measurwwnts made using the slow loading r a t e .  
Although the r a p i d  decl ine i n  strength w i t h  increasing temperatiire i s  o f  
concern,  i t  should be recognized thai, f u l l y  s t a b i l  ized ZrO, has an average 
flexure strength o f  245 Win a t  room temperature and  an average flexure 
strength o f  145 MPa a t  1000°C. The lransforrnation toughened ceramics t e n d  
t o  have f lexure s t rength about  40% higher than the values reported for- 
f u l l y  s tab i l ized  ZrO,. 

The p l a s t i c  deformation observed i n  the Z191 a n d  Z201 when s low loaded  
a t  1050°C i s  consis tent  w i t h  the creep behavior- reported ( 1  ) . 
p a r t i c l e  s i z e  -0,3 p and t h e  presence of Sii), i s  t h o u g h t  t o  account fo t -  the 
deformat ion behav io r  observed. I t  i s  believed that ,  t h i s  deformation o r  
creep i s  due t o  grain boundary s l iding a n d  p l a s t i c  f low.  

From the dynamic f a t i g u e  data i t  was found t h a t  about 70% o f  the tal-- 
cula ted  slopes were pos i t ive  and t h e  remaining slopes were zero or negative. 
The significance of the negative values i s  n o t  coslipletc?ly understood b u t  
may be due t o  the closing of  cracks during phase transformation. 

Except 

The very f i n e  

'the 
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Figure 21.  ATR FT IR  spectra for  Z - P Y .  

A: 
e: 
2: As Raceiued 

Aged a t  250°C In  Ory i 4 ~  for 2 1  HPS. 
Aged a t  2§0Y in  10% H20 f a r  M Nm. 

F-igure 22. ATR F T I R  s p e c t r a  f o r  Z -3Y .  
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-4: 
- 8 :  
- C .  A s  Received 

Aged b e  250°C In 102 HZO for 24 H 
Aged a t  t50'C I n  Dry n2 for 24 nr 

- 4 
00% 00 7i)a. 11 aae. (17 a0o.00 53s. as ma. OY roa. no 

Y A V E N U U ~ E B I  CCM-I > 

F i g u r e  23. ATR FTIR s p e c t r a  for  Z-4Y. 

.EO0 

.40  

.208 

21Q 190 170 150 13Q 
RAMAN SHIFT [l/crnl 

F i g u r e  24. 2% y t t r i a  s t a b i l i z e d  z i r c o n i a ,  n o t  aged. 
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Figure 25. 2% y t t r i a  s t a b i l i z e d  zirconia, aged 48 hours 
i n  dry nitrogen, 

Figure 2 6 .  2% y t t r i a  stabilized zirconia, aged 48 hours 
i n  10% water v a p o r .  
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Figure 27. 4% yttria stabilized zirconia, n o t  aged. 

500 

210 190 150 130 1.10 
AAMAN SHIFT [-i/cm] 

Figure 28. 4% yttria stabilized z i r c o n i a ,  aged 50 hours in 10% 
water vapor, 
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RAMAN SHIFT [ l / em]  

Figure 29. 2% y t t r i a  stabilized zirconia, aged 168 hours 
i n  vacuum. 

Figure 30. 4% yttria s t a b i l i z e d  z;rconia, aged 168 hours 
i n  vacuum. 



287 

Table 14. Flexure T e s t  Results f o r  Task 111. 

Test Temperature 

("0 

25 

250 

80 0 

25 

250 

800 

T e s t  
Atinosphere 

Dry N, 

Dry N, 
10% H,O 

Dry N, 

10% H,Q 

10% H,O 

Dry N, 

Dry N, 
70% H,O 

10% H,O 

10% H,O 

Dry N, 

Kyocera AZ301 
Average MOR (MPa) 

-. 

Crosshead Speed (cin/s) 
0 ./ 0OO04 0.0021 0.0064 

i i a 6  
949 

- 
655 

61 5 
545 

- 
46 1 

- 
249 

1157 1131 
920 836 

- 997 
967 938 

- 81 3 
807 681 

Ni 1 cra  MS-PSZ 
-I___ 

574 675 
557 61 1 

- 531 
466 523 

- 250 
202 238 
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posit ive slopes obtained f o r  the 2191 a n d  2201 a t  1050°C are  due t o  the 
p l a s t i c  de.format-ion f o u n d  t o  occur a t  the slow loading ra tes  above 
l O O O " C ,  About  50% of the calculated n values were found t o  be s t a t i s t i -  

c a l l y  s ign i f icant .  Calculated slope values (n __ss__. 1 ) were designated as 

s t a t i s t i c a l l y  valid i f  the difference between average MOR for  the two 
loading ra tes  was s ign i f icant ly  d i f fe ren t  from zero a t  0.05 level of 
significance (95% level of confidence). I t  i s  bel ieved t h a t  the poor  
level o f  confidence Qbtained i n  these calculat ions i s  due t o  the limfted 
number of t e s t  samples used f o r  each d a t a  point.  R i t t e r  e t  a l .  ( 2 )  have 
reported t h a t  a miniimirn o f  30 t e s t  samples a n d  possibly a s  many as 100 
t e s t  samples may be required t o  obtain a s ta t i , s t ica l ly  r e l i a b l e  evalua- 
t i o n  of slow crack growth by dynamic fat igue.  

A preliminary analysis o f  these r e s u l t s  indicates  subcri t i ca l  crack 
g r o w t h  in the MS and  CTZP materials due t o  water corrosion a t  25°C and 
250°C. The AT301 , MS, and 2201 materials exhibitmi subcr i t ica l  crack 
growth in dry N, a t  25°C. 
quant i t ies  o f  water trapped a t  the crack t i p  or t o  somc other mechanism 
n o t  associated w i t h  water corrosion. 

observed i n  the 2201 a n d  the XS241 materials.  Reduction in f lexure 
strength due t o  a g i n g  was the most pronounced in the XS247 material 
aged for 120 hours a t  250°C ( - 35% reduction).  The a g i n g  treatment 
a l so  resulted i n  an increase in the .flexure s t rength measured f o r  the 
XS121 material .  The TS materials showed a decrease in MOR a f t e r  aging 
in vacuum. 

expected resu l t s .  
to a g i n g  treatments a t  both 250°C and 800°C. The amount of premature 
transformation t o  the iiionoclinic crystal  phase was the same a t  l ro th  
aging temperatures. The XS241 material underwent considerable t rans-  
formation t o  the monoclinic crystal  phase d u r i n g  a g i n g  a t  b o t h  300°C 
and 250°C. 
N, environments. 
conversion of a major.Ity o f  t h e  ZrO, t o  the cubic phase. 
formation could n o t  be readi ly  explained, however, i t  i s  k n o w n  t h a t  t h i s  
material contains a b o u t  10% A1,0, and  t h i s  second phdse may a f f e c t  the 
transformat;ion process. The aging ef fec ts  observed i n  the XS241 material 
under dry N, conditions were a l so  observed in "Lie XS121 and TS materials ,  

For the 2Y, 3Y, and 4Y samples, the X R D  d a t a  and 18 a n d  Raman 
spectra c l e a r l y  demonstrated t h a t  the 2Y and 3Y materials were susceptible 
t o  the e f f e c t s  of aging i n  the presence o f  W,O vapor  and i n  dry N , .  
4Y material was n o t  affected by the d i f fe ren t  aging treatments and  
retained the tetragonal crystal  s t ructure .  

changes. The 4Y transformed from tetragonal t o  cubic, the 2Y transformed 
approximately 70% t o  monoclinic, and the 3Y remained te t ragonal .  The 
transformation of 2Y t o  monoclinic a f t e r  vacuum a g i n g  has a l so  been 
reported by I i o ,  e t  a l .  ( 3 ) .  The XS241 a n d  I S  materials showed only a 
sinall increase i n  monoclinic phase a f t e r  vacuum aging, however, they 
exhibited a s ign i f icant  decrease in MOR. I t  would appear t h a t  t h e r m 1  

This subcrack growth may be due t u  minute 

Signif icant  decreases in flexure strength due t o  aging was only 

The aging s tudies  f o r  the commercial materials provided several u n -  
The MS a n d  TS materials were f o u n d  t o  b e  susceptible 

Transformation occurred i n  b o t h  the 10% water v a p o r  a n d  dry 
O f  ps.rt icular i n t e r e s t  . for t i l e  XS241 material was the 

T h i s  t rans-  

The 

The 2Y, 3Y, and 4Y samples aged i n  a vacuum underwent same unexpected 
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aging without the presence of water can cause degradation of the  toughened 
ZrO, ceramics, under certain conditions of grain s ize  and percent 
stabi 1 i per .I 

Future p l a n s  

PSZ materials. The s t a t i s t i ca l  analysis of the t e s t  d a t a  will be completed, 
and a research p l a n  for future work will be developed based on the resul ts  
o f  the current study program. 

The MOR tes t ing matrix plan will be completed for  the AZ301 and MS- 

Status of milestones 

Milestone 331402 has been completed and Milestone 331403 has been com- 
pleted. Milestone 331405 i s  in progress. 
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3 - 4  FRACTURE MECHANICS 

O b j c c t i  - ve/Scope 

a t,echnique comprising a sing1 e measurement, or a technique comprising 
a set  o f  cor re la t ive measurements for  structural cer-amics including 
monolithic and cotnposite materials which will allow for  the re1 iablc 
and accurate detcrmination of the i r  resistance t o  fracture (crack 
p r ~ p a g a t i o n )  over a broad temperature range from 25 C t o  1480 C .  

The long-tcrm goal s of t h i s  study are  t o  deve lop  and demonstrate 

Techn i cal Progress ._... .... .... ...___ 

used i n  fractrire t e s t s  conducted a t  1400 C .  
using rnanol i t h i c  si1 icon ni t r ide ( G T E  A2Y6) straight-notched, threc- 
point bend specimens. Successful completion of these t e s t s  demons- 
t r a t e s  the integrity o f  t h e  ceramic adhesive bond between the platinum 
targets and  the specimen, and  the elevated temperature capability o f  
t h e  LISG. This temperature i s  the highest temperature application o f  
t h e  L I S G  reported t o  date. 

The three dimensional f i n i t e  element analysis of the chevron- 
notched, three-paint bend specimen has been compl eted. The model con- 
s i s t s  o f  eight-noded ( 3  DQF/node) b r i c k s  with approxiniately 2100 
t o t a l  degrees-of-freedom in t h e  solution. When compared w i t h  the B l u h m  
s l i c e  model and the Sakai modified s l i ce  model, the 3-D solution has 
consistently denionstrated a s t i f f e r  load point compl iance relationship. 

The completion of t h i s  modeling has produced two important results. 
The f i r s t  i s  the relationship between the crack rnouth opening displace- 
ment (CMOD) a n d  t h e  load point displacement ( L P D ) .  
measured by the LISG and the l a t t e r  i s  necessary for  ensrgy calculations 
during c rack  extension. The relationship between t h e  two i s  a l inear 
e l a s t i c  one. Since t h e  measurement of thc CMOD i s  completely indepen- 
dent o f  t.he machine compliance, the determination o f  the LPD from 'the 
CMQD measurement camp1 e t e ly  el iminatcs a1 1 of the errors assocjated 
with the "test-rig" compl iance a t  elevated temperatures. The second 
resul t  of the analysis i s  t h a t  modifications have been made t o  the 
previously reported solution of Sakai f o r  the dimension1 e s s  s t ress  
i n t e n s i t y  factor of the chevron-notched, three-point bend specimen. An 
example o f  the resul ts  of these modifications i s  shown in Figure 1. 

The l a se r  interferometric s t ra in  gage ( [ - I%)  has been successfully 
The t e s t s  were performed 

The .former i s  
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The validity of the LPD/CMOD re lat ions and the modification of the 
s t r e s s  intensity factor  were demonstrated for  room temperature t e s t s  of 
the si l icon ni t r ide ( G T E  A2Y6) and the s i l icon carbide (Hexology). The 
good agreement between the calculated LPD and the measured LPD i s  shown 
in a sample load/displacement plot  of Figure 2 .  
cornparisons between the three-dimensional f i n i t e  element resul ts  and 
other methods f o r  the work-of-fracture and f racture  toughness. 

Crack growth resistance curves (R-curves) were generated f o r  room 
temperature fracture d a t a  for s i l i con  n i t r ide  (GTE A2Y6) and s i l icon 
carbide (Hexology) chevron-notched, three-point bend specimens. The 
f rac ture  resistance i s  determined from the s table  crack growth region 
observed a f t e r  the maximum t e s t  load i n  the load/displacement plots.  
The resu l t s  of the f i n i t e  element analysis  and the revised computer 
program were used t o  calculate the R-curves fram the digit ized load/ 
CMQD data. Figure 3 shows the charac te r i s t ica l ly  f l a t  R-curves gener- 
ated f o r  bo th  the sill’con n i t r ide  and the s i l i con  carbide a t  room 
temperature. 

The  arr ival  of the two types of composite materials has completed 
the acquisit ion o f  a l l  the materials fo r  the t e s t  program. 
coniposites a re  a 25% S i c  whisker/Al Q matrix material from ARC0 Metals 
Co. and a C V D  SiC/SiC material from’R3fractory Composites, Inc. 

Table I: contains the 

The two 

I I I I I I I I 1 I 
Q.0 0.E 0 . 4  0.6 0 . 8  I .o 

a / W  

FIGURE 1 COMPARISUN OF GEOMETRY CORRECTION FACTOR VERSUS 
NURMRLIZED CRFiCK LENGTH FOR CXo 0.35. 
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FIGURE: 2 COMPflRISQN OF I.URa VERSUS SERSURED RNB CRLCULRTED LPD 
FBR fl SILICON NITRIDE. 

FIGURE 3 R-CURVES FOR F4 SlLlCBN NITRIDE: AND R SILICON CRRBIRE 
AT UDOH TEMPERATURE. 
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T a b l e  I 

F r a c t :  *.it'= fterih.i l  t s f a r -  
Si l i con  N i t r , i d e  and S i l i c o n  C a r - b i d e  

Status of Milestones 

Progress on some of the proposed milestones which involve elevated 
temperature t e s t s  i s  lagging. However, the progress involving mathe- 
matical modeling of f r ac tu re  behavior i s  well ahead of schedule. 

Specific problems include d i f f icu l ty  i n  finding readily obtainable 
supplies of the composite materials. This d i f f icu l ty  has delayed the 
in i t i a l  room temperature tests of those materials. However, the com- 
posite materials a r e  now in-house and the tes t ing o f  these materials i s  
underway I 

Additional delays have been encountered with the elevated tempera- 
ture t e s t  equipment. Specific problems include delays associated with 
i terat ive modifications of the conventional design of the t e s t  furnace 
in order to accommodate the LISG. 
elevated temperature tes t  f ix tu re  a l s o  had t o  be modified i n  order to  
accommodate the LISG and the upper extremes of tes t ing temperatures. 

These delays w i t h  the macro-flaw tests a t  elevated temperatures 
have i n  turn delayed the micro-flaw and strength t e s t s ,  since these 
t e s t s  are dependent on the macro-flaw t e s t s .  However, w i t h  the com- 
pletion of proof t e s t s  of the t e s t  machine, LISG and furnace a t  the 
temperature extremes, macro-flaw tes t ing  of a l l  the materials f o r  the 
ent i re  temperature r ange  should be completed before the end of t h i s  

The conventional design of the 
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c a l e n d a r  y e a r ,  1586. The c o m p l e t i o n  o f  t h e  m i c r o - f l a w  and t h e  s t r e n g t h  
t e s t  f o r  a l l  t h e  r r i a t e r i a l s  f o r  t h e  e n t i r e  tempera tu re  range s h o u l d  he 
comple ted  soon a f t e r  t h e  c o m p l e t i o n  of t h e  r i i i c ro - f l aw  t e s t s .  

t a n t i a l  i n  t h e  ma themat i ca l  mode l i ng  o f  b o t h  1 i n e a r  and non-1 i n e a r  
b e h a v i o r  d u r i n g  f r a c t u r e .  Comple t ion  0.f room t empera tu re  t e s t s  o f  t h e  
m o n o l i t h i c  and compos i te  m a t e r i a l s  has a l l o w e d  t h e  a p p l i c a t i o n  o f  t h i s  
mode l i ng .  A n a l y s i s  o f  t h e s e  d a t a  has demonst ra ted  c o n s i s t e n t ,  r e l i a b l e  
r e s u l  t s .  

A l t h o u g h  p h y s i c a l  t e s t i n g  has been de layed,  p r o g r e s s  has been subs-  

__ Pub1 i c a t i o n s  .......... ___ 

The fOllc8>iii:g papers  have been s u b m i t t e d  f o r  p u b l i c a t i o n :  

........ F r a c t u r e  Toughness ..... T e s t i n g  ... o-f-' Ceramics ...... Us ing  ~ a - Laser  I n t e r f e r o m e t r i c  
_____~___ S t r a i n  Gage, i n  r e v i e w  by  t h e A m e r i c a n  Ceramic S o c i c t y .  

Crack I n i t i a t i o n  and A r r e s t  i n  a S i c  Whiskcr/A1203 Ceramic-Ceramic 

__ Cornposi .... t e ,  accepted by  t h e  American Ceramic S o c i e t y .  

pub l  i c a t i o n :  

.......... ~~ ... . . . . ~  

The f o l l o w i n g  papers  a r e  b e i n g  f i n a l i z e d  f o r  submiss ion  f o r  

1. 

2. 

F r a c t u r e  R e s i s t a n c e  i n  a S i c  Whisker/A1203 M a t r i x  Cornposit? 

A 3-El .......... F i R i 7 - 2  Element A n a l y s i s  .... .. o f  t h e  .......... Chevron-Notched, ____ -- _ ~ _ _  Three- 
P o i n t  Bend F r a c t u r e  SDecimen. 

....... ~ .......... ...... . ........ ......... -. 

~ ___ ___ 

3 .  
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Tes t ing  and E?.aZuation of Advanced Ceramics a t  High l'ernpemture in .- 

U?z<ax$nl Tension 
3. S a m .  S. Avva, and R. Vaidyananthan (Nor th  C a r o l i n a  (4 & T 
S t a t e  Un i vers  i t y  

Object ives/Scope 

The purpose o f  t h i s  e f f o r t  w i l l  be t o  t ea t  and eva lua te  advanced 
ceramic m a t e r i a l s  a t  temperatures up t o  1500 C i n  u n i a x i a l  t ens ion ,  
T e s t i n g  may i n c l u d e  f a s t  f r a c t u r e  s t reng th ,  stepped s t a t i c  f a t i g u e  
s t reng th ,  and c y c l i c  f a t i g u e  s t reng th ,  a long w i t h  a n a l y s i s  o f  f r a c t u r e  
su r faces  b y  scanning e l e c t r o n  microscopy, Th is  e f f o r t  w i l l  comprise t h e  
f a l l o w i n g  tasks :  

Task 1. S p e c i f i c a t i o n s  

Task 2. I d e n t i f i c a t i o n  

Task 3, I d e n t i f i c a t i o n  
Task 4. S p e c i f i c a t i o n s  

Task 5 ,  S p e c i f i c a t i o n s  

( P r o c  u reme n t  ) 

o f  Specimens) 

(Procurement)  

(Procurement 1 
Task 6. Uevelapment o f  

f o r  T e s t i n g  Machine and C o n t r o l s  + 

of Test M a t e r i a l  ( s )  f (Procurement 

o f  Test  Specimen C o n f i g u r a t i o n  
.Far T e s t i n g  Gr ips  and Extensometer 

f o r  T e s t i n g  Furnance and Con t ro l s  

Test P lan  

+ 

f 

Task 1. High  Temperature P e n s i l e  T e s t i n g  
Task 8, R e p o r t i n g  ( P e r i o d i c )  
Task 9. F i n a l  Report  

I t  i s  a n t i c i p a t e d  t h a t  t h i s  two ( 2 )  year  program w i l l  h e l p  i n  
understanding t h e  b e h a v i o r  of ceramic m a t e r i a l s  a t  v e r y  h i g h  temperatures 
i n  u n i a x i a l  t ens ion .  

Technica l  Progress 

Dur ing  t h e  r e p o r t i n g  p e r i o d  c a l i b r a t i o n  and f a m i l i a r i z i n g  o f  t h e  
ob ta ined  MTS 880 Automated M a t e r i a l s  T e s t i n g  Machine cont inued.  
computer programs were developed t o  conduct b o t h  s t a t i c  t e n s i o n  and 
f a t i g u e  t e s t s  i n  t h i s  machine. F i g u r e  1 shows the  set -up o f  t h i s  machine 
w i t h  computer c o n t r o l s  i n t h e  background. 

t o  be used i n  t h e  progrdm,  consumed p a r t  of t h e  r e p o r t i n g  pe r iod .  The 
h y d r a u l i c  s e l f - a l i g n i n g  g r i p  system used i n  t h i e  program i s  s i m i l a r  t o  
t he  one suggested by K.  ,C. L i u  of ORNL f o r  h i s  program 
o f  Toughened Ceramics" . F i g u r e  2 shows t h e  c lose-up view o f  t h e  
h y d r a u l i c  s e l f - a l i g n i n g  g r i p  system w i t h  f ree  f l o a t i n g  p i s t o n s .  
o p e r a t i o n a l  p r i n c i p l e  o f  the  system i s  t h a t  t h e  specimen load  which a c t s  
th rough  t h e  c e n t e r  o f  t h e  g r i p  system, w i l l  be balanced b y  t h e  r e a c t i v e  
f o r c e s  generated by the  e i g h t  p i s t o n s  i n  t h e  c i r c i i l a r  assembly. 

F u r t h e r  

F i l l i n g  up o f  h y d r a u l i c  i n  the  h y d r a u l i c  s e l f - a l i g n i n g  g r i p  system, 

" C y c l i c  F a t i g u e  

The 

Wi th 
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slals Testing 

Float in 
Pistons 

Fig .  2. Hydraulic self-aligning system with 
free floating pistons. 
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the equal reactive forces and the forces being equally spaced in  a 
circle ideal concectricity can be achieved. For further detail, refer 
to Liu's report [ l l .  

The set-tip used to fill -the hydraulic in the reservoir o f  the grip 
system is shown in Figure 3. 
evacuated using a vaccum pump. 
hydraul ic 'iexaco HD 46 was f i 1 led i t i  the reservoir container using t i l e  
created vacciim Force and gravity. 
sufficiently to release the air traps, if any, in the system. 

being evaluated for their alignment characteristics. The Uni-Axiality 
o f  the self aligning hydraulic grip mechanism was tested with the help 
of a special "spider arm" load applicator instrumented with strain 
gages, as shown in Figures 4-6, Four sets of strain gages were bonded 
on the radial cantilever arms to monitor the distribution of t h e  
resulting tensile and compressive strains on the arms after application 
of load. Eight tests were performed. For each test, the load 
applicator was rotated by 45 deg. and the strains were measured on each 
arm using a switchi,ng and balancing unit and a digital strain indicator. 
A quarter bridge circuit was used for the strain iiieasurement. The strains 
were monitored continuosly while a tensile load was being applied. A 
load range of 4 kips was used and the strains were measured while the 
load was varied using the Set Point control, t h e  maximum load being 
3.2 kips 
sensitivity of the f a i l  strain gages, .the strains were measured both 
during the loading and unloading cycles. Initial examination showed that 
there was good reproducibility o f  the data from cycle to cycle. 

Status o f  Milestones 

First the hydraulic reservoir area was 
Then using special one-way valves the 

The pistons were pulled in and out 

Right now the mechanical testing equipment aiid the grip systems are 

(80% u f  t h e  load  range). To counter the transverse 

- lasks 1-4 are complete. High temperature grips are being fabricated 
now. 
accoindate the new high temperature grip design 
which are behind schedule by six (6) months are expected to arrive from 
GTE during the fourth (4) week o f  December. 
(Task 69 i s  ready and the testing will start as soon as the samples arrive. 

Furnace specifications and extensometry are being modified to 
(Task 5 ) .  Tensile samples 

Test plan for the program 

References 

1. K. C. Liu and C. R. Brinkman, "Cyclic Fatigue of Toughened 
Ceramics," pp. 168-174 i n  Ceramic Technology for Advanced Heat Engines 
Project Semiannual Progress Report for Period April 1985-September 1985, 
ORNLITM-9947, Oak Ridge National Laboratory, Oak Ridge, Venn., May 1986. 
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To Vacuum 
Pu 

I 

Fig. 3. Set-up for filling hydraulic oil in 
the self-aligning hydraulic grips. 

Oil 
Reservoir 

Strain 
Gages and 
wire 
assembly 

1 
I 

Fig. 4. Top view o f  the aluminum "Spider 
load applicator and calibration rod. Arm" 
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Strain Gages and 
wire assembly 

Fig. 5. 
cal i brat i on rod. 

Bottom view o f  the Aluminium "Spider Arm" 

Fig. 6. Close-up view o f  the calibration set-up. 



Standard Tensile Test Development 
S .  M. Wiederhorn, Leon Chuck, Tze-jer Chuang and D. E. Roberts 
(National Bureau of Standards) 
K . J akus 
(University of Massachusetts) 

Obiective/Scope 

This project is concerned with the development o f  test equipment and 
procedures for measuring the strength and creep resistance of ceramic 
materials at elevated temperatures. The goal of the project is to assist 
in the development of a reliable data base that can be used for 
structural design of  heat engines for vehicular applications. 

a flexural test configuration because of the ease o f  conducting such 
tests on these materials. Flexural tests are also relatively inexpensive 
to run, requiring a minimum of  effort in the way of specimen preparation 
and test facility construction. Specimens consisting of small 
rectangular parallel pipeds are prepared by simple grinding and polishing 
operations, and testing is usually conducted with a simple compressive 
load train. 

Despite the usefulness of  flexural testing as a general means of  
characterizing strength, the technique is not capable of providing 
critical engineering data for structural design. At low temperatures the 
technique measures strength on a limited volume, which is usually not 
adequate for the extreme value statistics required for lifetime 
prediction on these materials. At elevated temperatures creep occurs in 
ceramics and as a consequence the stress distribution within the test 
specimen changes with time, precluding an accurate analysis o f  the creep 
and creep rupture process. Crucial for purposes of design, such analyses 
require testing in pure states of stress: both compressive and tensile 
testing are required. Whereas compressive testing is relatively simple, 
tensile testing is not, and there is a pressing need for a relatively 
inexpensive tensile test that can be used routinely to obtain strength 
and creep data. 

ceramics at elevated temperatures are being developed and evaluated, and 
will be used to characterize the mechanical behavior of structural 
ceramics at elevated temperatures. Test methods will be inexpensive, 
using self aligning test fixtures, and simple grinding techniques for 
specimen preparation. Creep data obtained with these techniques will be 
compared with data obtained using flexure and compressive creep 
techniques. 

The mechanical strength of ceramic materials is usually measured in 

In this program, techniques of measuring the creep and strength of 

Technical Highlights 

Tensile creep tests on siliconized, silicon carbide specimens 
prepared by the NBS grinding shop are being carried out at 1300°C at 
applied stresses ranging from 75 to 130 MPa, f o r  periods of at least 
200 hours. The clothespin design tensile fixture, described in the last 



r e p o r t ,  i s  being used f o r  these  s t u d t e s .  The system i s  capable of  
determining displacements t o  an accuracy of k2 microns I which permits 
creep r a t e s  a s  low as 10-l' sec-l  t o  be meixsured. I n  t;he nine t e n s i l e  
t e s t s  conducted t o  da te  I the  equipment has performed remarkably well." An 
e a r l i e r  problem with broken f i x t u r e s  w a s  cor rec ted  by bui-1-ding a s t o u t e r  
f i x t u r e .  Transi.i.io-ti s t a t e  creep occurs i n  s i l i coni .zed ,  s i l i c o n  carbi.de 
f o r  20 t o  60 hours a fee r  load applicatzion, depending on the  creep r a t e .  
T rans i t i on  s t a t e  creep l a s t s  a longer time f o r  l.ower creep r a t e s .  This 
observat ion suggests t h a t  the  long time process f o r  t r a n s i e n t  creep i n  
bending f o r  t1-1i.s mate r i a l  i s  an a r t i f a c t  o f  the  t e s t  and represents  a 
gradual s h i f t  i n  the s t r e s s  d i s t r i b u t i o n  of the  specimen as a consequence 
of the  bending. 

experimental i nves t iga t ion  of the  s t r e s s  dependence of  the  creep r a t a ,  
and by a t h e o r e t i c a l  study o f  the f l exure  t:est configural::ion. 
the  appl ied  s t r e s s  froin 70 MFa t o  130 MPa a t  1300°C it was poss ib l e  t:o 
show t h a t  the  s t r e s s  exponent f o r  the  creep r a t e  increased from 
approximately 4 betxeen appl ied s t r e s s e s  of 70 and 100 MPa t o  
approximately 10 between 100 and 130 MPa, fi-gure 1. Thfs increase  i n  (:he 
value of the  s t r e s s  exponent was a t t r i b u t e d  t o  c a v i t a t i o n  creep a t  the  
higher  loads .  indeed, microscopic examiriation o f  the  gauge sec t ion  o f  
the  t e s t  speciroeri i nd ica t e s  that considerable  c a v i t a t i o n  occurs above 100 
MPa, whereas below 100 MPa c a v i t a t i o n  i s  spa r se .  These da t a  a r e  
cons i s t en t  with those co l l ec t ed  by Car ro l l  and Tres s l e r  a t  Pennsylvania 
S t a t e  Universi ty  who obtained s imi l a r  r e s u l t s  a t  1100°C on the  same 
ma te r i a l .  

f ind ings  of t h i s  study t o  p r e d i c t  the  s h i f t  of  the  n e u t r a l  s t r a i n  a x i s ,  
and the  s i z e  of  the  cavi ta t io i i  zone a s  a funct ion of  creep s t r a i n .  The 
model assumes a b i l - inea r  creep behavior on the  t e n s i l e  s i d e  o f  the  bend 
b a r ,  and a 1inea.r creep behavior on the  compressive s i d e  o f  the  creep 
b a r .  Because of  the  complexity of the  t e s t  conf igura t ion ,  a computer 
s o l u t i o n  of the  creep problem was necessary.  
gradual increase  i n  the s i z e  of the  creep c a v i t a t i o n  zone and a s h i f t  o f  
the  neu t r a l  a x i s  of the  test:  specimen towards the compressive s i d e  o f  the  
specimen as the  s t r a i n  increases .  Both p red ic t ions  are cons i s t en t  with 
experimental observat ions conducted on bend b a r s .  Over t:he coming montiiis , 
add i t iona l  da t a  w i l l  be obtained t o  put  this type o f  c a l c u l a t i o n  on a 
f i rmer  b a s i s .  I f  da ta  and theory a r e  reasonably c o n s i s t e n t ,  t h i s  type o f  
ca l cu la t ion  w i l l  be extended t o  o ther  more complex conf igura t ions .  

Si.nce bending i n  t e n s i l e  specimens leads t o  p a r a s i t i c  s t r e s s e s  ~ 

which a r e  not  a r e s u l t  o f  the  appl ied  t e n s i l e  s t r e s s ,  a f u l l  evaluat:i.on 
of the  accuracy and reproducibi.1i.ty of the  tt?nsi.le creep (zest being 
deve-loped requi res  an eva lua t ion  o f  the  bending t h a t  occurs during the  
t e s t .  The amount o f  bending i s  being determined using an apparatus ,  
f i g u r e  2 ,  t h a t  was designed and constructed f o r  us by Prof .  K .  Jakus o f  
the  Universi ty  o f  M;issachusei:I:s. The equipment i s  s i m i l a r  t o  t h a t  o f  a 
T a 1 y s UT: -E Ear o f i 1 ome t bu t  i s  capable of measuring su r face  displacement 
over much longer d is tances  ('5 cm). The s t y l u s  used t o  contac t  the  
sur face  i s  a sapphire  sphere which reduces w a r  during con tac t .  The 
equipment i s  con t ro l l ed  by a computer s o  t'tnat the curvature  of the  
speci-rnen can be ca l cu la t ed  d i  rectily from the  di.splacement d a t a .  

The t r a n s i e n t  na ture  of creep i n  bending i .s confirmed by an 

By varying 

A t h e o r e t i c a l  ana lys i s  of the  f lexure  conf igura t ion  has used the 

The ana lys i s  suggest a 
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To da te ,  data  has been obtained on three o f  the nine t e s t  specimens 
used i n  the present study. A sample of  data  col lected on t h i s  apparatus 
i s  shown i n  f igure  3 ,  where the inverse radius of cruvature of the 
surface is p lo t ted  a5 a function of  posi t ion along the surface.  The  
radius of curvature of the as received specimens, f igure  3a, exhibl ts  a 
minimum of  = 10 meters within the gauge sectrion. 
curvature along the gauge sect ion of the specimen is an indicarjori of  t h e  
surface roughness due t o  machining of  the specimens, 
the specimens t o  t e n s i l e  loads under creep conditions,  the radius of 
curvature of the tes t  specimens has decreased from 10 meliers t o  
approximately 3 meters, indicat ing some bending i n  the t e s t  specimen I 

f igure  3b. The s t r a i n  due t o  bending i s  approximately 8 t o  10 percent of  
the t o t a l  s t r a i n  i n  tension. 

of specimens subjected t o  creep deformation by Carrol l  and Tress le r .  
Their specimens were much smoother arid f l a t t e r  that ours,  having an 
i n i t i a l  curvature of  approximately 30 meters. After t e s t i n g ,  the 
curvature of t h e i r  specimens was qual i ta t ive ly  the same as  our own, being 
equivalent t o  a s t r a i n  i n  bending of f r o m  6 t o  8 percent o f  the t o t x l  
s t r a i n  i n  tension. Perhaps the most in te res t ing  observation i n  t h i s  
study concerns the va r i a t ion  o f  curvature along the length o f  the gauge 
sec t ion .  Such var ia t ion  i n  curvature was observed on t e n s i l e  t e s t  
specimens from both the National Bureau of  Standards and Benrisylvania 
S ta te  University,  and may a r i s e ,  i n  pa r t  a t  l e a s t ,  from non-homogeneous 
flow of the specimen during deformation. This poss ib i l i t y  i s  current ly  
being explored. 

In  addi t ion t o  the creep s tudies  conducted on the clothespin design 
apparatus, a pin and c l ev i s  f ix tu re  has been completed and has been used 
i n  t w o  creep s tudies .  In  t h i s  f i x tu re  a dogbone specimen, f igure  4 ,  is  
held i n  the t e s t  apparatus by an a - S I C  pin through each end of  the 
specimen. A s  with specimens fo r  the clothespin design, each specimen i s  
made by simple grinding operations ~ using a shaped grinding wheel 
Specimen cos t  i s  approximately the same as tha t  €or the clothespin design 
f i x t u r e .  
flags of  the same design as  tha t  used e a r l i e r  i n  t h i s  study. 
obtained a t  75 MPa and 1300°C indicate  a s imilar  behavior t o  t h a t  already 
obtained i n  t h i s  study: 
lengthy steady state creep period. 
measurements, the creep r a t e  measured i n  steady s t a t e  i s  about the same 
for the  p in  and c l ev i s  design as tha t  obtained on using the clothespin 
design I 

The var ia t ion  i n  

After subjecting 

The apparatus has a l so  been used t o  iwasure the radius of curvasure 

Creep is measured from the  gauge sect ion o f  the specimen using 
Creep data 

a short  t rans ien t  creep period followed by a 
Within the s c a t t e r  of the 

Status  of  Milestones 

Test technique development: To date a11 milestones have been met on 
schedule. The clothespin design t e s t  f ixt i i re  and the pin and cl.evis test: 
f i x t u r e  a re  both operational and are  being characterized f o r  degree o f  
bending. If agreement i s  obtained between these two techniques and i f  
the f ix tu re s  can be shown t o  apply a uniform stress i n  t-he gauge sec t ion ,  
the construction of  a t h i r d  type of t e s t  f i x tu re  ( p o w c l e r  g r i p  design) 
w i l l  be canceled. 
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Comparison of  c reep  d a t a  obta ined  i n  t e n s i l e  t e s t i n g  wi th  t h a t  
ob ta ined  i.n compressi.on and bendi-ng: 
ahead of  schedule .  
compressive c reep  equipment i s  bei-ng cons t ruc t ed .  Although some d a t a  has  
a l r eady  been c o l l e c t e d  i n  compression, t he  t e s t  f i x t u r e  w a s  no t  
func t ion ixg  w e l l  and had t o  be redesi.gned. 
p o r t i o n  of  the  program i s  expected t o  be completed as o f  12/86. Two 
l e c t u r e s  on t h i s  suhj  e c t  w e r e  presented a t  t:he Annu21 Meeting of t h e  
American Ceramic Socie ty  i n  May. A paper on t h i s  s u b j e c t  has  been 
w r i t t e n  and w i l l  be submit ted f o r  publicat:i.on by 12 /86 .  

mi les tones  f o r  t h i s  p o r t i o n  of  t he  program l i e  i n  the f u t u r e ,  a 
comparison i s  be ing  made between our d a t a  and t h a t  c o l l e c t e d  a t  
Pennsylvania S t a t e  Univers i ty  on the same material .  I Be view this 
comparison as a pre lude  to a i n t e r - l a b o r a t o r y  comparison on t e n s i l e  t e s t  
techniques f o r  cerami-c materials at e leva ted  temperatures  ~ Tn a d d i t i o n ,  
t h e  p o s s i b i l i t y  of  c o l l a b o r a t i v e  work with  M r .  Leon Chuck of  t he  Norton 
Company, (former1.y wi th  NBS) and with M r .  Ilo Fang of  Garret Aerospace is 
c u r r e n t l y  be ing  explored.  

This  portion of  the  program i s  
Creep d a t a  has  a l r eady  been obta ined  in bending; 

Da.t:a c o l l e c t i o n  on t h i s  

I n t e r -  l abo ra to ry  comparison o f  t e n s i l e  tes ti method: Although the  

Pub 1 i.c.a t i o n s  

" Inf luence  o f  Micros t ruc ture  on Creep Rupture,  'I 
S.M. Wiederhorn, B . J .  Hockey nnd R . F .  Krause, J r , ,  Presented at Ceramic 
Micros t ruc tures  "86: Kole of  I n t e r f a c e s ,  Un ive r s i ty  of C a l i f o r n i a ,  
Berkeley,  C a l i f o r n i a ,  J u l y  28 -31 ,  1986. 
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1. Dependence of creep rate on app1Led stress. As can be seen, the 
stress dependence of the creep rate is much Less below 100 MPa than above 
this value. 
formation, which is confirmed by 8 mlcrostructural examination of the 
test specimens after testing. 

This enhancement of creep rate is the result of cav i t y  



2. 
bending occurring during creep tests. 

Schematic diagram af the equipment used to determine the amount of: 
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Q 10 20 30 4 0  5 0  

Distance Along Beam - (mm) 

3 .  Curvature of specimens used in the present study: (a) As-machined 
specimen; (b) Deformed at 1300°C. The inverse radius of curvature is 
plot ted as the ordinate  because i t  is  proportional t o  the amount o f  
f lexural.  strain in the specimen. In  fact, c=b/R, where 2h is the 
thickness of the test specimen (3 mm i n  the present ease) and R is the  
Radius of Curvature. 
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F 

4.  Spec- configuration used for the pin and clevis apparatus. The 
specimen is held by two a-SIC pins that pass through the holes. 
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3.5  NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondestruct ive  Character i za t ion  
R. W. McClung (Oak Ridge N a t i o n a l  Labora tory )  

O b j e c t i  ve/scope 

The purpose o f  t h i s  program i s  t o  conduct  n o n d e s t r u c t i v e  e v a l u a t i o n  
(NOE) development 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 termi  n a t i o n  o f  c o n d i t i o n s  (i n c l  udi ng b o t h  p r o p e r t i e s  and f 1 aws) i n  ceram- 
i c s  t h a t  a f f e c t  t h e  s t r u c t u r a l  performance. M a t e r i a l s  t h a t  have been 
s e r i o u s l y  considered f o r  a p p l i c a t i o n  i n  advanced heat  engines a r e  a l l  
b r i t t l e  m a t e r i a l s  whose f r a c t u r e  i s  a f f e c t e d  by s t r u c t u r a l  f e a t u r e s  w i t h  
dimensions on t h e  order  o f  t h e  dimensions o f  t h e i r  m i c r o s t r u c t u r e s .  T h i s  
work seeks t o  c h a r a c t e r i z e  those f e a t u r e s  u s i n g  h igh- f requency u l t r a s o n i c s  
and r a d i o g r a p h y  t o  d e t e c t ,  s ize ,  and l o c a t e  c r i t i c a l  f l a w s  and t o  measure 
n o n d e s t r u c t i v e l y  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  h o s t  m a t e r i a l .  

Techn ica l  p r o q r e s s  

We completed u l t r a s o n i c  s t u d i e s  on t h r e e  composi te ceramic specimens 

The 
c o n s i s t i n g  of  0.5-pm-diam s i l i c o n  c a r b i d e  w h i s k e r s  i n  an alumina m a t r i x .  
The f i b e r  l e n g t h  v a r i e s ,  b u t  t h e  most p robab le  v a l u e  i s  about 30 pm. 
specimens e x h i b i t e d  t h r e e  degrees of f i b e r  c lumping as determined by SEM 
a n a l y s i s :  
had s i m i l a r  clumps 100 vm i n  d iameter ,  and t h e  t h i r d  appeared t o  be f r e e  
o f  f i b e r  cl umps. 

t h e  specimen c o n t a i n i n g  200-pm-diam clumps ( F i g .  1). 
i n d i c a t i o n s  was e l l i p t i c a l ,  a lmost 1.6 mm l o n g  and 0.6 mm wide. 
average i n d i c a t i o n  was approx imate ly  c i r c u l a r  w i t h  a d iameter  o f  about  
250 pm. 

The second specimen, c o n t a i n i n g  100-pm f i b e r  clumps, a l s o  y i e l d e d  
l a r g e  numbers o f  u l t r a s o n i c  i n d i c a t i o n s  (F ig .  2 ) .  However, t h e  i n t e n s i t y  
o f  s c a t t e r i n g  from t h e  clumps was c o n s i d e r a b l y  l e s s  than t h a t  f rom v o i d s  
o f  t h e  same d iameter  i n  alumina. T h i s  r e s u l t  i s  n o t  r e a l l y  s u r p r i s i n g ,  
but i t  i s  c o n t r a r y  t o  t h e  r e s u l t s  o b t a i n e d  on t h e  f i r s t  specimen, where 
t h e  s c a t t e r i n g  appeared t o  be r o u g h l y  comparable t o  t h a t  f rom e q u i v a l e n t  
s i z e  vo ids .  

The t h i r d  specimen y i e l d e d  r e l a t i v e l y  few i n d i c a t i o n s ,  whose i n t e n -  
s i t i e s  were c o n s i d e r a b l y  smal le r  than those from t h e  100-pm bundles i n  t h e  
second specimen ( F i g .  3) .  It i s  n o t  known whether t h e  source o f  t h e  scat -  
t e r i n g  i s  r e l a t e d  t o  t h e  f i b e r s  o r  i s  engendered by f l a w s  i n  t h e  alumina 
m a t r i x ,  but  t h e  r e s u l t s  a r e  s i m i l a r  t o  those o b t a i n e d  on m o n o l i t h i c s .  

imens. As expected, t h e  t r a n s f e r  c h a r a c t e r i s t i c  (frequency-dependent 
a t t e n u a t i o n )  o f  t h e  c lump-f ree specimen approximated t h a t  o f  mono1 i t h i c  
alumina. 
wh iskers  l i m i t s  s c a t t e r i n g  l o s s e s  a t  f r e q u e n c i e s  below t h e  100-MHz l l m i t  
of o u r  u l t r a s o n i c  system. 
curve  r e f l e c t s  t h e  i n c r e a s e d  s c a t t e r i n g  l o s s e s  caused by t h e  f i b e r  bundles.  

t h e  f i r s t  had f i b e r  clumps about  200 pm i n  d iameter ,  t h e  second 

The specimens were examined w i th  a 50-MHz center- f requency u l t r a s o n i c  

The l a r g e s t  o f  these 
t ransducer .  AS expected, l a r g e  numbers o f  i n d i c a t j o n s  were d e t e c t e d  i n  

The 

F o l l o w i n g  f l a w  t e s t i n g ,  we ob ta ined t r a n s f e r  curves on t h e  t h r e e  spec- 

T h i s  r e s u l t  i s  reasonable because t h e  very  smal l  s i z e  o f  t h e  

For t h e  o t h e r  specimens, however, t h e  t r a n s f e r  
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m 
A 

I 
Fig. 1. Ultrasonic scatter ing data showing large (200qm-diaut) f i b e r  

clumps i n  a composite cerasfc. 

2 .  .-. 

Fig. 2. Ul trasonic scatter ing data showing detection o f  100-pm-diam 
f i b e r  clumps i n  a composite ceramic. 



I . . . .  

4 

t i g .  3 .  Ultrasonic scat ter ing data showing detect ion o f  natural  
, '  $ 7  _. ' I  .~ flaws i n  a clump-free specimen o f  composite ceramic, 

For such specimens, the presence o f  clumping can be i n fe r red  from the 
t rans fer  curve without the necessity f o r  de ta i l ed  scanning o f  the part .  
This would not be the case i f  the densi ty o f  clumps were very l o w  o r  for 
the determination of ind iv idua l  clumps. 
t h a t  the t rans fer  character is t ic ,  which can be computed i n  a matter o f  
seconds, could be used t o  r e j e c t  composite ceramics t h a t  e x h i b i t  f i b e r  
clumping, thus saving the expense o f  f u r the r  processing o r  test ing.  

Nevertheless, the resu l ts  suggest 
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Figure 4 shows the transfer curve obtained on a clump-free specimen 
Note 

High-frequency surface wave probing o f  composite ceramics indicated 

and Fig. 5 that an a specimen containing 100-prn-diam fiber clumps. 
t h e  considerable increase I n  attenuation in the latter case. 

t h a t  the  Rayleigh angle backsca t te r i ng  from samples with fiber clumping 
was more intense than t h a t  from samples with no clumping. 
t e s  a second t e s t  f o r  clumping t h a t  can be performed much more raptdly 
than scanning for discrete flaws. 

Far composite samples w i t h  proper fiber distribution, the techniques 
t h a t  we have developed previously i n  monolithics f o r  sample charac- 
t e r l m a t l o n  and f l a w  detection have been entirely adequate. 

We have continued o u r  investigation o f  leaky surface-wave probing o f  
monolithic ce ramics  for detection of  surface and near-surface Flaws. 
Using maxlmimatian of the surface backscattering t o  lacate the Rayleigh 
angle accurately, we have examined a h i g h l y  polished silicon carbide 
piston wrist pin for surface f l a w s  using 50-Plll-Dz energy. 
small portion o f  t h e  t o t a l  surface was examined because o f  t h e  lack of 
suitable f i x t u r i n g  t o  r o t a t e  t h e  cylindrical specimen, two n a t u r a l  de fec ts  
were easily de tec t ed .  
diameter and 25 urn deep. 
long, 50 pm wide, and 25 ~ r n  deep. All dimensions were determined by light; 
microscopy. 

This constitu- 

Although only a 

The first was a roughly cylindrical pit 75 pm i n  
The second w a s  a cracklike feature about 200 ym 

CSEFF i i F  F I T  
1 0.907 
e 0.022 

7 0 . 0  00.0 90.0 100.0  
F RE% PaC Y ?N?4 Z 1 

0 . 0  10.0 2 0 . 0  ao.0 40.0 

F i g .  4 .  Transfer curve f o r  a cluwp-free sample o f  compos i te  ceramic. 



I 
.F

 

I- 
c
u
 

W
 

L
t 

E
 

a
 

..-- 
0
 

L
 

I
a

J
 

E
D

 
L
 

.I- W
 

P
 

Id 

E
 

w
 

6
 

aJ E
 

a
 

u
 
0
 

3
3

s
 

U
a

J
 

0
 >

,E
 

c
 

L
 
P
 
.t- 

Q
I

 V 
a

w
 

o
w

a
 

c
l

l
;

t
h

 
'
P
 

3: 
x
 

cr m
 

E
: 
W
 

-a 

*r- 

- F m L (u
 

>
 
0
 

c
 

+
J
 

X
 

a, 
c
 

Q1 
L
 

.e- 

Y-4 

rb 
d
=
 

U
 

aJ 
m

 
rb 
4

 
E: 
ffl 

m c 
(u

 
E

 

W
 

Q
i 

CL 
VI 

@
J 

Z
 

c, 

S
 

W
 

p: 
P

 
h

 
c, 
v
)
 

0
 

t
 
0
 

!a. 
L
 
0
 

\
 

-0
 

E
 
a
 

.
r
 

'r
 

-
7
 

m
 

m
 

L
 

a, 
b
 

P m
 
E
 

Q
, 

E
 

u
 

a, 

'
P
 

0
 

+
, 

Id 
I3 
c
 

(u
 

c, 
C

t 

.r- 

>
a

r
-

m
.

 
o

o
m

 
vr 

0
 

+
, 

TI 
W
 

I= L
 

m
 

B
 

aJ 
6' 
5
 

V
 

T
2 
c
 

.F- 

.F
 

VI 
st 
E

 
w L
 
3
 

VI 
m a, 
E

 

E 

3
 

6: 
W

 
a, 

-I=
 

c, 

x
 

E
 
0
 

W
 

T
I 

m
 

E
 

e, 
L
 

c
 

VI 
TI 
O
 

>
 

cc 0 
aJ 
V

 
E
 

aJ 
in

 

'I- 
m
 

3
 

K
 

e, 
E

 
aJ 
L
 
s
 

m
 

4
 

W
 

E
 

m 
a

J
*r u 



314 

0.0 L O . 0  20.0 30.0 40.0 I C , ,  c 70.0 80.0 90.0 100.0 FREYUENCY ( M H Z  I 

F i g .  5. Transfer curve for a composite ceramic specimen exhibiting 
fiber el umpi ng . 

The small size and cylindrical shape of the specimen makes it d-s'f- 
ficult t o  introduce much energy at the Wayleigh angle ,  b u t  the above 
results indicate that, even for non- idea l  geometries, f l a w s  of t h e  order 
of a wavelength can be detected easily. 

We have successfully seeded an alumina test blank with s t y r e n e  
divinylbenzene spheres  having diameters o f  115, 60, and 30 pin, arranged i n  
linear ar rays .  Proper placement of o b j e c t s  this small was quite dif- 
ficult, but the spheres were arranged regularly so as t o  distinguish them 
from natural flaws t h a t  might be present i n  t he  b l a n k .  The sample was 
prepared by pressing a blank o f  half the desired t h i c k n e s s  a t  60 MPa. 
spheres were then placed on the surface o f  the blank and the d i e  lightly 
reseated t,o p r e s s  the spheres into the powder. This step was found 
necessary because very slight air currents dislodge the spheres if they 
are n o t  embedded, 
t o  120 MPa. The green-state blank will be annealed t o  vaporize the 
spheres, leaving spherical voids, and the sample w i l l  be sintered t o  pro-  
duce the test standard. 

Surface Systems Group (CSSG) for radiographic studies. These samples were 
identified as fiber-reinforced S i c  composites fabricated by chemical vapor 
infiltration. The CSSG had identified the samples a s  1, 2, 3 ,  and 4 (top, 
top-mid, bottom-mid, and bottom). The dimension o f  each sample w e r e  
approximately 76 x 53 x 2.5 mm. 
thicker specimen. Approximately 25-kVp X rays were used. The t ex tu re  o f  

The 

The remaining powder was then added and the blank press 

Wc obtained four ceramic-matrix composite samples from the Ceramlc 

These t h i n  sections were removed from a 
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applied, revealing the localized density variations and much improved sen- 
sitivity, showing a large number o f  very small discontinuities (less than 
100 p m ) ,  and showing several larger-diameter but quite thin (disklike) 
discontinuities. 

Several modulus o f  rupture (MOR) bars have been prepared with small 
drilled holes to be used in radiographic sensitivity studies. The diame- 
ters o f  the holes are 75, 100, 125, and 250 pm. Depths range from 10 to 
70 pm. These bars will be used for both contact microradiographic and 
projectian microradiographic (with microfocus e uipment) techniques, 
Specimens containing a few holes have been prov ded to two supplieys o f  
microfocus X-ray equipment for preliminary stud es prior to our visit with 
a more extensive group o f  specimens. 
unfruitful because o f  equipment malfunctions. 

Status o f  milestones 

Earlier v sits to one supplier were 

Milestone 351102 was completed a s  scheduled. 

Publications 

None. 



Computed . . . . . . . . . To~mOuw.&~ - W. A. Ellicgssn, E. Segal , and F/?. W .  Vannier 
(Argonrae National Laboratory) 

Objective/scopF- . ... 

The purpose o f  t h i s  program is to develop X-ray computed tomographic 
(CT) imaging for a p g l  i c a t i o n  to struclural ceramic materials. This tech- 
nique has the potential for  mapping density distributions, detecting and 
sizing high- and low-density inclusions, and detecting cracks in green- 
state and densified cea-amies. CT imaging is capable o f  interrogating the 
f u l l  volume of a component, and is noncontacting, It i s  also relatively 
insensitive t o  part shape and t h u s  can be used to inspect components with 
coniplex shapes such as turbocharger rotors, rotor shroudsS and large 
turbine b l  ades. 

‘lechni ea7 . progress . .. . . . . . .. . . .. . .- 

E f f o r t s  during t h e  current r e p o r t i n g  p r j o d  included extensive ana- 
lytical and experimental work on implementing a proposed linearization 
beam-hardrni ng (OH> correction method f o r  poiychrornatic-source CT scanners 
typical o f  those used i n  niedical applications. Linmrization nf‘ poly- 
chromatic CT scanners (i . e . ,  ensuring t h a t  the log o f  t h e  measured X-ray 
intensity is 1ineaa”iy related t o  t h e  thickness o f  a uniform mass) for 
extended density ranges o f  materials is a very difficult t a s k . l Y 2  
Nonlinearity is primarily ( b u t  n o t  exclusively) caused by BM. 
rection methods t h a t  can provide highly accurate a l  enuation coefficient 
determinations f o r  a range of material s and complex component geometries 
involve a significant computational burden ,  pal-ticu a r l y  whers high spa t ia l  
resolution is desired, szr~h as in flaw detection or material charac- 
terization o f  ceramics. 

RH cor- 

The “water b a j ”  a p p a .  Bean hardening is a function o f  the  depth 

I n  the early days of medical tomographic 

o f  penetration andlfar the q e o r n ~ ~ t ~ y  o f  t h ~  object. 
object, different CT p r o j e c t i o n s  will undergo di-it ‘erent BH e f f e c t s  because 
o f  different ray-path lengths 
scanning wi t h  polychromatic t idiatiiin, pat. ients were surrounded by a 
water bag i o  avoid BH ar t ; fa . . t s  in the  resulting iiild;yes- 
equivalent” fo i .  ceramics is a f i t t e d  symmetric structure of a “similar” 
material ( F i g .  1). Puttiny the object o f  -interest i n s j d e  a cylinder a f  a 
similar material ensures that a31 rays From all directiofls will be subjected 
t o  similar RH effects .  

In a noncylindrical 

A “watt-tr bag 
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Fig. 1. "Water Bag" Method to  Reduce BH Effect i n  Ceramics. 

To estimate the esfectiveness of t h i s  method, a cold-pressed MgO 
cy1 inder (p = 1.8 g/cm , t 
ceramic "rater bag equival8& -- i n  this case, a Teflon r i n g  (p = 
2.15 g/cm , t 
scanned witho&ffa "bag"; the BH effect is about 8.7%. 
similar CT scan w i t h  the MgO surrounded by the Teflon ring. As the 
object and t h e  r ing are symnetrical, the BH is the same for a l l  directions, 
The r ing  reduces the BH effect i n  the ceramlc to  ~ 3 % .  
however, since t h e  r i n g  reduces the number o f  photons reaching the object, 
i t  increases the statist ical  noise and reduces the contrast resolution of 
the reconstructed image. T h i s  approach, 5n principle, can only reduce 
the BH effect bu t  not eliminate it. 

= 10.7) was scanned w i t h  and w i t h o u t  a 

Figure 3 is a 

In this case, 

= 8.2). Figure 2 shows a CT image of the NgO ceramic 

Fig. 2. CT Image and Density Trace of MgO Specimen Without "Water Bag 
Equi  Val ent" (Tef  1 on Ring) . 
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Fig. 3. CT Image and Density Trace o f  PlgO Specimen Inside 'Water 
Equivalent" (Teflon R-fng). The density trace no longer 
the very high-denstty ou mglm seen w j a i n  the MgO i 

POLYCHROMATIC A- 
X-RAY --7 \ H 

I -i 

-- -\ 
NORMALIZATION -_ 

FILTER 

OETECTOR 
ARRAY 

Fig. 4. Prefiltering o f  the X-Ray Beam t o  Reduce BH Effects.  
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The disadvantages of this BH correction approach, besides the diffi- 
culty and inconvenience of designing the filter, are similar to those o f  
the water bag approach: (1) it will reduce the 13H but will not eliminate 
it and (2) the hardening of the beam lowers the contrast resolution and 
increases the noise of the image, because the optimal energy for typical 
ceramic components is in the low-energy region of the X-my 

correzrthe nonlinear preprocessed CT data for BH by establishing a new 
effective 1 inear attenuation coefficient (LAC), p '  
function Rn I / I o  = -11 x linear as a function of pknetration depth x .  
These values of ark calculated for a specific ceramic material and a 
specific polychrokatic photon spectrum. By 7 inearizing the function 
Rn 1/1 , one obtains an effective monoenergetic beam. Images recon- 
structgd with 1-1' will be free of BH effects. (However, this may come a t  
the expense of fncreased image reconstruction time. ) Such a 1 inearization 
correction requires access t o  the raw projection data sets in a CT scanner 
after normalization. (In medical CT scanners, special agreements may be 
required for such access. 

In order to establish the validity of this linearization approach, a 
test scan was made on a second-generation CT machine (Elscint Model 2002) 
in which a linearization correction had already been impliymented. 

The CT image obtained with the lidedrization correction is sh86;f -in F i 9 .  5 
No BH i s  apparent at the outer edge; howeverJ an apparent "negative EW'i 
(i.e*, higher density in the center) i s  present. 
zation correction used here had been optimized for tissue and water-like 
materials, and is not suitable for ceramics. In practice, a correction 
for the particular ceramic material o f  interest, based on the measured 
attenuation coefficient of that material, is needed. Details of imple- 
menting such a linearization correction are discussed below. 

Proposed BH correction, The approach taken in this project i s  to 

which makes the 

The 
specimen was a 5-cm-diam green Si N, sample ( p  = 8.2 g/cm z = 3 2 . 1 ) .  

O f  course, the lineari- 

Implementation o f  beam hardening correction 

quires knowledge o f  the type o f  detector being used, the spectrum o f  the 
X-ray head, and the composition of the material being studied, as well as 
access to the raw detector da ta .  Several excellent references5 are 
available on CT detectors and we will not discuss detection here. In 
order to evaluate the accuracy of the effective LAC methad for a known 
X-ray spectrum and a homogeneous material a theoretical calculation was 
completed and compared with an3experimental measurement on a green-state 
S i  P1 specimen ( p  = 1.995 g/cm 1 with dimensions of 5.7 x 4 . 3  x 3.1 cm. 
Fi&?e 6 shows a comparison between the experimental data and theoretical 
calculations based an the X-ray head spectrum o f  a Siemens Somatom 
scanner operated at 125 kV. 
mental and theoretical results demonstrates that the BW effect can be 
calculated for ceramic materials.. 
effect can be. 

Implementation o f  the linearization correction discussed above re- 

The excellent agreement between t h e  experi- 

Figure 6 a lso  shows how severe the Eti 
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530 522 A Y 

-il I 
Fig. 5. CT Scan o f  Green Si N Specimen, Obtained with a Second- 

Generation Elscint iode1 2002 Machine. 
apparent at the outer edge, but an apparent "negative BH" 
of about 0.5% is present. 

No BH effect is 

Fig. 6. Comparison between Theoretically Calculated BH 
Effect and Experimentally Measured BH Effect 
for a Green-State S13N4 Specimen. 
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The linearization BH correction method for ceramic materials was 
further experimentally verified with an Elscint Excel 2002 second- 
generation medical CT scanner. Access to the normalized detector data 
for this scanner was obtained. An approximate energy spectrum, S(E), was 
used to represent the polychromatic source. 
test material because this fluid has a mass density ( p  = 1.565 g/cm 1 and 
an electron density ( z  
Si N . 
boZtfe filled with Freon TF and placed in the CT machine so as to produce 
a circular cross-sectional image. 
nonlinear attenuation and the linearization correction obtajned by using 
11 at an equivalent monoenergetic photon energy (60.6 keV). The 
thlfdfbrder polynomial -curve coefficients were empirical l y  establ ished 
during tests on the machine. 

Freon TF was chosen as3the 

= 14.4) close to those of both green and dense 
The test specifiii was a 53-m-diam, thin-walled polyethylene 

Figure 7 shows a plot of the uncorrected 

Fig. 7. 

SPECIMEN THICKNESS,X (cm) 

Comparison of Theoretically Derived Uncorrected Lfnear 
Attenuation with Corrected Linear Attenuation for Estimated 
X-Ray Spectrum of Polychromatic Source from Elscint Excel 
2002 CT Scanner. 

Figure 8 shows the CT image o f  Freon TF obtained with a standard 
"water equivalent" BH~correction. The 8H effect is about 10%. Figure 9 
shows the CT image obtained when the linearization BH correction was 
implemented. In this case the BH was reduced to ~ 1 % .  

procedure which takes into account the material composition of the speci- 
men and the X-ray spectrum of the CT scanner can reduce the BH effect to 
less than 1%. 
not be possible, as scattering effects are present at the detector and 
may be difficult to convolve out of the image reconstruction process. 
Theoretically, a special BH calibration should be performed for the 
material o f  interest and far each density o f  this material. 
a problem for ceramic components, as uniform ceramic calibration blocks 
may be difficult to produce. It would be very useful if the material 
mass-density/electron-density trade-off could be established so that 
calibrations could be done on known homogeneous substances such as the 
liquid Freon used in these experiments. 

The results presented here show that a linearization BH correction 

Further reduction o f  the BH effect to the O.Q% level MY 

This presents 
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FI-g. 8. CT Image (10-rn Slice) o f  53-m-Diameter Polyethylene Bottle 
F i l l e d  with Liquid Freon TF, with Water BH Correction. 
BH e f fec t  i s  210%. 

Fig. 9. CT Image (10-mn Slice) o f  Same Specimen Shown i n  Fig. 8, with a 
Third-Order Polynomial Linearization BH Correction. BH ef fect  
i s  4%. 
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Status o f  milestones 

All milestones are on schedule. 

Pub1 ications 

1. E. Segal and W. A. Ellingson, "Beam-Hardening Correction Methods 
for Polychromatic X-Ray CT Scanners Used to characterize Structural 
Ceramics," to be published in the Proceedings o f  the 2nd Intl. Symposium 
on The Nondestructive Characterization o f  Materials, Montreal, Canada, 

2. E. Segal, W. A. Ellingson, Y. Segal, and I. Zmra, "A Lineari- 
zation Beam-Hardening Correction Method for X-Ray Computed Tomographic 
Imaging o f  Structural Ceramics," to be published in the Proceedings o f  
the Review of Progress in Quantitative NDE, La Jolla, CA, August 3-8, 1986. 

Technology f o r  Advanced Beat Engines Ppoject SemicznnuaZ Progress Report 
f o r  Period October 1985-March 1986, ORNL/TM-10079, Oak Ridge National 
Laboratory, Oak Ridge, Tenn. August 1986. 

Ju ly  21-23, 1986. 

3 .  W. A.  Ellingson and E. Segal, "Computed Tomography," in CeramZc 
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Methodo1o.w for Intelli~~i~~...ProcessiplR ..g:€...%?z A b l e  Ennineerinn Ceramics 
T. M. Rese ta r ,  J .  V .  Marrik, and J .  McCauley ( U . S .  Army Materials 
Technology Laboratory) 

Objective/Scope 

The Materials Characterization Division of the U.S. Army Materials 
Technology Laboratory (MTL) is currently undertaking the  development of 
a data bass for the purpose of intelligent processing of reliable 
engineering ceramics e This data bas@ will allow for detailed quant i7  
fiable powder characterization which is Eocused on: 
A .  Establishment of a s e t  of quantifiable powder characteristlcs in- 
clud-i ng thosc measurements like permemetry and flowability which may 
reflect several characteristics at once. 
R e  Investigation of available data base management and artificial 
intelligence software for potential use in this program. 
C. Collection of data on Si3N4, Sic, and %r02 powders and merging of 
data into selected data base management software. 

T e c h ni e a 1 P r og r e 8 f; 

This study is directed toward developing a systematic knowledge 
representation for both quantifiable powder (Task 1) and ceramic 
characteristics (Task 2)  and ultimately joining the powder and ceramic 
data bases with selected property data (Task 3). The quantifiable 
unique signature concept (Ref. 1) was used t o  establish the framework 
for constructing a computer accessible basic set of powder characteris- 
t:lcs (Task 1). 

The initi-al task for this project was the procurement of computer 
hardware and software for the storage and manipulation of powder data. 
The hardware obtained was a Rafnbow personal computer (Digital, Inc. 
along with a Dlgital LA-50 pri.nter. The procured software was Symphony 
(1.01) with an MS DOS (Version 2.11) operating system. A feasihility 
study of this personal computer system (with additional memory to 
enable future communication capabilities) w a s  done using data obta:t.ned 
from the characterization of zirconium powders. 

Table 1 contains the basic set of qimantPfiah3.e powder chasacteris- 
tics which will unambiguously define a particulate system. Thfs basic 
s e t  includes; a >  physical mnd b) cheis:lcal properties, c)  physical 
defects, and d) other characteristics distinctive for specific mate- 
rials (i.e. burn time is traditionally used as a specification f a r  
zirconium powders.) The headings are broad enough to encompass a varl- 
ety of classtc powder characterization techniques and to include 
various property information specific to each differenrt material. 

To date, essentially all data organization and representation 
been based on previously characterized zirconium powder data. Table 2 
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T a b l e  1. 8 a s i c  Set o f  Q u a n t i f i a b l e  
Powder Characteristics 

A. Pfl'lSICAL CXARACTERISTICS : 

B. C%HICAL C W C T E R I S ' ; I C , T  : 

1) Major Elements 
2) Minor Elealents 
3 )  Trace Eleaents 
4 )  V o l a t i l e  Analysis 
5) Weighr LOSS in Air t o  110°C 
6 )  Phase Analysis (X-ray Diffraction) 

C. PEFyS1CA.L DEFECTS: 

1) Agglomeration : P e r c e u t / S i z e  
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Tab le  2. Pre'liniinary D a t a  Sase Format 
for  T.ype I 1  Zircortium Powder- 

1.3 1.3 
1.75 1.5s 
1.95 1.57 
1.75 1.57 

1.55 1.57 
1.38 1.6i 
1.90 1.54 
1.75 1.55 

1.35 1.59 
1.30 1.55 
1.97 1.71 
2.70 1.32 
1.98 €,.@I 
la?2 1.69 

3.15 1.75 
1.89 1.65 
1.89 1.73 

0.2 
0.22 
0 .E 
0 . 2  

0.20 
0.22 
0.40 
0.17 

0.2 
0.32 
0.27 

4 . 2 1  
0.15 
0.17 

0 2% 
0.15 
0.15 

1.5  
1.69 
1.54 
1.68 

1.2 
1.51 
1 .a 
1.72 

1.66 
1.70 
1.5 
1.63 
1.74 
1.76 

1.23 
I .67 
l."E 

FSSS 
APS-lm 

2.25 
2.35 
2.2 
2.1 

2.15 
2.20 
2.10 
2.:2 

2.25 
2.25 
1.9 
1.3 
2.4* 
2.3 

4.3 
2.3 
3.B 

3.27 
3.22 
3.20 
3.20 

3.96; 
3.22 
3.58 
3.27 

3.24 
3.33 
3.40 
4.32 
3.56 
3.58 

4.22 
3.44 
3.60 

Burn Time 

2.2 
2.5 
2.2 
2.: 

2.0 
2.2 
i. 1 
2.3 

2. i 
2.4 

2*2  
3.3 
3.1 

- -  
L.; 

6.1 
3.2 
2.4 

tron Data 



is the prelimlnary data format for Type I1 Zfrconium Powder and con- 
tains a portion of the basic set of quantPf%abBe powder characteristics 
and properties to measure. The first ct.lumn contains the sample 
identification number. Columns 245 csntsfn physical characterization 
parameters and column 6 H s t s  the avai1abl.e chemical characterization 
in€orrnation. The East two columns contain "'other eharacteristics", 
which in the ea5e of zirconium powder i s .  a morphology descriptor 

g ] >  axid measurable property (burn time). This is a pre- 
liminary format and can be e a s i l y  rearranged as more information is 
obtained (i.e. ehemieal composition). 

Rarely dues a part ic le  have a perfectly spher-bcal shape and a 
single size. In an attempt eo quantify powder morphology and further 
characterlze median particle s fze and distribution, an 1 mage analysis 
software package was used. This software. package was Installed on a 
Tracor Northern TNISEiDO X-ray Analyzer for use of a JEOL JXAe840 
scanning electron microscope. The image analysis system 15 capable of 
collecting informatiion on individual partfcles far the average, maximum 
and minimum diameters, the area and perimeter. Once these values are 
stored, the program i s  capable of summarizing and tabulating data on 
all particles or  converting to histogram form. 

An initial assessment of this image analysis system was performed 
using zirconium powder 5-5079 A * l  from the data base (Table 2). The 
zirconium powder was suspended in methanol in a glass sample vial. The 
vial was shaken vigorously and pEa into a vibrating sample packer to 
prevent settlfng of the powder. le in the sample vibrator, a por- 
tion of the suspension was drawn into a glass pipette. The pipette was 
mounted on to  a. modified aerosol gas duster and the suspension was d i e -  
persed onto a sample holder for the SEM. 

F o r  the Initial evaluation, the  number of: partfcles sized was 
limited to 100. Results are suwrtzed in Table 3 and Figure 1. The 
average particle size was determined 2,O urn. The median particle 
size for this same powder sample as by the Micromeritics 
XJray SediGraph 50QOD is 5.02 urn, ne8 a half times greater 
than that obtalned f r o m  the image analysis system (Table 43. This 
large difference in average garfjcle size values can be seen in the 
tendency f o r  t h e  powder to rapidly settle out of the methanol sus- 
pension. This would make it difficult to collect: a suspension sample 
which is representative of t h e  t r u e  particle distribution of the 
zirconium powder, slnce the larger particles settle first. This re- 
sults in a collection o f  the fines fraction f o r  the analysis, thereby 
glving a smaller average part ic le  ~ i z e  than the Mieromerit-bcs SediGraph 
5000D. It was also ohserved that suspension samples taken from vials 
which were not agitated resulted I n  even s ller particle sizes. 

le preparaelon of the zirconium powder for image analysis 
'on the JEOL JXA-840 is currently under evaluation since the results are 
dependent on the preparation procedure. Two possible options which are 
being evalirated to keep the particles In suspension include inserting 
an ultrasonic probe I n t o  the suspension as well as the use of a more 

The high density for zirconium (6-4 '3  g/cc) exacerbates the diffib 
FOK silicon nitride (3 .44  

viscous suspension media. 

culty of making a representative suspension. 
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Table 3 .  Particle Sizing o f  Zirconium Powder 
by Image Analysis 

LABEL: 2R POWDER 5-58?? Pa-1 
NLPI8ISER OF FF3AME3 5 
NUMBER OF PBRTSCLES 188 

FIELD IdIDTH= 43 .48  urn 
OFF PARTICLE SPACING= e .  14 urn 
at-4 PARTICLE SPAC!NG-= 8 - 8 1  urn 
FIELD ARE+ 1.89Et83 um'2 
TYPE M E  WE. D I a w M W I N  A R W  P E 2 1 H E E Z  

MAMNI FI CAT I ON 21381 

HI C A W S  MICRONS .un-2 MIC80NS 
8 ALL WPES 1 m E t w  t- i . x x t 1 3 ~  2 . 7 1 x - t ~ ~  2 . 2 i E t e e  4 . 8 9 4 ~ t i o  7.855~tee 
1 ZR - RICH 2.92E+BI3 +-- l.S8E+BI3 3.88E+88 2.15Etbf0 S.362EtBI3 8.45SE+@8 

62 NCM-INT 4.88E-69 +- 1.98E-81 5.95E-81 2.77E+@I3 1.424E-91 1.781EtBO 

PARTICLE C R W  S 
TYPE NAME NUMBER I(%) T.ARW7X) 

ALL WPES 188 1013.99 4.31 
1 f R  - RICH 91 91 .B8 4.38 

62 Nm-rwr 9 9.80 8.81  

Figure 1. Histogram of Zr Powder Size Distribution 
by Quantitative Imdge Analysis 
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Table 4 I Conparison of Di f fe ren t  Particle 
S i z i n g  Techniques 

Average Particle Size (pm) Standard k v i a t i o n  ( m)  r 
2.02 1-58 

5,8G 2.19 
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g/cc) and silicon carbide (3.21 g / c c )  this difficulty should be mini- 
mized. 

Status of Milestones 

Milestone /I351401 (Establish a s e t  of quantifiable powder 
characterlstfcs and properties to measure) is completed. 

Milestone 5351402 (Establish data base fcrc recording, s t o r i n g  
analyzing and retrieving data) is on schedule. 

Milestone /I351403 (Incorporate chemical and physical. 
characteristics of t he  three powders into data base) is behind schedule 
due to delays in powder delivery from NBS. 

Publications 

None 

References 
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4.0 TECHNOLOGY TRANSFER 

4.1.1 Technoloqy Transfer 

Technology Trans fe r  
D.  R .  Johnson (Oak Ridge National Laboratory) 

Technology transfer in the Ceramic Technology Project is accomplished 

Trade shows. A portable display describing the program has been 
by a number of mechanisms including the following: 

built and used at several trade shows and technical meetings, most 
recently at the Annual Meeting o f  the American Ceramic Society, May 5-7, 
1985, in Cincinnati, Ohio. 

Newsletter. A Ceramic Technology Newsletter i s  published bimonthly 
and sent to a large distribution. 

Reports. Semiannual technical reports, which include contributions 
by all participants in the program, are published and sent to a large 
distribution. Informal bimonthly management and technical reports are 
distributed to the participants in the program.. Open-literature reports 
are required o f  all research and development participants. 

Direct Assistance. Direct assistance is provided to subcontractors 
in the program via access to unique Characterization and testing facilities 
at the Oak Ridge National Laboratory. 

to our community. During this period a workshop on material requirements 
f o r  advanced heat engines was held during the Automotive Technology 
Development Contractors Coordination Meeting, October 21-24, 1985. 

supportive o f  the cooperative work being done by researchers in West 
Germany, Sweden, and the United States under an agreement with the 
International Energy Agency. That work, ultimately aimed at development 
of international standards, includes physical, morphological, and micro- 
structural characterization o f  ceramic powders and dense ceramic bodies, 
and mechanical characterization o f  dense ceramics. Detailed planning and 
procurement o f  ceramic powders and flexural test bars were accomplished 
during this reporting period. 

Workshops. Topical workshops are held on subjects of vital concern 

International Cooperation. Our program is actively involved in and 



332 

~ I W - X  Tr S p e c i m g s  SUPPQS_S; 
V.  J. Tennery (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

The I E A  Annex I 1  agrecsiiaent between t h e  U n i t e d  S t a t e s ,  t h e  Federa l  Republic 
o f  Germany, and Sweden c o n c e r n i n g  s t r u c t u r a l  ce ramics  f o r  advanced hea t  
englnes and o t h e r  c o n s e r v a t i o n  a p p l i c a t i o n s  was r e c e n t l y  s i g n e d  by a l l  
t h r e e  c o u n t r i e s .  T h i s  agreement i n c l u d e s  foul" sub taska:  (1) i n f o r m a t i o n  
exchange, (2)  ceramje powder c h a r a c t e r i z a t t o n  (3) ce ramic  c h e m i s t r y  and 
s t r u c t u r a l  c h a r a c t e r i z a t i o n ,  and (4) ce ramic  mechan ica l  property charac- 
t e r i z a t i o n .  Each c o u n t r y  has agreed t o  provide s e l e c t e d  ceramjr powders 
and s i  ntered s t r u c t u r a l  cerarni c s  f o r  st.udy i n a1 1 t h r e e  p a r t i  c i  p a t i  ng 
c o u n t r i e s .  P a r t i c i p a t i n g  l a b o r a t o r i e s  i n  a l l  t h r e e  c o u n t r i e s  have agreed  
t o  share a l l  r e s u l t i n g  d a t a  w i t h  t h e  i n l e n t  o f  u s i n g  the knowledge gained 
f o r  t h e  purpose o f  e v o l v i n g  s t a n d a r d  measurement methods f o r  cha rac -  
t er i  z i  ng cerarni c powde~s  and s i  wtered st ructural  cerarni c s  . 

The ?ack  o f  such s t a n d a r d  measurement methods has s e v e r e l y  hampered 
t h e  e v o l u t i o n  and deve1c~pinen.b; o f  s t r u c t u r a l  ce ramics ,  and t h i s  new 
Annex I 1  agreement w i l l  g r e a t l y  a c c e l e r a t e  %he development o f  s t a n d a r d  
methods f o r  d e t e r m i n i n g  i m p o r t a n t  p r o p e r t i e s  o f  t h e s e  m t e r i a l s .  

have agreed to c o n t r i b u t e  s i g n i  f l c a n t  r e s o u r c e s  i n performi wg the r e q u i r e d  
measurements. For  example, i n  Subtask 2, t w e l v e  1 a b o r a % o r i e s  a r e  par- 
t i c i p a t i n g ;  i n  Subtask  3 ,  seven l a b o r a t o r i e s  a r e  p a r t i c i p a t i n g ;  and I n  
Subtask  4 ,  e l  g h t  1 abora to r i  e s  a r e  p a r t i  c i  pat1  ng . 
phase o f  t h i s  work .  Foi. Subtasks 3 and 4 ,  t h r e e  s i n t e r e d  ce ramics  a r e  
b e i n g  s t u d i e d ,  i n c l u d i n g  one from each o f  the  t h ree  c o u n t r i e s ,  The ce- 
ramic f rom t h e  U n i t e d  S t a t e s  i s  a s i l i c o n  n i t r i d e ,  SNW-1000 f r o  
NE-Wesgo, 8.hat f r o m  Germany i s  a h i p p e d  S i C  f r s n  ESK Krmpton, and t h a t  
f r o m  Sweden i s  a s i l i c o n  n i t r i d e  f r o m  Asea Cerama. 

I n  the  U n i t e d  S t a t e s ,  many companies and t h e i v  research l a b o r a t o r i e s  

Far  Subtask  2, f i v e  ce ramic  powders are being s tudied  i n  the i n i t i a l  

____ T e c h n i c a l  p r o q r e s s  ._____.._ ..._ 

As a r e s u l t  o f  s e v e r a l  meet ings o f  r e p r e s e n t a t i v e s  o f  %%re three 
c o u n t r i e s  o v e r  t he  p a s t  two years ,  i t  has been ag reed  t h a t  t h e  ce ramic  
powders t o  be s t u d i e d  i n  Subtask  2 w i l l  be provided by t h e  United S t a t e s  
and t h e s e  w i l l  be distributed by t h e  N a t i o n a l  Bureau o f  S tandards .  The 
f i r s t  o f  these powders i s  scheduled to be d i s t r i b u t x d  t u  t h e  p a r t d c i p a t i n g  
laboratories i n  October 1986, The sa 'n te red  ceramics r e q u i r e d  f o r  
Subtasks 3 and 4 a r e  i n  t h e  form of niachined f l e x w e  b a r s .  The ESK 5 i C  
bars t o  be studied j n  t h e  I J n i t e d  S t a t e s  are a n t i c i p a t e d  t o  be shipped t o  
t h e  Oak Ridge N a t i o n a l  Laboratory try t h e  end o f  Gctober 1986. The 
r e q u i s i t e  slumber o f  b a r s  w i l l  t h e n  be r e s h i p p e d  t o  the p a r t i c i p a t i n g  U . S .  
l a b o r a t o r i e s ,  
d a t e  f o r  t h e  Asea Cerama s i l i c o n  n i t r i d e  b a r s  i s  expec ted  by October  1986, 
ORNL i s  r e s p o n s i b l e  f o r  p u r c h a s i n g  t h e  WE-Nesgo SNW 3000 bavs  ani; d i s t r i -  
b u t i n g  them t o  a l l  p a r t i c i p a n t s  i n  Suht-asks 3 and 1. 
( w i t h  a s s i s t a n c e  f r o m  bd:*ofessc~r fl. K.  k r b e r  o f  the U n r ' v e r s i i y  o f  
I l l i n o i s )  i s  d i s t r i b u t i n g  i? tenpla: .~ wr:ttcn f o r  I-OTUS 1-2-3 fo i -  daLa 
e n t w  and s t a t i s t i c a l  a n a l y s i  s o f  f r ac tu re  strength i l a a  r o q u i  r+d i n  

An i n d - i c a t f o n  from Sweden a s  to t h e  a n t i c i p a t e d  shippi 'ng 

I n  a d d i t j o n ,  ORNL 
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Subtask 4 ,  Th is  template  was prepared and d i s t r f b u t e d  t o  a11 p a r t i c i p a n t s  
dur ing  A u ~ ~ s t  1986. In a d d i t i o n ,  ORNL i s  r e spons ib l e  f o r  providing metric 
four-podnt  f l e x u r e  f i x t u r e s  on a loan b a s i s  t o  a l l  U.S. p a r t i c i p a n t s  who 
r eques t  them.  
c e r t i f i c a t i o n  t e s t i n g  during the l a t t e r  par t  of August, The specimens 
u t i l i z e d  f o r  t h i s  c e r t i f i c a t i o n  a r e  of alumina and were provided by 

ASA-hew7”s Research Center ,  a s  t h i s  l abora to ry  i s  a l s o  using t h i s  mater ia l  
t o  c e r t i f y  f i x t u r e s  t o  be used a t  NASA-Lewis p r i o r  t o  f r a c t u r i n g  specimens 
o f  n i t r i d e  and ca rb ide  from the t h r e e  c o u n t r i e s .  

follows. 
requirement t h a t  a t o t a l  of  2875 ba r s  be de l ive red  t o  ORNL by 
January 9986. I n  January ,  ORNL was informed t h a t  a powder batch com- 
pos i t i ona l  e r r o r  .had occurred a t  Wesgo and t h a t  a de lay  in  ba r  d e l i v e r y  
was a n t i c i p a t e d  w h i c h  may delay d e l i v e r y  u n t i l  May 1986. In e a r l y  June ,  
QRNk,was informed t h a t  the b a r s  may be delayed u n t i l  J u l y .  From the 
begl’nning o f  J u l y  u n t i l  the present, Wesgo has been unsuccessful in sin- 
t e r i n g  a “ t h 3 c k “  b i l l e t  of  SMW-1000 which has the requi red  Weibull modulus 
of 19-20 with a f l e x u r e  s t r e n g t h  of ’100 ks i .  
s t u d i e s  a r e  now underway t o  i d e n t i f y  t h e  c r i t i c a l  v a r i a b l e s  w h i c h  have 
prevented achievement of t h e  requi red  p r o p e r t i e s ,  and i t  i s  a n t i c i p a t e d  
t h a t  t h e s e  problems w i l l  be resolved by the end o f  August. I f  th i s  i s  
done s u c c e s s f u l l y ,  the s i l i c o n  n i t r i d e  ba r s  w i l l  be d i s t r i b u t e d  by ORNL i n  
the  f i r s t  q u a r t e r  o f  ca lendar  year 1987, fol lowing u l t r a s o n i c  and 
rad iographic  NDE c h a r a c t e r i z a t i o n .  

These f i x t u r e s  were f a b r i c a t e d  and d i s t r i b u t e d  fol lowing 

The  s t a t u s  of t h e  SNW-1000 s i l i c o n  n i t r i d e  b a r s  from GTE-Wesgo 
The purchase o rde r  was placed on A u g u s t  12, 1985, w i t h  a 

A s e r i e s  o f  processing 

S t a t u s  o f  miles tones  

n schedule .  

Hone 
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S t a n  cia r d  Ref e pet c e Ma t e r i a .I s 
A .  L .  Dragoo (National Bureau of St:andards) 

O b 5  e c t  ive /Stop e 

Ceramics have been successfu l ly  employed i n  engines on a 
demonstration b a s i s .  T h e  sucxessful. manufacture and use of ceramics i n  
advanced engines depends on the  development of relia1,I.e ma te r i a l s  that: 
w i l l  wi thstand h igh ,  r ap id ly  varying thermal s t r e s s  loads.  Improvement 
i n  the  cha rac t e r i za t ion  of ceramic s t a r t i n g  powders i s  a c r i t i c a l  
* . ac to r  i n  achieving reliab1.e ceramic mater ia l s  f o r  engine app l i ca t ions .  
The producti-on and u t i l i z a t i o n  of such powders r equ i r e  character izat : ion 
methods and property s tandards f o r  q1ual.itry assurance.  

The ob jec t ives  o f  the  NBS program a r e  (1) t o  a s s i s t  with the  
d i v i s i o n  and d i s t r i b u t i o n  of f i v e  ceramic s t a r t i n g  powders for an 
i n t e r n a t i o n a l  round-robin on powder charac te r iza t - ion ;  ( 2 )  t o  provide 
r e l i a b l e  data on physical  (dimensional) ,  chemical and phase 
c h a r a c t e r i s t i c s  of t w o  s i l i c o n  n i t r i d e  p o w t l e r s :  a reference and a t e s t  
powder; and ( 3 )  t o  conduct s tah i . s t ica1  assessment and modeling of 
round-robin da t a .  This program is d i r ec t ed  toward a c r i t i -ca l  
assessment of powder cha rac t e r i za t ion  methodology and toward 
establ ishment  o f  a b a s i s  f o r  t h e  eva lua t ion  of f i n e  powder precursors  
f o r  ceramic processing.  This work w i l l  examine and compare by a 
v a r i e t y  of  s t a t i s t i c a l  means the vari-ous measurement methodologies 
employed i n  the  round- robin and the  coxre  1.ations among the  var ious 
parameters and c h a r a c t e r i s t i c s  t?valua.ted. The r e s u l t s  of  the  rouiid- 
robin  a r e  expected t o  provide the  b a s i s  f o r  i den t i fy ing  measurements 
f o r  which Standard Refereme Matxrials a r e  needed and t o  provide 
property and s t a t i - s t i c a l  da ta  which w i l l  serve the  development of 
i n t e r a a t i o n a l l y  accepted s tandards .  

r 

.... T e chn i c a 1 P r-oz~e>~ 

R u  

(H 
1 

Division and Di s t r ibu t ion  o f  Cerarnic._.S.tartinE Powders. 
.k l o t s  of  z i r con ia  (Toyo Soda TSK-ZR-3Y) and s i l i c o n  n i t r i d e  

C .  S ta rck  LC-lO)a powders were divided in'io s m a l l  samples i n  a 
process cons i s t ing  of a manual spl.it:tinp, s tage  and three  s tages  i n  
which spi.niiing r i f f l e r s  were used. 
f i r s t  and second ri .Efling s tages  was described i n  the  previ.ous r e p o r t .  
The f i n a l  s t age  of r i f f ] - i n g  was c a r r i e d  o u t  wi.th a small r i f f l e ,  shown 
i n  Figure 1. The r i f f l e r  was operated i n  a. gl.ovebox t h a t  was f lushed 
COntinUOUSly with dry argon. 

The spinning r i f f ] - e r  used f o r  the 

a Cer ta in  commercial equipment, instruments ,  o r  materi.aI.s 
a r e  i d e n t i f i e d  i n  t h i s  paper i n  order  Lo adequately 
spec i f y  the exper imenta I. procedure . Such idant  .i. f i c a  t i on 
does not  imply recommendation o r  endorsement by the  
National Eureau o f  Standards,  nor does i.t imply t h a t  the  
rnateri-als o r  equipment i d e n t i f i e d  a r e  necessa r i ly  the  
b e s t  ava i l ab le  f o r  the purpose. 



Figure 1. Processing of powder samples in the final rifeling stage. 
The riffling operation is carried out in glovebox which is 
continuously flushed with dry argon so that samples are 
exposed to and sealed under an inert atmospheze. 
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A 25 Kg l o t  of zi.rt:onia was mixed i n  a cone hlender  and was s p l i t :  
manually i n t o  8 samples. The wei.ght: of  each sample was deeeimined. 
Samples f rom each s t age  were se l ec t ed  a t  ranilviii and were processed 
through the  subsequent r i f € l i n g  s t ages .  To determine the  recovery of  
the powder through the  f i r s t  and second r i f f l i n g  s tages  and the sample- 
to-sample va r i ab i  1i . ty ,  the amount of powder tzrans Ferred i n t o  the  hopper 
o f  the s m a l l  r i f f l e r  was measured a t  the  beginning o f  the  f i n a l  
r i f f l i n g  s t age .  The r e s u l t s  f o r  .the d iv i s ion  o f  the  zircni.n powder are 
summarized i n  Table 1. 

A comparison o f  the r e l a t i v e  s tandard devia t ion  (RSD) of  the  sanp1.e 
s i z e  foll.owing manual s p l i t t i n g  with t h a t  f o r  the  quant i ty  t r ans fe r r ed  
t o  the  hopper of  the  siiiall r i f f l e r  suggests  t h a t  most of the var%at;rion 
i n  sample size was introduced when the  powder w a s  manually s p l i t ,  The 
recovery of  powder a f t e r  t w o  r i f fL ing  s tages  was 98.7 percent .  Ninety- 
s i x  o f  the  256 96-g samples obtained from Stage 2 were process i n  t h e  
f i n a l  r i f f l i n g  s t age .  The remaining 9 6 - g  samples w i l l  be used f o r  t e s t  
requiri-ng " l a rge"  samples o r  wil.1. be r i f f l e d  i n t o  a second batch o f  1 2 -  
g t e s t  samples. 

Table 1. Summary o f  R i f f l i n g  of  Zirconia Powder (Toyo Soda TSK-TZ-3Y)  

Stage No. of  Samples S ize  o f  Sample 

As Received 25 K g  

Blend and S p l i t  8 3120 g 
1.28 8 s . e .  

Stage 1 R i f f l e  6 4  390 g (approx.)  

Stage 2 K i f f l e  256 9 7 . 5  g (approx . )  

96 of  the  Stage 2 b o t t l e s  t r ans fe r r ed  t o  Stage 3 

Average quant i ty  t r ans fe r r ed  9 6 . 2  g 
1.70% s . e  

Stage 3 R i f f l e  768 12.0 g 

6 4  samples f o r  cer t i . : f ica t ion  ana lys i s  

15 samples f o r  preliminary t e s t s  

2 samples l o s t  

687 samples f o r  d i s t r i b u t i o n  
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The carousel of the small r i f f le r  was modified, see Figure 2 ,  so 
that the saglple vials could be accommodated on the r i f f ler .  This 
modification simplified the vial  f i l l lng process and assured that a l l  
of the riffled powder was collected i n  the vials.  The vials were 
capped with polyethylene caps as the vials were removed friom the 
r i f f le r ;  randomly selected vials were set  aside for certif,ication 
analyses; and the remaining vials of test  samples (687) were arranged 
on polystyrene trays and sealed under Cxry urpn in nekl1Pzed polymer 
bags. Certification mwlyses are %n gmgsm~. In early Hmembe11, the 
tes t  samples w U 1  be flame-sealed in glwr envelopes in cobLaboration 

Laboratory of the 

Figure 2.  Modification of the carousel of a small r i f f le r  t o  permit 
direct loading of sample vials. 
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fiberglass flame-sealed 
Pad 

E s nap-cap 
E ............................................................................................... m ::.:.e .... ......................... ::.::.::.::.::.::.: ...................... 
P 

Figure 3 .  Sehriina,t:j-c of  f lame-sea led  sample showing the double v i a l  
arrangement of inner  v i a l  with powder sample and o u t e r ,  
flame-sea? ed vial.. 

A 100 Kg l o t  of  silicon n i t r i d e  powder ‘idas blended and manua.lly 
s p l i t  i n t o  48 sarnp.les, wei.ghirig appmximataly 2-Kg each. The 2-Kg 
sample:; were processed through the f i rs t  i:if.€.li.ng stage and most o f  the 
r e s u l t i n g  260-g ~ ~ m p 1 . s ~  were process  through the subsequent r i f f  ling 
st:ag:&. Due t.0 the large nwd~ex: oE samples produced i n  the manual 
s g l . i t t l n g  stages samples were randomly pa i r ed  be fo re  r i f f  ling in the 
next t w o  s t a g e s .  This  pa i r ing  of  samples i s  expected t o  reduced the 
sa~flple-to-sample variation. An a n a l y s i s  o f  t h e  processing times f o r  
trhe var ious stages showed t h a t  o v e r a l l  processing rates are controlled 
by the n ~ h e r  of samples to be process ,  the  ease w i . t h  Iqhich t h e  powder  
f l o w s  nxid sample s i z e .  Times requi red  to r i f f l e  samples are. shown in 
Table 2. To reduce the process  t imes fo r  the r i f f l i n g  stages an o rde r  
we.s placed recently f o r  a second large. r i f f l e r .  

Table 2.  Process ing  T ime  f o r  Rff‘fi ing o f  Powders 

II_ ......... 

Processing T i m e  (Days) 

Powder Init i s h  -._I 

Amount ( K g )  Stage 1 Stage 2 Stage 3 

Z i rc o r~ i a 25  Kg 5 20 7 

S i l i c o n  N i t r .  100 45 I Oa - -  

a ”  r 5  percent o f  the bstfrlc:s Crorn Stage 1 



Experimental Design and S t a t i s t i c a l  Assessment of  Round-Robin Data. 

Physical  C h a r a c t e r i s t i c s  - Size  and S i z e  D i s t r i b u t i o n  
Phys ica l  C h a r a c t e r j s t i c s  - Morphology 
Chcmica 1 C h a r a c t e r i s t i c s  - Compos it ion  
Chemical C h a r a c t e r i s t i c s  - Phases 
Phys ica l  Defects  and Other P r o p e r t i e s .  

Data r e p o r t i n g  forms were d r a f t e d  f o r  t h e  foLlowing c h a r a c t e r i s t i c s :  

Each form provides  f o r  a t a b u l a r  summary of d a t a  p l u s  summaries o f  
methods, experimental  p rocedures ,  and d a t a  a n a l y s i s  and s t a t i s t i c a l  
a n a l y s i s  I n  a d d i t i o n ,  inst : ruct ions f o r  r e p o r t i n g  experimental- resu l  t.s 
were d r a f t e d .  The d a t a  r e p o r t i n g  forms and i n s t r u c t i o n s  w i l l  be  
d i s t r i b u t e d  w i  t-h the  z i r c o n i a  t es t  samples.  

designed f o r  r e p o r t i n g  p a r t i c l e  s i z e  and s i z e  d i s t r i b u t i o n  d a t a .  
Revis ion o f  t h e  template  i s  now i n  p rogres s .  The r e v i s i o n  w i l l  
inc lude :  (1) more convenient  access t o  template  menues and 
i n s t r u c t i o n s ,  ( 2 )  conversion o f  s i z e  s t a t i s t i c s  t o  common b a s i s  
( lognormal i ty  assumed), and ( 3 )  p l o t t i n g  o f  s i z e  d i s t r i b u t i o n  daca.  A 
v e r s i o n  o f  t h i s  template  w i l l  be d i s t r i b u t e d  wi th  z i r c o n i a  t e s t  samples 
f o r  e v a l u a t i o n  by t h e  p a r t i c i p a n t s  i n  the  
round- r o b i n .  

A f i r s t  v e r s i o n  of  a template  f o r  an  e l e c t r o n i c  spreadshee t  w a s  

S t a t u s  o f  Milestones 

Div is ion  of z i r c o n i a  powder compl-eted. 

Put, l i c a t i o n s  

"CriticaL Assessment of  Requirements f o r  Ceramic Powder 
C h a r a c t e r i z a t i o n , "  A .  I,. Dragoo, S .  M. Hsu and C .  R .  Robbins, 
Proceedings of t h e  1986 Conference on Ceramic Powder Science and 
Technology, Boston, August 4 - 6 ,  1986.  
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3948 F u l l  b r i g h t  Avenue 
Chatswor th ,  GA 91311 

B i l l  Long 
Babctsck and Wilcox 
PO Box 1260 
Lynchburg,  VA 24505 

L.  A .  l o t t  
EG&G, I n c .  
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Ma lco lm G ,  McLaren 
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I fred,  NY 14802 

Cerams’cs 

279. Muktesh Paliwal 
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U . S .  Department o f  Energy 
Idaho  O p e r a t i o n s  O f f i c e  
785 DOE P l a c e  
Idaho  Fa1 1 s ,  I D  83402 

Dan P e t r a k  
Babcock and W i l c o x  
PO Box 1260 
Lynchburg,  VA 245615 

289. 

298. 

291. 

292. 

293. 

294. 

295 a 

296, 

R .  Byron P ipes  
U n i v e r s i t y  o f  Delaware 
Center  f o r  Composite 
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C o r p o r a t i o n  
R&D Center  
P i t t s b u r g h ,  PA 15235 

324. 

J .  Sankar 325-345. 
N o r t h  C a r o l i n a  A g r i c u l t u r a l  and 
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N a t i o n a l  M a t e r i a l s  Adv iso ry  

N a t i o n a l  Research Counci l  
2101 C o n s t i t u t i o n  Avenue 
Washington, QC 20418 

Board 



366. 

3 6 7 .  

368. 

369. 

370. 

373,. 

372. 

373. 

John 0. S p u l l e r  
D i v i s i o n  Manager 

Deere and Company 
John Deere Road 
M o l i n e ,  I L  61265 

Government P r o d u c t s  

kl. S r i n i v a s a n  
S tandard  Qi 1 Engl” nee red  

M a t e r i a l s  
N i a g a r a  F a l l s  R&D Cen te r  
PO Box 332 
N i a g a r a  F a l l s ,  N Y  14302 

Gordon L. S t a r r  
Manager, M e t a l l i c / C e r a m i c  

Curnmins Eng ine  Company, I n c .  
Box 3005, M a i l  Code 50983 
Columbus, I N  47202-3005 

M a t e r i a l s  Dep t ,  

3 58 

374. 

375. 

3 7 6 .  

399. 

H a r o l d  L. S t o c k e r  
Manager, Low t i ea t  R e j e c t i o n  

Genera l  M o t o r s  C o r p o r a t i o n  
A l l i s o n  Gas T u r b i n e  O p e r a t i o n s  

I n d i n a p o l i s ,  IN 46206-0420 

Program 

PO BOX 420, T-23 

Roger S torm 338. 
D i  r e c t o r ,  N i  aga ra  Fa1 1 s R&D 

Cen te r  
S tandard  O i l  Eng inee red  M a t e r i a l s  

Company 
PO Box 832 
N i a g a r a  F a l l s ,  NY 14302 

E. E. S t r a i n  379. 
Program Manager AGT-101 
G a r r e t t  T u r b i n e  Eng ine  Company 
111 S. 34th S t r e e t  
PO Box 5217, M a j l  S top  301-2N 
Phoen ix ,  AZ 85010 

Thomas N .  S t r o m  380 
NASA Lew is  Research C e n t e r  
21000 B r o o k p a r k  Road, 7 7 - 5  
C l e v e l a n d ,  OH 44135 

R i c h a r d  Suddeth 
Boe ing  M o t o r  A i r p l a n e  Company 
PO BOX 7730, MS K-76-67 

i c h i t a ,  KS 67277 

Paul  S u t a r  
Midwest  Research I n s t i t u t e  
425 Vol k e r  B l v d .  
Kansas Ci ty ,  MO 64116 

J .  J .  Swab 
U . S .  Army M a t e r i a l s  

Techno logy  L a b o r a t o r y  
Ceramjcs Research D i v i s i o n  
A r s e n a l  S t r e e t  
Water town,  MA 02172 

Lew is  Swank 
F o r d  M o t o r  Company 
PO Box 2053 
B u i l d i n g  SRL, Room E3172 
Dearborn ,  M I  48121 

Anthony  C .  T a y l o r  
S t a f f  D i r e c t o r ,  

Subcommit tee on 
T r a n s p o r t a t i o n ,  A v i a t i o n ,  
& M a t e r i a l s  

Techno1 ogy 
Committee an Sc ience  and 

U.S. House o f  R e p r e s e n t a t i v e  
Rayburn B u i l d i n g ,  Room 2321 
Washington,  DC 20515 

W .  H .  T h i e l b a h r  
Chi  e f , Energy Programs 

Depar tment  o f  Energy 
I d a h o  O p e r a t i o n s  O f f i c e  
550 2nd S t r e e t  
I d a h o  F a l l s ,  I D  83401 

Branch 

John K.  T i e n  
D l ’ r e c t o r  o f  Cen te r  f o r  

S t r a t e g i c  M a t e r i a l s  
Co 1 umbi a Un i v e r  s i t y  
1137 SW Mudd B u i l d i n g  
New York ,  NY 10027 

T .  Y .  T i e n  
U n i v e r s i t y  o f  M i c h i g a n  
M a t e r i a l s  and M e t a l l u r g i c a l  

Dow B u i l d i n g  
Ann A r b o r ,  M I  48109-2136 

Er ig i  n e e r i  ng 
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381. 

382. 

383. 

384. 

385. 

386. 

387. 

388. 

J u l i a n  M. T i s h k o f f  389. 
A i r  Force O f f i c e  o f  S c i e n t i f i c  

Research 
D i r e c t o r a t e  o f  Aerospace Sciences 
B o l l i n g  AFB 
Washington, UC 20332 

L o u i s  E .  To th  
N a t i o n a l  Science Foundat ion 
D i v i s i o n  o f  M a t e r i a l s  Research 

Washington, DC 20550 
1800 G S t r e e t ,  NW 390. 

R i c h a r d  E .  T r e s s l e r  
Chairman, Ceramic Science and 

The Pennsylvania S t a t e  U n i v e r s i t y  
201 S t e i d l e  B u i l d i n g  
U n i v e r s i t y  Park,  PA 16802 

Eng ineer ing  Department 

Donald R. Uhlmann 391. 
P ro fesso r ,  Ceramics and Polymers 
Department o f  M a t e r i a l s  Science 

Massachusetts I n s t i t u t e  of  

Cambridge, MA 02139 

and Engi n e e r i  ng 

Techno1 ogy 

Edward C .  van Reuth 392. 
P r e s i d e n t  
Technology S t r a t e g i e s ,  I n c .  
10722 S h i n g l e  Qak Cour t  
Burke, VA 22015 

Thomas Vasilos 393 * 
Manager, E l e c t r o  Chemical 

Avco C o r p o r a t i o n  
201 Towel1 S t r e e t  
Wi lmington,  MA 01887 

V .  Venkateswaran 
Standard O i l  Engineered M a t e r i a l s  

Company 
PO Box 832 

Fac i  1 i t y  

394. 

i a g a r a  F a l l s ,  NY 14302 

John 8. Wachtman, Jr .  395" 
D i r e c t o r ,  Center  f o r  Ceramics 

Research 
Rutgers U n i v e r s i t y  
PO Box 909 

R i c h a r d  8.  Wallace 
Manager, Government 

Research and Development 
Programs 

General  Motors C o r p o r a t i o n  
D e t r o i t  D i e s e l  A1 1 i S Q ~  

36880 Ecorse Road 
Romulus, M I  48174 

D i v i s i o n  

H a d  an L. Watson 
Subcommittee on Ener 

U.S. House o f  Represen ta t i ves  
Committee on Science and 

Rayburn B u i l d i n g  
S u i t e  2321 
Washington, DC 20515 

Research and P r o d u c t i o n  

Technology 

Steven 6 .  Wax 
Department o f  Defense 
Advanced Research P r o j e c t s  

M a t e r i a l s  Science 
1400 Wi lson Boulev 
A r l i n g t o n ,  VA 22209 

A l b e r t  R .  C .  Westwood 
Corpo ra te  D i  r e c t o r ,  R& 
M a r t i n  M a r i e t t a  L a b o r a t o r i e s  
1450 South R o l l i n g  Road 
B a l t i m o r e ,  MD 21227 

Agency 

Thomas 3. Whalen 
P r i n c i p a l  Research S c i e n t i s t  
Fo rd  Motor  Company 
S c i e n t i f i c  Lab, Room 2023 
Dearborn,  M I  48121 

Sheldon M. Wiederhorn 
U . S .  Department o f  Commerce 
N a t i o n a l  Bureau o f  Standards 
I n o r g a n i c  M a t e r i a l s  D i v i s i o n  
Mechandcal P r o p e r t i e s  Group 
Ga i the rsbu rg ,  MO 20899 

James C. W i l l i a m s  
Dean, Carnegie I n s t i t u t e  o f  

Technology 
Carnegie-Mel lon U n i v e r s i t y  
Schenley Park 

Piscataway, NJ 08854 P i t t s b u r g h ,  PA 15213 
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Roger 8. Wills 403. 
Manager, Advanced Ceramic 

TRW, Inc.. 
Automot i ve  Wor ldwide  S e c t o r ,  

C leve land ,  OH 44110 

Components 

Va lve  D i v i s i o n  484.  

J .  M. wimmer-' 
S u p e r v i s o r ,  N o n m e t a l l i c  M a t e r i a l s  

G a r r e t t  Turbine Engi  ne Company 
111 s. 3 4 t h  s t r e e t ,  PO Box 5217 405. 
Phoenix, AZ 85910 

GKJUgj  

D a v i d  W i r t h  
V i c e  P r e s i d e n t ,  Technical l  

Coors Porce? a i  n Cornparay 
17751) N o r t h  32 Street. 
Golden, CO 80401 

Opera t i ons  & Engineesing 

Thomas J .  Wi'asing 

Eaton C o r p o r a t i o n  
E n g i n e e r i n g  & Research Center  
26201 Nor thwes te rn  Highway 
PO Box 766 
S s u t h f i e : d ,  M I  45037 

Manager, Government Contract .  
Adrni n i  s t v a t i o n  

George w. Wolter 
Howmet Turbine Components 

C o r p o r a t i o n  
Technical  Cente r  
699 Henston Road 
Whitehall, M i  49451 

James C. Wood 
NASA hewis Research Cente r  
21000 Brookpark R ~ a d  
MS 500-210 
C leve land ,  OH 44135 

Hun c .  Yeh 
Ceramic Superv i  sot- 
A I  Research C a b t i  fig Company 
13898 Van Ness Avenue 
Torrance, CA 90509 

406. 

407. 

408-437. 

Thomas M.  Yonushonis 
Curnmins Engine Company, Inc 
Box 3805, Mail Code 50183 
Col Urnbus, I N  47202-3085 

Don Zabberek 
A i r  Force  W r i g h t  

A N A L /  POTC 
W r i g h t - P a t t e r s o n  AFS, 

OH 45433 

A e r o n a u t i c a l  Labopatory  

Chavles ZeR 
Department o f  Energy 
Morgantown - Energy 

I echnol ogy C e n t e r  
PO 8ox 888 
Horgantown,  WV 26505 

K l a u s  M. Z w i l s k y  
E x e c u t i v e  D i r e c t o r  
National M a t e r i a l  s 

P d v i  sory Board 
Na t iona l  Research Counc i l  
2101 C o n s t i t u t i o n  Avenue 
Washington, DC 20418 

Bepar-tnlent o f  Energy 
Oak Ridge Opera t j 'ons  O f f i c e  
A s s i  s t a n t  Manager fur. 

Enzrgy Research and 
Development 

PO Box E 
Oak Ridye,  I N  37831 

Depar taen t  o f  Energy 
T e c h n i c a l  I n f o r m a t i o n  

O f f i c e  s f  I n f o r m a t i o n  

PO Box 62 
Oak Ridge, TN 37831 

Cen te r  

Services  
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