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4 .0  Technology T r a n s f e r  

T h i s  r e p o r t  includes c o n t r i b u t i o n s  f r o m  a1 1 c u r r e n t l y  a c t i v e  
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The c o n t r i b u t i o n s  a r e  ar ranged a c c o r d i n g  t o  t h e  
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0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R .  Johnson 
Oak Ridge National Laboratory 

Qbjective/scope 

This t a s k  includes the technical management o f  the project in accor- 
dance with the project plans and management plan approved by the Department 
of  Energy (DOE) Oak Ridge Operations Office (ORO) and the Office o f  Trans- 
portation Systems, T h i s  task includes preparation o f  annual field task 
proposals, initiation and management o f  subcontracts and interagency 
agreements, and management o f  ORNL technical tasks. Monthly management 
reports and bimonthly reports are provided t o  DOE; highlights and semi- 
annual technical reports ape provided to DOE and program participants. In 
addition, the program is coordinated with interfacing programs sponsored 
by other DOE o f f i c e s  and federal agencies, including t h e  National Aero- 
nautics and Space Administration (NASA) and the Department o f  Defense (OOO), 
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 we71 a s  special  
coordination meetings. 





5 

1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

T h i s  p o r t i o n  o f  t h e  p r o j e c t  i s  i d e n t i f i e d  as p r o j e c t  e lement  1.0 
w i t h i n  t h e  w o r k  breakdown s t r u c t u r e  (WBS). 
(1) M o n o l i t h i c s ,  ( 2 )  Ceramic Composites, ( 3 )  Thermal and Wear Coa t ings ,  
and ( 4 )  J o i n i n g .  Ceramic r e s e a r c h  conducted  w i t h i n  t h e  M o n o l i t h i c s  sub- 
element c u r r e n t l y  i n c l u d e s  work a c t i v i t i e s  on green s t a t e  ceramic f a b r i c a -  
t i o n ,  c h a r a c t e r i z a t i o n ,  and d e n s i f i c a t i o n  and on s t r u c t u r a l ,  mechanica l ,  
and p h y s i c a l  p r o p e r t i e s  o f  t hese  ce ramics .  Research conducted  w i t h i n  t h e  
Ceramic Composites subelement c u r r e n t l y  i n c l u d e s  s i l i c o n  c a r b i d e  and ox ide -  
based composi tes,  which,  i n  a d d i t i o n  t o  t h e  work  a c t i v i t i e s  c i t e d  f o r  
M o n a l i t h i c s ,  i n c l u d e  f i b e r  s y n t h e s i s  and c h a r a c t e r i z a t i o n .  Research con- 
d u c t e d  i n  t h e  Thermal and Wear Coa t ings  subelement i s  c u r r e n t l y  l i m i t e d  t o  
ox ide-base c o a t i n g s  and i n v o l v e s  c o a t i n g  s y n t h e s i s ,  c h a r a c t e r i z a t i o n ,  and 
d e t e r m i n a t i o n  o f  t h e  mechanical  and p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a t i n g s .  
Research conducted  i n  t h e  J o i n i n g  subelement c u r r e n t l y  i n c l u d e s  s t u d i e s  o f  
processes t o  produce s t r o n g  s t a b l e  j o i n t s  between z i r c o n i a  ce ramics  and 
i r o n - b a s e  a l l o y s .  

p r o j e c t  e lement  i s  t o  systernat . ica l ly  advance t h e  unders tand ing  o f  t h e  
r e l a t i o n s h i p s  between ceramic raw m a t e r i a l s  such as powders and r e a c t a n t  
gases, t h e  p r o c e s s i n g  v a r i a b l e s  i n v o l v e d  i n  p roduc ing  t h e  ceramic m a t e r i a l s ,  
and t h e  r e s u l t a n t  m i c r o s t r u c t u r e s  and p h y s i c a l  and mechanical  p r o p e r t i e s  
of t h e  ceramic m a t e r i a l s .  Success i n  mee t ing  t h j s  o b j e c t i v e  w i l l  p r o v i d e  
U , S .  companies w i t h  new o r  improved ways f o r  p r o d u c i n g  econornlcal h i g h l y  
r e l i a b l e  ceramic components f o r  advanced h e a t  engines.  

I t  c o n t a i n s  f o u r  subelements: 

A majo r  o b j e c t i v e  o f  t h e  r e s e a r c h  i n  t h e  M a t e r i a l s  and Process ing  





7 

1.1.1 m i c a n  Carbide 

Objecti ve/%cop@: 

The ob jec t ive  o f  t h i s  p r o g ~ a m  i s  t o  develop a volume scaleable 
process t a  produce h i g h  p u r i t y ,  h i g h  su r f ace  area s i  nterabl  e si 1 icon 
carbide powder. 

The program i s  organized i n  t w o  phases. Phase I ,  completed i n  J u l y ,  
1986, i n c l  uded the  f a l l  owing elements: 

. V e r i f y  t h e  technical  feasibility o f  t h e  gas phase s y n t h e s i s  route. 

. Iden t i fy  the b e s t  s i l i c o n  feedstock on the  bas i s  o f  performance 
and c o s t .  

. Optimize t h e  pt.odmction process a t  the  bench s c a l e ,  

. F u l l y  c h a r a c t e r i z e  the powders produced and compare w i t h  
commercial l y  avai 1 ab1 e a1 t e r n a t i v e s .  

. Develop a t heo re t i ca l  model t o  a s s i s t  in  understandinq the  syn- 
t h e s i s  process, optimizat ion o f  operat i r ig  condi t ions and scale-up.  

Phase I I ,  alir%hor:zed i n  August, 1985, w i l l  s ca l e  t h e  process t o  f i v e  
t o  t e n  t i m e s  the  bench scale  quantities i n  order t o  perform conf ima tu ry  
experiments, produce process fluwshee?,~ and t o  perform economic ana lys i s .  

Task 8. Process- 

Based upon t h e  r e su l t s  o f  Phase I ,  a scaled-up r eac to r  was designed 
and f ab r i ca t ed .  During t h i s  reporting p e r i o d  a l l  o f  t h e  majar components 
and a n c i l l a r y  equipment were rece ived.  

Prior vendor tes t ing was perfoi-med on t h e  power supply,  the  p l a s m  
to rch ,  t h e  h i g h  frequency s t a r t e r  system and bag house. These major. 
comp~nents, a l o n g  w i t h  t h e  3'' d i a w t e r  by 6' l o n g  315 s t a i n l e s s  steel 
reactor  vessel the tail gas s c r ~ i b k e r  and gas inductiori system, were 
" sk id "  o r  " r a c k "  mounted t o  an in tegra l  str-uctural steel  framework which 
can be re located i n  i bs e n t i r e t y  i f  r e q u i r ~ d .  

P i  p i  rig and F 1 e c t r i  cal  connecti  ons b o t h  f o r  power arid 
ins t rumenta~ion/cont ro l  were completed. Drdwings were revised t o  r e f l e c t  
the "As 8 u i l t a '  system and a Preuperation Safe ty  Review bvas conducted 
followed by a "\What I f ? "  s a f e t y  meet ing .  Minor co r rec t ive  m e a ~ u r e s  were 
implemented. 
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Commissioning a c t i v i t i e s  were de l  ayed s e v e r a l  t i m e s  due t o  an 
i n i t i a l  f a c i l i t y  r e d e s i g n  t o  reinove t h e  r e c y c l e  quench gas system, a 
d e l a y  i n  t h e  d e l i v e r y  o f  t h e  bag house and an u n d e r e s t i m a t i o n  o f  t h e  
c o n s t r u c t i o n  t i m e  r e q u i r e d  f o r  a f a c i l i t y  o f  t h i s  s i z e .  

I n  September t h e  i n i t i a l  s t a r t - u p  a t t e m p t  was unsuccess fu l  due t o  
d e f e c t i v e  modules i n  t h e  c o n t r o l  computer. D u r i n g  a second a t tempt  t h e  
power s u p p l y  s u f f e r e d  a f a i l u r e  o f  a r e c t i f y i n g  d iode  caus ing  f u r t h e r  
d iode  and conductor  i n s u l  a t i  on damage I Aside  f r o m  t h e  power s u p p l y  
f a i l u r e ,  t h e  system per fo rmed w e l l .  

F o l l o w i n g  r e p a i r  of t h e  power supp ly ,  s t a r t u p  was aga in  a t tempted .  
The plasma t o r c h  would n o t  remain i n  o p e r a t i o n  when t h e  h i g h  f requency  
s t a r t e r  s i g n a l  was d i s c o n t i n u e d .  

The p r o b a b l e  causes o f  t h i s  m a l f u n c t i o n  a r e  p r e s e n t l y  under 
i n v e s t i g a t i o n ,  however, n o t h i n g  d e f i n i t i v e  has been i d e n t i f i e d  t o  da te .  
The commissioning d e l a y  has r e s u l t e d  i n  t h e  a d d i t i o n a l  s l i p p a g e  o f  Task 9 
and 10. 

Status o f  Milestones 

Al though  ORNL had p r e v i o u s l y  g r a n t e d  a no -cos t  c o n t r a c t  e x t e n s i o n  t o  
Deeernber 31, 1987, i t  i s  now apparen t  t h a t  a d d i t i o n a l  t i m e  w i l l  be 
r e q u i r e d .  The n a t u r e  o f  t h i s  a d d i t i o n a l  e x t e n s i o n  i s  p r e s e n t l y  under 
d i s c u s s i o n .  

A breakdown of t h e  ma jo r  Phase I 1  t a s k s  and m i l e s t o n e s  i s  shown i n  
F i g u r e  1. 

Pub1 ications 

None d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  
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Due to the early sweess of this program, further expansion of the 
scope of the program was requested. 
examine the dispersion/ homogenization of Sic whisker/cedc matrix 
composites in further detail, the use of higher whisker l d i  
reduce aspect ratios in the absence of coarse grinding 
involves devefopnent of turbomill prototypes. 

The proposed expansion will 

Preliminary Results and Discussion 

Five separate tmbilli with zr;adb without coarse 
-Sic angular grain and rounded PSZ . The first t w o  rum were 
to determine the effects of dispersio whisker agglomerates and 
tion of whisker aspect ratio wi ia, while the s m o d  two 

to determine the effects o f  millix EI on the 
dispersion of whisker agglomerates, reduction of r aspect ratio 
and comminution of  the particulate impurities. 
t,iirbomill as a means of ng, deagploanerating, and homogenizing a 

The final run used the 

30 vol. % Tateho whiske trmina composite. 

Dispersion and Aspect Ratio Reduction Without Milling M i a  

Attempts at dispersion and aspect ratio reduction by turborailli 
Tateho and American Matrix whiskers alone were not very suaccessferl due 
to the limited mount, of whiskers that were available. For emparison, 
the first two runs consisted of 400 grams of each whisker added to 2.5 
liters of water and 100 r n l ,  of a 10% solution of Marasperse N-22. This 
amounted to only 13% total solids. 
throughout the run were 1600 r.p.mr, 28 in-lbs. of torque, .78 h.p. 
for both m s .  The r.p.m. were reduced to 400 during sampling, which 
consisted of  swoning 50 ml. of whisker slurry at 15 min. intervals 
over a 2 hour rur~ at abut the center position of the mill body. 
samples were then analyzed by SEM to determine the effect on whisker 
agglomeration. 

ratio reduction for both whiskers, but no evidence of separating had 
agglomerates or grinding of hard agglomerates or particulate 
impurities. 
change from the 1 hour sampling. 
whisker source would pour through a SO mesh screen without severe 
agitation. Fracture of whiskers was more evident for the American 
Matrix whiskers than for the Tateho whiskers. This could be a result 
of the higher shear modulus suspected €or the Tateho whiskers surd the 
large amount of the segmentad alpha phase in the American Matrix 
whiskers. 

The turhilling conditions 

These 

After 1 hour there was sane evidence of dispersion and aspect 

At the end of 2 hours there did not appear to be 
Upon discharging the mill, neither 

-II__ 

X Marasperse N-22 is a sodium lignosulfonate by Reed Lignin, 
Rothschild, WI 
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Dispersion amxl. Aspect Ratio rZeduGtion with Milling Media 

The next two m s  consisted of the addition of 800 grams of 
30-mesh alpha Sic grain (N~rton e.*# green high purity g d e )  to 4 
grams of whisker, 2.5 liters of distilled water 4 125 nl. of a 10 
Marasperse N-22 solution, which gave a 2:1 coarse to fine ratio 
total solids content of 31.6 wt./o. 

a 

After 15 minutes, noticeable dispersican sane fracture of the 
in. there w a s  

iskers. The 1 h 

effect. OD the aspect ratio. 

there was a significant volume 

not. their better 

this program. 

Since the coarse Si@ grinding media appeared to con&minate the 
whiskers with fine particulate the decision w a s  macle to use a mmdd 
Psz bed  ( 1  t o  2 mm, ) for m i l l 3  
composite. The m consisted 800 grams of PSZ beads, 3188 grams of 
composite powder that had not been premixed, 2.5 liters of water d no 
disprsant for 60 min. 
whiskers during milling but reagglomerate the whiskers w i t h  well 
dispersed alunnina by allowimg imif'om flocculation. A f t e r  30 min. into 
the run the rotor assembly developed a fracture in the 

the 30 v01.X Sic whisBrer/almina 

The idea w a s  ita deagglomnerate the 

r drive 

-I --- 
t Norton Co., Worcester, M.A. * Lee& and Morthrup Instruments, North Wales, PA 
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shaft and the run was halted at that point. 
rotor assembly that was constructe.3 in 1981.) 
at this point and processed the same as reported previously. 
photomicrographs showed that the whiskers w e r e  holrmogeneoualy dispersed 
in the alumina and no whi rates were evident. 

This is considerable i over state of the art,  which 
consists of wet or dry milling for up to 24 hours €or equivalent 
deagglomeration. After turbomilling, the sl sed through a 
100-mesh screen with no assistance 4 the m 
virtually no weight loss. After dewatering by sedimentation, the 
supernatant liquid was removed by syphon and the % solids w a s  
determined to br? abut 50%. This slurry w a s  dried in an oven at 70 to 
l0OW and lightly ground with a martar and pestle. 
presently being hot-pressed to detelrnine the effect of turbomilling on 
the physical properties. 

(This was the original 
A wet sample was taken 

The SEM 

This powder is 

Status of milestones 

The single deliverable for this program was a feasibility report. 
The feasibility of using turbomilling as a technique for improved 
processing of Sic whisker containing coraposites has been demcmstrated 
and is reported in this semi-annual report. The deliverable date for 
this milestone was at the end of the contract period, but due to the 
early success of the initial research, increased funding and expEpnsion 
of the research tasks and milestones has been requested. 

Turbomilling Feasibility Reprt October 1987 

Publications 

None, 
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1.1.2 Silicon Nitride 

Sintering of Si1 icon N i t  ride 
G .  E. Gazza ( A r m y  Materials Technology Laboratory) 

ObjecTivelscope 

The prayram i s  concentrating on sintering campositions in the 

2 Si3N4- Y203-Si0 system using a two-step sintering nethod where t h e  N 
gas pressure is raised to 7-8 MPa during the second step of the 
praeess kiring the sintering, dissociation reactions are suppressed 
by the use of high N2 pressure and cover pclwder of sui table  
e q m s i t i m  over the specimens. Variables i n  the program incluee the 
s i n t e r i n g  pix~ess  pa-runeters e source of starting powders, mi3.1.ing 
medi.a and ti=, and specinern cmpsi tim. 
detemined are rocm temperature mduPus of nipture I high temperature 
stress-rupture I oxidation resistance, and fracture toughness 
Successfui densification of selected canpositions with suitcable 
prqert.ier; w i l l  lead to densification of injection mlded or s l i p  cast 
cmpiients for engine testing. 

2 

Resultant. prqperties 

Sinter in$ 

Campositinns Ecrusecf on at this po in t  in the  program for extensive 
evaluation are 98.Om/O S i  N -4.h,/o Y,O -8.0m,/'0Si02 and 85,$m/o 

and $9, respctnvely. 
(added as W or WO 1 or Mc2 (added as Mo C OK Moo3) promtecl 

noted in past S i 3 N 4  densification studies when W was present as an 
inadvertant, uncontrolled impurity, usually introduced during milling 
of starting gxxders with wR7 milling mdia. 
on the effect of the W impurity on the oxidation and high temperature 
creep/stress-rupture behavior of S i 3 N 4  rather than specifically 
defining its role in prmting densification of the material. m e  to 
the deleterious influence found on the properties of Sip4 associated 
with the presence of W (1,2)r  it is regarded as an impurity to be 
avoided in t he  processing of Si3N4 ccmpsitions. 
study, it was decided to explore the use of Mo2C and MOO which have 
been found to be effective i n  prmting densification. 
compounds have a lower theoretical density than ti@, there is less 
tendency to segregate when used as an additive to the compositions of 
interest, Also, molybdenum silicide (Mo Si ) form as a distributed 
phase with goid oxidation resistance. 
Mm3 is preferred due to the volatility of the latter ccmpound. 
was found that sintering temperatures could be significantly reduced 
for the compsitions of interest, i.e., 39 and 40, if l.om/o of MozC 
was added to the sintering composition. Also, i f  the m2C particles 
were fine enough and well distributed, their presence as reacted 
MoxSi 
foundYfor coarser Fe-base impurity inclusions by Pasto ( 3 ) .  

si N -4.73rn~J ~ ~ 0 ~ - - 9 . 4 7 m / ; j  S i 0  , & s i g n a t 4  E 3  

densification of t 2 ese canpositions. ~ Z c h  otxewations have k e n  

as coxposition Irm!xŝ s 40 
AlsoI i$ was observed that the presence of W 

Subsequent studies focused 

However, in this 

since these 

&e gse of Mo2C rather than 
It 

particles in the body would not serve a5 fracture origins as 
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FYm a stability standpoint, it was anticipated that the MoxSi 
particles would remain discrete and stable in contact with grayn 
boundary Y2Si207 phases with Si02 serving as a stable boundary phase. 

Sintering of ampsitions identified as 39 and 40 containing 
0.35-1.1Chn/o Mo2C or 1.0-2.&1/0 MOO was acccxnplished using RRSN 
crucibles and Si N cover powder. 'bo-step sintering cycles were used 3 4  where the first step, at temperature T1, and pressure pl, was held for 
60 minutes. T2, and pressure p , was 
held for thirty minutes. T1/T2 temperatures ranged from 1850/1880 to 
1950/1960 while nitrogen gas pressures, p /p2, were typically 1.5 
MPa/8 MPa. 
0.25"-0.375" thick. The discs were machined into bars 0.060" thick x 
0.080" wide x 1.125" long. The bars are being used for determination 
of r m  temperature modulus of rupture, intermediate temprature 
(700-1OOOC) and high terrcperature (1200-13OOC) stress-rupture, and 
fracture surface examination by S 

The second step, at temperature 

Sintered discs were approximately 1.75" diameter x 

Room temperature modulus of rupture (MOR) 

Roam temperature MOR values were determined €or machined specimens 
in the as-sintered conditim, after heat treatment of specimens in air 
or under 7 MPa nitrogen gas, and for stress-rupture survivors to 
determine retained strength. 
when fired in air and 12-15 hours when fired in high pressure 
nitrogen. 
140OC was used in nitrogen. Before testing of specimens sintered at 
various temperatures between 185OC and 196OC, it was felt that the 
laver sintering temperatures would produce the highest strength 
specimens due to finer microstructures. However, frm data obtained 
thusfar, MOR values for specimens sintered at 1850-19OOC fell in the 
475-575 MPa range while those sintered at 1925-196OC fell in the 
650-750 MPa range. 
the highest strengths with values falling off as Mo C levels were 
reduced. Canpositions 39 containing l.lm/o Mo2C an8 sintered at 
temperatures between 192% and 196OC had a mean strength value of 730 
MPa. Long term (150 hours) heat treatment (120OC) in air or shorter 
term (12-15 hours) at 140OC in nitrogen appears to strengthen these 
materials but more data must be generated to confirm this effect. 

Heat treatment time was 48-150 hours 

A temperature of 120OC was used in air heat t.reatment while 

compositions containing Im/o Mo2C additions had 

R n n  te-rature MOR testing of stress-rupture survivors to 
determine retained strength showed apparent significant increases in 
strength values. 
been stress-rupture tested at 120OC and 125OC for between 200-400 
hours under 300 MFa stress. 
0.1-0.25% (depending on temperature and time under stress) frm 
stress-rupture testing and associated errors in MOR testing are 
probable. However, frm curved beam analysis (41, it is shown that if 
the beam curvature/specimen thickness ratio is large (>40) ,  the error 
is determined to be small (<1%). 

A dozen values were obtained with specimens that had 

Specimens exhibited a permanent strain of 
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V a l u e s  of r e t a ined  MOR for a m p s i t i o n s  39 and 40 wi th  lm/o NozC had 
r i s e n  i n t o  the  80 -900 MPa range (830 MPa mean) with one value of 1038 
MPa recorded a 

Stress-rupture testing 

(1) 120CK-125K-130OC for lSQ,150,POO bows, respec t ive ly ,  with 300 
MPa stress. 

( 2 )  120W,-125QC-l25W for 150,159,lOO hours,  respec t ive ly ,  w i t h  
300,400,400 MPa stress respectively. 

( 3 )  90W-125OC for 150,150, hours, r e spec t ive ly ,  w i t h  300,400, MPa 
Stress 

( 4 )  70OC-906)e-118OC-130~ for 24,24,24,150, hours,  respec t ive ly ,  w i t h  
30CME"a stress. 

( 5 )  12QOe-125oC for 150,250, hoursr respectively, with 300 MPa 
stress. 

M m t  specimens have survived these s t ress - rupture  condi t ions  with 
r e s idua l  machining m r k s  still evident  on sur faces ,  i.e., having a 
t h i n ,  coherent oxide layer .  Specimns which d i d  not survive were 
found by subst.cpent f r a c t q r a p h i c  examination by Sf3l to  have an 
abnormally large defect as the fracture origin. The d e f e c t s  w e r e  
either large i so l a t ed  pores (as shorn in Figure  11, p r e  c l u s t e r s I  or 
a g g l o m e r a t e / i q ~ r i t y  where EUXA ind ica ted  t h e  presence of C1. 
increasing hold t ims a t  high temperature and stress I stress-mpttarre 
surv ivors  exhibited mre permanent strain, 
stress-rupture conditions shown above, a permanent r e s idua l  strain of 
approxim'iely 0.15-0.3% was observed for 125OC and 1 3 0 K  survivors .  
ksser  m u n t s  of s t r a i n  w e r e  noted with decreasing temperature and 
tim. Long tern, high temperature applications for t h i s  material 
appears l imi ted  to 12QGC, possibly 125ocl. 

With 

For bars surviving t h e  

S in te red  bars w i t h  the best properties observed to date w i l l  be 
stress-rupture tested at 1200C under 300 MPa for 750 hours, 
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Mic P os e x y  -- 

Sintered bars were polished and etched for rnicrosmpic exmination 

The use of starting silicon nitride powder with 
by SEM to ~wnpare grain size and distribution produced by the various 
sintering parmeters. 
broad partick size distribution and the use of higher sintering 
temperatures produced microstructures which were mre bimodal, i .e. , 
having- largerr high aspct ratio grains in a f ine r  grain matrix. 
Preserving al.1. phases after etching is still presenting problems and 
continues to be studied. A polished and etched (mlten KOH) surface 
of cuqmsit-ion 39 with h/o I%? C addition as sham in Figure 2. 
The Y2Si207 phase has k e n  etczed away leaving the outline of the 
Si N grains. 'lAe m l l  white area is d Mo Si particle. .This 
ma?erial w a s  sintered at a 1925/1935C, 68/35  d n . ,  1.5/8 MPa N2 cycle. 
A camparison of structural features, i.e., grain size, mppholqy ,  for 
specimens sintered at 1870/188W and 1925/3.935C is shown in Figures 3a 
and 3b, respectively. The Tractqraphs reveal a somewhat coarser 
microstructure developed a t  the higher shtering temperatures with 
higher aspect ratio grains. As previously mntioned, the strength of 
specimns siritered a t  temperatures between 185W-P9OQC was 
considerab1.y lower than those sintered at temperatures of 1925C-1960C. 

4 

The size and distribution of Mo Si part-ides in the Si N 
X 3 4  microstructure is shown in Figure 4 (rdite areas) 

are similar to the specinen grain size (in the 1 - 2 ~ ~  range). Fracture 
surface analysis indicates that Mo is confined to the particle areas 
s h m .  Thusfar, they do not appear to serve as principal fracture 
origins in specimens used for KO2 tests, 

These particles 

Status of milestones 

(a )  ~%IO compositions of interest (identified as 39 and 40 in the 
Sintering Section of this report) are being evaluated for final 
scale-up. These compositions will contain distributed Mo Si 
particles with fine (1-2um) particles size, X Y  

( 2 )  75-100 RT MOR tes ts  have been conducted with as-sintered 
bars, post heat treated bars, and bars surviving stress-rupture tests. 
The bars were machined from composition 39 and 48 discs sintered at 
teipratures ranging from 185OC to 196OC. 

Stress-rupture tests are continuing at both intemdiate and high 
temperature regimes with test times increasing from 200 hours to 
400-500 hours and then, 750 hours under 300 MPa stress. Sorne of the 
stress-rupture tests include intermediate tenperature STSR in the 
cycle. 

(c) Munerous fractcgraphs of MOR specimns are being examined to 
determine relative size and morphology of Si3N4 grains and minor 
phases. Fracture origins are king determined. Polished and etched 
surfaces are being examined for grain size measurements and for 
campositional analysis of minor phases. 
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Figure 1. Large pore as fracture orgin of composition 39 specimen with 
lm/o Mo2C sintered at 1925/1935C for 60/30 min. under 1.5/8 MPa N2 gas 
pressure (1500x1. 

2629 20KV X 8 r 0 8 0  
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Figure 3. SEM fractographs of specimens sintered at (a )  1870/1880C and 
(b) 1925119356 for 60/30 minutes under 1.5/8 MPa N2 gas pressure 
( 6000X) . 

- 
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Figure 4 .  SEM fractograph of specimen sintered at 1870/1880C showing 
particles (white areas) of Mo,Siy in the microstructure (11,OOOX). 
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Synthesis  o f  Hiqh P u r i t y  S in te rab le  Si& Powders - -  G .  M. Crosbie, J. M. 
Nicholson. R. L. Predmeskv, and E. D. Stiles (Research Staff, Ford Motor 
Company, Dearborn, Michigin) 

Ob.iect i ve/scope 

The goal of this task is to achieve major improvements in the quanti- 
tative understanding of how to produce sinterable Si3N4 powders having 
highly controlled particle size, shape, surface area, impurity content and 
phase content. Through the availability of improved powders, new ceramic 
materials are expected to be developed to provide reliable and cost- 
effective structural ceramics for application in advanced heat engines. 

O f  interest to the present powder needs is a silicon nitride powder 
o f  high cation and anion purity without carbon residue. 

The process study is directed towards a modification of the low 
temperature reaction of Sic14 with liquid NH3 which is characterized 1) by 
absence of organics (a source of carbon contamination), 2) by pressuriza- 
tion (for improved by-product extraction efficiency), and 3) b.y use of a 
non-reactive gas diluent for Sic14 (for reaction exotherm control 1.  
Technical proqress 

Introduction 

Silicon nitride based ceramics are often considered to represent the 
toughest of the high-temperature (above 1000°C) mono1 i thic ceramics 
intended for advanced heat engine use. Also, due to a desirable 
combination of lower temperature properties (wear resistance, low density, 
high hardness, and toughness), the nitride ceramics are already finding 
commercial applications in certain passenger vehicles. 

Ceramic reliability and cost depend on powder qualities and 
subsequent processing. Because powders can limit the capability to 
achieve unique sintered properties and to fabricate complex shapes, the 
avai 1 abi 1 i ty of appropri ate powders i s critical to advanced ceramics 
research. In the case of silicon nitride ceramics, the powder purity is 
especially important, since a low solubility in silicon nitride for many 
impurities leads to high concentrations of those impurities in grain 
boundary phases. Also, carbon residues (which are found in some otherwise 
high purity powders) are considered to be detrimental to second phase 
oxynitride development, thermal stability, and mechanical properties. 

Previous work 

The primary points of reference for the previous process work are the 
1986 Automotive Technology Development Contractors’ Coordination Meeting 
proceedings paper1 and the previous semiannual report. * 

I n  the previous work, we prepared a novel process flowsheet for 
preparation of Si3N4 with a block flow diagram and a mathematical model of 
mass and heat balances. We observed that the cooling from latent heat of 
vaporization of NH3 more than offsets the heat of reaction at O°C and 75 
psig. 

Powder characteristics met or were approaching target values. Key 
results were achieved in the areas of phase and microstructure, and carbon 
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purity. Si3N4 powder was produced with phase content, particle size 
andshape which are close to those characteristics considered desirable for 
pressureless sinterability. An overpressure sintering to 83% T.D. was 
obtained. 

Specifically, the powder derived by thermal decomposition of an 
intermediate imide product (from reaction of Sic14 with liquid NH at O°C 

diffraction, which has little sensitivity to amorphous phases) with 
crystallite size of 0.2 to 0.3 um and primarily equi-axed particle shape. 

The process was identified to have features which are important for 
scale-up. Key features of near-neutral heat balance and 1 iquid-1 ike 
materials handling were demonstrated. 

A1 so, improvements were achieved in yield, laboratory production 
rate, cation purity, and alpha/beta ratios. 

and 75 psig) was principally alpha silicon nitride (as determined ?I y x-ray 

Summary of current period work 

In this period, we prepared a pilot plant design for the "vapor- 
chloride - 1 iquid ammonia" process, carried out additional process 
development including the "1 iquid chloride - 1 iquid ammonia'' direct 
reaction, campaigned runs to test process stability, carried out sintering 
tests, and reported on a new analytical method. These are described 
bel ow. 

Pilot plant design 

A design for a 100 kg/month Si3N4 pilot plant was developed in 
cooperation with a chemical engineering consulting firm. The detailed 
pilot plant design is for the "vapor chloride - liquid ammonia'' process 
for imide preparation. Numerous suggestions for redesign o f  the reactor 
and auxiliaries were made which are being incorporated in the next phase 
scale-up at Ford. 

A detailed piping and instrumentation diagram for a silicon diimide 
route pilot plant was completed as part of this subcontracted engineering 
study. The design specifies equipment and c o s t s  for a 100 kg/mo. (as 
nitride) plant. This monthly production rate is based on 8 hour days and 
20 days per month operation. The study also provided for detailed 
checking of the overall flowsheet calculations and for input of new ideas 
for scaled lab production by the vapor-liquid process. Open issues in the 
design were identified which will be addressed in further lab work. 

Tests o f  factors other than imide synthesis 
with "liquid chloride - liquid ammonia'' route 

In the laboratory, additional process development was carried out to 
test process factors other than imide formation, which had been the 
previous focus. In these tests, the imide was prepared by the "liquid 
chloridt - liquid ammonia" reaction, and 
Morgan, but with operation under pressure (rather than extremely low 
temperature) t o  keep the ammonia liquid. The expected exotherm of the 
liquid-liquid reaction was confirmed, but controllable at 10 g scale. 
These tests showed that oxygen contamination is not exclusively due to the 

along the lines of Billy 
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carrier gas o f  the "vapor chloride - liquid ammonia" process. Tests for 
effectiveness o f  rinsing out of by-product C1 by decantation were 
carriedout in a ser ies  o f  six runs. Various minor modifications were made 
which apparently resulted in a reduction in oxygen contaminat'on f r o m  12*8 
w t . %  to 7.4 wt.%, as reported in the last semi-annual report. Lk 
Scal ed Product i on 

Ne then campaigned scaled runs w i t h  the ''liquid S i c 1 4  - liquid NH3" 
reaction to produce powder batches f o r  sintering tests with minor 
modification o f  the apparatus. In seven sf t h e  eight runs made in a t 
month p e r i o d ,  we obtained product masses averaging 7.6 grams. We began 
sintering o f  these powders to 1800°C a t  atmospheric pressure. 

We were consistently succeeding in completing powdermaking runs 
tested in this campaigning period. This consistency reflects the 
relatively minor nature of changes made and t h e  operability in spite of an 
exotherrn a t  l a b  scale o f  the liquid chloride - liquid ammonia reaction 
under 60 to 110 psiy (0.52 to 0.86 MPa). 

The process changes included a new valving scheme for the Sic14 line 
purging and a change in return flow management f o r  t h e  condenser return 
streani. In seven o f  the eight runs made in April and May 1987, we 
o b t d i  ned product, illasses averaging 7.6 grani. Product masses ranged from 
3 . 9  to 11.2 gram, ( I n  the eighth run, a valving sequence change was made 
which resulted in a 2.9 g batch.) This relative measure o f  production 
consistency is an important accomplishment, 

Sintering 

With the powder production, we began again sintering o f  die pressed 
samples from our own powders. The sintering tests are marginally feasible 
with 9-11 gram quantities o f  powder. In sinterability tests (in 1986) of 
our powder, we had used nitrogen overpressure sintering. NOW, we are 
developing cycles f o r  pressureless sintering, w i t h  a sintering cycle 
developed i n  a baseline study w i t h  commercial powders. I n  the baseline 
study with a composition o f  10 w t . %  Y 03 and 2.25 wt.% AlzO3, we were a b l e  

developed i n  three separate sintering runs. 
For the one pair o f  samples tested froin our own powder from this 

period, we observed by x-ray diffraction phase problems that are expected 
with oxygen excess: oxynitride phase. Density value was 67% (well below 
overpressure sintered o f  83% with vapor chloride process powder with 8 
w t . %  Y2O3 and no added A l 2 O 3 ) .  Diametral sintering shrinkage was 16%, 
which continues t o  indicate sintering activity, in spite o f  problems with 
final value. 

What was unexpected in the pressureless sintering run was that a 
control sample o f  the composition that was reproducible in baseline tests 
dropped from 96 t o  91 % density and shifted to a less desirable grain 
boundary phase. Factors changed were the presence o f  the other samples 
and smaller size o f  the test pieces. This departure may be due t o  smaller 
size (than previous baseline tests) or interaction in sintering in the 
atmosphere shared with a dissimilar material. 

to reproduce both densities of 96-  8 7% T.D. and grain boundary phases 
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Agitation testing 

We then moved away from campaigning runs in order to return to 
process flowsheet development. We began tests of agitation duringrinsing. 
In order to decrease water vapor permeability and oxygen contamination of 
the powder product, the imide synthesis and thermal decomposition systems 
were re-designed t o  eliminate 95% of the polymer tubing previously 
present. Also, a non-alumina decomposition vessel was installed. The 
benefits of these changes are pending. 

In laboratory demonstration tests, we continued to operate the 
reaction system under pressure but without agitation. As we move to 
larger quantities, agitation appears to be a greater need. 

The simplest implementation of agitation on the flow system was 
tried: gas bubble agitation from the bottom of the vessel during rinsing. 
In one test so far, no indication of greater NH4Cl recovery was observed. 
It appears unlikely that this method will be sufficient for removal of 
chloride from the liquid Sic14 - liquid ammonia imide. 

A mechanically agitated pressure vessel was specified and an order 
initiated. The mechanical agitation is expected to increase bubble 
residence time in operation o f  the gaseous SiC14-1 iquid NH3 reaction route 
and allow greater mass rates. The agitation i s  also expected to improve 
chlorine extraction. 

System rebuild 

To address persistent oxygen contamination around the 10 w t . %  level, 
several changes were made to the experimental apparatus to reduce inward 
leakage. (It now appears that in spite of a pressure differential, there 
can be diffusion o f  H20 through polymeric tubing and gaps in fitted 
joints, due to the chemical driving force for reaction o f  water with Sic14  
and ammonia.) Both the imide synthesis and thermal decompositioa systems 
were re-designed to eliminate 35 feet (10.7 m) of Teflon tubing 
previously present. Also, the number of fittings was reduced by about 
30%. These changes should 
reduce inward permeation of gases and liquids against the pressure. 

A non-alumina decomposition vessel was installed as part of the 
enclosed system. There i s  some evidence of correlation of higher aluminum 
concentrations with higher oxygen contamination levels. (Earlier, we had 
tried to monitor weight gain/loss o f  the decomposition vessel, but results 
were inconsistent.) The choice of non-alumina vessel may also reduce 
alumina transport to the powder in view of the C1 species which are known 
to remain due to incomplete rinsing of NH4C1. 

This equipment was used in early October to complete a powdermaking 
run by the liquid SiCl4 - liquid NH3 route. The resulting powder 
characteristics are still pending. The shake-down period was longer than 
anticipated. The types of problems encountered in incomplete runs 
included 1) compression fittings that leaked after the cool-down for a 
run, in spite of ambient temperature vacuum and overpressure testing, 2) 
multiple valve stem leaks on new valves in the NH3 metering line, and 3 )  
valve seizure due to corrosion in a nine-month old Sic14 line valve. 

The condenser was also rebuilt after long use. 
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Novel characterization method to discern amorphous spec ies  

An analytical method was developed (by K. R. Carduner, Ford Research) 
for quantitatively evaluatin crystalline and amorphous contents of 
silicon nitride powders by 2gSi MAS-NMR (Mag ic  Angle Spinning Nuclear 
Magnetic Resonance). 

I l l  

0 - 50 

Figure 1. Magic Angle Spinning - Nuclear Magnetic Resonance (MAS-NMR) 
spectrum o f  synthesized powders (courtesy K. R. Carduner, et. al, R e f ,  5 ) .  
The two  peaks corresponding t o  alpha Si3N4 have a broad shoulder 
representing amorphous silicon nitride. To -the right, a broad peak for  
amorphous silicon oxynitrides appears. By x-ray diffraction methods, it 
would not be feasible to distinguish the amorphous oxynitrides from 

orphous silicon nitride. 

In t h e  powder synthesis project Task 2, titled "Characterization," 
there is stated a need 'I ... to develop or demonstrate new and improved 
quantitative techniques . . . . I '  A technique was developed which can readily 
distinguish the individual concentrations o f  different a 
crystalline chemicai species in si1 icon nitride powders. The alpha Si3N4 
has two peaks and the beta has only one. Amorphous silicon nitride is a 
broad peak a t  the Si3N4 position. In the sample from this work shown in 
Fig, 1, a second broad peak is apparent, which corresponds to the 
amorphous silicon oxynitrides. By x-ray diffraction methods, it would not 
be feasible t o  distinguish the amorphous oxynitrides from amorphous 
silicon nitride. 

A manuscript describing the quantitative method is in yressS5 The 
manuscript also relates that certain commercial Si3N4 powders which appear 
to be entirely crystalline by x-ray diffraction actually have 20 t o  30% 
amorphous content as determined by magic angle spinning NMK (MAS-NMR). 

Status o f  milestones 

The milestones for the contract extension periods are on schedule. 

Pub1 icatisns 

G. M. Crosbie, "Si3N4 Powder Synthesis," presented at the Am. Ceramic SOC. 
Annual Meeting, Pittsburgh, Pa., April 26-30, 1987. 
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G. M. Crosbie, "Silicon Nitride Powder Synthesis,'' pp.255-265 in: Proc. of 
t he  24th Automotive Technology Development Contractors '  Coord inat ion 
Meet ing,  SOC. of Automotive Engineers, Warrendale, Pa., 1987. (P-197) 

L ,  M. Sheppard, "Vapor-Phase Synthesis of Ceramics," Advanced Mate r ia l s  & 
Processes i n c .  Metal Progress,  April 1987, p p .  53-58. (A review article.) 

K. R.  Carduner, R. 0. Carter 111, G. M. Crosbie, M. E. Milberg, T. J .  
Whalen, I, C. Westwood, E. N. BOU~OS, and M. F. Best, "Analytical 
Applications o f  Solution and Solid State 2 9 S i  NMR," submitted for 
presentation at the Pittsburgh Conference to be held in New Orleans, 
February 22-26, 1988. 

K. R. Carduner, R. 0. Carter 111, M. E. Milberg, G. M. Crosbie, 
"Determination o f  Silicon Nitride Cryst llinity and Silicon Phase 
Composition o f  Silicon Nitride Powder by 5gSi MASNMR," to appear in 
Ana7yt ica l  Chemistry,  November-December, 1987. 

G .  M. Crosbie, J .  M. Nicholson, R. L .  Predmesky, and E .  D. Stiles, 
"Si 1 icon Nitride Powder Synthesis Program, I' presented at the 25th 
Automotive Technology Development Contractors' Coordination Meeting, 
Dearborn, Michigan, Oct. 26-29, 1987. 
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1.2 CERAMIC COMPOSITES 

1 . 2 - 2  Si!ican N i t r i d e  M a t r i x  

SiC- Wh m'sker - Tough emd--SLl icon Nitr ide 
Hun Yeh ( G a r r e t t  Ceramic Components Division) and Jim Schienle (Garrett 
Turbine Engine Company) 

Obj2?GL!!dscope 

for fabricating ceramic composites consisting of silicon carbide 
whiskers dispersed in a dense silicon nitride matrix. 
research is t a  develop a ceramic coiiil asi te with significa 
fracture toughness over the wnrei ndo ced silicon nitride 
a degradation of other properties. Garrett Ceramic ~ o ~ ~ o  
(GCCD) , Garrett Processing Company (formerly AiResearch Casting 
Company), as prime contractor, is responsible f o r  developing the 
fabrication techniques. Garrett Turbine Engine Company (GTEC),  as a 
ajor  subcontractor, is res ansible f ~ r  mechanical property and 
icrastructural eval Allied-Signal Engineered Materials 
esearch Center (ASE sivides analytical  assistance, 

The objective o f  thjs program is to develop the technology base 

A goal of this 

_I_ Technical prosress ... 

( a )  Processing 

In the last reporting period, two new sets sf f o u r  cnmpasite 
bfllets (10 t a  40 wt. .. percent A@bAC* SC-9  Sic whisker ( S i C w ) )  
were capracessed throL3gh s l i p  casting. 
was subsequently processed through presintsring 
(1BQOQC/argan/l h r )  , empasula t ion  in n;abitm and H I P '  ing 
(17500 F i 2 8  k s i / 4  hr). All  fou r  billets achieved ~iear- 
theoretical densities and uniform wh-issker dispersion (October 
1986 -March 1987 Semiannual Report) e Consequently, in this 
repor t ing  perjod i t  was decided t o  camplete processing the 
second s e t  of billets through HIP'ing using the 
~roceduresBp2rameters identical t o  those used f a r  the f'lrst 
set .  Again, near-theoretical densities were achieved in a l l  
four b i l l e t s .  Table 1 l i s t s  the density results o f  both HIP 

Qne set  o f  the two  

?-LARS e 

Both sets  SP co posi te  b i l l e t s  ere ~~~~~~~~ into t e x t  bars  
fo r  flexural strength and chevron toughness tests, The 
results are presented in the next section. 

Two additional composite b i l l e t s  (10 and 40 w t .  percent ACMG 
SC-9 Sic whiskers) were ho t  isostatically pressed us ing  the 
ASEA glass encapsulation/HIP method. Both billets achieved 

"Advanced Composite Materials Corp. (Formerly a division of ARCO) 
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TABLE 1 

DENSITY RESULTS FOR 1 7 5 0 W 2 8  ksi/4 hr HIP CYCLE 

3,24 g/cc. Characterization results will be reported in the 
final report. This activity is beyond the scope of the 
program. 
metal encapsulation/HIP used in the program with ASEA 
glass/HIP, which has a higher potential for net shape mass 
production. 

The purpose of this study is to compare the Nb 

(b )  Mechanical Testing 

Flexural strength (MOR) and chevron toughness tests were 
conducted at room temperature, l O O Q O C  and 1200OC on the test 
bars machined from the two sets of densified composite bil- 
lets described in the last section. 

Flexural strength testing was performed on 0.025-in. by 0125- 
in. by 2.0-in test bars  (chamfered) using four-point bending. 
Chevron toughness testing was performed on 0.25-in by 0.25-in 
by 2-in. chevron notched bars in three-point bending. All 
fractured MOR specimens were examined optically at 4Qx. A 
selected number of specimens were examined under an SEM for 
more detailed analysis. The results o f  these two tests are 
discussed in the following paragraphs. Due to the limited 
numbers o f  test bars that can be machined from each billet, 
only a limited number of tests were performed for each Sic 
whisker loading and test temperature combination. 

0 Flexural Strength and Fractorgraphy of H I P  Run 1 Specimens 

The strength results are summarized in Table 2 and Figure 1. At 
room temperature, the 10 percent and 30 percent Sic composites exhib- 
ited average strengths above 100 ksi (109.0 k s i  and 102.7 ksi, respec- 
tively). The 20 percent and 40 percent Sic composites exhibited lower 
strengths (80.0 ksi and 69.6 ksi, respectively). Optical analysis of  
the failure origins revealed that all specimens of the 10 percent, 20 
percent, and 30 percent Sic compositions failed from grayish areas. 
The 40 percent Sic composites exhibited the same grayish areas on the 



TABLE 2 

FLEXURAL STRENGTH TEST RESULTS 

(Number in parenthesis indicates number of tests) 

Average Strength" 2 Standard Deviation 
- 

(ks i  1 

Percent S i c  

HIP Run a 
50 

20 
30 
40 

H I P  Run 2 
7 

20 
30 
40 

109 -t 13.9 (10) 108.2 f 4.5 (5) 
80 k 17.9 (10) 

102.7 k 11.8 (10) 
69-6 k 7.1 (18) 

97.3 k 10,4 (5) 92.1 + 8.3 (5) 

51.7 2 27.9 (59 93.2 k 15.4 (5) 

102,8 5 8.8 (5) 115.4 -b 12.5 (5) 
88.0 2 19.6 (5) 97,8 2 28.2 (5) 

63.4 I 4 . S  ( 5 )  
36.9 ..t 3.5 ( 4 )  
40.3 (1) 
27.4 (1) 

61.4 a 11.3 (5) 
38.9 A 3 .3  (5 )  
38.2 .t 3.0 (5 )  
34.6 jI 3.4 ( 5 )  

"Four-p~i  nt bending; outer and inner spans 1 5- i n .  and 0 75- in . , 
respectively; 0.025-in x 0.125-in. x 2.0-in. test bars, 

f r a c t u r e  surfaces, buk failed From flaws light in color relative t o  the 
;;iatrjx. 
o r i g i n s .  A high and lew strength specimen f o r  each whisker loading was 
exmiwed, 
are SEM X j C r Q  r-aphs for- specimens listed in Tablo 3. 

SEY analysis was used t o  further characterize the f racture  

The results are summarized in Table 3,  Figures 2 through 9 

The SEM results did no t  f-ind the grayish areas t o  be associated 
The origins far 90 percent, 20 percent w i t h  3 particular flaw type, 

and 30 percent Sic campgtsitss were associated w i t h  either high concen- 
t r a t i o n s  of pf and A1 (Y203 and A1203 are used as sintering a ids)  o r  Fe, 
CP, and Mo (frequently observed contaminants of the Si3N4 powder used 
i n  this  study). In many cases, bath type o f  cmcentrations were asso- 
clrated w i t h  large S i 3 N 4  grains (energy dispersive and wavelength d i s -  
persive X-ray ana?ys.tas indicates the grains are Si and N r i c h ) .  Since 
no large Si3W4 gra ins  were detected by SEM in green, as-cast composite 
inaterial, the large Si3N4 gra ins  mast likely grew during densification. 
The green composites d id  have concentrations of sintering aids and the 
contaninants ~~~~~~~~ in dense composites, The 40 rcent S i c  compos- 
ite failure origins were low density regions t h a t  
Si3N4 gra in  growth. 

relative t o  the room temperature strengths. 

ibited acicular 

A t  1200*C, all four composite compositions exhi ited strength loss 
The 120 "C strength f o r  
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TABLE 3 

SUMMARY OF SEM FRACTOGRAPHY RESULTS OF ROOM TEMPERATURE MOR TESTS * 

'ercent Sic MOR (ksi) 

10 84.1 (min) 

10 123.6 (max) 

20 

20 

63.9 

97.9 

30 93.9 

30 114.9 

40 57.9 

40 76.6 

Origin 

Concentration of -Y (Figure 2) 

Porosity inside 15 micron Si3N4 grain 
(trans-granular) ; Fe detected around 
grain (Figure 3) 

5 micron pore inside 50 micron Si?N4 
grain (transgranular); concentrations of 
Y and A1 around the inside grain (Fig- 
ure 4) 

70 micron grain on bar surface 
(transgranular); concentrations of Y anc 
A1 around and inside grain (Figure 5) 

30 micron grain (transgranular) with 
concentrations of Fe around and inside 
grain (Figure 6) 

Concentration of Fe, Cr, and Mo (Fig- 
ure 7) 

Low density region (Figure 8) 

Low density region (Figure 9) 

5pecimens from HIP Run 1 
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Figure 3. 15 Micron Si3N4 Grai.1 Exhibiting Transgranular Fracture from 
Porosity Inside; Fe Contamination Around Grain (10 Percent Sic 
Whisker Loading Compxi te )  
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Figure 4. 50 Micron Si3N Grain Exhibiting Transgranular Fracture front 

Grain (20 Percent S i c  Whisker Loading Composite) 
5 Micron Pore 4 nside; Concentrations o f  Y and A1 Around and Inside 
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Figure 6. 30 Micron Grain with Concentrations o f  Ft, Around and Inside 
(30 Percent Whisker Lcsding Composite) 
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the 10 percent Sic composite was 63.4 ksi, characteristic of the GCCD 
Code 2 matrix, typically 60 ksi. However, composites with larger 
whisker loading exhibited significantly lower strengths. The 20, 30, 
and 40 percent Sic composites exhibited averaged strengths of 39.6 ksi, 
40.3 ksi, and 27.4 ksi, respectively. The failure origins for the 10 
percent Sic composites were the grayish areas, which were also observed 
in the room temperature test specimens. For the 20 percent, 30 percent 
and 40 percent Sic composites, the fracture surfaces appeared smooth 
and featureless, and did not exhibit a distinct failure origin. 

Additional specimens of the 10 percent Sic loading were available 
At lOOOOC, the 10 per- for intermediate temperature testing (1OOOOC). 

cent Sic composite exhibited complete strength retention, 108.2 ksi 
compared to 109.0 ksi at room temperature. The fracture origins were 
similar to those observed in 10 percent Sic composites tested at room 
temperature and 1200OC. 

0 Flexural Strength and Fractography of HIP Run 2 Specimens 

The room temperature strengths for HIP Run 2 specimens were lower 
than that for HIP Run 1 specimens, with the exception of the 20 percent 
Sic composition (Table 2). 
the origins of the 10 percent, 20 percent and 30 percent Sic composites 
were predominantly the grayish areas. However, the 40 percent Sic com- 
posites also failed from these areas. In 40 percent Sic specimens from 
HIP Run 1, the failure origins were areas of low density. 

As observed for the HIP Run 1 specimens, 

At lOOOOC, the 10 percent Sic composites exhibited complete 
strength retention relative to the room temperature strength (Table 2). 
The 20, 30, and 40 percent Sic composites exhibited increased strength 
relative to the room temperature strength. The strength in'crease for 
the 40 percent Sic composite was almost twofold. 
strength increase requires more detailed study. 

The reason for the 

At 1200OC, the composites exhibited the same trends in strength 
The 10 percent Sic com- observed for HIP Run 1 specimens (Table 2). 

posite had an average strength of 61.4 ksi, which is typical of the 
Code 2 matrix. The 20, 30, and 40 percent Sic composites exhibited 
lower strengths, 38.9 ksi, 38.2 ksi, and 34.6 ksi, respectively. 

0 Fracture Toughness Test 

The scatter in toughness results for a given composite and at a 
given temperature is very narrow (Table 4). 
toughness between the two HIP run billets, where tests at the same 
temperatures were performed, are a1 so very small. 
following discussions concern the combined toughness results from the 
two HIP runs, although they are listed separately by the run number in 
Table 4. 

The differences in 

Therefore, the 



4 1  

'ercent 
;i C Room 

HIP Run 1 
10 5.92 1 0.85 (5) 
20 6.12 k 0.57 (5) 
30 6.51 1 0.21 (5) 
40 5.73 _+ 0.42 (4) 

HIP Run 2 
10 

20 
30 
40 

TABLE 4 

FRACTURE TOUGHNESS RESULTS 

(k 

10000c 

6.01 (1) 
6.44 5 0.13 (2) 
6.91 10.80 (2) 

5.62 1 0.05 (2) 
6.42 k 0.78 (3) 
6.22 1 0.52 (3) 
6.59 k 0.02 (3) 

(Numbers in parenthesis indicate number of tests) 

Average I Average Toughness* 1 Standard Deviation 
i*in 1/2) 

12oooc 

5.03 1 0.07 (2) 
5.83 2 0.07 (2 )  
4.02 (1) 

4.77 (1) 

The room temperature fracture toughness (KIc) results are plotted 

at 10 percent Sic up to 6.51 ksi in.1/* at 30 percent Sic. 
The results 

in Figure 10. The KIC increased as a function of Sic loading from 5.92 
ksi in. At 
40 percent Sic, the KIC dropped off to 5.73 ksi in.112 
indicated 30 percent whisker loading is optimum for fracture toughness. 
The toughness for the 30 percent Sic composite is a 21 percent increase 
over the sintered monolithic GCCD Code 2 matrix (5.37 ksi in.1/2). 
This toughness is a slight improvement over the program's previous 
best, 6.45 ksi in.112 (June-July 1986 Bimonthly Report), obtained from 
a composite containing 20 percent Sic whisker (ACMC SC-9) and HIP'ed at 
1800OC. The fact that the new 20 percent Sic loaded material HIP'ed at 
1750OC for 4 hr, exhibited a toughness lower than the similar material 
HIP'ed at 1800OC for 2 hr (6.12 vs 6.45 ksi in.112) suggests that 
additional improvements in the 30 percent Sic composite might be 
obtained by HIP'ing at 1800OC for 2 hr. 

For the 10 percent, 20 percent, and 30 percent Sic composites, the 
toughness at lOOOOC is approximately the same as at room temperature. 
The toughness o f  the 40 percent Sic composite increased slightly at 
lOOOOC relative to the room temperature toughness. At 12OOOC, the 
toughness decreases for all compositions. 

0 X-Ray Diffraction and Metallographic Analyses 

X-ray diffraction (XRD) analysis was performed on HIP Run 1 spec- 
imens of each whisker loading (10, 20, 30, and 49 percent Sic). The 
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7 -  
6.9 
6.8 
6.7 

CV 6.6 
7 6.5 

6.4 
6.3 v) 

Y 6.2 
v) 6.1 

- - 

c- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

CHEVRON NOTCH THREE POINT BEND TEST 

SPAN: 1.5 IN.  

0.250 SPEC I MEN : 
0.125 

0.100 
L = 2.0 TYPICALLY 

0.250 

TOLERANCE ?0.001 

NOTES: 1. ALL D I M E N S I O N S  ARE I N  I N C H E S  
2.  EDGES ARE NOT CHAMFERED 

Figure 10. Room Temperature Toughness v s  Whisker Loading 
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XRD patterns loading revealed only the expected beta Si3N4 and Sic 
phases. 

Metallographic analysis was performed on HIP Run 1 composites of 
each whisker loading to evaluate whisker integrity through processing, 
and whisker distribution and orientation. Photographs of the polished 
sections are shown in Figures 11 through 14. The results indicate 
that, within the detectability o f  an optical microscope, the whiskers 
maintained integrity through processing, still exhibiting high aspect 
ratio characteristics. Also, the whiskers are relatively well dis- 
persed and randomly oriented. However, regions of unreinforced matrix 
up to 20 microns in diameter were observed. 

Elastic and Thermal Properties 

The elastic properties, thermal diffusivity, and thermal expansion 
coefficient o f  composite specimens from HIP Run 1 were measured. 

The elastic properties o f  the composites were determined by measuring 
the shear and compressional velocities of an ultrasonic wave through 
composite test bars. Two specimens for each whisker loading (10, 20, 
30, and 40 percent) were evaluated. Measurements were taken parallel 
and perpendicular to the test bar length to evaluate anisotropy 
effects. 
in the Young's moduli, shear moduli, and Poisson's ratio measured par- 
allel and perpendicular to the test bar lengths were observed, indi- 
cating all of the composites are isotrophic. The effects o f  whisker 
loading on the Young's and shear moduli are illustrated in Figures 15 
and 16. 
30 percent Sic loading. The Young's moduli for the 30 percent and 40 
percent Sic are equivalent, possible due to the lower density of the 40 
percent Sic composite (3.20 g/cc compared to 3.23 g/cc for the 10 
percent, 20 percent and 30 percent Sic composites). 

The results are shown in Table 5. No significant differences 

Both the Young's and the shear moduli increase linearly up to 

The thermal diffusivity was measured as a function of whisker 
loading using thermal wave analysis. 
probe the thermal wave generated. 
loading were evaluated. The results are shown in Table 6 and Figure 
17. The thermal diffusivity increases with whisker loading up to 30 
percent Sic, and then drops off at 40 percent Sic. 
ivity observed for the 40 percent Sic may be attributed to its lower 
density. 

A 5 watt argon laser was used to 
Two specimens of each whisker 

The drop in diffus- 

Thermal expansion coefficient measurements on baseline as well as 
composites were made in an air atmosphere on a dilatometer, running 
from room temperature to 1400OC at a rate of 3oC/min, followed by a 
return to room temperature. Thermal expansion coefficients were cal- 
culated based on the slopes o f  the dilatometer outputs. 
slope or discontinuity on the dilatometer output curves was observed in 
most samples. Table 7 summarizes the results. 

Change o f  
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Figure 11. Polished Section o f  10 Percent SIC 
Composite Exhibiting Good Whisker 
Distribution and Or! en tat i on 

Figure 12. Polished Section o f  20 Percent Sic 
Composite Exhibitina Good Whisker 
Distribution and Orientation 



Figure 13. Polished Section o f  30 Percent Sic 
Composite Exhibiting Good Whisker 
Distri but i on and Orientation 

Figure 14. Polished Section o f  40 Percent Sic 
Composite Exhibiting Good Whisker 
Distribution and Orientation 
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Percent Sic 

TABLE 5 

ELASTIC PROPERTIES OF SiCw/Si3Nq COMPOSITES 

- 
Thermal Diffusivi ty 

(cdsec)  

Percent 
S i  C 

10 

10 

20 

20 

30 

30 

40 

40 

Young ' s Shear 

45.1 
44.4 

44.8 
44.4 

46.8 
46.8 

46.8 
46.5 

48.7 
48.6 

48.3 
48.0 

48.7 
48.7 

48.4 

18.0 
17.5 

17.7 
17.5 

18.7 
18.7 

18.7 
18.6 

19.6 
19.6 

19.4 
19.3 

20.0 
19.7 

19.7 
48.4 I 19.6 

TABLE 6 

Poi sson ' s 
Ratio 

0.26 
0.27 

0.26 
0.27 

0.25 
0.25 

0.25 
0.26 

0.24 
0.24 

0.24 
0.25 

0.22 
0.23 

0.23 
0.23 

10 

20 

30 

40 

0.090 
0.095 

0.101 
0.096 

0.107 
0.098 

0.106 
0.097 



1 9 8  - 
19 6 - 
194 - 
1 9 2  - 

19 - 
1 8 8  - 
186  - 
184  - 
1 8 2  - 

18 - 
1 7 8  - 

176  - 
174  - 
1 7 2  - 

17 I I I I I I I 

0 10 20 
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A 9,240 

Figure 15. Young's Modulus v s  Percent Sic 
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Figure 16. Shear Modulus v s  Percent Sic 

10 20 

Percent Sic 

30 40 

A w21. 



4
8
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

V
 

v
)
 

c, 
c
 

aJ 
V

 
L
 

aJ a 
v
) 

>
 

h
 

c
,
 

'r- 

..- 



4 9  

Compos i ti on 
(Wt. Percent S i C w )  

TABLE 7 

THERMAL. EXPANSION COEFFICIENT 

Thermal Expansion Coefficient 
(pprnPC) 

0 
10 
20 
30 
40 

2.9 (100-950OC) ; 3.4 (lQ5O-I30WC) 
3.1 (100-93OOC); 4.0 (1000-125OOC) 
3.2 (100-75OoC); 4.4 (1000-130OoC) 
3 .3  ( 100-80OOC) ; 4.6  ( 900-120Q°C) 
4.2 (100-12OOQC) 

L I 1 

Additional baseline material properties were obtained and are 
listed in the following: 

MOR a t  1200oC 60.7 ksi 
Young ' s modul us 301 GPA 
Sheer modulus 117.5 GPA 
Poisson's ratio 0.278 
Thermal d i  f f usi vi ty 0. 169 cm2/sec 

Status o f  mileston.$> 

Milestone 5 i s  complete .  Milestone 7 (final report)  is i n  
process. 

Publications 

None * 
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Silicon-Nitride-Metal Carbide Composites_ 
S. T.  Bu l jan  (GTE Labora tor ies ,  I n c . )  

0 bjectivelScope 

The objective of this program is to develop silicon nitride-based composites of iin- 
proved toughness, utilizing Sic  and TIC as particulate or whisker dispersoids, and to de- 
velop and demonstrate a process for near net shape part fabrication. Near net shape 
process development will explore forming by injection molding and consolidation by hot 
isostatic pressing or conventional sintering. 

Technical Progress 

Thermal Expansion Measurements 

Measurements of thermal expansion of AY6 (SiSN4 6 w/o Y z O ~  + 1.5 w/o AlzOa) and 
an AY6 + 30 v/o Sic  whisker (SC-9) composite were made over the range from 25OC to 
140OOC using a Theta dilatometer. Polycrystalline AI203 was used for calibration of the 
equipment. Essentially no difference in thermal expansion was observed for the two ma- 
terials over the range 25 - 140OOC (Figure l) .  The thermal expansion coefficients are re- 
ported in Table 1. 

Table 1: Thermal Expansion Coefficients of AY6 and an AY6 - 30 vlo Sic Whiskers 
Composite 

Temperature 
("C) 

200 
400 
600 
800 
1000 
1200 
1400 

AY6 + 30 v/o Arco 
(x 10-6/oc) 

2.91 
3.21 
3.51 
3.83 
4.16 
4.51 
4.86 

AY 6 
x lo-"oc) 

2.53 
3.1 1 
3.64 
4.08 
4.42 
4.67 
4.87 

Thermal Conductivity Measurements 

The thermal COi c!uc!ivities of AY6 and an AY6 + 30 v/o Sic whisker composite 
were measured by Ftber Materials, Inc. using measurements of enthalpy/specific heat 
and laser flash diffusivity to calculate the conductivity. Enthalpy was measured with a 
Bunsen-type ice calorimeter and the specific heat determined graphically from the 
smoothed enthalpy data. Thermal diffusivity was measured on disk-shaped samples us- 
ing the laser pulse method. The laser pulse direction corresponds to the axis of hot 
pressing for both materials. 
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Thermal conductivity was calculated from the data using the following equation: 

P 
A =  a p C  

where A = thermal conductivity 
a thermal diffusivity 

$ = density 
C = specific heat 

Table 2 shows the thermal diffusivity, specific heat and the calculated thermal conductiv- 
ity valiJes for both AY6 and the SIC whisker composite. As reported by FMI, the data 
shown are accurate within It2.5%. Figure 2 illustrates thermal conductivity as a function 
of temperature. AS room temperature, the addition of Sic whiskers increases the thermal 
conductivity by 25% coinpared to AY6, h i ~ t  at ternperati.rres greater than IOOOOC, the dif- 
ference is reduced to approximately 15%. 

Table 2: Thermal Biffusivity, Specific Heat and TB~ermal Cosy 
AY6 -k 30 d o  Sic ~~~~k~~~ Composite 

ity of AY6 and an 

Material 

AY6 + 
30 vlo 

S i C (S C 9) 
Nhiskers 

AY6 

Temperature 

- 
"C 

28 
98 

264 
431 
656 
821 

1110 
1200 

28 
99 

264 
429 
653 
81 9 

1106 
1200 

986 

985 

"F 
~ 

82 
20% 
508 
807 
1213 
1505 
1806 
2930 
2192 

82 
21 1 
508 
805 

1207 
1506 
1805 
2022 
21 92 

Thermai 
liffusivity 

cm2 s-' 

0.1246 
0.1043 
0.0754 
0.0636 
0.0492 
0.0464 
0,0369 
0.0351 
0.0335 

0.0958 
0.081 1 
0.0625 
0.0492 
0.0422 
0.0366 
0.0343 
0.0310 
0.0288 

0 x id at i on Resist a nce E wa I u a t i o rs 

0.150 
0.185 
0.232 
0.250 
0.264 
0.270 
0.273 
0.274 
0.275 

0.150 
0.185 
0.232 
0.250 
0.264 
0.270 
0.273 
0.274 
0.275 

(9.2523 
0.2605 
0.2361 
0.2147 
0.4754 
0.1691 
0.1360 
0.1298 
0.1243 

0.1940 
0.2026 
0.1959 
0.1661 
0.1504 
0.1332 
0.1264 
0.1 147 
0.1070 

174.9 
180.6 
163.7 
148.9 
121.6 
11'7.2 
94.3 
90.0 
86.2 

134.5 
140.5 
135.5 
115.2 
104.3 
92.4 
87.6 
79.5 
74.2 

The oxidation of an AY6 + 30 vlo Sic whiskers composite has been evaluated rela- 
tive to standard hot pressed AYG for UP to 1000 hours of exposure ta ambient air at 
120O"C. The results (Figure 3)  show that the long term (> 500 hour) oxidation resistance 
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of the composite is equivalent to AY6. The small difference is most likely related to dilu- 
tion of the (Ah03 + Y z O ~ )  sintering aid by substitution of Sic for the blended AY6 pow- 
der. At shorter times (<200 hrs.), a nine-bar data set shows AY6 to have slightly better 
oxidation resistance compared to the composite. The data show that the oxidation of 
AY6 is not adversely affected by the addition of ARC0 SC-9 SIC whiskers. 

The oxidation of Sic (SC-9) whiskers was examined separately. The whiskers were 
oxidized in A1203 crucibles at 12OOOC. in static air and exhibited parabolic oxidation be- 
havior (Figure 4). Phase analysis (XRD) of the oxidized whiskers showed an increase in 
the amount of amorphous phase with increasing oxidation time at a lattice spacing corre- 
sponding to Si02 (tridymite), which is consistent with the oxidation temperature em- 
ployed. It was further noted that, while the S i c  whiskers in the as-received state exhib- 
ited predominantly a phase peaks, the relative intensity of p phase peaks increased with 
increasing oxidation time. This may result from preferential oxidation of the a phase. 

Oxidation rate constants for whiskers, base line silicon nitride and the composite, 
as well as the expectation value calculated for 30 v/o SIC whisker composites, are given 
in Table 3. Calculated and measured values for the 30 v/o Sic (whisker) containing com- 
posite are in good agreement. 

The effect of oxidation at 1200°C up to 500 hours on modulus of rupture has also 
been evaluated (Table 4). While at room temperature, small  variations in strength are 
observed; the MOR at elevated temperature is unaffected by oxidation. Sased on these 
data, i.e., weight gain and MOR, the effects of oxidation on AY6 and AY6 4-30 v/o Sic  
whisker-containing composites are statistically equivalent. 

Table 3: Oxidation Rate Constants sf Investigated Materials 

Material K (Kg/m**sec -1 12) 
P 

SiCw (SC-9) 3.47 x 1 0 ~ 3  
AY 6 5.89 x lo--'' 
AY6 + 30 v/o SiCw (SC-9) 4.51 x IO-" 

Rule of Mixtures 

(0.7 K-:AY6 + 0.3 K,, S iCw 4.23 x 18-l' 
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Table 4: Relative Strength sf Oxidized Silican Nitride-Based Ceramics 

Material 
Relative Medullus of Rupture 

1200"@ 

AYG-As Ground 
AY 6- G r o u n d /A  n ne a I e d * 
AY 6-G ro IU n d/Ox i d ized * * ( 1 00 h rs .) 
AY6-Ground/Oxidized**(500 hrs.) 

AYG f 30 v/o SiCw**"-As Ground 
AY6 -I-- 38 v/o SiCw-Ground/Annealed 
AY6 -f- 30 v/o SiCw-Ground/Oxidized** 

AY6 + 30 v/o SiCw-Gruund/Oxidized'" 
(100 hrs.) 

(500 hrs.) 

"1200°C/66 Min./Ar 
* * 120O0C/Ai-nbie tit Air 
" * * A R C 0  SC-9 

1 .oo 0.98 0.81 
0.98 

0.98 1.01 0.74 

- 

0.93 0.97 0.81 

1 .oo 1.03 0.93 
0.95 
1 .06 1.08 0.87 

0.98 1.06 0.88 

Four-point creep tests (ambient air atmosphere) were conducted to compare mono- 
lithic AY6 to an AY6 + 30 v/o SIC whisker (SC-9) composite. Figure 5a compares the 
strain-time relationships of AY6 to the composite at 12OO0C, 36 ksi applied stress. This 
whisker-containing composite has appreciably higher resistance to creep under these 
conditions compared to the monolith. One AYS bar exhibited substantial subcritical 
crack growth, as opposed to the expected grain boundary sliding controlled creep. This 
crack growth was observed to be initiated from a grinding flaw in the chamfer. The con- 
ditions of this test are in a regime where creep and crack growth from existing flaw? ., are 
competitive mechanisms of failure for Si2N4. To further evaluate these phenomena, test 
bars of both materials were precracked with 100 N Krioop indentations, which, from ex- 
perience, produce a surface flaw of approximately 125 urn in depth. The samples were 
then annealed at 1200'C. in argon to relieve indentation stresses and subsequently creep 
tested at 1200°C/30 ksi. The indented AY6 bar fractured 20 minutes after the test load 
was applied, while the indented Sic  whisker-containing composites showed essentially 
the s a m e  steady state creep rate as had been measured for the uiiindented composite 
(Figure 5b). These data again indicate that the addition of Sic whiskers to Si3N4 de- 
creases the materials' susceptibility to slow crack growth and demonstrates that the flaw 
sensitivity of the composite is greatly reduced under operating conditions which may be 
encountered in adiabatic engine applications. 

The effect of dispersoid morphology was also evaluated (Figure 5c). The resis- 
tanc.e to creep of AY6 was appreciably reduced by the addition of 30 v/o Sic particulates 
( " 8  vm). Figure 5d compares results for AYG and the Sic whisker composite at 
1200"@/30 ksi to those obtained for the composite at 1200"C/40 ksi. The creep rate of the 
composite at the higher stress is equivalent to that of the monolith at the lower stress. 
These results indicate that at 1200OC the AY6 + 30 v/o S ic  whisker composite can be 
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subjected to 30% higher stress than the monolith, at which point both have equivalent 
resistance to creep. 

Injection MoldingIHIP Processing 

Previous results have shown that a systematic and reproducible warpage occurred 
in both bars and CATE blades produced by injection molding and HlPing whisker-contain- 
ing composite materials. These results suggest that whisker alignment causes differen- 
tial shrinkage and part distortion. In order to examine the extent of this effect and elimi- 
nate compositional concerns, an experimental batch of composite powder was prepared 
using comminuted S ic  whiskers. Test bars of material containing 30 v/o of milled whisk- 
ers showed relatively little distortion relative to whisker composites. Dimensional rneas- 
urements of composites with milled and unmilled whiskers were made to evaluate densi- 
fication shrinkages. Table V shows that, although both materials densified to 99% of 
theoretical density, the whisker-containing samples showed substantially lower shrink- 
age in bar length and higher shrinkages in width and height. The sample containing 
mil led whiskers showed essentially isotropic shrinkage. 

Table V: Linear Shrinkage of Injection-Molded and HlPed AY6 - 38 vlo Sic Composites 
Containing Milled and Unmilled Whiskers 

1 Dimensions Unmilled Whiskers Milled Whiskers 1 
Length 
Width 
Thickness 

18.2% 

26.Q% 
23.2% 

21.7% 
21.6% 
21.576 

These data present the strongest evidence to date in identifying whisker alignment 
during injection molding as a major cause of distortion during densification of molded 
composites. Additional effort in this area will now concentrate on rnicroscopy to deter- 
mine the degree of alignment at the surface and within the bulk of molded parts. 

The mechanical properties of injection-molded and HlPed cornposite materials pro- 
duced from powders containing thirty volume percent SIC whiskers (SC-9) which were 
blended with a premilled batch of AY6 at Advanced Composite Materials Corp. (formerly 
ARCO) were also investigated.. Fractions of the cornposite blend were hot pressed as 
disks or injection-molded as bars and sprues and HIPed. Both processes produced den- 
sified bodies with densities greater than 99?6 of theoretical. Fracture toughness meas- 
urements, controlled surface flaw-MOR technique, showed the toughness of the hot 
pressed material to be approximately 30% higher than the HlPed counterpart, while the 
moduli of rupture were essentially equivalent (Table 6). PrevIoiis results have s h o w i l  
that the fracture toughness of Si3N4-SiC whisker composites is controlled by both the S i c  
whisker content and the grain size of the Si3N4 matrix. Increased Si3N4 grain size leads 
to increased fracture toughness. Densification of the composite by HlPing requires a 
considerably shorter schedule. Reduced residence time at densification temperatures 
results in a finer grain matrix and reduced fracture toughness. The decreased fracture 
toughness with essentially no change in modulus of rupture suggests that HIPing re- 
duces the size of prcessing flaws. In order to develop tougher HlPed materials, rnodified 
cycles will be explored. 
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Hot Pressed 1725 400 3.6 99.6 6.1 f 0.6 796 f 41 

IM/HIP 
Sprue 1750 60 30 99.2 4.2 818 f 112 
Bar 1750 60 30 99.4 3.9 762 f 40 

.......... ...... ........I_ ___ __ _. ___ L~ I_~____ ............ 

Table 6: Comparison of Mechanical Property Data of Hot-Pressed and Injection-Mold- 
edlHlPed WYS 4- 30 v/o SIC Whisker Composites 

____ __ -......I__ __ ............ 

("C) (min) ...-..._I__ (ksi) ...... (% theo.) MPa-m 
Temp Time Pressure  Density 

K I C  'I2 (MPa) I 
~ . .. 

Status of Milestones 

Milestones 122.305, 122.306, and 122.307 were completed on schedule. Execution 
of the program is on schedule. 

Publications 

S.T. Buljan and G. Zilberstein, "Microstructure Development in SiaNs-Based Corn- 
posites, Mat. Res. SOC. Syrnp. Proc., Vol. 78, 1987, pp. 273-281. 

R.J. Nixon, S. Chevacharoenkul, M.L. Huckabee, S.T. Buljan and R.F. Davis, "Defor- 
mation Behavior of S ic  Whisker-Reinforced Si,N4'', Mat. RES. SOC. Symp., Vol. 78, 1987, 
pp. 295-302. 
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Figure 1: Thermal Expansion of AY6 and AY6 + 30 vlo SIC Whiskers for the Temp- 
erature Range 25°C to 1400°C 
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Figure3: Ambient Atmosphere Oxidation at 1200°C of AY6 4- 30 vlcs SiCw (SC-9) 
Composite 
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4: Static Air Oxidation of ARC0 (SC-9) SIC Whiskers 
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AY6 + 30 vlo SiCP (8 pm) 1.75 ~ 
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Figure 5c: Effect of SIC Dispersoid Morphalo y (Equiaxed Particle (P) vs Whisker  
(w) an the creep of SiSNd-Based Materials 
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ite 
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Develupment of Toiifhened .S i ,N,  Composites by Glass Encapsulated Hot 
Isostat ic  Pressure 

Normand D. Corbin and Craig A .  Willkens (Norton Company) 

OBJECTIVE/ SCOPE . . . . . . . . 
~ . .. . 

This one-year effort is to develop fully dense Si,N, 
matrix Sic whisker composites which show enhanced properties 
over monolithic Si,N, materials. Composites will be prepared 
by an RBSN approach followed by high pressure HIPing. The 
emphasis of thi.s study is on utilizing the ASEA HIP process 
which has the potential for producing near-net shaped compl-ex 
geometries. 

In addition, evaluations will be conducted to determine the 
role of whisker aspect ratio, coatings on whiskers, nitridation 
environments and HIP parameters on composj-te properties. 

T E C H N I C.A L H I GiJLJ  G H T S 

1 - 0 .E.va.l_uation Procedures. 

Microstructure Evaluat_is.nS - A technique to enhance 
composite microstructures by utilizing a multiple etching tech- 
nique on polished specimens has heen developed. Molten potassium 
hydroxide is used to remove the int.ergranular phase and high- 
light the grain boundaries. After this treatment, samples were 
plasma etched in a halocarbon gas with 5% oxygen.' This later 
treatment preferentially attacks silicon nitride leaving the Sic 
whiskers in relief. The resulting microstructure can then be 
analyzed for both matrix grain size and reinforcement diameter 
using SEPI photomicrographs. This technique will be used to 
quantify microstructures to relate to fracture toughness. 

Specimen preparation procedures for optical microscopy and 
1 ' 1  16M _I analysis have been described earlier.2 

Composition Evaluations - - The bulk oxygen content of 
densified composites was determined by a combustion/IR method.3 
Using this information the bulk matrix composition can be calcu- 
lated by assuming; 1) all oxygen detected i.n the composite is 
in the matrix, 2) the Y,O, content remains unchanged during 
processing and 3 )  silicon carbide a c t s  as an inert material. 
'This allows the determination of mole fraction Si,N,-SiO,- 
Y,O, and the SiO,/Y-,O, ratio. This method is preferred because 
the SiO, content is sensitive to composite processing and the 
presence of surface oxides on bo th  powders and whiskers. 
Intergranular phase vol.ume fraction can be by assuming only Y,O, 
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and SiO, are present and using their respective crystalline 
densities. In fact, a small quantity of nitrogen is dissolved 
into the phase4 and t-he majority of the phase is amorphous.’ 
However our calculations are good first approximations for com- 
parison purposes. 

Auger ( S A M )  and Elec t . ron  Spectroscopy for Chemical Analysis 
(ESCA) have been reported earlier. ’ 

Property Evaluations - In addition to the  U.S. Army 

Details f o r  determining surface composition using Scanning 

~ ...... ~.- ~ ...... ~...~~..~. 

Standard for MOR eval.uations6 we also use a 4-point Norton 
Company t-esting configuration. Specimen size is 3 . 1 ~ 3 .  Oium with 
chamfered edges and a 320 grit surface finish. The test fix- 
ture has a 25.4mm lower h y  12.7 mm upper span. Cross-head 
speed is .5lmm/min. Composite strength and control flaw frac- 
ture  toughness measurements are obtained with this configura- 
t i o n .  This configuration is used when the densified composite 
ti .le is too smal.1 for the preferred Army standard. 
Rest-t-0-date sainples are tested usj .ng the Army standard 
3mrnx4mmx45mm h a r .  

The methods used f o r  determining fracture toughness are 
controlled flaw’, indentation’; and double torsion. Indenta- 
tion toughness values for our composites a r e  considerah1.y 
lower t h a n  controlled flaw toughness values. Comparison of 
results for NC-132 by Anstisz to that of Chantiku17 reveals 
that they also obtain a lower value when the indentation method 
i s  used (4.0 vs. 5.0 MPa4m). The reason for the differ- 
ence in values is unclear. 

Room and elevated temperature fracture toughness measure- 
ments were conducted using a double torsion method. The main 
elegance of this particular test method is the crack length 
independence to the stress intensity in the central half of t h e  
specimen. Specimen size was a flat plate nominally 25mm wide by 
lmm thick by 50mm long. Surface finish was prepared using a 320 
grit wheel. The tolerance on the plate width and the center 
placement of the starter notch is critical to guarantee crack 
propagation down the center of the specimen width. The machined 
slit width was made with a 150 micrometer slitting wheel saw. A 
tapered machined notch with a slope of 1 to 4 was used to notch 
the specimen. After notching, the specimen is precracked at 
room temperature to generate a sharp crack prior to testing. 
This sharp crack is necessary for reliable and reproducible 
measurements. Without this precrack, 10 to 15 percent higher 
fracture toughness values result due to the blunt notch. The 
loading rate for precracking is nominally 5 micrometers per 
minute. The sharp crack must extend beyond the root of the 
tapered notch by 5 to 7 mm. After precracking has occurred, the 
specimen is unloaded immediately and the loading rate is 
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increased to O.Smm/min displacement rate for testing on a 
screw driven testing machine until failure. The maximum load 
to failure is used to calculate the fracture toughness. The 
equation modified by Fuller' was used to calculate the 
fracture toughness. 

3mmx4mm bars and the 20/40mm 4-point span configuration per 
the U.S. Army standard. Testing conditions are similar to that 
described by Quinn."." 

High temperature stress rupture is conducted in air using 

2.0 Reinforcements 

Volume Fraction - The influence of whisker content 
on composite strength and toughness at room temperature are 
shown in Figure 1. Strength and toughness increase when adding 
20 volume percent Tateho Sic whiskers to the monolith. Above 
20 volume percent no increase in properties are observed. It 
is expected that crack deflection mechanisms play a role in 
toughening this material. A s  reported by Fabed2, this 
process is optimized at 2 0  volume percent loading for rod 
shaped particles. In addition, minimal fiber pullout or crack 
wake bridging is anticipated due to the random orientation of 
the reinforcements. The material shown in Fig. 1 is considered 
to be a whisker-added only product which has not had the inter- 
face region optimized f o r  enhanced toughness. Future materials 
are expected to show further toughness enhancement due to 
interface modifications, higher ( 4 0  v/o)  whisker loadings, and 
whiskers with optimized l/d ratios. 
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Whisker Coatings - A s  discussed in the last semi- 
annual report2 we have an effort to improve composite frac- 
ture toughness by optimizing the whisker/rnatrix interface. 
This effort utilizes CVD to deposit thin coatings on the Sic 
whiskers. The coating of fine materials by CVD is very diffi- 
cult due to the large surface area associated with these 
materials and mean free path considerations which can limit 
infiltration of gas species into whisker bundles13. A s  a 
result an effort to optimize the coating process by working 
closely with the vendor is underway. To date seven lots of CVD 
coated whiskers have been prepared with mixed results. There 
has been more success in applying coatings to Tateho SCW #1 
grade material than Tateho T44 grade. The reason for this is 
unclear but may be related to the carbon rich surface pre- 
v.iously detected on the T44 product.’ Analysis of the 
various coatings show the dual BN/SiC coating to he most suc- 
cessful in terms of composition and morphology at this time. A 
difficulty which remains is in controlling the stoichiometry 
of t h e  Sic (C-rick) and RN (B-rich) layers. We are working 
closely with the vendor to improve the CVD process parameters 
to improve coating composition. Chemical analysis on coated 
whiskers show a significant amount of oxygen (4-8% w / o )  assoc- 
i a t e d  with the BN coated materials. Both BN and Si,N, 
coated materials (1.0 vs. > 4 . 0 )  have a much higher nitrogen 
content than the uncoated product signifying that nitrogen 
containing species are present. 

Composites w e r e  prepared using the coated whiskers to 
determine their effect on fracture toughness. Both SRBSN pro- 
cessed and S&N, powder processed composites were evalu- 
ated. In the S R B S N  matrix the BN and B N / S i C  coated whiskers 
result in improved indentation fracture toughness over other 
materials evaluated (Fig. 2). S i , N ,  powder processed 
materials are currently under evaluation. Analysis by TEM of a 
coated whisker conl.posite revealed that the coating appears to 
have dissolved into the matrix resulting in a large quantity 
of intergranular phase. 

aspect ratio is to determine the effect of whisker length and 
diameter on composite toughness. We have approached this task 
in two ways. First, we are continuing to evaluate different 
whi.sker sources with inherently different diameters. Second, 
recognizing the difficulty of making direct comparisons using 
different sources, we are using techniques to separate dif- 
ferent. size fractions witbin a given whisker source. T h e  goal 
is to understand the direct and 1nd.i-tect effects that whiskers 
w i t 3  d i f ferent  di.ameters, lengths and loadings have on the 
microstructure and relate these to toughening mechanisms such 
as crack d e f l - e c t i o n ,  bridgi.ng, and pullout, 

.___- 

Aspect Ratio - The purpose of the program task on 
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Table 1 lists the various SiC whisker sources that have 
been evaluated. The vast majority of these sources are from 
Japan. Hubcr has recently curtailed whj.sker development and 
the former Arco product i.s no t  commercially available. The 
American Matrix product is the only known commercially avail- 
able domestic source. The sizes listed are only qualitative 
comparj-sons based on visual observations of SEM photos, and 
final composite photos. 

Huber and ARCO), were characterized using x-ray diffraction 
and TEM. The x-ray diffraction was performed on the as re- 
ceived whiskers. The whiskers examined by TEM were in densi- 
fied matrices. 

Four different whisker sources (Tateho SCW #1, Tateho T44, 

The crystalline structure of all the whiskers was similar 
by x-ray diffraction. The whiskers are a mixture of alpha and 
beta silicon nitride. The x-ray diffraction results differed 
by the amount of amorphous phase present, most likely due to 
an amorphous coating on the whiskers. The ARCO and Tateho 
whiskers had larger amorphous peaks. 

COATED WHISKER REINFORCED SRBSN 
INDENTATION FRACTURE TOUGHNESS 

MONOLITH 16# 14 

UNCOATED 15#  13  

BN 76#21 

Si3N4/BN 12#13  

SiC/BN 58#20 

Si3N4/C 14#13  

SiC/C 13W#13 

0 1 2 3 4 5 
TOUGHNESS MPaYm 

FIGURE 2 
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TABLE 1 

-...~..._._._..I- S i c  WHISKERS EVAI,UAAT:P_ 

ESTIMATED ESTIEATED 
DIAMETER CIAMETER 

SOURCE GRADE LOT1 CHEMISTRY’ RANGE (urn) AVERAGE (urn) 

T d t e h o  :1 - 0.6 7/86 - 
( J a p a n )  

TsY-eho T.: 4 1 1 , ’ Z G  0-0.40 
( J a p a n  j > /  13 i t i -0 .30  - 

C a - 0 .  SO 

Huber  X ? N Z  1/87, 0-0.10 
( U . S . )  5/57 N--0. 90 

T o k a i  roka- 7/87, 0-0.18 
( J a p a n )  Whisker 5 / Z G  N-0.64 

A m e r i - c a n  - 3 / 8 7  0 .  -0 .96  
M a t r i x  N - 0 . 0 9  
(U.S.) ca-0.11 

Arne r i c a n 
I a t r i x  
( U . S . )  

7 / 6  7 

T a t e h G  SClg :1 121’85 0-0.38 
( J a p a n )  N-1.00 

Kobe S tee l  - 2/87 0-1.20 
(Japan) N-0.70 

Ca-0.03 

- N i k k e i  2 / 8 7  0 - 2 . 9 0  
(Japan) N - 0 . 3 0  

- Kanebo 2/86 I 0 - 0 . 2 5  
( U . S . )  5 /87 N - 0 . 1  0 

Arco s c - 9  7/85 0-1.18 
( U . S . )  N - 

M i t s u i -  - 12/85 0.-0.85 

C a - 0 . 1 2  

T o  a t  s 11 N - 2 . 1 0  
(# Japan)  C a - 0 . 1 1  

1- I n t e r n a l  code 
2 -  0 ,  I4 by Leco combus t ion  

C a  by e m i s s i - o n  spectroscopy 
3 -  V i s u a l  q u a l i t - a t - i v e  comparison 

0 . 2  to 1.0 0.5 
i narro’:?) 

0.1 co 0.8 2.4 
(narro’;;) 

0.2 t o  2 0.6 
(broad.)  

0.1 to 1.0 0.5 
(broad) 

0.2 to G.0  2 . 0  

0.2 to 0.8 

0.1 t o  2 . 0  

0.1 to 0 . 8  

0 . 2  t o  2 . 0  

0 . 2  t o  2 . 0  

0 . 4  

0 . G  

0 . 4  

0 . G  

0 . 7  



The Tateho whiskers appeared similar to the ARCO materials 
as reported by Nutt." The whiskers contained many 
planar faults and twins perpendicular to the growth axis. The 
planar faults and twins of a 'fateho SCW #1 whisker are pre- 
sented in Figure 3a. The core of the whiskers was either solid 
silicon carbide with some cavities or completely hollow. The 
cavities could be due to the evolution of gas bubbles during 
whisker growth.14 The cross sections of the whiskers 
contained many partial dislocations extending out from the 
whisker core. The main difference between the Tateho SCW #I 
and T44 whiskers was that a large percentage of the Tateho SCW 
#1 whiskers were hollow and only a very small percentage of 
the Tateho T44 whiskers were hollow. The whisker size had a 
very broad distribution and the diameter of the Tateho 
whiskers varied with the length of the whisker. A micrograph 
of the Tateho SCW #1 whiskers in silicon nitride is presented 
in Figure 3b. The dark core region was initially hollow and 
now contains the intergranular phase of the matrix. 

The ARCO whiskers are similar to those reported on by Nutt.I4 
They contained the same types of defects as the T'ateho 
whiskers, such as the stacking faults and dislocations. The 
ARCO whiskers had a solid core region that contained cavities 
and dislocations extending out in a radial direction. The 
whisker size and shape varied similar to that of the Tateho 
whiskers. 

To our knowledge the Huber whiskers were not prepared by 
the rice hull process. They did not contain the typical pl.anar 
faults and twins perpendicular to the growth axis as observed 
with rich hull derived materials. The whiskers contained a 
high density of dislocations and faults. The faults were 
stepped and irregularly spaced instead of planar and irregu- 
larly spaced as observed for Tateho and ARCO materials. Most 
of the Huber whiskers had a solid core with cavities. The 
whisker size distribution was broad and the diameter of the 
whiskers varied over the length of the whisker. The structure 
of a Huber whisker is presented in Figure 3c. 

A large number of different whisker sources have been 
evaluated in SiC-w/Si,N, composites. Whiskers are first 
evaluated "as-received", in a standard matrix, at a loading of 
20 V / O .  Evaluation includes examining the microstructure for 
uniformity and fracture toughness measurements by the 
indentation and controlled flaw methods. Figures 4 and 5 show 
microstructures for selected composites. Observations of all 
whisker sources revealed that the American Matrix product has 
a relatively l a i -ye  diameter. Nikkei and the Tateho SCW #1 
product have the smallest diameters. The other sources fall in 
between, some having broader size distributions (eg. Huber, 
Kobe). The differences in diameter are evident from the 
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FIGURE 3~ 

FIGURE 3~ 

FIGURE 3c 



20 V/O MERICAN ~ T R I X I  (2101 #26) 

FIGURE 5 
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polished sections. Also, as the diameter increases the total 
number of whiskers for a given volume fraction loading 
decreases dramatically and the spacing between whiskers 
increases. 

The fracture toughness values are plotted in Fig. 6 as 
measured by the controlled flaw technique. Compared to a 
similar monolith, the composites showed toughness values that 
were 20 to 40% higher. There was no overwhelming effect of 
whisker diameter with toughness for this particular loading in 
this matrix. The best direct comparison is the Tateho T44 
grade (0.4pm) and the Tateho vvthickll grade (0.6pm). The 
I1thickss grade did give a slightly higher toughness value (5.5) 
as compared to the T44 grade (5.0). 

EFFECT OF WHISKER SOURCE ON 
FRACTURE TOUGHNESS 

WHISKER SOURCE 

D = 0.5 1 TOKAI 

A M.MAT. 3/87 1-1 
ARC0 SC-9 0.6 I 

HUBER XPW2 0.6 1 
TATEHO 0.6 0.5 I 

TATEHO T44 

MONOLITH 
I 

3 4 5 
KIC (CF) 

FIGURE 6 

The American Matrix composite was interesting in that the 
composite made with I1as-receivedtv whiskers had a low strength 
(35ksi, 240 MPa) and low toughness (3.8). However, after a 
length reduction treatment, the strength was dramatically in- 
creased (96 ksi, 660 MPa) and toughness significantly 
increased (4.7) as shown in Fig. 7. The strength increase was 
probably due to the breakdown of very coarse whiskers and 
particulate. Whiskers up to 20pm diameter and 400pm long 
have been observed in the as-received product. 
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1 : 5.5 

EFFECT OF LENGTH REDUCTION 
20 V/O AMERICAN MATRIX 

100 

80 
55 
Y 
Y 

60 s 
40 

20 

Un treated Treated 

FIGURE 7 

Fracture surfaces of composites made with various whisker 
sources are shown in Figures 8. In general, there is very 
little whisker pullout observed, typically less than 0.5pm. 
No large differences were noted for the varying whisker 
diameters in terms of pullout. 

Fine particle classification techniques are currently 
being applied to allow f o r  whisker size effects to be studied 
within a given whisker source. 
which Huber Sic-whiskers were separated into a coarse fraction 
and fine fraction. Huber was chosen because it has a relative 
broad diameter size distribution. These two extremes are 
currently being evaluated as a composites. 
technology has also been used to remove coarse particulates. 

Figure 9 shows an example in 

The classification 
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FRACTURE SURFACE OF CIP/HIP 20 v/o SIC-W/SRBSN 
(4 w/o YzO3) 

TOP: AMERICAN MATRIX LOT 3/87 (FIRST ITERATION) 
WTTON: HUER XPU2 GRADE. LOT 1/87 

FIGURE 8 



CLASSIFIED HUBER GRADE XPU2 LOT 5/87 
TOP: FINE FRACTION 

BOTTOM: COARSE FRACTION 

FIGURE 9 
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3.0 Green Body 

Forming - General powder processing and forming was 
discussed in the last Semiannual report2. 

explored in greater depth to determine their role on final com- 
posite properties. Previously the standard 36-hour cycle was 
shown to produce a composite with a higher final oxygen con- 
tent and hi.gher fracture toughness value than a more severe 
nitriding cycle.- Composites made from the same powder lot 
were prepared using shorter nitriding cycles (16 hours, 8 
hours). All were fully nitrided with >80% alpha contents. The 
Sic whiskers seem to behave as a thermal diluent allowing the 
use of these fast reaction rates. The oxygen content after 
nitriding varied with the cycle (Table 2). Mechanical prop- 
erties are currently being determined. 

Nitridation - The nitriding cycle limits are being 

TABLE 2 

A f t e r  N i t r i d a t i o n  

C y c l e  Oxygen  Alpha  f ree  
T i n e  C o n t e n t  S i j N 4  Silicon 

36-Hour 1 . 3 6 %  8 7 %  < o .  1% 

16-Hour  1 . 3 7 %  6 9 %  c o .  1% 

6-Hour 2 . 3 0 %  8 7 %  <0.1% 

4.0 Densification 

HIP Parameters - The HIP parametric study has been 
completed. The composite materials used 3pm silicon powder as 
the matrix precursor with 20 v/o Tateho (T44) Sic whiskers. 
Monoliths and composites were processed identically. Table 3 
lists the density, strength, toughness and hardness values 
obtained for composites and monoliths. In all cases, samples 
are greater than 99% dense. Composite fracture toughness is 
essentially unchanged by the different HIP processing condi- 
tions evaluated. This is observed by both measurement tech- 
niques. Fracture toughness of materials prepared in the 
standard cycle shows the composite to have a higher fracture 
toughness than the monolith (4.8 vs. 3.3). 
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When comparing materials processed using the same H I P  
parameters, the composite strength is improved over the mono- 
lith. Fracture surface evaluations of composites prepared in 
the standard cycle revealed that failure origins consist of 
localized coarse grained regions ranging from 40pm to 7pm. 
EDAX analysis was unsuccessful in determining any localized 
compositional variations or if the coarse grains were Sic. 

TABLE 3 

HIP PARAMkTRIC SrUDY RESULTS 

( 3 0  b20) Standard Cycle 3.22 557 2 90 4.8 2 .2 3 . 6  +_ .1 16.7 _+ .2 

(30 #lG) Standard Cycle (+A) 3.22 615 ? 43 4.3 f .6 4 . 1  r .1 16.1 _+ .4 

( 3 0  a17) Standard Cycle(tB) 3.19 435 _+ 135 4.2 t .7 3.7 +_ . 1  16.4 . 3  

( 3 0  $18) Short Cycle 3.20 788 ? 245 4.9 2 . I  3.9 r .2 15.4 _+ .1 

Mono1 iths 

(37 # 2 0 )  Standard Cycle 

(37 # l a )  Shor t  Cycle 

3.23 

3.23 

501 ? 63 

603 2 11 

1) Per  MILSTC-1942, 3x4x38m span,  4-point  (2-3 bars) 
2) Chant ihul  Method, 10 kg indent  (2-3 bars )  
3 )  Anstis Method, 10 kg indent  ( 5  i n d e n t s  measured) 
4 )  

Standard Cycle  1790‘C, 1 h r .  s o a k ,  207 MPa pressure  
Short Cycle 1890’C, .25 min.,  207 M P ~  pressure  
A= p r o p r i e t a r y  h igh  temperature  soak 
E p r o p r i e t a r y  extended soak time 

A t  10 kg usirq Vickers  indent  

3.3 2 . 5  

4 .6  2 . 1  

15.1 . 2  2.7 t . 2  

3.9 It .2 17.5 2 . 3  
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Sintering Aid - An effort is being conducted to 
determine the influence of sintering aid content and composi- 
tion on composite fracture toughness. Our primary emphasis is 
With compositions in the Y,O,-SiO,-Si,N, chemical 
system due to its favorable high temperature propert.ies.” 
The phase field of particular interest is Si,N,-Si,ON,- 
Y 2 S i , 8 ,  because it is known to contain the most stable 
high temperature I intergranul-ar compositions. 16. In sil.i.con 
nitride based materials, many properties are strongly influ- 
enced by the resulting intergranular phase which contains the 
sinteri.ng aid components along with impurities associated with 
starting materials. The quantity, composition and crystallinity 
of the intergranular phase needs to be addressed in order to 
prepare materials with the desired properties - Intergranular 
phase composition (Y,O,/SiO,) and content (volume frac- 
‘cion) are under evaluation. Composition and volume fraction is 
determined by the method described earlier. 

indentation toughness can be seen. Toughness  increases to 4.5 
MPadX at - 4  w / o  oxygen and then levels o f f .  There appears 
to be an optimum fraction to obtain highest toughness in this 
material. In Fig. 17- t-he vol.ume percent o f  intergranular phase 
is related to toughness. The resulting plot is very similar to 
that for the oxygen content. Evaluations are underway t o  deter- 
mine the effect of grain boundary composition, matrix micro- 
structure, and grain boundary crystallinity on toughness. 

When considering the volume fraction of intergranular 
phase, it is of value to note how the volume fraction will 
decrease when Sic is added. For example; a standard S i 3 N 4  
monoliths containing 4 w/o Y,O, will contain 7.3 v/o inter 
granular (Y20, i- SiO,) phase. When 4 0  v/o Sic is added the 
intergranular content decreases to 4.4 v/o. T h i s  reduction in 
the intergranular phase (sintering aid content) can siynifi- 
cantly alter both the sintering behavior of the materials and 
their properties. 

In F i g .  10 the effect of total composite oxygen content on 

5.0 Composite ._.___ Property Progress 

During our program we periodically prepare large batches 
of composite material using what we consider to be promising 
composition and processing conditions at that time. Enough 
material is fabri.cated to allow for extensive evaluations. of 
particular interest are; high temperature strength at 1370°C, 
stress-rupture life at 1370”C, Weibull modulus and high 
temperature Klc .  The first set of materials was prepared shortly 
after initiation of our program (October 1 9 8 6 ) .  Since then two 
additional lots of material have been prepared and evaluated 
(May 198’7 and July 1987 vintages). 
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INDENTATION KIC VS BULK OXYGEN 
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A comparison of composi te  c o m p o s i t i o n s  and room temper- 
a t u r e  p r o p e r t i e s  are g i v e n  i n  T a b l e  4 .  O f  ma jo r  note is the 
s t e a d y  improvement i n  rnatcrial s t r e n g t h  (593-823 MPa). T h i s  
h a s  been  accompl ished  by p r o c e s s i n g  t h e  w h i s k e r s  t o  remove 
l a r g e  (+75pm) Sic g r i t  from t h e  wh i ske r  materia1.s. These  
g r i t s  w e r e  t h e  c r i t i c a l  f l a w  i n  e a r l y  m a t e r i a l s .  The Weibul.1 
modulus h a s  a l s o  b e e n  improved and  i s  now above o u r  program 
goa l  of 15.  Composite f r a c t u r e  toughness  for these m a t e r i a l s  
a re  improved 2 0  t o  30% a s  compared t o  m o n o l i t h i c  S. i3N,  
imterials.  W e  c o n s i d e r  these t o  be ' 'whisker added o n l y "  com- 
p o s i t e s  w h i c h  have  n o t  had t h e i r  interfaces nor whiske r  
o r i e n t a t i o n  o p t i m i z e d  which a re  felt n e c e s s a r y  to s i g n i f i -  
cantly i n c r e a s e  toughen ing  by crack br idg ing  and wh i ske r  
p u l l o u t  mechanisms I F u t u r e  l a r g e  ha t ch  mater ia ls  w i l . 1  b e  
p r o c e s s e d  t o  enhance c r a c k  b r i d g i n g  and p u l l o u t  mechanisms. 

three composi te  m a t e r i a l s .  For  a l l  m a t e r i a l s  t h e  a v e r a g e  
s t r e n g t h  a t  1370'C i n  a i r  i s  between 4 8 3 - 4 2 7  MPa ( 7 0 - 6 2  
k s i ) .  T h i s  i s  s u r p r i s i n g l y  h i g h  c o n s i d e r i n g  t h e  larger quan- 
t i t y  of s i n t e r i n g  a i d  ( 1 0 %  Y,O,) p r e s e n t  i n  the Huber  
r e i n f o r c e d  ma te r i a l .  

Fi-gure 1 2  compares t h e  h i g h  t e m p e r a t u r e  s t r e n g t h  of t h e  

FABRICATION DATE 
SAMPLE CODE 

OCT S G  MAY 6 7  J U L Y  6 7  
( 2 N  =lo) (20S1 722) (3083 = 2 5 )  

Silicon Powder 3 w 
Add it i ve 
S iC ( w )  source Tateho SCW+ 1 

( w/ 0 ) 'I' 4 %  v,o, 

v/o S i C ( w )  

Hardness (GPa) 

2 0  

1 7 . 5  . 3  

S t r e n g t h  (MTa)'" 583 72 

Weibul.1 Modulus"' (3.8 (12) 

Indentation Toughness"' 3.7 ?. . 4  
(MPa .m) 

C o n t r o l  Flaw Toughness" 5 . 0  t .1 
(MPa 4ii) 

T o t a l  Oxygen 1 . a  
Minor p h a s e s  Apa t i t e 

Y,S iz07 

milled 

4% Y;O, 

Tateho T 4 4  

30 

15.3 t .2 

1 0 7  C .110 

16.4 (8) 

3.3 f. .1 

4.9 .2 

nilled 

10% Y;03 

Huber 

30 

16.5 5 .1 

a23  67  

3 . 9  i .1 

4.7 2 .8 

1) as weight percent in matrix 
2) M I L  STD-1942 (MR), 3x4mm X-section 
3) +of b a r s  in parenthesis 
4 )  Anstis method 10 kg indent 
5) C h a n t i k u l  method 1 0  kq indent 
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FIGURE 12 

STRENGTH VS TEMPERATURE 
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High temperature fracture toughness of the Huber whisker 
reinforced material was evaluated by a double torsion method. 
The results are presented in Fig. 13. NC132 was used as  a 
standard material for this test, and had a room temperature 
fracture toughness of 6.0 which remained constant to 12OO0C. 
Fracture toughness for the composite decreases with increasing 
temperature. 

The decrease in toughness was unexpected since studies on 
hot pressed Si,N,/SiC(w) composites showed an increase 
with temperature 17. The decrease in toughness at 1000°C 
and 12OOOC would partially explain the decrease in strength 
at these temperatures. The mechanism for the reduction in 
toughness is unclear at this time but is expected to be re- 
lated to the high sintering aid content for this particular 
material (10 w/o Y,O,). Further evaluations are underway. 

At 137OoC the high temperature stress rupture life for 
the M a y  '87 material is over 200 hrs. at 200 M P a  of stress. 
(After 200 hrs. samples are removed for evaluation). During 
testing the specimen had undergone some creep resulting in a 
bowed bar. X-ray diffraction analysis of this specimen 
revealed that the apatite phase ( Y , 5  (SiO,),N,) 
had crystallized from the amorphous phase during testing. The 
effect of crystallization on composite properties will be 
addressed as a result of this information. 
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7.50 - 

FIGURE 13 

0- 36% HUBER Sic (3083#25) 
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6 e 0 Toughening Issues 

Microstructural Influences - There are s i m i l a r  re- 
quirements for preparing a tough SiN monolith and a 
tough whisker reinforced S i 3 N ,  composite. Both require 
elongated microstructures -- and interface optimization. 
The elongated microstructures of monolithic Si,N, are 
grown "in-situl' whereas f o r  composites they are artificially 
introduced by addiny whisker shaped rehforcements . Tough 
Si,N, monoliths r e s u l t  from the development of a tortuous 
crack path due to preferential failure in the intergranular 
phase around the elongated P-S5.,N, grains 
grain bridging as observed in A1.203 may also be signifi- 
cant." For Sic whisker reinforced Si,N,, interface 
failure between the matrix and reinforcement is desired to 
obtain increases in toughness. 

S i a l o n s )  can be prepared one could ask; Why reinforce SiN? 
3, 4 The answer involves the desire to prepare a silicon nitride 

based material mrh.ich can withstand h igh  temperatures ( > 1 4 0 0 ° C ) ,  
be fabricated into complex shapes,  and have high toughness. 
Tough silicon nitride monoliths are prepared by utilizing 

3 P  

Crack interface 

Considering t h a t  tough Si,N, monoliths (including 
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large quantities of sintering aid (sialon up to 20 v/o) which 
promote grain grown and result in thick intergranular regions 
or by hot pressing which promotes grain growth perpendicular 
to the applied pressure direction. Neither of these methods 
are appropriate for preparing the desired high temperature, 
complex shaped toughened material required for applications 
such as t h e  advanced gas turbine. High sintering aid contents 
limit uses to below 1200OC while hot pressing is limited to 
simple shapes. Silicon nitrides prepared f o r  use at high temp- 
eratures require small quantities of sintering aid resulting 
in the use of high pressures and temperatures to promote densi- 
fication. The result is a strong high temperature material 
with low fracture toughness. The low toughness is a result of 
relatively small and nearly equiaxed grains and a small quan- 
tity of intergranular phase. To improve the fracture toughness 
of this high temperature material, the elongated microstruc- 
ture has to be artificially introduced. 

to consider the microstructural interrelationships which occur 
in a composite. Key parameters which can be interrelated are 
listed in Table 5. The starred parameters remain essentially 
unchanged during processing all others have been observed to 
vary with processing. A s  an example, the thickness of the 
intergranular phase (TI,) is effected by many parameters 
as highlighted below. 

To optimize the toughness of the NIPed material, we have 

TI, = V,,/SA 

T,, = thickness of intergranular phase 

S A  = wetted surface area of grains and whiskers 
VI, = volume of intergranular phase 

V,, is a function of: 
- Volume fraction SiC(w) 
- SiO, content = f(si1icon surface area, and 

- Y,O, content 

- Si,N, grain size = f(whisker spacing) 
- SiC(w) size = f(diameter, length) 
- wetting angle of liquid on Sic and Si,N, 

It is anticipated that intergranular phase content and 
composition will have an influence on composite Klc .  

A TEM evaluation was conducted on two Tateho Sic whisker 
reinforce composites having different fracture toughness. The 

processing) 

SA is a function of: 
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TABLE 5 

MICROSTRUCTURAL FEATURES 
IN Si&/ Sic COMPOSITES 

SIC 
WHtSKER 

DIAMETER' 
VOL. FRAC.' 
LENGTH 
TOTAL# 
SPACING 
ASPECT RATIO 
ORIENTATION 

Si3N4 
MATRIX 

~ ~ 

VOL. FRAC.' 
SIZE 
SHAPE 

INTERGRANULAR 
PHASES 

Y 2 0 3 8  
VOL. FRAC. 
SI0 2 
THICKNESS 
CRY STALLBE 
AMORPHOUS 
DISTRIBUTION 

'Processing Independent Variable 

major difference between the two samples was the crystallinity 
of the intergranular phases. One material contained all amor- 
phous intergranular phase and the other contained both crystal- 
line and amorphous intergranular phases. A continuous glassy 
film was observed in most of the grain boundaries and inter- 
faces of both materials. The whiskers appeared well bonded to 
the matrix, and there were no voids present at the interface 
regions. 

A sample containing 4% yttria and 20% Tateho SCW#1 
whiskers (2N#10) had a toughness of 5.0 and contained the 
smallest amount of glassy phase in the grain boundaries. The 
glassy grain boundary film thickness was approximately 7.5nm 
and it surrounded most of the silicon nitride grains and 
whiskers. Also a large percentage of the whiskers were hollow 
and the intergranular phase filled the hollow cores of the 
whiskers, decreasing the amount of intergranular phase in the 
grain boundaries. The microstructure of this sample is 
presented in Fig. 14a. 

A sample containing 4% yttria and 40% Tateho T44 whiskers 
(IM5#19) was injection molded and had a toughness of 6.3. It 
has a relatively uniform distribution of glassy phase in the 
boundaries and multigrain junctions. The glassy film thickness 
was on the order to 10nm and it formed a continuous film sur- 
rounding all of the grains and whiskers. The multigrain junc- 
tions varied in size, but compared to previous samples the 
glassy phase was more homogeneously distributed. The general 
microstructure of this sample is given in Fig. 14b. 
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FIGURE 1 4 ~  

FIGURE 1 4 ~  

I' 
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Quantified relationships between microstructural features 

Compositional Influences - It is anticipated that 
the intergranular phase will play a key role in toughening 
Si3N,/SiC(w) composites. We are currently quantifying the 
composition of this matrix by the procedure previously 
described. Crystallinity of the intergranular phases is being 
determined by XRD and TEM analysis. 

in specimen 2N#10 crystallized during processing. Yttrium disi- 
licate and the apatite phase were observed in the boundaries 
and at multigrain junctions. In sample IM5#19 crystalline 
intergranular phases were not observed. This specimen con- 
tained some faulted grains which are thought to be silicon 
oxynitride2". It appears that subtle changes in matrix 
composition can significantly change the crystallinity and 
phase content of the intergranular phase. At this time, the 
effect of crystallinity and phases on fracture toughness is 
not fully understood. 

and fracture toughness will follow. 

TEM observations have shown that some of the glassy phase 

SUMMARY 

During the past six months of our program, we have 
focussed our efforts on improving composite strengths, evalu- 
ating whisker sources, determining high temperature properties 
and evaluating CVD coated whiskers. The largest influence on 
composite fracture toughness appears to be interface related. 
This is observed by the improved toughness when BN coated 
whiskers are used and the sensitivity of toughness to com- 
posite oxygen content. 

pare fully dense materials. The processing/blending methods 
developed prior to this reporting period has been successfully 
applied to uniformly distribute a large variety of Sic whisker 
sources into the SRBSN matrix. Composite toughness was not 
greatly influenced by the whisker sources. However, it was 
found that treatments of the whiskers prior to incorporation 
into the matrix can result in a significant improvement in 
K,, (as received American Matrix whiskers 3 . 8 ,  treated 
whiskers 4.8). The actual cause for this increase is under 
evaluation. 

The ASEA HIP technology has allowed us to routinely pre- 

Both BN and a dual coating of BN with Sic on Sic whiskers 
has resulted in an increased fracture toughness over uncoated 
whisker reinforced materials ( + 4 8 % ) .  The application of 
coatings with stoichiometric compositions and microstructural 
uniformity is difficult. We are working with our vendor to 
refine the coating process to improve stoichiometry and 
minimize gas-phase nucleation. 
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Our evaluation of the effect of sintering aids have shown 
that fracture toughness is sensitive to the bulk oxygen con- 
tent of the composites. Highest toughness is obtained when 
-4.0 w/o oxygen is present. The oxygen content can be used to 
determine the volume fraction intergranular phase and its 
composition (SiO,/Y,O,) . 

Large batches of material were prepared for extensive 
property evaluations. Room temperature strength of 8 4 2  MPa and 
137OoC strength of 480  MPa have been obtained. The stress 
rupture life at 137OoC was greater than 200 hrs. with stress 
levels at and below 200 MPa. In general, composite toughnesses 
are 20-40% higher than similarly processed monoliths (SRBSN). 

STATUS OF MILESTONES 

1. 

2. 

3. 

4. 

The first three milestone have been completed. 

Prepare and evaluate composites which utilize the first lot 
of CVD coated whiskers. Determine the effect of coatings on 
toughness - MAR 31, '87. 
Determine HIP and nitridation processing parameters (time, 
temp., pressure) which reuslt in highest strength and 
K,, for uncoated whisker reinforced Si,N, - MAY 
31, '87. 

Prepare and evaluate composites which utilize whiskers of 
different aspect ratio, and composites which contain the 
2nd lot of CVD whiskers. Determine optimum whisker l/d and 
coatings for improved toughness. Optimize Sic whisker 
distribution and green density. - SEP 31, '87. 
Submit draft of final report to ORNL - NOV 31, '87. 

PUBLICATIONS None. 
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1.2.3 Oxide MaLrj-g 

Dispersion Toughened Oxide Composites 
T.  N .  Tiegs ,  K. C. L iu ,  and J .  W .  Geer (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

Ob jec t i ve /scooe  

T h i s  work i n v o l v e s  development and c h a r a c t e r i z a t i o n  o f  Sic w h l 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 d a t e ,  
most o f  t h e  work has d e a l t  w i t h  a lumjna a s  t h e  m a t r i x  because i t  was 
deemed a p r o m i s i n g  m a t e r i a l  f o r  i n i t i a l  s t u d y .  However, a new e f f o r t  i n  
S i c  w h i s k e r - r e i n f o r c e d  s i a l o n  i s  b e i n g  i n i t i a t e d .  Emphasis i n  t h e  new 
system w i l l  be on p r e s s u r e l e s s  s i n t e r i n g  and c o n t r o l  o f  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  p r o p e r t i e s .  

T e c h n i c a l  p r o q r e s s  

S i c  Whiskers 

A s  shown p r e v i o u s l y ,  c o n s i d e r a b l e  v a r i a t i o n  i n  f r a c t u r e  toughness o f  
a lumina-S ic  w h i s k e r  composi tes i s  observed when u s i n g  w h i s k e r s  f r o m  
v a r i o u s  sources . '  We have found t h a t  t h e  s u r f a c e  c h e m i s t r y  o f  t h e  
w h i s k e r s  and u l t i m a t e l y  i t s  e f f e c t  on t h e  w b i s k e r - m a t r i x  i n t e r f a c e  a r e  o f  
g r e a t  importance. ' , '  
t h e  w h i s k e r s  f r o m  v a r i o u s  sources a l s o  v a r y  i n  s i z e .  I f  c r a c k  b r i d g i n g  i s  
c o n s i d e r e d  t o  be one o f  t h e  ma jo r  toughen ing  mechanisms, t h e n  t h e  tough-  
ness shou ld  i n c r e a s e  a s  w h i s k e r  d i a m e t e r  i n c r e a s e s .  F i g u r e  1 shows t h e  
v a r i o u s  w h i s k e r s  used i n  a lumina-20 v o l  % S i c  composi tes as a f u n c t i o n  o f  
t h e i r  wh iske r  d i a m e t e r  and toughness.  A s  shown, a good c o r r e l a t i o n  e x i s t s  
between i n c r e a s i n g  w h i s k e r  d iamete r  and toughness.  

composi tes i s  l i m i t e d  by m i c r o c r a c k i n g  o f  t h e  m a t r i x  due t o  t h e  thermal  
expansion mismatch between a lumina and s i l i c o n  c a r b i d e .  
dependent on t h e  d i a m e t e r  o f  t h e  wh iske r  and wou ld  r e s u l t  i n  a l o s s  o f  
f r a c t u r e  s t r e n g t h .  To de te rm ine  t h e  e f f e c t  o f  v a r y i n g  t h e  wh iskev  
d i a m e t e r ,  S i @  p a r t i c u l a t e  can be used t o  s i m u l a t e  t h e  s t r e s s e s  around t h e  
w h i s k e r s .  Alurnina-EO v o l  % S i c  p a r t i c u l a t e  composi tes were f a b r i c a t e d  and 
t h e  f r a c t u r e  s t r e n g t h s  c a l c u l a t e d .  The mean p a r t i c u l a t e  d i a m e t e r s  ranged 
f r o m  0.6 t o  16.9 pm. A summary o f  t h e  r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g .  2 .  
A s  shown, i n c r e a s e s  i n  t h e  f r a c t u r e  s t r e n g t h  were observed w i t h  i n c r e a s i n g  
mean p a r t i c u l a t e  s i z e  i n t o  t h e  2-2.5-pm r e g i o n .  A r e d u c t i o n  i n  s t r e n g t h  
was observed w i t h  i n c r e a s i n g  S i c  p a r t i c u l a t e  s i z e .  E v i d e n t l y  t h e  i n i t i a -  
t i o n  o f  e x t e n s i v e  m i c r o c r a c k i n g  o f  t h e  a lumina m a t r i x  i s  o c c u r r i n g  w i t h  
S i c  p a r t i c u l a t e  s i z e s  l a r g e r  t h a n  3-4 vm. 
specimens u s i n g  scanning e l e c t r o n  mic roscopy  and u l t r a s o n i c  a t t e n u a t i o n  
i s  c u r r e n t l y  i n  p r o g r e s s .  

I n  a d d i t i o n  t o  t h e  e f f e c t  o f  s u r f a c e  c h e m i s t r i e s ,  

The i n c r e a s e  i n  f r a c t u r e  toughness w i t h  w h i s k e r  d i a m e t e r  o f  a lumina 

M i c r o c r a c k i n g  i s  

F u r t h e r  a n a l y s i s  o f  t h e s e  
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ORNL-DWG 88-2106 
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F i g .  1. F r a c t u r e  toughness o f  a lumina-20 vol % S1”C 
w h i s k e r  composi tes appear t o  i n c r e a s e  w i t h  i n c r e a s i n g  
wh iske r  d i a m e t e r .  
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Median Particle Size (pn) 

F i g .  2. Loss o f  s t r e n g t h  a t  l a r g e  S i c  p a r t i c u l a t e  
s i z e s  i n d i c a t e s  m a t r i x  m i c r o c r a c k i n g .  
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P r e s s u r e l e s s  S i n t e r i n g  o f  A lumina M a t r i x  Composi tes 

A d d i t i o n a l  work on p r e s s u r e l e s s  s i n t e r i n g  o f  a lumina-SiCw composi tes 
has been done w i t h  t h e  goa l  t o  d e n s i f y  m a t e r i a l  w i t h  20 v o l  % S i C w  t o  
95% T.D. The e f f e c t s  o f  wh iske r  a s p e c t  r a t i o  and amount o f  l i q u i d  phase 
were examined, 

The e f f e c t  o f  wh iske r  a s p e c t  r a t i o  on s i n t e r i n g  was i n v e s t i g a t e d  b y  
m i l l i n g  t h e  w h i s k e r s  f o r  v a r i o u s  t i m e s  t o  change t h e  1engt.h d i s t r i b u t i o n  
and t h e n  examin ing  t h e  changes i n  green and f i r e d  d e n s i t i e s .  The com- 
p o s i t e s  were f a b r i c a t e d  w i t h  l o w  amounts o f  s i n t e r i n g  a i d s  ( 2  w t  % Y,O, 
and 0 . 5  w t  % MgO) t o  h e l p  d e l i n e a t e  t h e  e f f e c t s  wh iske r  r a t i o  f rom t h e  
l i q u i d  phase s i n t e r i n g .  

The r e s u l t i n g  w h i s k e r  l e n g t h  d i s t r i b u t i o n s  o b t a i n e d  by t h e  m i l l i n g  
procedure  a r e  i l l u s t r a t e d  i n  F i g .  3.  A s  shown, t h e  w h i s k e r  l e n g t h s  a r e  
reduced c o n s i d e r a b l y  d u r i n g  m i l l i n g .  A s  t h e  w h i s k e r  l e n g t h s  a r e  reduced, 
t h e  composi te  green d e n s i t i e s  i n c r e a s e  s l i g h t l y  but  n o t  d r a m a t i c a l l y  f o r  
b o t h  t h e  10 and 20 v o l  % composi tes.  However, when t h e  same composi tes 
a r e  s i n t e r e d ,  t h e  e f f e c t  o f  t h e  l o w e r  a s p e c t  r a t i o  i s  c l e a r l y  e v i d e n t ,  
e s p e c i a l l y  f o r  t h e  composi te  w i t h  20 v o l  % S i C w  ( F i g .  4 ) .  A s  shown, t h e  
s i n t e r e d  d e n s i t i e s  a r e  improved w i t h  l o w e r  a s p e c t  r a t i o s  a t  a l l  s i n t e r i n g  
tempera tures ,  i n d i c a t i n g  t h a t  i n h i b i t i o n  t o  p a r t i c l e  rearrangement  and 
s h r i n k a g e  i s  reduced as t h e  wh iske r  aspec t  r a t i o  i s  lowered.  

To de te rm ine  t h e  e f f e c t  o f  l i q u i d  phase s i n t e r i n g  a i d s ,  specimens 
were p r e p a r e d  w i t h  i n c r e a s i n g  amounts o f  Y203 t o  c r e a t e  more l i q u i d  phase 
a t  t h e  s i n t e r i n g  tempera ture .  The w h i s k e r s  were m i l l e d  32 h t o  produce a 
w h i s k e r  s i z e  d i s t r i b u t i o n  s i m i l a r  t o  that .  i n  F i g .  3. 

The r e s u l t s  f o r  t h e  l i q u i d  phase s i n t e r i n g  a r e  summarized i n  F i g .  5 ,  
A s  shown, t h e  s i n t e r e d  d e n s i t i e s  g e n e r a l l y  i n c r e a s e  w i t h  b o t h  t h e  tem- 
p e r a t u r e  and Y,O, c o n t e n t .  However, a t  t h e  h i g h e r  tempera tures  and Y,O, 
c o n t e n t s  ( i . e . ,  >10 w t  % Y,O, and >175OoC), t h e  d e n s i t i e s  a r e  observed t o  
remain  c o n s t a n t  o r  s l i g h t l y  decrease.  T h i s  e f f e c t  i s  b e l i e v e d  t o  be due 
t o  e x c e s s i v e  l i q u i d  phase f o r m a t i o n  w h i c h  l e a d s  t o  i n c r e a s e d  v o l a t i l i z a -  
t i o n  o f  gaseous spec ies .  

c o n t e n t  i s  t o  change t h e  amount o f  l i q u i d  phase p r e s e n t .  
phase diagrams, t h e  amount o f  m a t r i x  l i q u i d  phase a t  t h e  s i n t e r i n g  tem- 
p e r a t u r e s  was c a l c u l a t e d .  
l i q u i d  phase and t h e  f i n a l  d e n s i t y  i s  shown i n  F i g .  6 .  A s  i n d i c a t e d ,  t h e  
amounts o f  l i q u i d  phase can be q u i t e  e x c e s s i v e  w i t h  q u a n t i t i e s  up -80%. 
I n  a d d i t i o n ,  t h e  d e n s i t i e s  do n o t  improve w i t h  l i q u i d  phase c o n t e n t s  
>30---40%. 

The most i m p o r t a n t  e f f e c t  o f  v a r y i n g  t h e  tempera ture  and t h e  Y,O, 
U s i n g  a v a i l a b l e  

A good c o r r e l a t i o n  between t h e  q u a n t i t y  o f  

P r e s s u r e l e s s  S i n t e r i n g  o f  M u l l i t e  M a t r i x  Composites 

A d d i t i o n a l  work on p r e s s u r e l e s s  s i n t e r i n g  o f  m u l l i t e - S i c  w h i s k e r  eom- 
p s s i t e s  has been done w i t h  t h e  goal t o  d e n s i f y  m a t e r i a l  t o  95% T.D. W h i l e  
h o t  p r e s s i n g  o f  t h e  m u l l i t e - S i c  w h i s k e r  composi tes produces dense m a t e r i a l s  
w i t h  a t t r a c t i v e  mechanica l  p r o p e r t i e s ,  t h e  a b i l i t y  t o  p r e s s u r e l e s s  s i n t e r  
t h e  composi tes i s  d e s i r a b l e  f o r  some p o t e n t i a l  a p p l i c a t i o n s .  P r e s s u r e l e s s  
s i n t e r i n g  i s  a l s o  necessary t o  p r o v i d e  complex and near-net -shape f a b r i c a -  
t i o n  c a p a b i l i t y  f o r  t h e s e  composi tes.  
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F i g .  3. Whisker l e n g t h  d i s t r i b u t i o n  o f  m i l l e d  wh iske rs  used i n  
s i n t e r i n g  study. 
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F i g .  4 .  S i n t e r e d  d e n s i t i e s  o f  a lumina-20 vol  % SiCw 
composites w i t h  d i f f e r e n t  w h i s k e r  aspect r a t i o s .  
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F i g .  5 .  S i n t e r e d  d e n s i t i e s  o f  a lumina-20 v o l  % S i C w  composi tes w i t h  
d i f f e r e n t  Y,O, c o n t e n t s .  
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F i g .  6 .  S i n t e r e d  d e n s i t i e s  o f  a lumina-20 v o l  % S i C w  
composi tes w i t h  d i f f e r e n t  amounts o f  l i q u i d  phase. 
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Prev ious  r e s u l t s  have shown t h a t  S i c  w h i s k e r s  i n h i b i t  s i n t e r i n g  by 
i n t e r f e r i n g  w i th  p a r t i c l e  rearrangement and shr inkage.  
s i f i c a t i o n ,  l i q u i d  phase s i n t e r i n g  a i d s  a r e  used, F i g u r e  7 shows t h e  
c o n t r a s t  i n  d e n s i f i c a t i o n  b e h a v i o r  o f  m u l l i t e - 1 0  v o l  % Sic  w h i s k e r  com- 
p o s i t e s  w i t h  and w i t h o u t  s i n t e r i n g  a i d s .  
a r e  necessary t o  ach ieve  accep tab le  d e n s i t i e s  a t  a p p r o p r i a t e  w h i s k e r  eon- 
t e n t s .  Because o f  t h e  i n h i b i t i n g  e f f e c t  o f  t h e  wh iske rs ,  t h e  a b i l i t y  t o  
d e n s i f y  t h e  composi tes i s  h i g h l y  dependent on t h e  w h i s k e r  c o n t e n t .  
w h i s k e r  c o n t e n t  approaches 20 v o l  %, t h e  s i n t e r i n g  i s  s e v e r e l y  i n h i b i t e d  
( F i g .  8). For  t h e  p r e s e n t  t ime ,  h i g h  d e n s i t y  m u l l i t e - S i C  wh iske r  com- 
p o s i t e s  (>94% T.D.)  a r e  g e n e r a l l y  l i m i t e d  t o  compos i t i ons  w i t h  up t o  
10 v o l  % whi ske rs .  

To promote den- 

As i n d i c a t e d ,  t h e  s i n t e r i n g  a i d s  

As t h e  

S t r e s s - S t r a i n  Behav io r  o f  Alumina-SiC Whisker Composites 

The s t r e s s - s t r a i n  b e h a v i o r  o f  an alumina-20 v o l  % S1C w h i s k e r  eom- 
p o s i t e  was de te rm ined  on t e s t  b a r s  under f o u r - p o i n t  l o a d i n g ,  The t e s t  
r e s u l t s  a r e  summarized i n  Table 1. As shown, t h e  s t r a i n  t o  f a i l u r e  o f  
t hese  composi tes i s  about  0.15%. 

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

M i l e s t o n e  123105 was completed. R e s u l t s  have been p u b l i s h e d  i n  
c u r r e n t  and p r e v i o u s '  semiannual p r o g r e s s  r e p o r t s .  

Pub1 i c a t i q n s  

T .  N. T i e g s  and P .  F. Becher,  "Thermal Shock Behav io r  o f  an 
A1 umina-Sic Whisker Composite J. Am. Ceram. SOC. 70( 5), C-109--11 (1987). 
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Table 1. Summary o f  r e s u l t s  OR s t r e s s - s t r a i n  behavior 
o f  alumina-20 vol  % S i c  whisker composite 

Fracture  S t r a i n  t o  f a i l u r e  E l  a s  t i c 
Specimen s t rengtha (%) modulus 

( M W  ( GPa) 

1 480 0.126 386.5 
2 648 0.166 390.1 
3 792 0.198 401.2 
4 717 0.179 400.9 
5 575 0.146 393.3 

Average 644 I 119 0.163 I 0.028 3 9 4 . 4  2 6 . 5  

aFour-point bend t e s t ,  inner  span = 20 m m ,  ou te r  
span = 40 mm; nominal specimen dimensions 4.8 x 5.2 x 
>40 mm; s t r e s s  r a t e  = 69 MPa/s. 
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Fig. 7. Effect o f  sintering aid addition on densification o f  
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Proc es.dgg~..qf rmproven...Tra~~formn t ion - Touph ened C e r a m i s  
J. J. Blum, C .  E. Knapp, and G. A .  Ross i  (Nor ton Company) 

Objectiv9l.scQE 
T h e  objective of this program is the production of zirconia 
toughened ceramics (IETC) which exhibit mechanical properties 
(strength and toughness) superj.or to those o f  the "state of 
the art" toughen& ceramics particularly at high temperature 
and a f t e r  prolonged aging at high temperature. In addition, 
such ceramics should possess  low thertnal conductivity to 
minimize energy losses in heat engine applications. 

T h e  scope includes the powder synthesis and characterization, 
shape  forminq, pressureless sintering, characterization of 
the sintered ceramics, and reporting of results. 

Our research will concentrake on three classes of zirconia 
toughened ceramics (ZTC) .. i . e .  Mg-PSZ,  (MgO-partially 
stabilized zirconia), Y - T Z P  ( Y 2 6  )-tetragonal zirconja 
polycrystals), ant1 ZTA (zirconia tougzened  alumina). ~ o s t  o f  
the work will be done using rapidly solidified ( R / S )  powdersI 
which of fer several important advantages over the chemically 
derived ( @ / E ) )  powde9-s. However, the C/D powders or their 
mixtures will be used for testing new compositions, since 
melting/rapid solidification of small batches is expensive 
and impractical. 

The ceramics should be made by pressureless sintering, but 
hot isostatic pressing will be used to evaluate the potential 
of each  composition, before processing optimization is 
complete. 

The goals of this program are minimum values of strength and 
toughness at R T  and at 1000°@; in addition, the ceramics 
should meet. the same requirements far RT strength and tough- 
ness after aginq in air at 1000°C for 1000 hrs. 

Technical proqress  

During the last six months our efforts have concentrated on 
the following three areas: 

A. E n h a n c e m e n t  of t h e  s t r e n g t h  o f  t h e  Y-TZP 
(Y203-stahilized Tetragonal Zirconia Polycrystals) 
ceramics made with the rapidly solidified ( R / S )  powders, 
through improvements in powder processing, shape forming 
and firing cycle. 

B. Improvement of our understanding of the microstructure/- 
property relationship in the Y-TZP's made with the R / S  
powders e 



C. Development of Y-ZTA (Y2O3-stabi1ized Zirconia 
T o u g h e n e d  A l u m i n a )  c e r a m i c s  a n d  of Ce-STA 
(Ce02-stabilized Zirconia Toughened Alumina) ceramics 
with and without Hf02 additions. 

1. Improved Y - T Z P  ceramics (4.5 w/o Y,.,03) made with the -. 
U J  

-.I -_ 
rapidly ( R / S )  powders 

Since our last semi-annual report we have been using our R / S  
material which has been comminuted using a newly developed, 
proprietary process. To determine the densification 
parameters for this new powder, dilatometer bars were CIPed. 
In order to find the conditions at wgich shrinkage is 
completed, the samples were fired at 3 C/min. up to hold 
temperature, then held for long times ( 5 - 7  hrs.). 

Based on the results obtained, it was concluded that firing 
at 150OoC for 1.5 hxs. yielded the best microstructure 
(small grain size, tight distribution). 

To maximize the properties which could be achieved from this 
new powder, it was decided to use the method described by 
Lange C11 to prepare samples. In this technique slurries are 
n o t  dried, but flocced, decanted, and redispersed to increase 
the solids loadinq. The resultant slip is then pressure 
cast. 

In order to better understand o u r  slip characteristics the 
relative acoustic mobility (RAM), which is related to zeta 
potential, as a function of p H  was measured on our Pen-Kern 
7000 instrument. The results are presented in Figure 1. As 
can be s e e n ,  the isoelectric point was about pH=6.5. 

Following the procedure described above, the slips were about 
55-65 wt.% solids. Billets were pressure cast and then co1.d 
isostatkcally pressed. (CIPed). All of the samples were fired 
to 1500 C/1.5 hr. 

As we have improved our powder making process, the resulting 
billets have shown an increase in strength as shown in Table 
1. 

Std. Deviation - ___- Powder Lot No. of Samples --__ Avg. - Strength* ._ -_- 
1 11 870 m a  255 MPa 

2 8 io60 M P ~  241 MPa 

3 2 4  1074 PlPa 218 MPa 

*(4 pt. bending) 
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As can be seen from the Table, the average strengths have 
been increasing while the width of the distribution (standard 
deviation) has been decreasing. The data for Lots 1 and 3 
are plotted in a bJeibull manner in Figure 2. This leads to a 
Weibull modulus of 4.0 for Lot 1 and 6.2 for Lot 3 .  

'The processing of t h e  b i J l e t s  has been the same for Lots 
1-3. We believe t h a t  the improvements i n  the strengths shown 
in Table 1. and Figure 2 are due to our continujng efforts to 
minimize c o n t a m i n a t i o n  of the powder. We have had some 
fractography clone on our highest strength lot. 

Fractography was performed on nine of t h e  weakest samples .  
The fracture origin of the weakest sample (710  MPa) was a 
void which  appeared to be the remnant of a thread-like piece 
of l i n t  ( s e e  Fig. 3 ) -  Several of irhe fracture origins in the 
other  weak samples were fairly l a r g e  (60 microns) voids. 
These  may be t h e  result of contamination, e - g .  abraded 
p l a s t i c  from our containers. I n  one case (strengt,h=1041 MFa) 
w a s  there  evidence of A1203 contamination. T h e  incli.ision 
w a s  s m a l l ,  about 5 microns long, and had grains slightly 
l a rger  than the  Zr02 matrix (see Fig. 4). 

2. I rnp r ov e d 
-I-.I relationship % _ _ _ - - - . _ ~  the Y--?'ZP ceramics made with t h e y 6 3  ~~-.-I 

powd e r s 

u nd e r s t a n d i ~ICJ- o 5 t h e m i c Y o s t r u c t ur e / pr opere  
~ ............. II_ 

I__-_ 

It is well known that the  Y-TZP ceramics suffer degradation 
upon annealing at low temperature ( 2 0 0 - 3 0 0 ° C )  in a huiizid 
atmosphere. It has been reported that such degradation, 
which s t a r t s  at the surface where t-!Zr02 transforms to 
r n - Z r O  and then propagates towards the interior of the 
piece 2due to the associated microcracking, can be minimized 
by keeping the g r a i n  size below a critical level and by 
increasing the Y 0 content. However ,  it is also known 
that t h e  toughnezs 3decreases by decreasing grain s i z e  and 
increasing the Y203 concentration. A compromise must 
therefore be found in order to produce a strong and tough 
ceramic fairly insensitive to t h e  l o w  temperature 
degradation. 

LanFge [ 2 1  has shown that phase partitioning occurs upon 
annealing at high temperature in the t w o  phase field of the  
ZrQ2-Y203 phase diagram, 1.e. t-Zr02 a n d  c-Zr02. 
The phase partitioning is accompanied by a redistribution of 
the Y203 among the tetragonal ( l o w  yttria) and cuhic 
( h i g h  yttria) grains. The l o w  yttria t-Zr02 grains then 
become prone to the spontaneous transformation to m-Zr02 
which causes cracking. 

We have tried to determine the extent of the yttria 
redistribution in a sample of Y-TZP which had been deliher- 
ately overfired and showed the presence of l a rge  ( >  2 um) 



grains, suspected to be cubic. The Y203 concentration 
was measured with an SEM technique on nine grains, of which 
one was much larger than the others surrounding it. The 
results are shown in Table 2 below. 

TABLE 2 

Y,O, distribution in a Y-TZP sample - I_--. overfired at 16OO0C 
- 4  

Grain # 
I _ - ~  

1 

2 

3 

4 

5 

6 

7 

8 

9 

overall 

w/o Y-0, 
L . J  

6.6 

3.6 

4.3 

3.3 

3.7 

3.9 

3.6 

3.4 

4.1 

3 .9  

Grain Size (um) 

3.2 

0.7 

0.8 

1 .I 

1 .0 

0.7 

1.5 

1.0 

0.6 
--- 

The data shown above indicate that some Y203 redistri- 
bution seems to be occurring, with the large grain (#1) 
becoming Y233 enriched and the smaller surrounding grains 
( # 2 - 9 )  becoming somewhat depleted. It should be noted that 
the high Y 2 0  concentration of grain X 1  is below that 
predicted by t%e equilibrium phase diagram. (We know that 
the rapidly solidified powder used to make the sintered 
billets has a very uniform Y2p3 distribution, which was 
measured by analytical electron microscopy C 3 I ) .  

In another more complete experiment a series of square 
billets of Y-TZP were sintered simultaneously at 1450°C for 
2 hrs. to a density of about 39% of TD. The R / S  powder used 
contained 4.0 w/o Y O 3  arid had been previously classified 
to eliminate the parzicles larger than I. urn. T h e  sintered 
billets were then annealed isothermally at 1 5 0 O O C  for 
different times, i.e. 1, 4, 6 and 8 hrs. The billet aged for 
8 hrs. was all cracked when cooled down to room temperature, 
while the others were good. MOR bars ( 3  x 3 x 3 0  mm) were 
then cut out of the aged billets and tested for strength. 
The fracture toughness was also measured with the micro- 
indentation method. Table 3 shows the results obtained. 



TABLE 3 

Relationship between streng-&h and toughness for Y-TZP 

different times 
ceramics sintered at 1450- and aqed at 1500%! ~ -- for 

K __ -IC Billet # Asng Time AGR Avq. MOR # Bars - 

1 Not Aged . 3 6  985 5 5.7 
2 1 .52 792 5 9.5 
3 4 .68 820 3 12.3 
4 6 .72  841 3 12.9 

NOTE: Aging time in hrs; AGR = Average Grain Radius in urn; 
MOR (4 pt. bending) values in MPa; KIC values in MPa.m%. 

Figs. 5 through 8 show the microstructures (SEM) of the four 
billets previously mentioned.. 

Fig. 9 shows the hystsgrams of the grain size distribution 
for the f o u r  billets described in Table 3. 

The as-fired surface of t he  four billets was also analyzed by 
XRD, in order to determine the relative ratios of the phases 
present. Table 4 shows the results. 

TABLE 4 

- Phase composition by XRD on the as-fired surface _.I- of billets 
described in Table 3 

Billet # m-ZrO 

1 
2 
3 
4 

2% 
1% 
13% 
15% 

t-ZrO 

Balance 
II 

I I  

I 1  

C-ZKS 

N.D. 
I I  

11% 
158 

NOTE: N.D. = Not Detected 

From these data it appears that phase partitioning has 
occurred due to aging. 

In conclusion, this experiment has shown that aging at high 
temperature causes phase partitioning, an increase in grain 
size and a considerab1.e increase in toughness. No direct 
proportionality between strength and toughness was found, as 
predicted by the Griffith equation. Since the billets had 
the same previous history, it seems unlikely that they have 
different flaw size distributions, which would have explained 
the lack of proportionality between strength and toughness. 



Since a higher percentage of m-Zr02 was found after aging, 
microcracking associated with the t / m  transformation may 
explain the drop in strength in the aged samples. 

3A. Ce0,-ZrO, toughened A1,0, with and without 
HfO: addrtion * . J  

* 

The results obtained on these materials are not reported 
because they are considered patentable information. A patent 
disclosure and application are now being written. 

3 B .  Y,O,-ZrO, touqhened A1,0, ceramics made with 
RrS"powd$rs * . J  

solidified crude with 
Zr02 and 75.1 w/o A1203. 

Square bi 1 lets were CJ ie 
and sintered at 1600 C 
were obtained as well as 
for KIC measurement with 

Table 5 shows the r 
temperature. 

A batch of submicron powder was made by milling a rapidly 
composition 0.9 w/o Y203, 24.0 w/o 

pressed, cold isostatically pressed 
for 1 hr. 3 x 3 x 30 mm MOR bars 
rectangular samples (50 x 25 x 1 mm) 
the double torsion method. 

esults of strength and KIC vs. 

TABLE 5 

MOR (4 pt.) and K,, (DT) vs. T for sintered Y-ZTA 
"c"eramics 

l0OO0C -- 6OO0C - SD% - -  25OC SD& - -  
MOR (PIPa) 5 8 7 ( 4 )  10.0 --- --- 426(4) 4.0 

--- --- --- 4.4(3) 6.2 KIC(MPa.& ) --- 
NOTE: Numbers in parenthesis are samples tested. 

It appears that the Y-ZTA ceramics, like the Ce-ZTA mater- 
ials, are promising candidates for heat engine applications. 

4.  Aging at 1000°C/lOOO hrs. 

The Y-TZP ceramics made with the R/S powder and the Ce-ZTA 
made with the colloidal method are being aged. Two types of 
Y-TZP have been prepared by sintering, 1.e. a low purity 
material with 4.5 w/o Y203 and a higher purity one  with 
5 . 4  w/o Y 0 2 3 '  
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S t a t u s  o f  milestones 

Table G shows the milestone list for 1987. 

TABLE 6 

Milestone # lll__ Description 

1 Identify Ms and As temperatures of 
Y-TZP ceramic using low temperature 
(Liquid N2) d.ilatometry. 

4 

5 

Date 

Mar. 31 

_I_ 

Final evaluation of the Mg-PSZ ceramics Mar. 31 
made with the R / S  powders. 

Develop ceramic fixture for measure- Apr. 30 
ment of hot  fracture toughness with 
double torsion technique. 

Evaluate influence of microstructure Jun. 3 0  
of Y-TZP ceramics made with the R / S  
powders on MOR and KIC at RT and HT.  

Evaluate MOR and KI 
for ZTA ceramics mase with C / D  and R / S  
powders, 1.e. ZrO /A1 03# Y-TZP/ 
A 1 2 0 3 #  Ce-TZP (Hf82)/h203. 

at RT and HT S u l .  31 

Select final composition and best pro- Jul. 31 
cessing method for final optiaiization. 

Optimize composition, processing, firing Oct. 31 
schedule to achieve program objectives. 

Measure thermal conductivity and thermal 
expansion coefficient of ceramic with 
optimized composition. 

9 Write final report to document results Nov. 30 
of the research contract. 

No more work will be done for  milestone #2, because all billets 
came out cracked, despite our best efforts. All other mile- 
stones are on schedule. 

None 
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F i g .  1: R e l a t i v e  a c o u s t i c  m o b i l i t y  vs.  pH f o r  R/S Y-TZP powder. 
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Fig. 3: SEM fractograph of MOR bar (710 MPa) containing lint 
derived strength reducing flaw 



Fig. 4: SEM fractograph of MOR bar (1041 MPa) containing 
alumina inclusion 



Fig. 5: M i c r o s t r u c t u r e  (SEMA of Y - T Z P  ( 4  w/o Yz03) 
ceramic sintered at 1450 C / 2  hrs. 
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Fig. 6: Microstructure (SEM) 8 f  Y - T Z P  (4 w/o Y203) 
ceramic after aging at 1500 C/1 hr. 
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a- 

Fig. 7: M i c r o s t r u c t u r e  (SEMI of Y - T Z P  ( 4  w/o  Y203) 
ceramic after aging at 15OO0C/4 hrs. 
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Fig. 8: Microstructure (SEM) sf Y - T Z P  ( 4  w/o Yz03) 
ceramic after aging at 1500 C/6 hrs. 
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Sol-Gel Oxide Powder 
W .  0. Bond, P. F. Becher, and T. N. T iegs  (Oak Ridge N a t i o n a l  Laboratory)  

Object ive/scope 

So l -ge l  processes have can p o t e n t i a l l y  syn thes i ze  m a t e r i a l s  t h a t  can 
be processed a t  modest temperatures;  s imul taneously ,  h i g h l y  u n i f o r m  com- 
p o s i t i o n  i s  ob ta ined  i n  dense, f i n e - g r a i n  ceramics which i n c o r p o r a t e  
d i s p e r s e d  second phases t o  i nc rease  f r a c t u r e  toughness. T h i s  research  
emphasizes t h e  d e t e r m i n a t i o n  o f  t h e  f e a s i b i l i t y  o f  s o l - g e l  processes f o r  
(1) s y n t h e s i z i n g  powders of  p h a s e - s t a b i l i z e d  z i r c o n i a  and alumina and 
( 2 )  s y n t h e s i s  o f  A l 2 O 3 - S i O 2  g e l s  f o r  convers ion t o  m u l l i t e  (3Al2O3.2SiO2) 
by r e a c t i o n  s i n s t e r i n g .  So l -ge l  processes t a k e  advantage o f  t h e  h i g h  
degree o f  homogeneity t h a t  can be achieved by m i x i n g  on t h e  c o l l o i d a l  
s c a l e  and by t h e  su r face  p r o p e r t i e s  o f  t h e  c o l l o i d a l  p a r t i c l e s .  
e x c e l l e n t  bonding and s i n t e r i n g  p r o p e r t i e s  o f  c o l l o i d s  a r e  a r e s u l t  o f  
t h e i r  v e r y  h i g h  s p e c i f i c  su r face  energy. 

The 

Technica l  p roq ress  

Our i n v e s t i g a t i o n s  con t inued  t o  emphasize t h e  e f f e c t s  o f  t h e  s o l - g e l  
process l i q u i d  (wa te r  vs e thano l )  on p a r t i c l e  agglomerat ion i n  alumina- 
z i r c o n i a  and i n  a l u m i n a - s i l i c a  powders. The powder p a r t i c l e s  a r e  l e s s  
t i g h t l y  agglomerated when t h e  mixed o x i d e  s o l s  (Al,O,-ZrO, o r  A1203-Si02)  
were c h e m i c a l l y  q e l l e d  i n  water-ethanol  s o l u t i o n s  and then washed i n  d r v  
e t h a n o l .  T y p i c a l - t a p  d e n s i t i e s  o f  c a l c i n e d  powders (6OOOC) 
aqueous and f rom e thano l  p rocess ing  r o u t e s  a r e  g i v e n  i n  Tab 
Process ing i n  ethanol  s i g n i f i c a n t l y  reduces t h e  t a p  d e n s i t y  
I n  a d d i t i o n ,  t h e  g e l  powders prepared by e thano l  p rocess ing  
more f l u f f y  and were crushed more e a s i l y  t han  t h e  g e l s  ob ta  
aqueous s o l - g e l  process ing.  

S tud ies  o f  t h e  p r o p e r t i e s  o f  A1,0,-Si02 s o l s  were a l s o  

d e r i v e d  from- 
e 1. 
of powders. 
were v i s i b l y  
ned f rom 

c o n t i  nued. 
Transmission e l e c t r o n  microscopy i n v e s t i g a t i o n s  show t h e  A1,03 and Si02 
c o l l o i d s  a r e  w e l l  mixed (10 nm sca le ) .  The s o l s  have a reasonable s t a b i l -  
i t y  over  t h e  pH range 3.5 t o  8.5 b u t  a r e  most s t a b l e  a t  pH va lues  3.5 t o  
4 . 5 .  

Table 1. Tap d e n s i t i e s  o f  c a l c i n e d  powders d e r i v e d  f rom s o l - g e l  
p rocess ing  w i t h  wa te r  and w i t h  e thano l  

Tap d e n s i t y ,  g/cm3 

Water p rocess ing  Ethanol  p rocess ing  
Powder 

A1,03-20 v o l  % ZrO, 0.51 

3 A1203.2 SiO,  0.59 

ZrO, 1.30 

0.36 

0.32 

0.56 
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We also initiated work on the preparation o f  Zr0 , -N iO gel powders 
which are to be used in the  basic studies on the Zr0,NiO phase diagram. 
The gel powders were prepared from hydrosols o f  the mixed oxides. 
oxide sols were prepared by a p r e c i p i t a t i o n - p e p t i z a t i o n  method and then 
blended with ZrO, sol  that was prepared by hydrothermal reaction at 200°C. 
Gel powders containing 7, 10, and 16 mol % N i O  in zirconia were prepared. 

Nickel 

Status __ ....... o f  milestones 

Work on A1,03-Si0, gel powder synthesis variables (Milestone 12 33 04) 
was conpl e ted .  

Publications 

None 
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R .  A .  C u t l e r ,  J .  J .  H a n s e n ,  D .  GJ. P r o u s e  ( C e r a m a t e c ,  
I n c . )  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 ) .  

- 0 bJectkueLscoee 

P r e v i o u s  w o r k [ l l  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  of A1203-Zi-02 ceramics 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  r e 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  of  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  A 1 2 0 3  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 ,  some of  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  
f o r m  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  w a s  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  b u l k .  I n  t h e o r y ,  t h e  r e s i d u a l  s t r e s s e s  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  i n 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  sane c o e f f i -  
c i e n t s  o f  t h e r m a l  e x p a r i 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 L u r e  i s  a 
p r i m a r y  p u r p o s e  of  t h i s  p r o j e c t .  

P r e v i o u s  w o r k  w a s  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  between 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  m a d e  t o  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  f o r  more 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  of t h e  p r o j e c t .  

- T e c h n i c a l  - H i q h l i g h t s  

I n d e  n t a t i  o n  / S t r e n g  t h Mea s u r  erne n t s 

T h r e e  l a y e r  c o m p o s i t e s  w i t h  c o m p r e s s i v e  r e s i d u a l  
s t r e s s e s  e x t e n d i n g  a p p r o x i m a t e l y  375 m i c r o n s  i n t o  t h e  
s u r f a c e [ 2 , 3 1  were s h o w n  t o  d i s p l a y  s u p e r i o r  damage r e s i s t ance  
t o  m o n o l i t h i c  c e r a m i c s [ 4 1 .  I m p r o v e d  d a m a g e  r e s i s t a n c e  
w o u l d  a i d  i n  c y l i n d e r  l i n e r s  w h e r e  c o n t a c t  d a m a g e  c a n  
c r e a t e  s u b s t a n t i a l  surface f l a w s .  The i n d e n t a t i o n / s t r e n g t h  [ 3 1 
b e h a v i o r  of t h r e e  l a y e r  c o m p o s i t e s  were compared  t o  m o n o l i t h i c  
c e r a m i c s  t o  d e t e r m i n e  i f  t h e  t h r e e  l a y e r  A1203-Zr02 ceramics 
w o u l d  r e t a i n  t h e i r  i m p r o v e d  s t r e n g t h  u n d e r  s e v e r e  c o n t a c t  
d a m a g e  c o n d i t i o n s .  

P o l y c r y s t a l l i n e  a l u m i n a ,  A l 2 0 3 - 1 5  vel. % ~ r 0 2 ,  a n d  
a t h r e e  l a y e r  c o m p o s i t e  ( o u t e r  l a y e r  t h i c k n e s s  o f  3 7 5  
m i c r o n s )  t h a t  c o n s i s t e d  o f  t w o  o u t e r  l a y e r s  o f  t h e  s a m e  



1 1 5  

c o m p o s i t i o n  a s  t h e  a b o v e  m o n o l i t h i c  Al203-zr02 c e r a m i c  
a n d  a n  i n n e r  l a y e r  o f  A l 2 0 3 - 1 5  v o l .  % Z r 0 2  ( w i t h  2 . 6  
m o l e  % Y 2 0 3  a d d i t i v e )  w e r e  f a b r i c a t e d  i n t o  t e s t  b a r s  
( 4 . 5  x 5 x 50 mm) a s  d e s c r i b e d  p r e v i o u s l y [ 2 , 3 1 .  T h e  
s i n t e r e d  b a r s  were  c h a m f e r e d  a n d  t h e n  i s o s t a t i c a l l y  h o t  
p r e s s e d  ( H I P p e d )  a t  1 5 2 5 O C  f o r  30  m i n u t e s  w i t h  2 0 0  MPa 
Ar o v e r  p r e s s u r e .  T h e  s i n t e r e d  a n d  H I P p e d  s p e c i t n e n s  
h a d  d e n s i t i e s  g r e a t e r  t h a n  9 9 . 8  % o f  t h e o r e t i c a l .  Spec imens  
f o r  i n d e n t a t i o n  a n d  s t r e n g t h  t e s t i n g  were u s e d  i n  t h e  
a s - s i n t e r e d  a n d  H I P p e d  c o n d i t i o n .  A V i c k e r s  d i a m o n d  
p y r a m i d  i n d e n t e r  w i t h  a n  a p e x  a n g l e  o f  1 3 6 0  was  a t t a c h e d  
t o  a u n i v e r s a l  t e s t i n g  m a c h i n e .  T h e  s p e c i m e n s  were i n d e n t e d  
a t  c o n s t a n t  c r o s s  h e a d  s p e e d  ( 0 . 5  mm/minute) t o  t h e  s e l ec t ed  
m a x i m u m  l o a d  a n d  i m m e d i a t e l y  u n l o a d e d  a t  t h e  s a m e  c r o s s  
h e a d  s p e e d .  A d r o p  o f  d r y  m i n e r a l  o i l  w a s  p l a c e d  a t  
t h e  s i t e  o f  t h e  i n d e n t a t i o n  p r i o r  t o  l o a d i n g  t o  m i n i m i z e  
p o s t - i n d e n t a t i o n  s u b c r i t i c a l  c r a c k  g r o w t h  f r o m  m o i s t u r e .  
S e l e c t e d  s p e c i m e n s  were t e s t e d  u s i n g  a d r o p  o f  a s a t u r a t e d  
l e a d  a c e t a t e  s o l u t i o n [ 5 1  i n s t e a d  o f  t h e  m i n e r a l  o i l .  
T h e  l e a d  a c e t a t e  p e n e t r a t e d  t h e  c r a c k  a n d  i t  c o u l d  b e  
u s e d  tQ a s s e s s  c r a c k  s i z e  a n d  s h a p e  by SEM f r a c t o g r a p h y .  
S t r e n g t h s  o f  t h e  i n d e n t e d  s p e c i m e n s  w e r e  a s s e s s e d  i n  
f o u r - p o i n t  b e n d i n g  (40 m m  s u p p o r t  s p a n  a n d  20  m m  l o a d i n g  
s p a n ) .  

W h e n  a s t r e s s - f r e e  m o n o l i t h i c  c e r a m i c  i s  i n d e n t e d  
w i t h  3 V i c k e r s  i n d e n t e r ,  t h e  r a d i u s ,  c o ,  of t h e  h a l f - p e n n y  
s u r f a c e  c r a c k  g e n e r a t e d  by t h e  i n d e n t a t i o n  s a t i s f i e s  
t h e  f o l l o w i n g  e q u i l i b r i u m  r e l a t i o n [ 6 1  : 

w h e r e  6 i s  a n o n d i r n e n s i o n a l  c o n s t a n t  d e p e n d e n t  o n  t h e  
i n d e n t e r  g e o m e t r y ,  E i s  e l a s t i c  m o d u l u s ,  P i s  i n d e n t a t i o n  
l o a d ,  K I C  i s  f r a c t u r e  t o u g h n e s s ,  a n d  H i s  i n d e n t a t i o n  
h a r d n e s s .  A n s t i s  e t  a l . [ 7 ]  h a v e  d e t e r m i n e d  a v a l u e  o f  
0 . 0 1 6  f o r  6 b a s e d  on c a l i b r a t i o n  of  t h e  i n d e n t a t i o n  l o a d / c r a c k  
l e n g t h  p a r a m e t e r ,  P c o - 3 / 2  , r e l a t i v e  t o  known p r o p e r t i e s ,  
K s ~ ,  E ,  a n d  H o f  a number  o f  c e r a m i c s .  

Upon a p p l i c a t i o n  o f  a t e n s i l e  s tress,  u ,  t o  a m o n o l i t h i c  
c e r a m i c  w i t h  a n  i n d e n t a t i o n  f l a w ,  t h e  h a l f - p e n n y  c r a c k  
g r o w s  s t a b l y  u n d e r  e q u i l i b r i u m  a c c o r d i n g  t o  t h e  f o l l o w i n g  
e q u a t i o n :  

w h e r e  R i s  a f r e e  s u r f a c e  c o r r e c t i o n  f a c t o r  f o r  t h e  s t r e s s  
i n t e n s i t y [ 7 1 .  T h e  c r a c k  l e n g t h ,  cm, a t  i n s t a b i l i t y  ( i . e . .  
d o / d c  = 0 a n d  d o 2 / d c 2  < 0) i s  g i v e n  by 

When a t h r e e  l a y e r  c o m p o s i t e  c e r a m i c  i s  i n d e n t e d  
a t  t h e  s a m e  l o a d  P ,  i f  t h e  r e s u l t i n g  i n d e n t a t i o n  f l a w  
( a s s u m e d  t o  b e  h a l f - p e n n y  s h a p e d )  i s  c o n t a i n e d  w e l l  w i t h i n  



t h e  o u t e r  l a y e r  of u n i f o r m  c o m p r e s s i v e  s t r e s s ,  O c ,  t h e  
e q u i l i b r i u m  c o n d i t i o n  f o r  c r a c k  g r o w t h  i s  g i v e n  b y :  

KIc = 6 ( E /  H 1 1  2 ( P /  c 31 2 

A p p l y i n g  t h e  c o n d i t i o n s  f o r  i n s t a b i l i t y ,  t h e  c r a c k  
l e n g t h  a t  i n s t a b i l i t y  i s  a g a i n  g i v e n  b y  E q u a t i o n  ( 3 ) .  
S i m p l e  i n d e n t a t i o n  f r a c t u r e  m e c h a n i c s ,  t h e r e f o r e ,  p r e d i c t s  
t h a t  w h i l e  t h e  i n i t i a l  ( a f t e r  i n d e n t a t i o n )  c r a c k  l e n g t h  
o f  t h e  t h r e e  l a y e r  c o m p o s i t e  w i l l  be  l e s s  t h a n  t h e  c o r r e -  
s p o n d i n g  m o n o l i t h i c  s p e c i m e n  w i t h  n o  r e s i d u a l  s t r e s s ,  
t h e  c r a c k  l e n g t h  a t  t h e  t ime o f  f r a c t u r e  w i l l  be i d e n t i c a l  
i n  b o t h  c a s e s .  T h e  a n a l y s i s  d o e s ,  h o w e v e r ,  p r e d i c t  a n  
e n h a n c e d  s t r e n g t h  d u e  t o  t h e  c o m p r e s s i v e  r e s i d u a l  s t r e s s .  
T h e  f r a c t u r e  s t r e s s ,  o f ,  f o r  t h e  t h r e e  l a y e r  s p e c i m e n s  
i s  g i v e n  b y  

+ n ( 2 /  ,rr 1 1  2 CI c 1 1 2  - n(2 /TT1/2 )acc1 /2  ( 4 )  

where C i s  a c o n s t a n t  t h a t  c o m b i n e s  a l l  t h e  n o n d i m e n s i o n a l  
p a r a m e t e r s  a n d  was  f o u n d  t o  be e q u a l  t o  2 .02  by C h a n t i k u l  
et; a 1 . [ 6 1 .  

A number  o f  i n d e n t a t i o n / s t r e n g t h  t e s t s  were p e r f o r m e d  
on  m o n o l i t h i c  a n d  t h r e e  l a y e r  s p e c i m e n s  t o  e x a m i n e  t h e  
p r e d i c t i o n s  of E q u a t i o n  ( 5 ) .  F i g u r e s  1 a n d  2 show f r a c t u r e  
s t r e s s e s  o f  t h e  t h r e e  l a y e r  A l203-15  v o l .  % Zr02, m o n o l i t h i c  
A12O3-15 v o l .  Z r 0 2  ( o u t e r  l a y e r  m a t e r i a l )  a n d  m o n o l i t h i c  
A 1 2 0 3  p l o t t e d  a s  f u n c t i o n s  of  P a n d  P - 1 1 3 .  A p l o t  o f  
a f  v e r s u s  P - 1 1 3  s h o u l d  y i e l d  a l i n e a r  r e l a t i o n s h i p  where 
t h e  i n t e r c e p t  g i v e s  t h e  r e s i d u a l  s t r e s s  a n d  t h e  s l o 2 e  
c a n  be  u s e d  t o  d e t e r m i n e  K I ~ .  F i g u r e  2 s h o w s  s u c h  p l a t s  
f o r  a l u m i n a ,  o u t e r  l a y e r  m o n o l i t h i c  A l 2 0 3 - 1 S Z r 0 2 ,  a n d  
t h r e e  l a y e r  A1203-15Zr02 c o m p o s i t e  specimens . The m o n o l i t h i c  
s p e c i m e n s  g a v e  l i n e a r  p l o t s  o f  of v s  P-113 i n  a g r e e m e n t  
w i t h  E q u a t i o n  ( 5 ) .  L i n e a r  r e g r e s s i o n  o f  t h e  d a t a  g a v e  
s l o p e s  c o r r e s p o n d i n g  t o  K I ~  v a l u e s  o f  3.79 and 4.53 MPa*ml/2 
f o r  a l p h a  a l u m i n a  a n d  A120 -15 v o l .  % Z r 0 2  m o n o l i t h i c  
s p e c i m e n s ,  r e s p e c t i v e l y .  
i n t e r c e p t s  n e a r  z e r o ,  s h o w i n g  t h a t  t h e y  were  f r e e  o f  
r e s i d u a l  s t r e s s e s .  M o n o l i t h i c  s p e c i m e n s  of  t h e  i n n e r  
l a y e r  A 1 2 0 3 - 1 5 Z r 0 2  ( 2 . 6  m o l e  % Y2O3) s h o w e d  i d e n t i c a l  
i n d e n t a t i o n  r e s p o n s e  a s  t h e  o u t e r  l a y e r  m a t e r i a l L 8 1 .  

I n  c o n t r a s t  t o  t h e  m o n o l i t h i c  s p e c i m e n s  where  a l l  
o f  t h e  s p e c i m e n s  f a i l e d  f r o m  t h e  i n d e n t ,  t h r e e  l a y e r  
s p e c i m e n s  i n d e n t e d  a t  low l o a d s  o f t e n  f a i l e d  from o t h e r  
s u r f a c e  f l a w s .  O n l y  t h o s e  t h r e e  l a y e r  s p e c i m e n s  w h i c h  
f r a c t u r e d  t h r o u g h  t h e  i n d e n t  a r e  i n c l u d e d  i n  F i g u r e  2 .  
A t  l o w  l o a d s  i t  w a s  n o t  a l w a y s  p o s s i b l e  t o  b e  s u r e  t h a t  
t h e  i n d e n t  w a s  t h e  c a u s e  o f  f a i l u r e  d u e  t o  t h e  n u m b e r  
o f  f r a g m e n t s  a t  t h e  i n i t i a t i o n  l o c a t i o n .  F i g u r e  2 c l e a r l y  
s h o w s  t h a t  t h e  t h r e e  l a y e r  c o m p o s i t e s  r e t a i n  t h e i r  s t r e n g t h  
s u p e r i o r i t y ,  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  o u t e r  l a y e r ,  
a t  a l l  l o a d s .  Due t o  t h e  n a t u r e  of t h e  t e s t  ( i . e . .  u s i n g  

Bo i! h m o n o l i t h i c  m a t e r i a l s  h a d  
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F i g u r e  2 .  F r a c t u r e  s t r e s s  v s .  i n v e r s e  c u b e  r o o t  l o a d  
p l o t s  of d a t a  i n  F i g u r e  1 a b o v e .  



u n p o l i s h e d  s p e c i m e n s )  a n d  t h e  s u b s e q u e n t  u n c e r t a i n t y  
r e g a r d i n g  t h e  f r a c t u r e  o r i g i n s ,  i t  i s  n o t  p o s s i b l e  t o  
d r a w  c o n c l u s i o n s  w i t h  r e s p e c t  t o  t h e  s h a l l o w e r  s l o p e  
( i . e . ,  a p p a r e n t l y  s u p e r i o r  s t r e n g t h  r e s p o n s e  1 of  t h e  
t h r e e  l a y e r  s p e c i m e n s .  T h e  i n t e r c e p t  of t h e  t h r e e  l a y e r  
s p e c i m e n s  i s  a p p r o x i m a t e l y  550 MPa, w h i c h  i s  h i g h e r  t h a n  
t h e  400  MPa m e a s u r e d  by s t r e n g t h  t e s t i n g  b u t  i s  c o n s i s t e n t  
w i t h  t h e  r e s i d u a l  s t r e n g t h  c a l c u l a t e d  u s i n g  s t r a i n  g a g e  
a n d  x - r a y  t e c h n i q u e s [ 2 , 3 1 .  

S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  f r a c t u r e  s u r f a c e s  
of  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 .  % ZrO2 s p e c i m e n s  
i n d e n t e d  a t  1000N p r i o r  t o  s t r e n g t h  t e s t i n g  a r e  s h o w n  
i n  F i g u r e  3 u s i n g  b o t h  s e c o n d a r y  e lec t ron  and back  s c a t t e r e d  
i m a g i n g  modes .  The l e a d  m a r k i n g  t h e  c r a c k s  c r e a t e d  d u r i n g  
i n d e n t a t i o n  i s  c l e a r l y  v i s i b l e  i n  t h e  b a c k  s c a t t e r i n g  
mode (see F i g u r e  3 ) .  T h e  m o n o l i t h i c  i n n e r  m a t e r i a l  ( F i g u r e  
3 ( a ) >  s h o w s  a h a l f  p e n n y  s h a p e d  c r a c k  a p p r o x i m a t e l y  825 
m i c r o n s  i n  l e n g t h ,  c. The  m o n o l i t h i c  o u t e r  l a y e r  m a t e r i a l  
( F i g u r e  3 ( b ) )  s h o w s  t w o  r a d i a l  c r a c k s  ( c  a p p r o x i m a t e l y  
850 m i c r o n s )  w h i c h  h a v e  j o i n e d  d u r i n g  c r a c k  e x t e n s i o n .  
T h e  i n i t i a l  d e p t h  o f  t h e  c r a c k s  i s  a p p r o x i m a t e l y  4 1 5  
m i c r o n s .  T h e  t h r e e  l a y e r  c o m p o s i t e  ( F i g u r e  3 ( c ) )  h a s  
much s h a l l o w e r  c r a c k s  ( c r a c k  d e p t h  of  a p p r o x i m a t e l y  100 
m i c r o n s ) .  H i g h e r  m a g n i f i c a t i o n  p h o t o s  ( F i g u r e s  3 ( d )  
a n d  3 ( e > )  c l e a r l y  show P a l m q v i s t  c r a c k s  ( c  of  a p p r o x i m a t e l y  
110 m i c r o n s )  e x t e n d i n g  a p p r o x i m a t e l y  100 m i c r o n s  i n  d e p t h .  
L a t e r a l  c r a c k s  p a r a l l e l  t o  t h e  s u r f a c e  ( a p p r o x i m a t e l y  
100 m i c r o n s  b e l o w  t h e  s u r f a c e )  e x t e n d i n g  o v e r  a m i l l i m e t e r  
i n  l e n g t h  a r e  v i s i b l e  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 .  
T h e  P a l m q v i s t  c r a c k s  d o  n o t  e x t e n d  b e l o w  t h e  l a t e r a l  
c r a c k s .  F u r t h e r  w o r k  i s  n e e d e d  t o  s ee  i f  l a t e r a l  c r a c k s  
d e v e l o p  d u r i n g  w e a r  o r  e r o s i o n .  

These  t e s t s  c l e a r l y  show t h a t  t h r e e  l a y e r  c o m p o s i t e s  
h a v e  d a m a g e  r e s i s t a n c e  e q u a l  t o  o r  s u p e r i o r  t o  t h e i r  
r e s i d u a l  s t r e s s  w h e n  i n d e n t e d  a t  l o a d s  u p  t o  1 0 0 0 N .  
T h i s  s h o u l d  a l l o w  t h e m  t o  show s u p e r i o r  r e s i s t a n c e  t o  
c o n t a c t  damage i n  a p p l i c a t i o n s  s u c h  a s  c y l i n d e r  l i n e r s .  

C h a r a c t e r i z a t i o n  o f  T h r e e  L a y e r  C o m p o s i t e s  

I n  p r e v i o u s  a n a l y s e s [ l - 3 1 ,  i t  was a s s u m e d  t h a t  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  i n  t h r e e  l a y e r  c o m p o s i t e s  
i s  g i v e n  by 

w h e r e  d 2  i s  t h e  t h i c k n e s s  o f  t h e  i n n e r  l a y e r ,  d i s  t h e  
t o t a l  t h i c k n e s s  o f  t h e  b a r ,  A E O  i s  t h e  f r e e  e x p a n s i o n  
o f  t h e  o u t e r  l a y e r s  p e r  u n i t  l e n g t h  w h e n  t h e y  a r e  n o t  
c o n s t r a i n e d  by t h e  i n n e r  l a y e r ,  a n d  v i s  P o i s s o n ' s  r a t i o .  
The  term ( 1 - v )  i s  d u e  t o  t h e  a s s u m e d  e q u i b i a x i a l  s t a t e  
of s t r e s s  a n d  s t r a i n  p a r a l l e l  t o  t h e  l a y e r s .  T h i s  a s s u m p t i o n  
was checked  by moun t ing  s t r a i n  g a u g e s  p a r a l l e l  ( l o n g i t u d i n a l  
d i r e c t i o n )  a n d  p e r p e n d i c u l a r  ( t r a n s v e r s e  d i r e c t i o n )  t o  



Figure 3: Scanning electron micrographs of fracture surfaces of A1203-15Zr02 bars indented at lOOON 
using lead acetate to show indentation cracks[5]. Secondary electron and back scattered 
imaging were used for top and bottom photos, respectively, in each micrograph. (a) Inner 
layer material showing half penny crack approximately 825 microns (30X), (b) Outer layer 
material showing radial cracks which have joined after crack extension (30X). 
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F i g u r e  3 ( c o n t i n u e d ) .  ( e ) .  A s e c o n d  t h r e e  l a y e r  c o m p o s i t e  
( c o m p a r e  w i t h  F i g u r e  3 ( d )  c l e a r l y  
s h o w i n g  P a l m q v i s t  c r a c k s  and  l a t e r a l  
c r a c k s  ( p a r a l l e l  t o  t e n s i l e  s u r f a c e )  
(72x1. 

t h e  l o n g  a x i s  of a s t r e n g t h  b a r  a n d  d e t e r m i n i n g  s t r a i n  
by p r e f e r e n t i a l l y  r e m o v i n g  t h e  o u t e r  l a y e r  on t h e  s i d e  
o p p o s i t e  t h e  s t r a i n  g a g e ,  a s  r e p o r t e d  p r e v i o u s l y [  1-33 .  
T h e s e  d a t a  showed i n c r e a s i n g  s t r a i n  w i t h  i n c r e a s i n g  o u t e r  
l a y e r  d e p t h  removed f o r  t h e  s t r a i n  g a g e s  m o u n t e d  p a r a l l e l  
a n d  o r t h o g o n a l  t o  t h e  l o n g  a x i s  of t h e  s t r e n g t h  b a r  ( s e e  
F i g u r e  4 ) .  B o t h  g a g e s  s h o w e d  a d i s t i n c t  s l o p e  c h a n g e  
a t  t h e  i n t e r f a c e  a s  e x p l a i n e d  by V i r k a r  e t  a 1 . [ 9 1 .  The  
t r a n s v e r s e  g a u g e  m e a s u r e d  u p  t o  20% l e s s  s t r a i n  t h a n  
t h e  l o n g i t u d i n a l  g a g e .  When t h e  s a m e  e x p e r i m e n t  w a s  
conduc ted  f o r  a s q u a r e  g e o m e t r y ,  b o t h  g a g e s  showed i d e n t i c a l  
s t r a i n  b e h a v i o r  ( see  F i g u r e  51, a s  expec ted .  The i m p l i c a t i o n  
of t h e s e  e x p e r i m e n t s  i s  t h a t  t h e  a s s u m p t i o n  of e q u i b i a x i a l  
s t r a i n  i s  a good a s s u m p t i o n  e v e n  f o r  s t r e n g t h  b a r s .  
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F i g u r e  5 .  Measured  s t r a i n  a s  a f u n c t i o n  of  outer  l a y e r  
t h i c k n e s s  removed f o r  o r t h o g o n a l  s t r a i n  g a g e s  
p l a c e d  i n  c en te r  of t o p  l a y e r  o f  Al203-15Zr02 
t h r e e - 1  a y e r  s q u a r e  . 



1 2 3  

P r e v i o u s  w o r k  o n  t h r e e  l a y e r  c o m p o s i t e s  h a s  a s s u m e d  
e q u a l  Y o u n g ' s  m o d u l u s  f o r  i n n e r  a n d  o u t e r  l a y e r s .  T h i s  
w a s  v e r i f i e d  by m o u n t i n g  s t r a i n  g a g e s  on m o n o l i t h i c  i n n e r  
a n d  o u t e r  l a y e r  s p e c i m e n s  a n d  t e s t i n g  i n  b e n d i n g .  Y o u n g ' s  
m o d u l u s  w a s  3 4 8  CPa f o r  t h e  o u t e r  l a y e r  a n d  3 7 0  GPa f o r  
t h e  i n n e r  l a y e r  b a r s .  T h e s e  v a l u e s  a r e  i n  g o o d  a g r e e m e n t  
w i t h  t h e  v a l u e  o f  3 6 5  GPa p r e v i o u s l y  a s s u m e d L 2 1 .  

I m p r o v e d  P r o c e s s i n g  

M o n o l i t h i c  a n d  t h r e e  l a y e r  A l 2 0 3 - 2 0  v o l .  % H f 0 2  
a n d  A120 -20  v o l .  % H f 0 2 . 5 0 Z r 0 2  c o m p o s i t e s  were f a b r i c a t e d  

m o l e  % Y 2 O 3 )  s u p p l i e d  b y  T e l e d y n e  Wah C h a n g  A l b a n y .  
Powder  p r o c e s s i n g  a n d  s i n t e r i n g  c o n d i t i o n s  were i d e n t i c a l  
t o  t h o s e  r e p o r t e d  f o r  A l 2 O 3 - 1 5  v o l .  % Z r 0 2  t h r e e  l a y e r  
c o m p o s i t e s [ 2 1 .  T h e  r e a s o n  f o r  s u b s t i t u t i n g  H f 0 2  f o r  
Z r 0 2  w a s  t o  i n c r e a s e  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  s i n c e  p r e v i o u s  r e s u l t s  f o r  t h r e e  
l a y e r  A1203-15Zr02 c o m p o s i t e s  s u g g e s t e d  t h a t  t h i s  t r a n s f o r -  
m a t i o n  w a s  t h e  m a i n  r e a s o n  f o r  t h e  s t r e n g t h  d e g r a d a t i o n  
o b s e r v e d  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  l a y e r e d  compos-  
i t e s C 2 1 .  T h r e e  l a y e r  c o m p o s i t e s  were  a l s o  m a d e  u s i n g  
H f 0 2  a n d  H f 0 2 - Z r 0 2  p o w d e r s  f o r  t h e  o u t e r  l a y e r s  a n d  15 
v o l .  % Z r 0 2  i n  t h e  c e n t r a l  l a y e r .  

T h e  d e n s i t i e s  of  a l l  s i n t e r e d  a n d  HIPped  m o n o l i t h i c  
a n d  th ree  l a y e r  c o m p o s i t e s  were g r e a t e r  t h a n  98% o f  t h e o r e -  
t i c a l .  T h e  Z r 0 2 ,  H f 0 2 . Z r 0 2  o r  H f 0 2  i n  t h e  i n n e r  l a y e r s  
were a lways  1 0 0 %  t e t r a g o n a l  a s  i d e n t i f i e d  by x - r a y  d i f f r a c -  
t i o n .  HfO2 i n  t h e  o u t e r  l a y e r s  w a s  98.3 t o  100  % m o n o c l i n i c  
a n d  H f 0 2 . Z r 0 2  w a s  9 5 . 4  t o  9 7 . 3 %  m o n o c l i n i c .  S t r e n g t h s  
f o r  m o n o l i t h i c  i n n e r  a n d  o u t e r  A l 2 0 3 - 2 0  vel. % Hf02  a n d  
A 1 2 0 3  - 2 0  v o l .  % H f 0 2 . Z r 0 2  s p e c i m e n s  v a r i e d  b e t w e e n  3 1 2  
a n d  6 6  MPa. T h e r e  w a s  n o  i n d i c a t i o n  t h a t  t h e  i n n e r  
m a t e r i a l  w a s  s t r o n g e r  t h a n  t h e  o u t e r  l a y e r  m o n o l i t h i c  
c o m p o s i t e .  T h i s  i s  i n  c o n t r a s t  t o  m o n o l i t h i c  i n n e r  a n d  
o u t e r  A l 2 O 3 - 1 5  v o l .  % Z r 0 2  s p e c i m e n s  w h i c h  h a v e  t y p i c a l  
s t r e n g t h s  o f  5 5 0  a n d  4 5 0  MPa, r e s p e c t i v e l y .  F o r  t h r e e  
l a y e r  c o m p o s i t e s  w h e r e  H f 0 2  ( o r  H f 0 2 - Z r 0 2 )  w a s  u s e d  I n  
t h e  o u t e r  l a y e r  a n d  Z r 0 2  i n  t h e  i n n e r  l a y e r ,  t h e  s t r e n g t h s  
i n c r e a s e d  2 3 0  t o  2 9 0  MPa a s  c o m p a r e d  t o  t h e   monolith:'.^ 
o u t e r  m a t e r i a l s ,  t o  g i v e  s t r e n g t h s  o f  a p p r o x i m a t e l y  6 0 0  
MPa. When t h e  i n n e r  m a t e r i a l  c o n t a i n e d  p a r t i a l l y  s t a b i l i z e d  
Hf02 ( o r  H f 0 2 . Z r 0 2 )  t h e  s t r e n g t h s  o f  t h r e e  l a y e r  c o m p o s i t e s  
o n l y  i n c r e a s e d  5 0 - 8 0  MPa 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 .  T h e r m a l  e x p a n s i o n  m e a s u r e m e n t s  w i l l  b e  made 
t o  e x p l a i n  t h e s e  d i f f e r e n c e s .  E l e v a t e d  t e m p e r a t u r e  t e s t i n g  
of A1203-2OHfO2 t h r e e  l a y e r  c o m p o s i t e s  c o n t a i n i n g  A1203-15Zr0 
i n  t h e  i n n e r  l a y e r  h a d  a m e a n  s t r e n g t h  o f  325  M P a  a 
1 O O O O C .  T h i s  e l e v a t e d  t e m p e r a t u r e  s t r e n g t h  w a s  o n l y  
5 0  MPa h i g h 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  s p e c i m e n s .  
I t  i s  b e l i e v e d  t h a t  m i c r o c r a c k i n g  i n  t h e  o u t e r  l a y e r s  
i s  c o n t r i b u t i n g  t o  t h e  p o o r  s t r e n g t h  o f  t h e  b a r s  m a d e  

u s i n g  H a 0 2  a n d  Z r 0 2 . H f 0 2  p o w d e r s  ( w i t h  a n d  w i t h o u t  3 

.z 
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u s i n g  H f 0 2 ,  a l t h o u g h  c r a c k s  were n o t  o b v i o u s  o n  f r a c t u r e  
s u r f a c e s  b a s e d  o n  s c a n n i n g  e l e c t r o n  m i c r o s c o p y .  F u t u r e  
e x p e r i m e n t s  w i l l  u s e  f i n e r  Hf02 a t  lower  v o l u m e  f r a c t i o n s  
t o  l i m i t  p a r t i c l e  c o a r s e n i n g  d u r i n g  s i n t e r i n g .  A l t h o u g h  
t h e  p r e l i m i n a r y  r e s u l t s  f o r  h a f n i a  s u b s t i t u t i o n s  f o r  
z i r c o n i a  d o  n o t  show a n y  i m p r o v e m e n t  o v e r  c u r r e n t  t h r e e  
l a y e r  c o m p o s i t e s ,  t h i s  i s  a s o u n d  a p p r o a c h  f o r  i m p r o v i n g  
h i g h  t e m p e r a t u r e  s t r e n g t h .  

A s u b s t a n t i a l  e f f o r t  w a s  a l s o  d e v o t e d  t o  s l i p  c a s t i n g  
A1203-15 v o l .  % z i r c o n i a  c o m p o s i t e s  s i n c e  p r e v i o u s  r e s u l t s  
h a d  s h o w n  t h a t  s t r e n g t h s  g r e a t e r  t h a n  1 GPa were a t t a i n e d  
f o r  t h r e e  l a y e r  c o m p o s i t e s  m a d e  u s i n g  t h i s  t e c h n i q u e L 4 1 .  
P r e v i o u s  s l i p  c a s t i n g  w a s  h i n d e r e d  b y  p l a t e s  c r a c k i n g  
d u r i n g  d r y i n g  a f t e r  r e m o v a l  of  p a r t s  f rom t h e  p l a s t e r  
m o l d .  D i s p e r s a n t s  i n v e s t i g a t e d  i n c l u d e d  n i t r i c  a c i d  
a t  pH b e t w e e n  2 . 5  a n d  4 . 0 [ 1 0 1 ,  s o d i u m  h e x a m e t a p h o s p h a t e  
a t  0 . 3  w t .  % ( b a s e d  o n  t o t a l  s o l i d s )  a n d  a n  a m m o n i u m  
p o l y e l e c t r o l y t e  a t  0 . 5 % .  W i t h  t h e  a d d i t i o n  o f  0 . 3 5  t o  
0 . 5  % b i n d e r  i t  w a s  p o s s i b l e  t o  o b t a i n  u n c r a c k e d  s i n t e r e d  
p l a t e s  u s i n g  e i t h e r  H N O 3  o r  s o d i u m  h e x a m e t a p h o s p h a t e .  
S i n t e r e d  d e n s i t i e s  o f  m o n o l i t h i c  o r  t h r e e  l a y e r  p l a t e s ,  
h o w e v e r ,  w e r e  b e l o w  9 4 %  o f  t h e o r e t i c a l  when  u s i n g  t h e s e  
d i s p e r s a n t s .  T h e  a m m o n i u m  p o l y e l e c t r o l y t e  d i s p e r s a n t  
g i v e s  h i g h  s i n t e r e d  d e n s i t i e s  b u t  w a t e r  r e m o v a l  w i t h o u t  
c r a c k i n g  i s  d i f f i c u l t  f o r  t h r e e  l a y e r  c o m p o s i t e s .  I t  
i s  b e l i e v e d  t h a t  h i g h  s t r e n g t h  s l i p  c a s t  b o d i e s  c a n  b e  
o b t a i n e d  b y  f u r t h e r  c h a r a c t e r i z i n g  t h e  r h e o l o g y  o f  t h e  
i n d i v i d u a l  s l i p s  a n d  by v a r y i n g  d r y i n g  p r o c e d u r e s .  F u r t h e r  
e f f o r t s  i n  t h i s  d i r e c t i o n  a r e  u n d e r w a y .  

---- P u b l L c a t i o n  ----- 

A p a p e r  e n t i t l e d  f l M e a s u r e m e n t  of  R e s i d u a l  S t r e s s e s  
i n  O x i d e - Z r 0 2  T h r e e  L a y e r  C o m p o s i t e s f t  b y  A .  V .  V i r k a r ,  
J .  F .  J u e ,  J .  J .  H a n s e n  a n d  R .  A .  C u t l e r  w a s  a c c e p t e d  
by t h e  A m .  Ceram. S O C .  f o r  p u b l i c a t i o n .  T h i s  w o r k  was 
p a r t i a l l y  s u p p o r t e d  by t h e  p r e s e n t  c o n t r a c t .  

1 .  A .  V .  V i r k a r ,  J .  L .  H u a n g ,  a n d  R .  A .  C u t l e r ,  " S t r e n g t h e n -  
i n g  o f  O x i d e  C e r a m i c s  b y  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 , "  
J .  A m .  Ceram. S O C . .  ZQ[31 1 6 4 - 1 7 0 ( 1 9 8 7 ) .  
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R .  A .  C u t l e r ,  J .  J .  H a n s e n ,  A .  V .  V i r k a r ,  B .  K .  S h e t t y ,  
a n d  R .  C .  W i n t e r t o n ,  ' ? S t r e n g t h  I m p r o v e m e n t  i n  T r a n s f o r -  
m a t i o n  T o u g h e n e d  C e r a m i c s  U s i n g  C o m p r e s s i v e  R e s i d u a l  
S u r f a c e S t I" e s s e s ,  
Vol.-z& - e d .  by P .  F .  B e c h e r ,  M .  V .  S w a i n ,  a n d  S. Somiya  
( M a t e r i a l s  R e s e a r c h  S o c i e t y ,  P i t t s b u r g h ,  P A ,  1 5 5 - 1 6 3 ,  
1 9 8 7 ) .  

Bhyanc~d_S~ruc~ura IcCeramjcS ,  

R .  A .  C u t l e r ,  J .  D.  B r i g h t ,  A .  V .  V i r k a r  a n d  D .  K .  S h e t t y ,  
" S t r e n g t h  I m p r o v e m e n t  i n  T r a n s f o r m a t i o n  T o u g h e n e d  
Alumina  by S e l e c t i v e  P h a s e  T r a n s f o r m a t i o n , "  J .  A m .  Ceram.  
S O C . ,  IQ-10 ( 1 9 8 7 ) .  

R .  A .  C u t l e r ,  J .  J .  H a n s e n ,  D .  W.  P r o u s e ,  A .  V .  V i r k a r ,  
a n d  D .  K .  S h e t t y ,  I 1 P r o c e s s i n g  a n d  C h a r a c t e r i z a t i o n  
o f  T r a n s f o r m a t i o n  T o u g h e n e d  C e r a m i c s  w i t h  S t r e n g t h  
R e t e n t i o n  t o  E l e v a t e d  T e m p e r a t u r e s ,  It i n  Ceramic T e c h n o l o g y  
f o r  Advanced  H e a t  E n g i n e s  P r o j e c t  S e m i a n n u a l  T e c h n i c a l  
P r o g r e s s  R e p o r t  (Oc t .  1986-Mar .  198'71, Oak R i d g e  
N a t i o n a l  L a b o r a t o r y ,  Oak R i d g e ,  T e n n .  

S. I,. J o n e s ,  C .  J .  Norman a n d  8. S h a h a n i ,  I f C r a c k - P r o f i l e  
S h a p e s  Formed U n d e r  a V i c k e r s  I n d e n t  P y r a m i d , "  J .  M a t e r .  
S e i .  L e t t e r s ,  6 721-723 ( 1 9 8 7 ) .  

E .  R .  Lawn, A .  G .  E v a n s  a n d  D .  B .  M a r s h a l l ,  l r E l a s t i c / P l a s -  
t i c  I n d e n t a t i o n  Damage i n  C e r a m i c s :  The  M e d i a n i R a d i a l  
C r a c k  S y s t e m , "  J .  A m .  Ceram.  S O C . .  62[3-103 574-581 
( 1 9 8 1 ) .  

P .  C h a n t i k u l ,  G .  R .  A n s t i s ,  B .  R .  Lawn a n d  D .  B. M a r s h a l l ,  
I r A  C r i t i c a l  E v a l u a t i o n  of  I n d e n t a t i o n  T e c h n i q u e s  
f o r  M e a s u r i n g  F r a c t u r e  T o u g h n e s s :  11, S t r e n g t h  M e t h o d , "  
J .  A m .  Ceram.  S O C . ,  69[9l 5 3 9 - 5 4 3 ( 1 9 8 1 ) .  

R .  A .  C u t l e r ,  J .  J .  H a n s e n ,  A .  V .  V i r k a r ,  a n d  D .  K .  
S h e t t y ,  " P r o c e s s i n g  a n d  C h a r a c t e r i z a t i o n  o f  T r a n s -  
f o r m a t i o n  T o u g h e n e d  C e r a m i c s  w i t h  S t r e n g t h  R e t e n t i o n  
t o  E l e v a t e d  T e m p e r a t u r e s ,  i n  C e r a m i c  T e c h n o l o g y  
f o r  Advanced  F e a t  E n g i n e s  P r o j e c t  B i m o n t h l y  T e c h n i c a l  
P r o g r e s s  R e p o r t  ( J u n e - J u l y  1 9 8 7 1 ,  Oak R i d g e  N a t i o n a l  
L a b o r a t o r y ,  Oak R i d g e ,  T e n n .  

A .  V .  V i r k a r ,  J .  F.  J u e ,  J .  J .  H a n s e n  a n d  R .  A .  C u t l e r ,  
l lMeasure rnen t  o f  R e s i d u a l  S t r e s s e s  i n  Ox ide -ZrO2  T h r e e  
L a y e r  C o m p o s i t e s .  1' t o  a p p e a r  i n  C o m m u n i c a t i o n s  o f  
t h e  A m .  Ceram.  SOC. 

1 0 .  S. Ba i l< ,  A .  B l e i r  a n d  B.  F. B e c h e r ,  t r P r e p a r a t i o n  
of  A12O3-ZrO2 C o m p o s i t e s  by A d j u s t m e n t  of S u r f a c e  
C h e m i c a l  B e h a v i o r . 1 v  B e t t e r  C e r a m i c s  T h r o u g h  C h e m i s t r y  
- I1 e d .  by  C .  J .  B r i n k e r ,  D .  E .  C l a r k  a n d  D .  R .  U l r i c h ,  
(MRS, P i t t s b u r g h ,  PA 1 9 8 6 ) .  



In iection Molded Composites 
M. A .  Janney (Oak Ridge National Laboratory) 

Objective/scope 

The goals of this activity are twofold: (1) to evaluate the abil.t, 
o f  advanced ceramic-ceramic composites t o  be injection molded and pro- 
cessed using standard wax- and/or polymer-based binder systems; and (2 ,o 
develop advanced complex-shape-forming technologies that will eliminatt 
some o f  the problems associated with wax- and polymer-based binder sys-eiis 
such as long binder removal times, cracking, and low green strength. 

Technical proqres 

Work during this period has focused on the development o f  a new 
advanced forming technique that would be a replacement f o r  wax- or 
polymer-based injection molding. Such a process has been developed ant 
complex parts have been formed using the process. However. because o f  
patent considerations, we cannot at this time disclose tti_ v i a J {  Q o f  4 , ~ ~  

process or any of its particular embodiments. 
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1.2.4 Silicate M a t r i x  

Low Expansion Ceramics f o r  Diesel Ennine Applications 
J. J. Brown, R. E,  Swanson ( V P I  & SU), and P. A. Hummel (Consul tant)  

Objective/scope 

The major o b j e c t i v e  of t h i s  r e sea rch  is t o  i n v e s t i g a t e  s e l e c t e d  

oxide systems f o r  t h e  development of a low expansion, h igh  thermal 

shock r e s i s t a n t  ceramic.  S p e c i f i c a l l y ,  i t  is t h e  goa l  of t h i s  s tudy  

t o  develop an i s o t r o p i c ,  ul t ra- low expansion ceramic which can be used 

above 1200OC and which is r e l a t i v e l y  inexpensive,  

Technical progress  

T h i s  r e s e a r c h  program i n c l u d e s  t h e  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 candida te  low t h e m 1  expansion 

ceramics from four systems based upon aluminum phosphate, s i l ica ,  

mul l i t e ,  and z i rcon .  I n  t h e  f i r s t  two systems, t h e  goa l  is t o  

s t a b i l i z e  low thermal expansion, h igh  temperature,  h igh  c r y s t a l  

symmetry phases via s o l i d  s o l u t i o n  formation. I n  mul l i t e ,  d e v i a t i o n  

from s to ich iometry  and s o l i d  s o l u t i o n  formation are u t i l i z e d  t o  reduce 

t h e  thermal expansion. I n  z i rcon ,  t h e  c r y s t a l  an iso t ropy  and thermal 

expansion are reduced v i a  s o l i d  s o l u t i o n  formation. Based upon 

earlier d a t a  of t h e  i n v e s t i g a t o r s ,  compositional ranges are evaluated 

by f a b r i c a t i n g  experimental  specimens and determining phase conten t  

p lus  micros t ruc ture ,  thermal expansion, s o l i d u s  temperature,  and 

dens i ty .  Those compositions which e x h i b i t  acceptab le  s i n t e r i n g ,  phase 

composition, and expansion c h a r a c t e r i s t i c s  are s tud ied  i n  more d e t a i l ,  

inc luding  f l e x u r e  s t r e n g t h ,  c reep ,  thermal conduct iv i ty ,  and c r y s t a l  

s t r u c t u r e .  F i n a l l y ,  those ceramic compositions e x h i b i t i n g  t h e  best 

combination of p r o p e r t i e s  are evaluated as t o  t h e i r  f a b r i c a t i o n  

behavior  i n  t h e  form o f  specimens having masses up t o  about 0.5 kg. 
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Aluminum Phosphate System 

Three materials, AlP04* BPO4, and 6-eucryptr te  (Li20'A1203*2Si02), 

have been t a rge ted  as comprising a system t h a t  bas p o t e n t i a l  f o r  

ul t ra- low expansion. f3-eucryptite is of  i n t e r e s t  i n  t h a t  it has an 

o v e r a l l  nega t ive  c o e f f i c i e n t  o f  thermal expansion up t o  1OOO'C. Tdork 

has prev ious ly  been conducted wi th  8-eucrypt i te  t o  b r ing  i t s  

c o e f f i c i e n t  nea re r  t o  zero. Increas ing  t h e  $io2 content  as a sol.id 

s o l u t i o n  i n  B - e u c r y p t i t e  was s u c c e s s f u l  i n  b r i n g i n g  t h e  

c o e f f i c i e n t  c l o s e r  t o  zero. 

1 

2 

Ex p e r i m e  n t a1 

The s t a r t i n g  materials €or 8-euc ryp t i t e  syn thes i s  are l i t h ium 

carbonate  (Li2C03) , aluminum hydroxide [Al(OW)3*nH20] * and s i l i c a  g e l  

( S O 2 ) ,  weighed t o  g ive  a r a t i o  o f  1:1:2 Li20/AI203/SiO2 a f t e r  weight 

loss. The raw materials are ca lc ined  at 200°C for 24h befo re  weighing 

and mixed under acetone us ing  a mortar  and p e s t l e ,  The samples  of 

B-LiA1Si04 are f i r e d  a t  %OO°C €or  4Sh, reground and mixed dry  wi th  a 

mortar and p e s t l e .  and f i r e d  a t  18Q0°C i n  an alumina c r u c i b l e  f o r  

48-72h. X-ray d i f f r a c t i o n  (XRD) analyses  i n d i c a t e  t h a t  t h i s  hea t  

t reatment  g ives  a material which con ta ins  small amounts of impur i t i e s ,  

The s t a r t i n g  materials used i n  preparing AIP04 are aluminum 

hydroxide and d i b a s i c  ammonium phosphate [ (NH4) 2HP04] , weighed t o  g ive  

a 1:l A1203 t o  P205 r a t i o  a f t e r  weight l o s s .  The  r a w  materials f o r  

each ba tch  are mixed under acetone us ing  a mortar and p e s t l e ,  and 

f i r e d  i n  alumina c r u c i b l e s  a t  175OC f o r  2h and 400°C €or  12h. A f t e r  

regr inding  and mixing dry  wi th  a mortar and p e s t l e ,  t h e  samples are 

f i r e d  a t  10%O-llOO°C f o r  4%-72h. XRD a n a l y s i s  canfirms t h a t  t h i s  hea t  

t reatment  c o n s i s t e n t l y  g ives  AlP04. 

BP04 is prepared from b o r i c  acid (H3B03> and d i b a s i c  ammonium 

phosphate, weighed t o  g ive  a 13203 t o  P205 ratio 1:l a f t e r  weight l o s s .  

and processed as descr ibed f o r  A1P04. 

. 

B a r  samples  used i n  c o e f f i c i e n t  of thermal expansion (CTE) 

de te rmina t ions  are pressed i n  s t a i n l e s s  steel  d i e s  using d i s t i l l e d  

water as a b inder ,  and s i n t e r e d  on alumina plates. Bar compositions 
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and hea t  t rea tments  are shown i n  Table 1. XRD a n a l y s i s  and o p t i c a l  

microscopy are used t o  determine phase composition of t h e  samples. 

Resu l t s  and Discussion 

Di l a tome t r i c  ana lyses  of t h e  AlPO4 samples prepared are shown i n  

F igure  1. The GTE va lues  l i s t e d  i n  Table 1 are t h e  s lopes  of s t r a i g h t  

l i n e s  drawn between expansions a t  room temperature  and 1000°G, and are  

n o t  i n d i c a t i v e  of l i n e a r  expansion. 

Composition Li0.55A1P0.45Si0.5504 (YS-l), w i t h  a CTE of 1.09 x 

10-7/0C, exh ib i t ed  t h e  lowest  p o s i t i v e  thermal  expansion. Composi.tion 

Lie. 45A1Po. 55Si0. 4504 (YS-2) exh ib i t ed  low negat ive  expansion. XRD 

p a t t e r n s  of bo th  samples fol lowing thermal  expansion measurement 

i n d i c a t e d  t h a t  B-LiAlSiO4 s o l i d  s o l u t i o n  w a s  t h e  major phase p r e s e n t  

w i t h  only  small amounts of AlP04,  A1203, and Al(P03)3. The presence 

of A1203 i n  bo th  samples may i n d i c a t e  the incomplete  s o l i d  r e a c t i o n  

and/or  t h e  v o l a t i l i z a t i o n  of P2O5. producing a f i n a l  r a t i o  deple ted  i n  

AlP04. 

The expansion behavior  of sample YS-1 w a s  similar t o  t h a t  of a 

50% A1PO4/5O% 6-euc ryp t i t e  specimen repor ted  by  Hummel and 

Langensiepen. However, upon r e f  i r i n g  sample YS-1 a t  125O?3O0C f o r  

72h, t h e  b a r  sof tened  and adhered t o  t h e  alumina p l a t e .  This  

unexpected phenomenon should be s t u d i e d  f u r t h e r .  

3 

Two b a r  specimens of i n i t i a l  composition Li0,55A1P0.45Sil 

w e r e  synthes ized  us ing  a v a r i a t i o n  i n  AlP04 s t a r t i n g  materials. One 

b a r  (YS-4) w a s  prepared us ing  Li2C03, A1203, Si02 g e l ,  and AlP04  

syn the t i zed  i n  t h e  l ab ,  whereas t h e  o t h e r  b a r  (YS-4) w a s  prepared from 

Li2CO3, Al2O3, Si02 ge l .  Al (OH) .nH20, and (NH$ 2HPQ4. Although the 

f i n a l  samples showed similar thermal  expansion behavior ,  XRD p a t t e r n s  

i n d i c a t e d  more complete phase formation and, t h e r e f o r e ,  probable  

increased  r e a c t i v i t y  i n  t h e  sample synthes ized  wi th  aluminum hydroxide 

p l u s  d i b a s i c  ammonium phosphate rather than  aluminum phosphate as a 

s t a r t i n g  material. 

Adding BP04 t o  t h e  AlP04- B-eucrypt i te  system r e s u l t e d  i n  s u r f a c e  

melt ing o f  b a r  specimens YS-5 through YS-8 a f t e r  f i n a l  f i r i n g  a t  
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Table  1. A l P O  sample p r o c e s s i n g  and 

thermal expansion results 
4 

Sample Composition (mol%) Heat RaV Expansion 

No. AlP04 BP04 f3-LiAlSi04 Treatment* Materials ( ax IO-~/OC) 

25-1 OOO°C 

Y S-1 45 - 55 1 Li2C03.A1203.Si02 1.09 

gel .  and A1P04 

synthesized in lab 

YS-2 55 - 45 1 Same as YS-1 -2.95 

._.--̂.I .-I-.. .- __. . _ _  
-5. a7 Same as YS--1 Y s-3 45 - 55(I,iAlSi,.504) 2 

Y 5-4 45 - 55(LiAlSi,-504) 2 Li2CO3.Al2O3,SiO2 -6.15 

gel.A1(OH)3snHZ0. 

(NHq) 2XPo/, 

Y s-5 45 5 50 Li2C03.A1203.Si02 -10.13 

gel and A1P04,BP04 

synthesized in l ab  

3 

Y S-6 45 5 50 3 Li2C03.A1203.Si02 -9.41 

gel, A1 (OH) 3-  nH20. 

(NH4)2HP04 and BP04 

synthesized in lab 

-- 
YS-7 50 5 45 3 Same as YS-5 -14.76 

Y S-8 50 5 45 3 Same as YS-6 -8.65 

* Heat treatments: temp/tirne('C/h) 

1 = 100/1. 400/5. 800/14. 1100/48 

2 = 175/3. 400/19. 800/24. 1150/70 
3 = 175/11. 40~24. a00124. ii20/74. aoo/10, 400122 
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112OoC f o r  74h. The su r face  melt ing w a s  more pronounced i n  t h e  

samples conta in ing  50 mol% B-eucryptite when compared t o  samples  

conta in ing  45 m o l %  8-eucrypt i te .  Microscopic examination of t h e  

samples under orthogonal po lar ized  l i g h t  ind ica ted  t h e  presence of 

g l a s s .  This w a s  unexpected cons ider ing  t h e  melt ing po in t s  of t h e  

t h r e e  c o n s t i t u e n t  materials, i.e., Tm>18000C f o r  AlP04, Td = 14OO0C 

f o r  6 -euc ryp t i t e .  and Tm = 1300°C f o r  BP04. 

Fur the r  work should concen t r a t e  on i d e n t i f y i n g  a Lil-xA1PxSil-,04 

s i n g l e  phase s o l i d  s o l u t i o n  (where x i s  probably between 0.45-0.70) 

which w i l l  have an expansion nea r  zero  between room temperature and 

12OO0C ( o r  above). D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) and o t h e r  

a n a l y t i c a l  methods should be used t o  determine t h e  temperature o r  

temperature range a t  which t h e  systems begin t o  m e l t  o r  s o f t e n .  The 

e f f e c t  of BP04 on B-eucrypt i te  and A1P04 s o l i d  s o l u t i o n  and i t s  

thermal expansion should be examined around 120OOC. 

S i l i c a  System 

The ul t ra- low thermal expansion of t h e  high temperature form 05 

c r i s t o b a l i t e  ( 6 - c r i s t o b a l i t e )  has long been recognized, Like most 

polymorphs of s i l i ca ,  c r i s t o b a l i t e  a l s o  shows a d i s p l a c i v e  type 

t r a n s f o r m a t i o n  a t  low t e m p e r a t u r e s .  Upon t r a n s f o r m a t i o n ,  a 

discont inuous change i n  expansion curves occurs and a l a r g e  volume 

expansion r e s u l t s .  Therefore ,  t h e  p o t e n t i a l  of 8 - c r i s t o b a l i t e  i n  

s t r u c t u r a l  ceramic a p p l i c a t i o n s  depends on t h e  s t a b i l i z a t i o n  of t h e  

high c r i s t o b a l i t e  s t r u c t u r e .  

The high-low t ransformat ion  of c r i s t o b a l i t e  d i f f e r s  from most 

phase t ransformat ions  i n  t h a t  (1) nuc lea t ion  and growth are n o t  

involved, (2) t h e  t ransformat ion  temperature i s  not  f i xed ,  and (3) t h e  

amount of t h e  transformed phase i s  independent of t h e  degree o f  

supercool ing.  These c h a r a c t e r i s t i c s  can be l inked  t o  the  commonly 

observed s t r u c t u r a l  co l l apse  i n  most framework s i l i ca tes  wi th  open 

For open s t r u c t u r e s .  a metastable  low energy s t r u c t u r e s .  

conf igura t ion  can be achieved by ad jus t ing  t h e  p o s i t i o n  o f  secondary 

coord ina t ion  t o  provide c l o s e r  packing and t o  genera te  new symmetries. 

4-7 
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In c r i s t o b a l i t e ,  t h e  high-low t ransformat ion  can occur over  a wide 

range from 120-272°@ wi.t.11 a much h igher  p robab i l iy  of t ransformat ion  

above 225OC, This can be a t t r i b u t e d  t o  bo th  impuri ty  con ten t s  and 

t h e  degree of d i s o r d e r  of t h e  high c r i s t o b a l i t e  s t r u c t u r e .  The 

s t r u c t u r e  of low c r i s t o b a l i t e  i s  w e l l  e s t ab l i shed  wi th  a t e t r a g o n a l  

symmetry P4321a However, t h e  s t r u c t u r e  of high c r i s t o b a l i t e  can only  

be known as an averaged domain s t ruc tu re .  10.-.'2 Each domain cannot 

extend t o  mare than a few u n i t  cells. Therefore ,  t h e  high 

c r i s t o b a l i t c ?  s t r u c t u r e  can be regarded as a v a r i a b l e  s t r u c t u r e  from a 

u n i t  c e l l  viewpoint wi th  one domain s l i g h t l y  d i f f e r e n t  from t h e  o t h e r .  

Since energy conten t  v a r i e s  wi th  s t r u c t u r a l  conf igura t ions ,  t h e  

v a r i a b l e  high-low t ransformat ion  temperatures are likely t o  depend on 

t h e  energy conten t  c h a r a c t e r i s t i c  of t h e  high c r i s t o b a l i t e  s t r u c t u r e .  

In f a c t ,  i.z: had been found t h a t  each ind iv idua l  c r y s t a l l i t e  crushed 

from a bulk c r i s t o b a l i t e  sample has i t s  own c h a r a c t e r i s t i c  

t ransformat ion  temperature upon hea t ing .  Moreover, i n  s i n g l e  c r y s t a l  

s t u d i e s  of c r i s t c h a l i t e ,  v a r i a t i o n s  i n  t ransformat ion  temperature  of 

up t o  10°C were found i n  d i f f e r e n t  p o s i t i o n s  of t h e  same c rys t a l . l 4The  

t ransformat ion  temperature  seems t o  f o l l o w  a s t a t i s t i c a l  d i s t r i b u t i o n .  

Both impur i t i e s  and hea t  t rea tment  can a f f e c t  t h e  d i s t r i b u t i o n .  

8 

9 

1 3  

The purpose of t h i s  s tudy  i s  t o  i n v e s t i g a t e  t h e  high-low 

t ransformat ion  of c r i s t o b a l i t e  by forming s o l i d  s o l u t i o n s  of 

c r i s t s b a l  i.te with  i s o s t r u c t u r a l  compounds and t o  determine the e x t e n t  

t o  which the t ransformat ion  temperature can be lowered. In t h e  

p re sen t  work, phase diagrams are cons t ruc ted  f o r  t h e  high s i l i c a  

po r t ion  of t h e  two b ina ry  systems SiQ2-AlP04 and SiQ2-BPO4. The 

s o l u b i l i t y  l i m i t s  and e u t e c t i c  t e m p e r a t u r e s  a r e  d e t e r m i n e d .  

Transformation parameters inc luding  en tha lp i e s  and temperatures a r e  

a l s o  measured e 

Experimental 

Sample compositions w e r e  prepared from s i l i c i c  ac id ,  A1PQ4, and 

BP04. A l P 0 4  w a s  made by r eac t ing  A1(OH13 .nW2Q and (NH4) 2HP04, and 

BPQ4 by W3BQ4 and (NH4)2HP04. XRD examinations of t h e  s y n t h e t i c  
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compounds showed pure phases and good c r y s t a l l i n i t y .  Compositions 

l i s t e d  i n  Tables 2 and 3 were mixed and ca lc ined  at 1000°C f o r  2h for 

those conta in ing  A1P04, and 10h at  8OO0C f o r  those  conta in ing  BP04. 

The ca lc ined  samples were sea l ed  i n  platinum tubes and hea t - t rea ted  a t  

var ious  temperatures €or  72h and then  quenched i n  a water ba th .  

Phases i n  t h e  reac ted  samples were i d e n t i f i e d  by XRD and 

pe t rographic  analyses .  The t ransformat ion  parameters of c r i s t o b a l i t e  

were measured by d i f f e r e n t i a l  scanning ca lor imet ry  (DSC) a t  a hea t ing  

rate of 20°C/min. Indium w a s  used as a s tandard  t o  c a l i b r a t e  t h e  

react ion  hea t  and temperature.  

Table  2.  Composition and heat treatment 
of the Si02-A1P0 system 4 

Sample Composition ( w t I )  
No. Si02 A1P04 Heat Treatment Temperature ('C) 

TS-26 95 5 1415. 1430, 1450. 1480,1605, 1620 
- 

I 

TS-28 90 5 1415. 1450. 1480. 1605. 1620 

TS-29 85 15 1415. 1450. 1480. 1605, 1620 

- 
TS-45 82 18 1415. 1450. 1480. 1605, 1620 

- . . 

TS-46 79 21 1415. 1450. 1480. 1605, 1620 

TS-5 1 75 25 1480. 1590. 1650 
-- 

TS-52 70 30 1480. 1590. 1650 

- 

TS-53 60 40 1480. 1590. 1650 
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Table 3. Composition and hea t  t reatment  
of t h e  S102-BP0 system 

4 

Sample Composition (ut%) 
No - Si02 BP04 Hear T r e a t m e n t  Temperature  (OC) 

1-- ~ - ~ -  -_ - 
TS-47 37 3 940. 970. 980. 1000. io20 

TS-48 93 7 940. 970. 980. 1000. 1020 

___- ---I 

TS-49 90 10 940. 970. 980. 1000. 1020 
- I_ 

TS-32 88 12 940. 380. 1000 

TS-50 86 14 340. 980. 1000 

Resul t s  and Discussion 

Si0,-A1P04 System. Phase i d e n t i f i c a t i o n  for t h i s  system w a s  

l a r g e l y  based on pe t rographic  and DSC analyses .  since XRIP p a t t e r n s  f o r  

t h e  low c r i s t o b a l i t e  phase of Si02 and A l P 0 4  are extremely s imilar .  I t  

becomes very  d i f f i c u l t  to s e p a r a t e  these  two phases by XRD techniques 

when only a s m a l l  amount of A1PO4 i s  present .  Nevertheless.  t h e  

c r i s t o b a l i t e  phase of A1P04 appears to be more d i s c e r n i b l e  by 

petrographic  and DSC ana lyses .  A1P04 shows a h igher  r e l i e f  than Si02 

c r i s t o b a l i t e  i n  pe t rographic  analyses .  I n  add i t ion ,  t h e  A l P 0 4  

c r i s t o b a l i t e  has a high-low t ransformat ion  around 21OoC, while  t h e  

high-low t ransformat ion  f o r  pure Si02 c r i s t o b a l i t e  is i n  gene ra l  above 

255OC. 

Phase  a n a l y s e s  f o r  d i f f e r e n t  c o m p o s i t i o n s  a t  d i f f e r e n t  

temperatures are l i s t e d  i n  Table 4 .  Studies  are concentrated on the 

Xi02 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  range. For t h e  temperature  range 

s tud ied ,  t h e  system appears t o  be a b ina ry  e u t e c t i c  as shown i n  

F igure  2. The s o l u b i l i t y  l i m i t  o f  AlP04 i n  Si02 is  approxiitlately 15% 

a t  1655°C. Resu l t s  from o t h e r  s t u d i e s  showed the e u t e c t i c  temperature  

t o  be  a t  about 1420°C.'5 However, samples from the  p resen t  s tudy  

r e q u i r e  temperatures  i n  excess  of 148OoC t o  i n i t i a t e  s i n t e r i n g .  
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Small par t ic le  s i z e  and law b i r e f r i n g e n c e  of S iOz  c r i s t o h a l i t e  can 

sometimes Lead t o  errors i n  examining glassy phases Compositions 

TS-51, T-52, and T-53 are mainly used t o  check t h e  e u t e c t i c  

temperature, al though their A l P 0 4  con ten t  is far beyond the solid 

s o l u t i o n  range. 

Table 4 .  Phase analyses of t he  § i o  - A l p 0  system 2 4 

Sample 
No. Temperature Phase Present 

-._I__ 

TS-26 1415 a - c r j s t o b a l i t e ( s s )  
a - c r i s t o b a l i t e ( s s )  1450 

1480 a - c r i s t o b a l i t e ( s s )  
a -c r i s  t o b a l i t e  (6s )  1605 
a - c r i s t o b a l i t e ( s s )  1620 

---__ 
TS-28 1415 - c r l s t o b a l i t e ( s s ) ,  A1P04(ss) 

1450 a - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) (trace) 
fl - c r i s t o b a l i t e ( s s )  1480 

-c r is t ob a1  i t e ( s  s ) 1605 
1620 a - c r i s t o b a l i t e ( s s ) ,  g lass  ( t race)  

11- 

TS-29 1415 N -cr ;s tobal i te(ss) ,  A1P04(ss) 
1450 a - c r i s t o b a l i t e ( s s ) ,  AlP04(ss) 
1480 N - - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) 
1605 
1620 

a - c r i s t o b a l i t e  ( 8 6 )  

a - c r r s t o b a l i t e ( s s ) ,  glafis 

-._-_I- 
TS-45 1415 a - c r i s t o b a l i t e ( s s ) ,  E?04(ss) 

1450 a - c r i s t o b a l i t e ( s s )  , AIPOl+(ss )  
1480 a - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) 
1605 CL - c r l s t o b a l i t e ( s s ) ,  g lass  
1620 a - c r i s t o b a l i t e ( s s ) ,  glass 

__ --I- __ 
TS-/t6 1415 a - c r i s t o b a l i t e ( s s ) ,  A E ~ ~ ~ ( s s )  

1450 a - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) 
1480 a - c r i s t o b a l i t e ( s s )  ~ A1P04(ss) 
1605 
1620 

h - c r i s t o b a l i t e ( s s ) ,  g lass  
a - c r i s t o b a l i t e ( s s ) ,  glass 

-__ 
TS-51 1480 a - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) 

1590 a - c r i s t o b a l i t e ( s s ) ,  A l p 0  ( 6 s )  
1650 a - c r l s t o b a l i t e ( s s )  ( trace?.  g l a s s  

TS-52 1480 a - c r i s t o b a l i t e ( s s ) ,  AlP04(ss) 
a - c r i s t o b a l i t e ( s s ) ,  A l P O  ( 6 s )  
o - c r i s t o b a l i t e ( s s )  ( trace$. A1PQ4(ss) ( t race)  .glass  

1590 
1650 

TS-53 1480 a - c r i s t o b a l i t e ( s s ) ,  AlPO47Z) 
1590 o - c r i s t o b a l i t e ( s s ) ,  A1P04(ss) 
1650 A1P04(ss). glass  



1 3 7  

I900 

I800 

F ,o 1700 
v 

c e 1600 
Q) 

' 1500 
1400 

1300 

Liquid / 
/ 

I 1 I I 1 I 

SiQ, IO 20 30 40 50 60 

-AIP04 

Wt % 

F i g u r e  2. Phase diagram of t h e  high Si0 por t ion  
of t h e  Si02-A1P0 system. 2 

4 

The high-low t ransformat ion  parameters of 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  a t  d i f f e r e n t  f i r i n g  temperatures and A1P04 content  a r e  shown 

i n  Table 5 .  D a t a  are l i s t e d  for s i n g l e  phases only s i n c e  t h e  

t ransformat ion  parameters are  independent of second phases.  I n  

genera l ,  bo th  AH@ and AS,8 show a decrease  wi th  f i r i n g  temperature  

and A1PQ4 content .  The m a x i m u m  decrease  occurs  a t  the s o l u b i l i t y  

l i m i t  of AlP04  (15% A1P04 a t  1605%), i n d i c a t i n g  a minimum d i f f e r e n c e  

between t h e  high and law c r i s t o b a l i t e  s t r u c t u r e  f o r  t h e  Si02-AIP04 

system. The AllaB and ASclB for pure c r i s t o b a l i t e  a t  1605°C are  

a l s o  l i s t e d  i n  Table 5 f o r  comparison. 

The t ransformat ion  temperature  is determined by t h e  temperature  

at which t h e  f r e e  energy of high c r i s t o b a l i t e  equals  t h a t  of l o w  

c r i s t o b a l i t e .  I n  o t h e r  words, i t  is  determined by t h e  r e l a t i v e  change 
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i n  en tha lpy  A Ha@ and en t ropy  A  sa^" The inve r s ion  temperature  i s  

f a i r l y  cons t an t  around 244OC, probably because t h e  r e l a t i v e  change i n  

en tha lpy  happens t o  be p ropor t iona l  t o  t h e  relative shmge i n  entropy.  

However, in t roducing  AlP04  t o  t h e  Si02 c r i s t o b a l i t e  l a t t i c e  appears  t o  

reduce t h e  energy d i f f e r e n c e  between t h e  h igh  and low c r i s t o b a l i t e  

phases.  

Table 5. 
s o l i d  s o l u t i o n  i n  the Si0 -AlPO 

Transformation parameters o f  c r i s t o b a l i t e  
system 

2 4 

TS-26 1415 246.5 18.24 0.035 
1480 244.3 16.6 0.032 
1605 243.3 8.33 0.016 
1620 244.3 10.28 0.02 

TS-28 1480 247.36 14.55 0.028 
1605 244.6 11.21 0.022 
1620 246 11.64 0.022 

1__---- ..___I ____.-I 

TS-29 1605 248 7.86 0.015 

~- ~- _ _  ~- 

Pure Si02 1605 268.84 19.89 0.037 

Si0 -BPO, System. Phase ana lyses  of t h e  hea t - t rea ted  samples are -2 
shown i n  Table 6. For  t h e  compositions s tud ied ,  t h e  Si02-BP04 system 

appears  t o  be  a b ina ry  e u t e c t i c  as shown i n  F igure  3 .  The s o l u b i l i t y  

l i m i t  of BP04 i n  Si02 is l oca t ed  at 10% BP04 a t  980°C. These r e s u l t s  

w e r e  v e r i f i e d  a f te r  doubl ing the h e a t  t rea tment  t i m e  (150 hours) f o r  

all compositions a t  980°C. 



Table  6 .  Phase anal-yses f o r  the  S i 0  -BPO syst:em 2 4 

Sample 
N o .  Temperature (OC) Phase P r e s e n t  

TS-47 9 40 
9 80 

1000 
1020 

a -c r i.s t ob a l i t  e ( s s )  
cx -cris t o b a l  it e (s  s 1 
cx - c r . i s t o b a l i t e ( s s )  
CY. - c r i s  t o b a l i t e  (s  s )  

TS-48 940 
380 

1000 
1020 

- c r i s t u b a l i t e ( s s ) ,  
cx - c r i s t o b a l i t e ( s s )  
a - c r i s t o b a l i t e ( s s ) ,  glass ( t r a c e )  
a - c r i s t o b a l i t e ( s s ) ,  glass ( t r a c e )  

TS-49 9 40 
980 

1000 
1020 

CL - c r i s t o b a l i t e ( s s ) ,  BIPO4(ss) 
a - c r i s t o b a l i t e  (ss) 
a - e r i s t o b a l i t e ( s s ) ,  glass ( t r a c e )  
cy - c r i s t o b a l i t e ( s s ) ,  g l a s s  

TS-32 940 
980 

1000 

a - e r i . s t o b a l i t e ( s s ) ,  BP04(ss) 
n - c z i s t o b a I i t e ( s s l ,  glass ( t r a c e )  
a - c c i s t o b a l i t e ( s s )  I glass 

TS-50 9 40 
980 

1000 

cx - e r i s t o b a l i t e ( s s ) ,  BP04(ss) 
a - c r i s t o b a l i t e ( s s ) ,  glass, 

cx - c r i s t o b a l i t e ,  g l a s s  
BPO4(ss) ( t r a c e )  
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F i g u r e  3 .  
the S i 0  -KPO system. 

2 4  

Phase diagram of t h e  high S i 0 2  p o r t i o n  of- 

The t r a n s f o r m a t i o n  p a r a m e t e r s  of t h e  BP04--subs t i tu ted  

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  a r e  l i s t e d  i n  Table 7. Introducing BP04 

t o  t h e  c r i s t o b a l i t e  l a t t i ce  a l s o  causes  decreases  i n  AH 

Minimum values  of alla@ and a Sa@ are obtained at  t h e  s o l u b i l i t y  

l i m i t .  Compared t o  t h e  AlPOq-subs t i t u t ed  c r i s t o b a l i t e ,  t h e  

BPO4-substituted c r i s t o b a l i t e  shows lower t ransformat ion  temperatures.  

This  i s  because t h e  A€& is  smaller f o r  BP04-substituted c r i s t o b a l i t e  

remains than for AlP04-substituted c r i s t o b a l i t e ,  w h i l e  t h e  A S 

approximately t h e  same for both.  It also means t h e  energy d i f f e r e n c e  

between the  high and l o w  c r i s t o b a l i t e  phase i s  smaller f o r  t h e  

BP04-substituted c r i s t o b a l i t e .  A goal  t o  be achieved is e i t h e r  t h e  

e l i m i n a t i o n  of  t h e  e n e r g y  gap o r  f u r t h e r  l o w e r i n g  of  t h e  

t ransformat ion  temperature.  

and A SaB. aB 

a@ 
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Table 7. Transformation parameter:; o f  c r i s t o b a l i  te s o l i d  
s o l u t i o n  f o r  t he  Si0 system 

2 
Sainple F i r i n g  

AH (J/g) ASnR (J/g’K) a5 No. Teinperature(’C) TaB (OC) 

I- 

TS-47 940 225.5 15.8 0.032 
980 226.3 16.3 0.033 
1000 229 14.54 0,029 
1020 235 15.97 0.031. 

TS-48 940 184 10.68 0.023 
980 184 8.57 0.019 
1000 185 10.73 0.023 

TS-49  980 183 6.58 0.014 

I-______- __ -._. 

___ -- 

Thus f a r ,  only b ina ry  systems have been inves t iga t ed .  It i s  

l i k e l y  t h a t  t h e  energy d i f f e r e n c e  and t h e  t ransformat ion  temperature  

can be f u r t h e r  decreased by in t roducing  more than  one compound t o  t h e  

c r i s t o b a l i t e  l a t t i ce .  Therefore ,  t h e  high s i l i c a  p o r t i o n s  of the 

fol lowing three t e r n a r y  systems w i l l  be  inves t iga t ed :  S<.02-TiQ2-A1P04, 

Si02-Ti02-BP04, and SiO2-A1P@4-BP04. In  add i t ion ,  t h e  formation 

temperature  ve r sus  t ransformat ion  temperature of 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  w i l l  be studied t o  determine whether a c o r r e l a t i o n  e x i s l s .  

M u l l i t e  System 

The therriial expansion behavior  of va r ious  m u l l i t e  s o l i d  soPvX:i.ons 

i s  being inves t iga t ed .  It was previous ly  iceported t h a t  Ti02, AlP04,  

and BP04-modified m u l l i t e  showed t h a t  on ly  T i 0 2  (3-4 wtX) gave a 

l o n e r  CTE (4.5 x 18‘-6/oC) than s to i ch iomet r i c  m u l l i t e  (5.3 x 1c)--g/o@).16 

Present ly .  the  thermal expansion behavior  of P205’ B2Q3’ Ga203” Ge02, 

CrP04,  GaP04, WQ3, Cr203,  BAsO4,  A l A s 0 4 ,  and GaAsO4-modified m u l l i t e  

i s  being studied. Addi t iona l ly ,  a processing technique us ing  

hydro lys is  of a lkoxide t o  develop t h e  m u l l i t e  s o l i d  s o l u t i o n  wi th  

Ti02 is being inves t iga t ed .  

Experimental 

S t a r t i n g  ma te r i a l s  i n  t h e  s o l i d - s t a t e  r e a c t i o n  s t u d i e s  inc lude  

reagent-grade s i l i c i c  ac id ,  aluminum oxide,  aluminum hydroxide. 

d i b a s i c  ammonium phosphate, b o r i c  ac id ,  ga l l ium oxide. germanium 

oxide,  chromium oxide,  tungsten oxide,  and a r s e n i c  pentoxide.  CrP04 
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and GaP04 are prepared by mixing t h e  des i r ed  composition of oxide 

powders i n  acetone f o r  t h i r t y  minutes whereas BAs04,  AlAs04,  and 

GaAs04 are prepared by d ry  mixing t h e  oxide powders. The oxide 

mixtures are hea t  t r e a t e d  i n  covered alumina c r u c i b l e s  fol lowing t h e  

f i r i n g  schedules  shown i n  Table 8. 

2 
Table  8. S o l i d - s t a t e  s y n t h e s i s  o f  selected h a l f  breed S i 0  

compounds 

S t a r t i n g  
Compound* Compounds 

Heat Treatment 
TempITime (OC/h) 

CrP04 Cr203 + 2(NH4)2HP04 100/2 + 400/2 + 600/10 + 1080/48 

GaP04 100/2 + 400/2 + 600/10 + 1048/48 

BAs04 2H3B03 + As205 10012 + 200116 + 40018 + 60018 + 70018 

GaAs04 Ga203 + As205 

Ga2O.j + 2(NH4)2HP04 

AlAs04 A1203 + A s p 5  200/16 + 40018 + 60018 + 70018 +. 9oo / i2  

200116 + 400/8 + 60018 + 700/8 + 900/12 

* With t h e  excep t ion  o f  CrP04. all compounds are i s o s t r u c t u r a l  w i t h  
s i l i c a .  l 7  

Subsequent t o  each f i r i n g  s t e p ,  t h e  samples  are removed from t h e  

furnace and thoroughly mixed us ing  a mortar and pest le .  Phases i n  t h e  

reac ted  samples are i d e n t i f i e d  by XRD following each of t h e  last two 

f i r i n g s .  A genera l  processing technicue adapted t o  syn thes i ze  and 

f a b r i c a t e  t h e  ba r s  of modified mul l i t e s  by s o l i d - s t a t e  r e a c t i o n  is  

ou t l ined  i n  F igure  4 .  

grinding 20-30 m i n  

600°C/2h 
1000°C/6h 

1400°C/8-10h 
regrind 

lieat t r e a t  

1500°c/1011 

Cold p r e s s  bar Add MgO s i n t e r i n g  
specimens; s i n t e r  a t  a i d  and polvmer 
1500°C/30h binder  

Figure 4 .  
by s o l i d - s t a t e  r e a c t i o n .  

Chemically modified m u l l i t e  process ing  





1 4 4  

20O0@. Platinum w a s  used as 

t h s  i n t e r n a l  s tandard  t o  C O P K ~ C ~  f o r  t h e  machine which was 

assumed t o  have a cons t an t  28 e r r o r .  

A scanning rate of 2°(28)/ntin was used. 

Resuits and Discussion 

Because of m u l l i t e  1s orthorhombic s t r u c t u r e ,  t h e  thermal 

expansion p r o p e r t i e s  are  cha rac t e r i zed  by t h r e e  independent p r i n c i p a l  

l i n e a r  thermal expansion e o e f f i c j e n t s ,  aa, ab, ac .  Axial expansion 

of a Ga-modified m u l l i t e  sample 3(A10.833Ga0,167)03’2Si0~ was measured 

by high temperature  XRD, and Figure  6 shows l a t t i c e  parameters as a 

func t ion  of t ernperature . 

8.01 2 * e 2 L L  c-axis 

9.90  
0 100 400 600 800 1000 1: 

T e m p e r a t u r e ,  0 C 

Figure 6. Axial expansion f o r  Ga-nodified m u l l i t e .  
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It can be  seen  t h a t  the t h r e e  parameters vary  somewhat 

non-l inear ly  wi th  temperature.  Expansion of t h e  Ga-modified mullite 

c e l l  w a s  g r e a t e s t  along the b-axis and smallest along t h e  a-axis. It 

can a l s o  be seen t h a t  g r e a t e r  expansion takes place  along a l l  t h r e e  

axes at low temperatures.  

The r e s u l t s  for t h e  sol-gel  s t u d i e s  and s u b s t i t u t i o n  of t he  

phases l i s t e d  i n  Table 8 for SiQ2 i n  m i l l l i t e  will be reported a t  a 

l a t e r  d a t e ,  

Zircon-Based System 

1 8  
According t o  F. A.  Ilummelvs c l a s s i f i c a t i o n ,  low thermal 

expansion materials may be  grouped as materials having them31 

expansion less than 2oX10-7/0C. Only t h r e e  low expansion oxide 

materials were known befo re  World War 11, i.e.. fused s i l i c a  glass 

( C X = ~ . O X I O -  9 .  Vycor g l a s s  ( a = S . O X I D - ~ ~ .  and c o r d i e r i t e  

( a =14~10-~> ?0f2kince then,  much research  has been done t o  devel.op 

o t h e r  low thermal expansion materials arid t o  analyze t h e i r  behavior  

based on phase r e l a t i o n s ,  s t a b i l i t y ,  c r y s t a l l i z a t i o n ,  and c r y s t a l  

chennistry. Many new materials having l o w  a over  d i f f e r e n t  temperature  

ranges were r e p ~ r t e d ; ~ ’ - ~ ~  however, the  c o r r e l a t i o n  o f  low thermal 

expansion behavior  w i th  o t h e r  material c h a r a c t e r i s t i c s  remains 

unc lear .  

7 -  1 9  19 

I t  may be poss ib l e  t o  c l a s s i f y  low thermal expansion materials 

i n t o  t h r e e  groups. The f i r s t  group c o n s i s t s  o f  systems which have 

s t r o n g  covalen t  molecular bonding c h a r a c t e r i s t i c s  This c r y s t a l  

s t r u c t u r e  i s  t y p i f i e d  by t h e  diamond s t r ~ c t u r e . ~ ’  Strong bond s t r e n g t h  

c o r r e l a t e s  to l o w  thermal  expansion. whereas weak bond s t r e n g t h  

corresponds t o  high thermal expansion. All glasses conta in ing  85-1OCE 

S i 0 2  (except  those such as a lka l i - con ta in ing  systems) copper 

a luminos i l i ca t e  g l a s s e s  ’ and some gIass-cerasnics’ 5)2 have low c1 . 
The low thermal expansion exhib i ted  b y  these systems compared t o  o t h e r  

g l a s s e s  may be due t o  t h e  bond angle bending and s t r e t c h i n g  during 

hea t ing  and t o  t h e  bond s t r e n g t h  between Si-0. Most of t h e  low 

thermal expansion materj.als are grouped i n  a t h i r d  group where l o w  

i9 
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CTE r e s u l t s  from t h e  a n i s o t r o p i c  c h a r a c t e r i s t i c  occur r ing  i n  systems 

such as hexagonal orthorhombic, monoclinic, and 

t e t r agona l  w i th  d i f fe ren t :  l a t t i c e  parameters.  

2,2 7,3 5,3 7,3 6,4 0 29,3 4 2 7  

3 1  

Among t h e  t h i r d  group, compounds such as sodium dizirconium 

t r iphosphate ,  NaZr2(P04)3 [ t h e  NZP s t r u c t u r e  which can be s a i d  be  a 

s t ruc tu ra l .  d e r i v a t i v e  of z i r c o n  ZrZr2(Si04) 31 , have a t t r a c t e d  much 

a t t e n t i o n  s i n c e  t h e  work by Alamo and Roy. Addi t iona l  r e sea rch  

s t u d i e s  have been publ ished on t h e  e f f e c t s  of other elemental  

s u b s t i t u t i o n s  f o r  chemical ly  modified systems. In  t h i s  s tudyo  

e f f o r t s  are being made t o  s u b s t i t u t e  o t h e r  c a t i o n s  f o r  Na' i n  t h e  NZP 

s t r u c t u r e  without  changing i ts  s k e l e t a l  framework. The l i n e a r  

aggrega te  thermal expansion of t h e  NZP-type systems w a s  s tud ied  us ing  

c l a s s i c a l  d i la tomet ry .  For  t h e  systems showing low thermal expansion, 

axial thermal  expansion measurements were conducted us ing  'high 

temperature  XKD. 

37 

37 

3 5,3 8,4 1 

Expe rimen t a l  

During sample  prepara t ion .  t h e  r a w  materials were hea t  t r e a t e d  a t  

l l O O ° C  f o r  24h, and a t  13OO0C €or  4 h. The samples were then  reground 

and s i n t e r e d  a t  1300'C f o r  8h. To a i d  s i n t e r i n g ,  1 t o  2 w t %  ZnO was 

added t o  t h e  reground powder. 

XRD patterns were obtained t o  determine the phases p r e s e n t  a f t e r  

s i n t e r i n g .  A fused s i l i c a  d i l a t o m e t e r  w a s  used t o  measure CTE a t  a 

hea t ing  ra te  of 5 t o  8OCjmin from room temperature  t o  1000°C. Thermal 

expansion va lues  were co r rec t ed  by adding t h e  thermal expansion of 

fused s i l i c a  ( 5  .oX10-7/0C). 

Lat t ice  parameter measurements were conducted a t  t h e  HTML a t  Oak 

Ridge Nat ional  Lab. High temperature  XRD w a s  performed up t o  14OO0C 

us ing  a Sc in tag  8-0 goniometer equipped wi th  a Buehler high 

temperature  attachment.  Platinum powder w a s  mixed as an internal 

s tandard .  The d i f f r a c t i o n  pa t t e rns  were obtained i n  a 28 range a t  18' 

t o  42' w i th  a scanning ra te  of 2O 28/min. Six major peaks  were 

s e l e c t e d  t o  c a l c u l a t e  t h e  l a t t i c e  parameter,  i .e. ,  (110),  (1131, 

(024). (116). (214) and (300). 
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Resu l t s  and Discuss ion  

Experimental ly  determined l i n e a r  aggrega te  CTE values  f o r  t h e  

samples s t u d i e d  are given i n  Table 9, and t h e  tbermal  expansion curves 

from R.T. t o  1000% are  shown i n  F igu re r  7 through 12. For t h e  

alkal i -modif ied phases (Group A Table 9) tbernial expansion showed 

nega t ive  va lues  for specimens w i t h  s u b s t i t u t i o n s  of Li, N a ,  and K 

(JK-111 through JK-113). The systems modified w i t h  t h e  heavy elements 

F.b and Cs exh ib i t ed  ve ry  low p o s i t i v e  CTE values of 2 ~ 1 8 - ~ a n d  

5 ~ 1 0 ~ ~  f O@, r e spec t ive ly .  The thermal  expansion r e s u l t s  for sys  terns 

modified by elements which have e l e c t r o n  va lence  of +2 are shown i n  

F igures  7 and 8. O f  the systems modified w i t h  a l k a l i n e  e a r t h  metals 

(F igure  81, only  JK-122 ( s u b s t i t u t e d  by CaQ) shoved negat ive  expansion 

va lues ,  wi th  t h e  remaining systems showing CTE va lues  of 1 5 ~ 1 0 - ~  

through 2k10-7 / O e  ( abso lu t e  va lues ) .  Of t h e  t r a n s i t i o n  metal 

s u b s t i t u t i o n s  (F igure  9) sample JK--125 ( s u b s t i t u t e d  by MnQ) showed a 

very  low CTE value of 4 ~ 1 0 - ~ / ~ C .  The CTE va lues  f o r  JK-126 and JK-128 

(replaced by N i O  and ZnO, r e s p e c t i v e l y ) ,  decreased up t o  550°C, and 

then increased .  

For the s u b s t i t u t e d  systems having +3 e l e c t r o n  valence,  only 

JK-131 (by Y203> was incl-uded i n  t h e  low thermal  expansion group. 

Other s y s  !:ems showed s i m i l a r  behavior  of i n ~ r e a s  i.ng thermal  expansion 

wi th  h e r e a s i n g  tern-perature,  and they  ranged from 2 4 ~ 1 0 - ~  t o  

Z%lO-’f ‘C. Figure  10 shows t h e  dr ta i . l ed  expansion behavior  of Group 

D which incl- ides  sys tens  s u b s t i t u t e d  wi th  elements  with +3 e l e c t r o n  

valence.  

Thermal expansion behavior  of systems grouped as E and F, 

which have electron va lences  of 3-4 axad +5, r e spec t ive ly ,  are shown i n  

F igures  11 and 12,  r e s p e c t i v e l y .  Among t h e  systems of Group E, 

substi . tut: ion of elements from I V A  group (Ti .*  Z r ,  Hf) resulted i n  a 

s l i g h t  decrease  i n  the r r~a l .  expansion above 950%. Two systems from 

Group E,  JK-141 and SK-145 (by TiOZ and Ce02, recpes t iwely)  showed. the 

l o w  expansion va lues  o f  Z ~ I Q - ’  and 11x1o-’/Oc, r e spec t ive ly .  systems 

from Group I?, except  f o r  t h e  s u b s t i t u t i o n  by V205 (which has a low 

melt ing temperature  of 690°@s42sh0wed low Be. JK-152 (by m205j had 
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Table 9 .  
r e s u l t s  f o r  the  z i rcon  system 

Phase analyses and thermal expansion 

Linear Aggregate 
The mal &pans ion 

Sample Composition 
Group Designation (tloles) Phase (a~lO-~/’c) Temp. Range(OC) 

A JK-111 4Zr02-3P 2 5  0 -1Li20 LiZr2(P04)3 -22 150-1000 

JK-112 4Zr02-3P 0 -lNa20 NaZr2(PO4I3 -32 R.T.-1000 

JK-113 4Zr02-3P 0 -1K20 KZr2(PO4I3 -23 R.T.- 950 

JK-114 4Zr02-3P 0 -1% 0 RbZr2(P04)3 2 R.T.-1000 

JK-115 4Zr02-3P 2 5  0 -lCs 2 0 c ~ Z r ~ ( P 0 ~ ) ~  5 R.T.-1000 

JK-121 4Zr02-3P 0 -lMgO [Mgo. 5, a o. 5] Zr2 (PO4) 16 R.T.-1000 

JK-122 4Zr0 -3P 0 -lCaO [Cao .5. 0 o. zr2 (~04) -18 R.T.-1000 

JK-123 ~ z ~ o ~ - ~ P ~ o ~ - ~ s ~ o  [Sr0.5, 0 o. 5I Zr2(P04) 22 R.T.-1000 

15 R.T.- 950 

2 5  

2 5  

2 5  2 

2 5  

2 2 5  

B 

JK-124 4Zr02-3P205-1Ba0 * o. Zr2(P04) 
I 

JK-125 4Zr0 -3P 0 -1MnO [MnOs5. oo.5] Zr2(P04)3 4 R,T.-1000 
-3 R.T.- 550 2 2 5  C 

JK-126 4Zr02-3P 2 5  0 -1Ni0 [NioS5. uo.51 Zr21P04)3 25 550-1000 

JK-127 ~ Z ~ O ~ - ~ P ~ O ~ - I C U O  [ C U ~ . ~ ,  Zr2(P04) 40 R.T.-1000 
-1 R.T.- 550 

JK-128 4Zr02-3P 0 -lZnO [ZnOs5. “o.5]Zr2(P04)3 15 550- 900 2 5  

JK-131 12Zr02-9P 0 -1Y203 Refer to Discussion 14 R.T.-1000 

12Zr02-9P 0 -lLa 0 25 R.T.-1000 JK-132 

JK-133 12Zr02-9P205-lA1203 24 R.T.-1000 

2 5  

2 5  2 3  

D 

W 

W 

W l2ZrO2-9P 0 -1Cr203 29 R.T.-1000 2 5  JK-134 

E JK-141 8Zr02-6P 0 -1Ti02 [Ti0.25, o.751 Zr2(PO4I3 20 R.T.- 980 

JK-142 8Zr02-6P 0 -1Zr02 [Zr0.25. o.75 ]Zr2(P04)3 39 R.T.- 980 

8Zr02-6P 0 -lHfOp [Hfo,25. Zr2(PO4I3 42 R.T.--1000 

2 5  

2 5  

2 5  JK-143 

JK-144 8Zr02-6P205-1Si02 Clo~7,1Zr,(P04)3 23 R.T.-1000 

JK-145 8Zr02-6P 0 -1CeO [Ce0.25. Zr2(P04)3 11 R.T--1000 
2 5  

2 5  
-I-̂ -- 

F JK-151 2Zr02-3P 0 -1V205 VZr(P04)3 20 400- 800 

JK-152 2Zr02-3P205-1Nb205 NbZr(PO4I3 -4 R.T.- 800 

JK-153 2ZrO2-3P2O5-lTa2O5 TaZr(P04)g 11 R.T.-1000 
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- 0 , ; . ~  ~ ............... 

JK-115 

IK-114 

JK-112  
JK-Ill 

Figure 7 .  Thermal expansion behavior o f  t he  
alkal i -modiI ied phases (Group A ) .  

FfgurP 8. 
modified w i t h  a l k a l i n e  e a r t h  metals (Group B ) .  

Thelma1 expansion behavior  of syste:ns  
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0 2 0 0 4 Q o 8 0 0 8 0 0 l o a o 1 2 0 0  

TEMPERATURE, C 

Figure 9. Thermal expansion behavior of the 
transition metal substitutions (Group C). 

JK-134 
JK-132 
JK- I. 3 3 

JK-131 

0 2 0 0 4 0 0 8 0 0 8 0 0 I ) o Q m  

TEMPERATURE, C 

Figure 10. Thermal expansion behavior of the 
substituted systems with 4-3 valence (Group D ) .  
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......... .................... ___.. 
0-5, sj 

TEMPERATURE, C 

Figure  11. Themial expansion behavior of  t he  
s u b s t i t u t e d  systems w i t h  4-4 valence (Group E). 

Figure  1 2 .  Thermal expansion behavior of t h e  
s u b s t i t u t e d  systems w i t h  4-5 valence (Group F). 
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low thermal expansion va lues  of -4x10-7 and I I ~ I O - ' / ~ C ,  respec t ive ly .  

Axial thermal expansion measurements of t h e  systems exh ib i t i ng  

CTE less than 2 0 ~ 1 0 - ~ / ~ C  are given i n  Table 10. Deta i led  axial 

thermal expansion behaviors  from R.T. t o  1400°C are shown i n  Figures  

13 through 17 .  Among t h e  systems considered,  JK--114 (by Rb20) and 

JK-115 (by CszO) showed t h e  lowest axial  thermal expansion values  

(Figure 13) .  Except for t h e  s u b s t i t u t i o n  of elements wi th  e l e c t r o n  

valence of +5, all t h e  systems exhib i ted  an i so t rop ic  expansion 

c h a r a c t e r i s t i c s ,  i . e .  , during hea t ing  t h e  a-axis cont rac ted  while t h e  

e-axis expanded. 

Table 10. L a t t i c e  parameters and a x i a l  thermal 
expansion c o e f f i c i e n t s  f o r  t he  systems with l o w  CTE 

Latt ice  Parameters Axial Thermal 
Sample (A a t  25OC) Expansion ( a x1~-7/0~) Temp. 

N o .  a C a-axis c - a i s  Range (OC) 

JK-114 8.64973 24.42959 -1 2 30 R.T.-1400 

JK-115 8.58474 24.95697 -9 23 R . T . -1 400 
JK-121 8.90407 26.84166 -22 58 R . T . -1 400 
JK-122 8.78421 22.69170 -38 79 R.T.-1400 

JK-124 8.39028 24.89218 -67 27 9 R .T . -1400 
JK-125 8.87921 21.80763 -96 250 R. T. -1400 

JK-126 8.21981 25.15314 -89 188 R.T.-1400 

JK-131 -3 1 46 R . T - -1 400 

--_I_ 

-- 

JK-141 8.25130 24.69185 -30 44 R.T. -1400 

JK-145 8.30818 24.74959 -29 39 R . T . -1 400 
JK-152 8.25497 23.92264 24 -6 1 R.T.- 600 

-25 79 600-1400 

JK-153 8.39493 23.85328 38 -3 6 R.T.-  600 
-35 78 600-1400 

I_^ ---- 

- 
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TE 

Figure 1.3. A x i a l  thermal expansion behavior of 
J K - 1 1 4  (Rb20) and JK-1.15 (Cs20). 
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JK-124 

J K -  12  2 c ax i s  

. 
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1_ 
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EWATURE, C 

0 260 500 750 1ooo m0 t500 

* L a . .  .axis.. . . . . . , , , , . . . , , , , , . . , , . , , , , , , , , , , . , , , , , , _I ~ a s o o  

Figure 14 .  
J K - 1 2 1  (MgO) , JK-122 (CaO) , and J K - 1 2 4  (BaO) 

Axial thermal expansion behavior of 
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JK-126 
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+/----- 
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c axis J K -  1 2  5 
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1 Kd 
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750 m E50 EaQ 

Figure  15. Axial t h c m a l  expansion behavior o f  
JK-225 (MnO> and 3K-126 ( N i O ) .  
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Figure 16,  
J K - 1 3 1  (Y 0 1, J K - 1 4 1  (Ti02), and JK-145 (Ce02). 

+Axial thermal expansion behavior of  

2 3  
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Figure  17. Axial thermal expansion behavior of 
JK-152 (Nb205) and SK-153 ( T a 2 0 5 ) .  
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I n  F igures  14 and 15, t h e  changes in la t t ice  parameters are 

p l o t t e d  f o r  t h e  systems replaced by elements wi th  a valence of +2. 

JK-125 (by MnO) and JK-126 (by NiO) by s u b s t i t u t i o n  of t r a n s i t i o n  

elements and JK-124 (by BaO) showed very  l a r g e  anisotropy,  which can 

be  explained as t h e  l a r g e  change i n  t h e  high temperature reg ion  above 

60OoC. The r e s u l t s  i n  F igure  16 f o r  powders prepared by s u b s t i t u t i o n  

of Y2O3, Ti02 and CeOZ and showed similar va lues  of -29 t o  - 3 1 ~ 1 0 - ~ / ~ C  

f o r  t h e  a-axis, and 39 t o  46~10-~/ 'C €or  t h e  c-axis. I n  F igure  17, 

t h e  r e s u l t s  are shown f o r  t h e  systems of JK-152 (by Nb205) and JK-153 

(by Ta205). The l a t t i c e  parameter i nc reases  up t o  6OO0C, bu t  above 

600°, t h e  a-axis is decreased. Conversely, c-axis decreases  up t o  

6OO0C, bu t  a t  temperatures above 6OO0C, i t  inc reases .  

S u b s t i t u t i o n  of c a t i o n s  wi th  e l e c t r o n  valence of +1, +2 and +4 

probably r ep lace  Na' i o n  i n  t h e  NZP s t r u c t u r e .  The NZP s t r u c t u r e  

inc ludes  8 Na' i ons  i n  t h e  u n i t  c e l l ,  as shown i n  F igure  18. Elements 

which have valences of +1, +2, and +4 can be considered t o  s u b s t i t u t e  

t h e  p o s i t i o n  of N a  c a t i o n  f u l l y ,  ha l f  of t h e  Na', and one-fourth of N a  

c a t i o n  wi th  t h e  c r y s t a l  chemical form of [M'lZr2(P04)3, [Mr10.5. 

But t h e  

c r y s t a l  s t r u c t u r e  o f  Group D might  b e  t h o u g h t  o f  as 

3 8,4 1 

0.51 Zr2(PO4)3 and [MIv 0.25, o.751 Zr2(PO4I3, r e spec t ive ly .  

[M1'10.25, (M''1a.08, 0 o.67)1 Zr2(P04)3, where elements wi th  +3 valence 

might be expected as i n t e r s t i t i a l s  a f t e r  f i l l i n g  one-fourth of t h e  Na' 

s i tes .  S u b s t i t u t i o n  by elements w i th  e l e c t r o n  valence of +5 has been 

confirmed by o t h e r  work. The c r y s t a l  form can be w r i t t e n  as 
43 

MVZr(P04)3 o r  ~ ' [ ~ r 0 . 5 *  0 0 . 5 1 2 ( ~ 0 4 > 3 -  

The materials having NZP s t r u c t u r e  are a l r eady  known t o  have 

an i so t rop ic  thermal c h a r a c t e r i s t i c s :  7s3 and an i so t rop ic  behavior  w a s  

confirmed by our  h igh  temperature  XRD inves t iga t ion .  As suggested 

earlier, those  materials wi th  expansion an iso t ropy  (one o r  t w o  

p o s i t i v e  axial thermal expansions and one o r  two negat ive  axial  

thermal expansion) are r e l a t e d  t o  l o w  thermal expansion. From 

previous ly  repor ted  axial thermal expansion r e s u l t s  for t h e  NZP-type 

and from our  r e s u l t s ,  w e  r e a l i z e  t h a t  t h e  e-axis expands compound, 

wi th  inc reas ing  temperature  while  t h e  a-axis con t r ac t s .  except for t h e  

3 7,3 8 
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f e w  cases svch as JlK-152 (by Nb205) snd JK-153 (by l'a205). The a-axis 

c o n t r a c t i o n  can be considered as t h e  inc reas ing  d i s t o r t i o n  of  the PO4 

t e t r a h e d r a  wi th  inc reas ing  temperature  accompanying A decrease  i n  bond 

angle  i n  t h e  0-P-0. This  has been suggested prewi~us1.y.  This type of 

c o n t r a c t i o n  may be  r e l a t e d  t o  an open s t r u c t u r e  and the c a t i o n  im the 

0-X -0 occurr ing  i n  the t e t r a h e d r a l  o r  oc t ahedra l  s t r u c t u r e  of oxide 

systems. w h i c h  w i l l  be based on c r y s t a l  chemical equ i l ib r ium from 

thermodynamic e qu i1  i b  P i im 

3 8  

3. 

M :Na 
T 

Figure 18. Schematic of t h e  s t r u c t u r e  of NaZr2(P0 ) 

(Taken from re fe rences  44 and 4 7 )  
4 3  

It i s  p o s s i b l e  t h a t  p o s i t i v e  thermal  expansion is  due t o  t h e  

expansion o f  bond l eng th ,  and t h a t  t h e  nega t ive  expansion is due t o  

t h e  c o n t r a c t i o n  of bond angle, I n  some of t h e  systems, such as JK-126 

(by NiO). X-128 (by ZnO), and JK-152 (by Nb205), l i n e a r  aggrega te  

thermal expansion behavior  showed bo th  c h a r a c t e r i s t i c s  of c o n t r a c t i o n  

and expansion up t o  10QCI0C. A decrease  i n  CTE probably i n d i c a t e s  a 

temperature  range i n  which bond angle  c o n t r a c t i o n  is dominant i n  

the thermal expansion behavior, whereas a p o s i t i v e  CTE corresponds t o  

bond l eng th  expansion upon hea t ing .  
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S t a t u s  of Milestones 

Status of milestones is presented in Table 11 and Figure  19. An 
automatic  thermal. expansion measurement sys tern has been received and 

installed. 

Pub1 i ca  t i o n s  

None this period.  
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Table 11. Key t o  major milestones 

VP3: 1.1 

VPI 1.2 

VPI 2.1 

VPI 3.1 

VPI 3.2 

VPI 4.1 

VPI 4.2 

VPI 4 . 3  

V Y I  4 .4  

VPI 5.1 

VPI 5.2 

VPI 5.3 

VPI 5.4 

VPI 6.0 

Process s e l e c t i o n  for phosphate- and s i l i c a t e - b a s e d  systems 
( O c t .  31, 1986) 

Process s e l e c t i o n  for mul l i t e -  and zircon-based systems 
(Oct. 31, 1986) 

Complete l i t e r a t u r e  review (Qct. 31, 1986) 

6omplet;e 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) 

Co1npl.ete upgrade of specimen f a b r i c a t i o n .  processing 
f a c i l i t i e s  (June 3 0 ,  1987) 

Complete i n i t i a l  sc reening  o f  phosphate-based systems 
(Dec. 31, 1987) 

Complete i n i t i a l  sc reening  of s i l i ca t e -based  systems 
(Dec. 31, 1987) 

Complete i n i t i a l  sc reening  of zircon-based systems 
(Dec. 31, 1987) 

Complete i n i t i a l  sc reening  of mulli 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  
eva lua t ion  of phosphate-based systems (Sept.  30, 1988) 

Complete second-stage proper ty  and c h a r a c t e r i z a t i o n  
eva lua t ion  of s i l i ca t e -based  s y s t e m  (Oct. 31, 1988) 

Complete second-stage proper ty  and c h a r a c t e r i z a t i o n  
eva lua t ion  of mulli te-based systems (Nov. 30. 1988) 

Complete second-stage proper ty  and cha rac t e r i za t i , on  
eva lua t ion  of zircon-based systems (Dec. 31, 1988) 

Complete scale-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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1.3 THERMAL AND WEAR COATINGS 

1.3.1 ZrO, Base C o a t i n g s  

Development of Adherent Cera m i c  Coatings t o  Reduce Contact  Stress  Damage 
of Ceramics 
V .  K .  S a r i n  (GTE L a b o r a t o r i e s )  

0 bjective/Scope 

The objective of this program is to develop oxidation-resistant, high tough- 
ness, adherent coatings for silicon based ceramic substrates, namely, reaction 
bonded Si3N4 (RBSN), sintered Sic (SSC), and HlPed Si3N4 (AYG[H]) for use in an ad- 
vanced gas turbine engine. The program will utilize a singular coating technique, 
chemical vapor deposition (CVD), to develop appropriate coating configurations to 
accommodate as many of the mechanical, thermal and chemical requirements de- 
manded of the application as possible. 

Technical Highlights 

Substrate Characterization 

Acquisition, fabrication, and mechanical property characterization of substrate 
materials has been completed. The contract statement of work has been modified 
in agreement with ORNL to use HlPing rather than injection molding and sintering 
as the consolidation technique for monolithic Si3N4. The Characterization included 
measurements of Knaop hardness, fracture toughness, and strength at room temp- 
erature, as well as strength at 1000°C and 1375OC. 

Results of the mechanical property determination at roam temperature are 
summarized in Table 1. The Knoop hardness and indentation fracture toughness 
were measured on the top face and edge of polished test bars (2" x 1/4" x 1/8"). For 
hardness determination, ten indentations using a 1 kg load were made on a sample 
of each material. The Knoop hardness was then calculated using the equation 

KHN = 139.53 p/I2 
2 where: KHN = Knoop hardness number, kg/mm 

p = load, g 
I = measured length of long diagonal, pm 

The fracture toughness w a s  determined by indenting samples  with five Vickers in- 
dents each using a 1 kg load. The lengths of the cracks emanating from the corners 
of the indentations were measured, and fracture toughness was calculated using the 
equation 

IFT = 0.113 (KHN) (D)1'2/(l - F C , / ~ D ) ~ / ~  

3/ 2 where: IFT = indentation fracture toughness, MN/m 
D = average Vickcrs diagonal, pm 
(2,- = total crack length, pm 
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The lFT values reported for RBSN are higher due to inherent porosity. Ori the 
other hand, the IFT of AY6(H) is lower than usually measured for AY6 sintered (SSN) 
as a result cf the finer grain sire obtained \with the HDPing process. 

Table 1 : Room tempt?r.ature meehaaiical praperties of substrate materials. 

Substrata 
___. .. . . . . . .. . . . .. . . 

RBSN 
top face 
edge 

ssc 
tap face 
edge 

top face 
edge 

AY 6( H) 

1004 f 57 
w a  f 82 

2579 6 93 
2438 I47 

1348f15 
1337f17 

Property 

3.5 f 0.3 
4.0 f 0.6 

2.2 f 0,2 
2.3 ?I: 0.2 

3.4 f 0.2 
3.3 f 0.3 

272.7 f36 .5  

401.2 IL: 55.2 

821..5&117.1 

A conventional four point MOR test was used to determine the strength. 
Twenty test bars of each material were tested at room temperature, and five were 
tested at each high temperature (1000'C and 1375T). The average strength values 
are reported in Table 2. A comparison of the rooin temperature strength of each 
material is given in the form of a Weibull plot (see Fig. 1). The WeibuCI moduli of 
RBSN, SSG, and AYS(H) are 7.6, 7.6, and 6.8, respectively. 

Thermodynamic Modeling 

Thermodynamic modeling is being used as a guide for the selection of CVD 
process parameters. Additionally, modeling to assess the stability of the substrates 
in the CVD gaseous environment for the temperature range over which the coating 
may be grown has also been investigated. Results indicate that all three substrates 
are stable under the anticipated coating process conditions. 



891. 



1 6 9  

reaches lo-'. At ?his point, further increases in no result in extensive oxidation. 
The pi-edicted behavior is independent of the soi.irce used for oxygen. Similar 
trends are caiculated al other pressures and tempet-aturc?s. Using these predictions, 
an experimental matrix for forming AIxO N is being constructed. 

The model has also been utilized yo $redic? operating conditions under which 
both A1203 and ZrOa will form from a mixture of AICI3, ZrCl4, CO;! and t i z .  Although 
Ar is generally used as a carrier gas in the experiments, the presence of such an in- 
ert gas does not influence the thern-todynamic calculations. CVD phase diagrams 
showing the various phases present in the system and their r e g b t i ~  of stability are 
shown in Fig. 5 for a fixed value of initial mole fraction of COZ (&,) and ,two values 
ef init ial mole fraction of AICh (xicl3) These diagrams indicate that both ,41203  and 
ZrOa are stabie over a wide range of conditions. No solid solution forrns between 
A1203 and ZrOz (21, so each is a separate phase with unit activity. At high x-&C14 val- 
ties and high temperatures, A1203 becomes unstable and only ZrO2 is predic:ted to 
form. The single phase region of stability of ZrQz increases as "Acl, decreases. At 
very sniall "AcI values, free carbon is predicted to form together with ZrO2. In ad- 
dition, free carbon is stable with both ,41203 and Z1-02 at low temperatures and high 
xZrCl4 values. For all conditions shown in Fig. 5, Ab03 is present as a-AI203 and 
ZrO2 is monoclinic below 1478°K (ZrOz[m]) and tetragonal above 14'78°K (ZrG[t]) in 
accordance with the phase transformation for pure ZrOz (3). The results shown in 
Fig. 5 are not strongly influenced by pressure changes. For example, a decrease in 
pressure from 100 torr to 10 torr shifts the phase boundary between A 1 2 0 3  + ZrOz(t) 
and ZrOz(t) from xoZrCI4 - 5.5 x l o - *  to 4.8 x lo-' at 1573°K and x~~~~~~ = 10P. An 
increase in xoco2 gives more free carbon and, at some conditions, the formation of 
ZrC. 

The predicted ratio of ZrOz to A1203 in the solid is shown for a range of temp- 
eratures and initial compositions in Fig. 6.  For large excess of COZ and HZ ( e . g . ,  
low values of xAc13 and x-jrC14), conversion of both AIC13 and ZrCL to the corre- 
sponding oxides is predicted to be complete and hence the ratio Zr/Al in the solid is 
the same as in the initial gas mixture. As the temperature increases, ZrCl4 and the 
subchlorides of AICh (AICI and AIC12) become more stable, resulting in incomplete 
conversion of the metal chlorides to metal oxides and a ZrOtlA1203 rario that devi- 
ates from the ratio X&-.~,/X~~,,. 

The model predictions have been used to select CVD process parameters for 
growing A1203 + ZrO2 composite layers. Initial experimental results showed the 
formation of a mixture of A1203 and ZrOz. 'The coatings are currently being analyzed 
to determine the composition and the phases formed. 

Finite Element 

Finite element analysis is being used to predict residual thermal stresses in 
the coating and substrate. The model is based on uncoupled, quasi-static 
thermoelastic theory, and it is assumed that material properties are independent of 
temperature. So far, the model has been used to predict residual stresses in AIN 
coatings on pure Si3N4 and Sic  substrates. Initial calculations for 10 bim thick AIN 
coatings on Si3N4 substrates gave residual stresses which ascillated between 



elements, regardless of mesh pattern. This was found to be caused by ihe large 
aspect ratios of the elements. Consequently, a technique for varying the mesh size 
(4) was incorporated. A schematic of the resulting mesh and of the substrate 
coating system is shown in Fig. 7. 

Since the system is symmetric, calculations are done on only one quarter of 
the material. Predicted normal stresses at various distances into the  coating are 
listed in Table 3. Three sets of stresses were calcidlated for a Sic substrate since a 
range of thermal expansion coefficient values for S ic  is reported in the literature. 
The calculations predict better coating stability on Sic  than on Si3N4 due to the 
smaller thermal misnratch. The stress values calculated for a Si3N4 substrate 
exceed the room temperature MOR of AIN (400-450 MPa) by nearly a factor of two, 
suggesting high inherent residual stress and therefore cracked coatings. However, 
none of the AIN coatings have been found to contain inherent cracks in the 
as-grown condition. It is believed that the formation of an interfacial layer between 
the substrate and coating, which has not been considered in the theoretical model, 
considerably reduces the inherent residual stress levels in the AIN coating. The 
chemical composition of the interfacial zone is being analyzed. 

Table 3: Residual stress values of an AIN coating on monolithic Sic and 
ShN4 substrates. Coating thickness is assumed to be 20 ~ m .  
Thermal expansion coefficient of AIN =Z 4 3 x 1  O-6/oC.* 

Distance from 
Substrate {pm) 

6 
8 
10 
12 
14 

._-I.. ll.l__ .... 

Normal Stress in x Direction (see Fig. 7) 

Sic' 

339.6 
337.5 
335.4 
333.4 

-- 

Sic* 

68.18 
65.94 
65.69 
65.45 

-- 

Sic? 

-21 0.5 
-209.9 
-209.3 
-208.8 

-- 

Si3N44 

801.7 
-- 

795.0 
791.7 
788.4 

"The model does not consider interfacial composition or reactions between 

'thermal expansion coefficient = 4 . 3 ~ 1 0 - - ~ / ~ C  
'thermal expansion coefficient = 4 .9~1 O-'/OC 
'thermal expansion coefficient = 5.6~10-~/OC 
4thermal expansion coefficient = 2.7~10-~/OC 

substrate and coating. 

FEA calculations are also being used to predict edge effects. Figure 8 shows 
the distribution of residual stresses for a sintered Si& substrate from the edge to a 
distance of 100 pm into the material. Since the normal stress in the coating is 



171 

greatest at the center, oxx approaches oI for large x/h  values (see Fig. 8). The 
results indicate that the coating is in tension (stress > 0) and the substrate is in 
compression (stress < 0). The smaller fesidual strcss values at thc edge indicate 
that failure of the coating should originate at the center. However, these results are 
not directly applicable, since the actual samples will have rounded edges with a 
uniform coating coverage. 

Development of CVD conditions for application of the coating is under way. 
Dense, adherent layers of AIN in the 5 - 10 j ~ m  thickness range are being deposited 
reproducibly on all substrates. T h e  adherence is assessed by measuring the critical 
load required for coaling failure using a variable load scratch tester (using a 
Revetester). Results indicate that as-grown AIN coatings are strongly adherent on 
both SkN4 and Sic substrates. Average critical loads obtained for AIN on RBSN, 
SSC, and AYG(H) are reported in Table 4. For comparison purposes, values for 
Tic-coated Si3N4 composites (SNAT and SNT(5)) and cemented carbide (WC-Co) 
have also heen listed. It should be noted that both of these coated systems have 
been successfully tested under severe machining conditions. Failure of the AYS(H) 
and RSSN systems occurred catastrophically at the critical load reported, whereas 
AIN on SSC began flaking at much lower loads. Hence, a precise critical load for 
SSC is difficult to determine. Photomicrographs of typical scratches are shown in 
Fig. 9. Failure of the coating is d e a r  an RBSN and SSC. However, on AYG(H), 
failure appears to originate in the substrate (see cracks in suhstratc in Figure 9c). 
This suggests a very strongly adherent coating. 

Table 4: Comparison of critical loads required far caatin failure bar various 
coatinglsubstrate systems. 

Csatin 

AIN 
AIN 
AIN 

Tic 
TIC 
TIC 
TIC 

Substrate 

AY€i(H) 
ssc 
WBSN 

wc-CQ 
SNT 
SNAP 
AYG(H) 

Critical load, N 

77 
53* 
50 

50 
38 
21 
< 10 

"Load at catastrophic failure, Flaking of 
coating occurred at lower loads. 
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The influence of a post-coating anneal on adherence is also being 
investigated. Coated samples are heated in flowing N2 at a constant temperature for 
one hour and then analyzed with the scratch tester. Results for AYG(H) samples 
coated at 950°C indicate an increase in adherence, with the increase peaking at an 
anneal temperature of approximately 145OOC. This is believed to  be due to chemical 
interactions between coating and substrate with the possible formation of an 
interfacial layer. Analyses of the interfacial composition are currently being done to  
confirm this hypothesis. 

Optimization of the AIN growth process is under way. Operating conditions 
which will give uniform layers are being identified for each substrate. In addition, 
substrate weight gain is being correlated with coating thickness to give a 
nondestructive method of evaluating thickness. 

Composite layers of AI203 + ZrOz have been grown in an effort to identify 
ranges of acceptable operating conditions for composite formation. Preliminary 
results gave a distribution of both A1203 and ZrO2 throughout the coating. These 
coatings are currently being analyzed to determine their composition. 
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m LINE 
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TEMPERATURE DROP = - -850°C T 
10 pm 

1 
f 
AIN 

SSN I 
Figure 7: Schematic of substrate-coating system showing mesh used for 

finite element analysis. Physical properties of AIN and sintered 
Si3N4 (SSN) are listed where E = Young's modulus, u = 
Poisson's ratio, a = thermal expansion coefficient. Y 
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1.4 JOINING 

1.4.1 Ceramic-Metal Joints 

Joininn of Ceramics for Heat Ennine Appl ica t ions  
M. L .  Santella (Oak Ridge National Laboratory) 

Objective/scope 

The objective of this task is to develop strong, reliable joints con- 

Joints of this arrangement will 

taining ceramic components for applications in advanced heat engines. 
Currently, this work is focused on the joining o f  partially stabilized 
zirconia to nodular cast iron by brazing. 
be required for attaching monolithic pieces of partially stabilized zir- 
conia to cast iron piston caps i n  order for the ceramic to provide the 
insulation necessary for use in low-heat-rejection diesel engines. A 
novel method for brazing zirconia to cast iron has already been estab- 
lished. 
(1) the effect of thermal aging and testing temperature on the strength of 
joints between zirconia and cast iron, (2) the possibilities for using 
alternate ceramic and metallic materials in brazed components, and 
(3) residual stress patterns i n  ceramic-to-metal braze joints using inden- 
tation techniques. 

The emphasis of this activity for FY 1987 was on investigating: 

Technical proqress 

There was significant activity in three technical areas during this 
reporting period: 
(1) additional room temperature shear strength data were obtained for 

( 2 )  
(3) several silicon nitride braze joints were metallographically ana- 

braze joints between zirconia and either titanium or cast iron. The 
joints were aged at 4OOOC prior to testing; 
flexure testing of braze zirconia braze joints was begun; and 

lyzed, and joints o f  silicon nitride to either A286 steel or titanium 
were shear tested. 
The work done i n  these areas is outlined i n  the following paragraphs. 

Shear testing of MS-ZrO, joints 

Some additional room temperature shear test data for MS-ZrO, to cast 
iron and MS-ZrO, to titanium joints are presented in Table 1 for active 
substrate joints (AS)  and i n  Table 2 for active filler metal joints (AF).  
In all cases, the joints were aged in air for 120 h prior to testing. 
Previous data for 100 h of aging are also shown for comparison. The 
Zr0,-Fe joints made by AS brazing appeared to fail by ductile shear mainly 
through the copper coating deposited on the cast iron. This behavior is 
consistent with high bond strength between the ZrO, and the braze filler 
metal. The Zr0,-Ti joints made by AS brazing appeared to fail by ductile 
shear through the bond zone. In contrast, the AF joints all failed by 
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Table 1. Shear t e s t  r e s u l t s  f o r  a c t i v e  s u b s t r a t e  
braze j o i n t s  a f t e r  ag ing  i n  a i r  

Tes t  Shear 
Specimen I n t e r f a c e  Aging temperature s t r e n g t h  

( "C)  (MPa) 

MCB-72 
MCB- 178 
MCB- 179 

~ ~~ 

Zr0,-Fe 400°C/100 h 25 114 
202 

43 

MCB-244 
MCB-245 
MCB-246 
MCB- 247 
MCB-248 

MCB-99 
MCB- 169 
MCB- 170 

MCB-249 
MCB-250 
MCB-251 
MCB-252 
MCB-253 

Zr0,-Fe 400°/120 h 25 229 
246 
26 1 
213 
251 

Zr0,-Ti 400°C/100 h 25 123 
210 
117 

Zr0,-Ti 400°C/120 h 25 216 
299 
267 
255 
332 

M a t e r i a l s :  

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 nodu lar  c a s t  i r o n  ob ta ined from Cummins Engine 

co. ; 
BR 604 b r a z i n g  a l l o y  s u p p l i e d  by Handy & Harmon Co.; and 
Z i r c o n i a  was vapor coated w i t h  t i t a n i u m  p r i o r  t o  b raz ing .  

Braz ing  c o n d i t i o n s :  

Vacuum 
Braz ing  temperature - 735°C 
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Table  2 .  Shear test results for active filler metal  
braze joints a f t e r  aga'ng i n  air 

Test Shear 

(?@a) ("C) 
Spec: i me r i  I n t e r f a  e e A g i n g  temperature s t r e n g t h  

MCS- 182 180 
MCB- 183 150 

-x__ 
.... ..... --.. 

MCB-95 Z r O ,  - Fe 400QC/100 h 25 6 1  

MCB-234 ZrOZ-Fe 4006@/120 h 25 57 
MC5-235 226 

MCB-238 190 

MCB-236 523 
MCB-237 252 

MCB-110 PrO,-Tf 400°C/100 h 25 103 

MCB- 185 a7 
MCB- 184 118 

MCB-239 Zr0,-Pi 4OOoC/120 h 25 150 

MCB-241 24 
MCB- 242 50 

MCB-240 19 

MCB-243 71  
....... .... --.--11___ 

Maters'al s: 

Nilcra  grade MS partially stabilized zirconia; 

Grade 8003 nodular c a s t  iron obtained from Curnrnins Engine  
Co.; and Incersil-15 ABA filler metal supplied by GTE Mesgo. 

B r a z i  ng condi ti ons : 

Vacuum 
Brazing temperature - 77S°C 



186 

debonding a t  t h e  i n t e r f a c e  between t h e  ZrO, and t h e  a c t i v e  braze f i l l e t -  
me ta l .  T h i s  mode o f  f r a c t u r e  may be p a r t l y  r e s p o n s i b l e  f o r  t h e  g r e a t e r  
tendency f o r  s c a t t e r  i n  t h e  s t r e n g t h  d a t a  f o r  t h e  AF j o i n t s .  
t h i s  t e s t i n g ,  b o t h  processes appear t o  be capable o f  producing h i g h  
s t r e n g t h  j o i n t s .  However, t h e  shear s t r e n g t h  d a t a  i n d i c a t e  t h a t  t h e  AS 
b r a z i n g  approach i s  capable o f  producing h i g h e r  s t r e n g t h  j o i n t s  than  t h e  
AF process f o r  these p a r t i c u l a r  m a t e r i a l  combinat ions.  

Based on 

F lexu re  t e s t i n g  o f  MS-ZrO, j o i n t s  

Because o f  t h e  d i f f i c u l t y  o f  i n t e r p r e t i n g  shear s t r e n g t h  da ta ,  o f  
r e l a t i n g  i t  t o  o t h e r  s t r e n g t h  da ta ,  and o f  p e r f o r m i n g  t h e  shear s t r e n g t h  
t e s t s  a t  e l e v a t e d  temperature,  f l e x u r e  t e s t i n g  i s  now b e i n g  used t o  t e s t  
t h e  s t r e n g t h  o f  brazed j o i n t s .  
were made by t h e  approach shown s c h e m a t i c a l l y  i n  F i g .  1. The i n d i v i d u a l  
p l a t e s  were 25 x 14 x 3 mm, and t h e y  were j o i n e d  a long  t h e  25 mm edge. 
A f te rward ,  t h e  brazed specimens were su r face  ground on b o t h  faces,  
p o l i s h e d  t o  a 1 prn diamond f i n i s h  on t h e i r  t e n s i l e  faces,  and c u t  i n t o  
f l e x u r e  t e s t  b a r s  w i t h  dimensions o f  28 x 2.5 x 2 mm and hav ing a brazed 
j o i n t  i n  t h e  c e n t e r  o f  each b a r .  T e s t i n g  was done by f o u r - p o i n t  bending 
a t  a l o a d i n g  r a t e  o f  22.7 kg/s. 
span o f  19.05 mm and an i n n e r  span o f  6.35 mm. 

Braze j o i n t s  f o r  our  i n i t i a l  f l e x u r e  t e s t s  

The f l e x u r e  t e s t  f i x t u r e  had an o u t e r  

ORNL-DWG 85-7800 

CTa SPACERS 

2. BRAZE (END LOAD APPLIED) 

POLISH TENSILE FACE, 
CUT INTO BARS, BEVEL 

SPACERS TO MAINTAIN GAP) 

4. FOUR POINT BEND TEST 

F i g .  1. Schematic drawing o f  t h e  p r e p a r a t i o n  
o f  f l e x u r e  t e s t  specimens f rom ceramic braze j o i n t s .  
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Two s e t s  o f  s t r e n g t h  d a t a  were produced. I n  one case, shown i n  
Table 3, j o i n t s  o f  MS-ZrO, brazed t o  i t s e l f  were made and t e s t e d  a t  room 
temperature,  200 and 400°C. I n  t h e  o t h e r  case, shown i n  Table 4 ,  j o i n t s  
were made o f  MS-ZrB, t o  MS-ZrO,, MS-ZrO, t o  nodu la r  c a s t  i r o n ,  and MS-ZrO, 
t o  t i t a n i u m ,  and were t e s t e d  a t  room temperature.  A l l  j o i n t s  were made by 
a c t i v e  s u b s t r a t e  b r a z i n g  i n  vacuum a t  735'X w i t h  b raze  a l l o y  604 
(Ag-30Cu-10Sn). 

va lues  a t  2 5 O C  t h a t  approach t h a t  o f  t h e  ceramjc ( n o m i n a l l y  about 
600 MPa). The s t r e p g t h  dropped c o n s i d e r a b l y  hetween 25 and 2OO0C,  and 
then much l e s s  between 208 and 408'C. The s t r e n g t h  a t  40OoC, however, was 
s t i l l  q u i t e  good c o n s i d e r i n g  t h a t  t h e  s o l i d u s  temperature o f  t h e  604 a l l o y  
i s  about 6 2 0 O C .  
t h e  25'C specimens were i n  t h e  ZrO, v e r y  near  t h e  brazed i n t e r f a c e ,  
suggest ing t h a t  t h e  p r o p e r t i e s  o f  t h e  z i r c o n i a  may have been degraded 
somewhat by  i n t e r a c t i o n  w i t h  t h e  t i t a n i u m  vapor c o a t i n g  or t h e  braze 
a l l o y .  
m a i n l y  th rough  t h e  braze zone, i n d i c a t i n g  t h a t  t h e i r  s t r e n g t h  i s  l i m i t e d  
by t h a t  o f  t h e  f i l l e r  meta l  o r  a p r o d u c t  o f  t h e  r e a c t i o n  o f  t h e  f i l l e r  
meta l  w i t h  t h e  t i t an ium-vapor -coa ted  MS-PrO, su r face  I 

The d a t a  g i v e n  i n  Table 4 v e r i f y  t h a t  t h e  ZrO,-ZrO, j o i n t s  have ve ry  
good room temperature s t r e n g t h .  
i n i t i a t e d  in t h e  z i r c o n i a  j u s t  beyond t h e  brazed i n t e r f a c e  but  then 
appeared t o  move o u t  o f  t h e  ceramic and propagate t o  f a i l u l - e  by t r a v e l i n g  
a l o n g  t h e  i n t e r f a c e .  The f r a c t u r e  p a t h  i n  t h e  ZrB,-Ti j o i n t s  was near  t h e  
i n t e r f a c e  between t h e  t i t a n i u m  and t h e  604 a l l o y .  
l o w - s t r e n g t h  r e a c t i o n  l a y e r  may have formed i n  t h e  j o i n t s  a t  t h e  t i t a n i u m  
su r face .  F r a c t u r e  i n  t h e  ZrO,-cast i r o n  j o i n t s  appeared t o  have i n i t i a t e d  
a t  t h e  ZrO,-S04 i n t e r f a c e  and then  moved i n t o  t h e  ceramic as f r a c t u r e  pro- 
ceeded, j u s t  t h e  oppos i te  of  what happened i n  t h e  Zr0,-ZrO, j o i n t s .  The 
d i f f e r e n c e  i n  f r a c t u r e  p a t h  and l ower  s t r e n g t h  o f  t h e  Zr0,-cast i r o n  
j o i n t s  may be due t o  t h e  r e s i d u a l  s t r e s s e s  i n  t h e  j o i n t s  caused by t h e  
thermal expansion c o e f f i c i e n t  mismatch between t h e  z i r c o n i a  and t h e  c a s t  
i r o n .  

The f r a c t u r e  behav io r  and m i c r o s t r u c t u r e s  o f  these speci 
c u r r e n t l y  b e i n g  analyzed i n  more detail. 

The d a t a  i n  Table? 3 i n d i c a t e  t h a t  the S-ZrO, j o i n t s  have s t r e n g t h  

I n i t i a l  examinat ion i n d i c a t e d  t h a t  t h e  f r a c t u r e  pa ths  i n  

The f r a c t u r e  p a t h s  i n  t h e  elevated temperature test .  specimens were 

F r a c t u r e  i n  these  j o i n t s  appeared t o  have 

T h i s  suggests t h a t  a 

B r a z i n g  o f  s i l i c o n  n i t r i d e  

A p r e v i o u s  r e p o r t  d e s c r i b e d  t h e  r e s u l t s  o f  b r a z i n g  t i t a n i u m - v a p o r -  
caated Si,N, t o  A285 s t e e l ,  pu re  t i t a n i u m ,  and the molybdenum a l l o y  TZM 
w i t h  a d u c t i l e  braze f i l l e r  meta Each o f  t h e  t h r e e  
j o i n t s  cracked i n  t h e  Si,N, upon c o o l i n g  f rom t h e  b r a z i n g  temperature,  

n d i c a t e d  t h a t  t h e  m i c r o s t r u c t u r e s  near 
t h e  metal i n t e r f a c e s  v a r i e d  w i t h  t h e  p a r t i c u l a r  a l l o y  used. However, the 
m i c r o s t r u c t u r a l  f e a t u r e s  a t  t h e  Si,N, su r faces  were i d e n t i c a l  f o r  t h e  
t h r e e  j o i n t s .  The t i t a n i u m  vapor c o a t i n g s  remained l a r g e l y  i n t a c t  a t  
t h e i r  o r i g i n a l  t h i c k n e s s  o f  P p i ,  and showed no s i g n  o f  debonding f rom t h e  
Si,N, su r faces  i n  any of the  j o i n t s .  M i c r o a n a l y s i s  i n d i c a t e d  t h a t  t h e r e  
was no s i g n i f i c a n t  d i s s o l u t i o n  o f  t he  t i t a n i u m  c o a t i n g s  i n  t h e  BAg-8a 

(BAg-8a) a t  790°C. 

M e t a l l o g r a p h i c  examinat ion 
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Table 3. Flexure t e s t  resul ts  for active substrate 
braze jo in t s  o f  MS-ZrO, t o  MS-Zr0, 

Test Shear 
Specimen Interface temperature strength 

("C) ( M P d  
MCB-175 
MCB- 175 
MCB- 175 
MCB-175 
MCB- 175 

MCB-267 
MCB-267 

MCB-267 
MCB-267 
MCB-267 

ZrO,-ZrQ, 
Zr0,-ZrO, 
Z rO, -Z rO,  
Zr0,-ZrO, 
Zr0,-ZrO, 

Z rO , - ZrO,  
ZrO,  - Z r O  

Zr0,-ZrO, 
Z r O ,  - ZrO,  
Zr0,-ZrO, 

25 
25 
25 
25 
25 

200 
200 

400 
400 
400 

365 
493 
508 
462 
483 

Average 462 

347 
342 

Average 344 

298 
268 
361 

Average 309 

Table 4. Flexure t e s t  resul ts  f o r  active substrate 

titanium, and nodular cas t  iron 
braze joints o f  MS-ZrO, t o  MS-ZrO,  

T e s t  Shear 
Specimen Interface temperature strength 

("C) ( M W  

MCS-299 
MCB-299 
MCB- 299 

MCB-298 
MCB-298 
MCB-298 

MCB- 300 
MCB- 300 
MCB- 300 
MCB- 300 
MCB-300 

Zr0,-ZrO, 
Z r O  , - Z rQ 
ZrQ, -ZrO,  

Zr0,-Ti 
Zr0,-Ti 
Zr0,-Ti 

Zr0,-Fe 
Zr0,-Fe 
Zr0,-Fe 
Zr0,-Fe 
Zr0,- Fe 

25 
25 
25 

25 
25 
25 

25 
25 
25 
25 
25 

57 1 
532 
493 

Average 532 

375 
469 
343 

Average 396 

380 
356 
399 
354 
369 

Average 372 
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f i l l e r  o r  chemical react ion o f  the coatings with the S i 3 N b .  
coating, therefore, acted as a react ion b a r r i e r  between the ceramic sur- 
face and the l i q u i d  f i l l e r  metal, and the surface energy condi t ions t h a t  
determined the extent o f  wet t ing were those establ ished between the l i q u i d  
f i l l e r  metal and the t i tanium. 
f i l l e r  metal would not  w e t  o r  bond t o  uncoated S i 3 N b .  

steel  were shear tested a t  room temperature, 
specimens before t e s t i n g  i s  shown i n  Fig. 2. 
r i g i d l y  a t  the edge under the cant i levered p a r t  o f  the metal bar, and the 
load was appl ied a t  t he  rounded "nose" o f  the metal bar i n  the d i r e c t i o n  
o f  the cant i levered end. A l l  o f  these specimens appeared t o  be f ree  o f  
cracks a f t e r  brazing, presumably because o f  geometric f ac to rs  i n  deter-  
mining the actual  l eve l  o f  residual  stress generated by mismatches i n  
thermal expansion coe f f i c i en ts .  The strengths measured under t h i s  shear 
loading arrangement were 97 and 100 MPa f o r  the Si,N,-Ti j o i n t s ,  and 31 
and 46 MPa f o r  the Si3N,-A286 j o i n t s .  

The f rac tu re  paths f o r  the Sf&,-TI j o i n t s  were mainly through the 
ceramic under the bond in ter face.  Nugget-l ike fragments o f  S i 3 N o  remained 
attached t o  the t i t an ium bars a f t e r  test ing,  and the noses o f  the bars 
were s l i g h t l y  deformed by upsett ing. One o f  the A286 j o i n t s  f ractured i n  
a s i m i l a r  manner b u t  the f rac tu re  path t raveled much deeper i n t o  the 
S i 3 N 9 .  The other A286 j o i n t  f ractured near the i n te r face  between the 
steel  and the s o l i d i f i e d  braze a l l oy ,  i n d i c a t i n g  poor adhesion o f  the 
BAg-8a t o  the A286. 

The t i t an ium 

A separate experiment v e r i f i e d  the BAg-8a 

Two specimens each o f  Si3N,, brazed wi th  BAg-8a t o  t i t an ium and A286 
The conf igurat ion o f  the 
The S i3NS pads were he ld  

I n  ne i ther  type o f  j o i n t  was there an i n d i c a t i o n  o f  

YP-3027 

F 

n 

Fig. 2. Photograph o f  Si3N,,-Ti j o i n t  showing 
spreading o f  the BAg-8a braze f i l l e r  metal over the 
e n t i r e  titanium-vapor-coated surface. Arrow ind icates 
d i r e c t i o n  o f  loading for shear test ing.  
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poor adhesion o f  the t i t an ium vapor coat ing t o  the SijNI substrates. The 
measured strength values cannot be considered s i g n i f i c a n t  because o f  the 
residual  stresses known t o  be i n  the j o i n t s ,  and because o f  the inherent 
d i f f i c u l t y  o f  determining shear strength. The higher l e v e l  o f  res idual  
stress i n  Si3NI-A286 j o i n t s  was probably a f a c t o r  i n  t h e i r  lower measured 
strength compared t o  the Si3NI-Ti j o i n t s .  

Status o f  milestones 

On schedule. 

Pub1 i c a t i o n s  

A t a l k  e n t i t l e d ,  "Characterization of Microstructure and Residual 
Stresses i n  Ceramic Braze Joints," by M. L. Santel la and A. J. Moorhead, 
was presented on A p r i l  6, 1987, a t  the ORNL Advisory Committee Meeting. 

A t a l k  e n t i t l e d ,  "Characterization of I n t e r f a c i a l  Reaction Products 
i n  Ceramic Braze Joints," by M. L. Santel la and A. J. Moorhead, was pre- 
sented A p r i l  7, 1987, a t  the Spring Educational Seminar o f  the Milwaukee 
Section o f  ASM. 

A t a l k  e n t i t l e d ,  "A Study o f  the Fracture Behavior o f  Ceramic Braze 
Joints," by M. L. Santel la and A. J. Moorhead, was presented A p r i l  29, 
1987, a t  the 89th Annual Meeting o f  the American Ceramic Society, 
Pit tsburgh, PA. 

A t a l k  e n t i t l e d ,  "Overview o f  Ceramic Brazing a t  Oak Ridge National 
Laboratory," by M. L. Santel la, was presented September 10, 1987, a t  the 
New England Section of the American Ceramic Society, M i l l i s ,  MA. 

A t a l k  e n t i t l e d ,  "Joining o f  Ceramics f o r  Heat Engine Applications," 
by M. L. Santel la and A. J. Moorhead, was presented September 23, 1987, a t  
the Oak Ridge National Laboratory, Metals and Ceramics D iv i s ion  
Informat ion Meeting, Oak Ridge, TN. 

A t a l k  e n t i t l e d ,  "A Review o f  Oxide, S i l i c o n  N i t r i d e ,  and S i l i c o n  
Carbide Brazing," by M. L. Santel la and A. J. Moorhead, was presented 
September 30, 1987, a t  the Annual North American Welding Research Seminar, 
Col umbus, OH. 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

T h i s  p o r t i o n  o f  t h e  p r o j e c t  i s  i d e n t i f i e d  as  p r o j e c t  e lement  2 w i t h i n  
t h e  work  breakdown s t r u c t u r e  (WBS). I t  c o n t a i n s  t h r e e  subelements:  
(1) Three-D imens iona l  Mode l i ng ,  (2)  C o n t a c t  I n t e r f a c e s ,  and ( 3 )  New 
Concepts.  The subelements i n c l u d e  macromodel ing and m ic romode l i ng  o f  
ce ramic  m i c r o s t r u c t u r e s ,  p r o p e r t i e s  o f  s t a t i c  and dynamic i n t e r f a c e s  
between ce ramics  and between ce ramics  and a l l o y s ,  and advanced s t a t i s t i c a l  
and d e s i g n  approaches f o r  d e s c r i b i n g  mechan ica l  b e h a v i o r  and f o r  emp loy ing  
ce ramics  i n  s t r u c t u r a l  d e s i g n .  

The m a j o r  o b j e c t i v e s  o f  r e s e a r c h  i n  M a t e r i a l s  Des ign  Methodo logy  e l e -  
ments i n c l u d e  d e t e r m i n i n g  a n a l y t i c a l  t e c h n i q u e s  f o r  p r e d i c t i n g  s t r u c t u r a l  
ceramic  mechan ica l  b e h a v i o r  f r o m  mechan ica l  p r o p e r t i e s  and m i c r o s t r u c t u r e ,  
t r i b o l o g i c a l  b e h a v i o r  a t  h i g h  tempera tu res ,  and improved methods f o r  
d e s c r i b i n g  t h e  f r a c t u r e  s t a t i s t i c s  o f  s t r u c t u r a l  ce ramics .  Success i n  
m e e t i n g  t h e s e  o b j e c t i v e s  w i l l  p r o v i d e  U.S.  companies w i t h  methods f o r  
o p t i m i z i n g  mechan ica l  p r o p e r t i e s  t h r o u g h  m i c r o s t r u c t u r a l  c o n t r o l ,  f o r  p r e -  
d i c t i n g  and c o n t r o l l i n g  i n t e r f a c i a l  bond ing  and m i n i m i z i n g  i n t e r f a c i a l  
f r i c t i o n ,  and f o r  d e v e l o p i n g  a p r o p e r l y  d e s c r i p t i v e  s t a t i s t i c a l  d a t a  base 
f o r  t h e i r  s t r u c t u r a l  ceramics .  
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2.2 CONTACT INTERFACES 

2.2.2 D E i c  - I n t e r f a c e s  

Stuo'?:es of %nomic Contact of Cermics and AZ10y.s . ..... . ._ . 

f o r  Aduaneyd Iieat Enginzs .__.. -I- 

K. F. Dufrane and W ,  A .  Glaeser ( B a t t e l l e  Columbus D i v i s i o n )  

QbJi_ect i v e l  scope - ------ 
She o b j e c t i v e  o f  t h e  program i s  t o  develop an understanding o f  

t h e  f r i c t i o n  and wear processes o f  ceramic i n t e r f a c e s  based tin 
exper imenta l  data.  The s u p p o r t i n g  exper iments a re  t o  be conducted 
a t  temperatures t o  650 C under r e c i p r o c a t i n g  s l i d i n g  c o n d i t i o n s  
rep roduc ing  t h e  loads,  speeds, and environment o f  t h e  r i n g / c y l i n d e r  
i n t e r f a c e  o f  advanced engines. 
c h a r a c t e r i z e d  b e f o r e  and af te r  t e s t i n g  t o  p r o v i d e  d e t a i l e d  i n p u t  t o  
t h e  model. She r e s u l t s  a r e  in tended t o  p r o v i d e  t h e  b a s i s  f o r  
i d e n t i f y i n g  s o l u t i o n s  t u  t h e  t r i b o l o g y  problems l i m i t i n g  t h e  
development o f  these engines. 

The t e s t  specimens a r e  t o  be carefully 

Techn ica l  Dt-oaress 

Apparatus 

The apparatus developed f o r  t h i s  program uses specimens o f  a 
s imple f l a t - o n - f l a t  geometry, which f a c i l i t a t e s  specimen procurement, 
f i n i s h i n g ,  and t e s t i n g .  The apparatus reproduces t h e  impor tan t  
o p e r a t i n g  c o n d i t i o n s  o f  t h e  p i s t o n l r i n g  i n t e r f a c e  o f  advanced engines. 
The specimen c o n f i g u r a t i o n  and l o a d i n g  i s  shown i n  F i g u r e  1. The 
c o n t a c t  s u r f a c e  o f  t h e  r i n g  specimen i s  3.2 x 13 mm. A crown w i t h  a 
32 mm r a d i u s  i s  ground on t h e  r i n g  specimen t o  i n s u r e  un i fa rm c o n t a c t .  
The r i n g  specimen h o l d e r s  a r e  p i v o t e d  a t  t h e i r  c e n t e r s  t o  p r o v i d e  
s e l f - a l i g n m e n t .  
t h e  atmosphere and c o n t a i n s  h e a t i n g  elements t o  c o n t r o l  t h e  

e r a t u r e .  The exhaust f rom a 4500 w a t t  d i e s e l  engine i s  heated 
t o  t h e  specimen temperature and passed th rough  t h e  chamber t o  p r o v i d e  
an atmosphere s i m i l a r  t o  t h a t  o f  a c t u a l  d i e s e l  engine s e r v i c e .  A 
summary o f  t h e  t e s t i n g  c o n d i t i o n s  i s  presented i n  Table 1. 

A chamber su r round ing  t h e  specimens i s  used t o  c o n t r o l  

Mater i a1 s 

The composi t ions and sources o f  t h e  v a r i o u s  m a t e r i a l s  considered 
i n  t h e  s tudy  a r e  presented i n  Table 2. 
c o a t i n g  m a t e r i a l s  were s e l e c t e d  t o  r e p r e s e n t  v a r i o u s  chemical  
cornposi t ions and m a t e r i a l s  w i t h  p r e v i o u s l y  demonstrated s u c c e s s f u l  
s l i d i n g  performance. 

A v a r i e t y  o f  m o n o l i t h i c  and 
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Load 

7 

t 

specimens 

Figure 1. Test specimen configuration and loading 

TABLE 1. SUMMARY OF TESTING CONDITIONS 

Sliding Contact: Dual flat-on-flat 
"Cylinder" Specimens: 12.7 x 32 x 127 mm 
"Ring" Specimens: 
"Ring" crown radius: 32 mm 
Motion: Reciprocating, 108 mm stroke 
Reciprocating Speed: 
Average Specimen Speed:1.8 to 5.4 m/s 
Load: to 950 N 
Ring Loading: to 50 N/mm 
Atmosphere: Diesel exhaust or other gases 
Measurements: Friction and wear (after test) 

3.2 x 19 x 19 mm 

500 to 1500 rpm 
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TABLE 2. CYLINDER AND RING MATERIALS (Continued) 

Hater ial 
Hanufacturer Nominal Composition, 

Source Designation Type Abbreviation Weight Percent 

Alumina-Titania 
(AISI 410 substrate) 

Metal1 i c  
(AISI 410 substrate) 

Intermetallic 
(AISI 410 substrate) 

Met a 1 -Bonded Chromi urn 
Carbide 
(AISI 1029 substrate) 

Chromium Oxide 
( A I S 1  1020 substrate) 

Metal-Bonded 
Tungsten Carbide 
(AISI 1020 substrate) 

Chromium Plating 
(AISI 1020 substrate) 

Hetco 

Metco 

Plasmadyne 

Metallurgical 
Technologies 

Cerac 

Stoody-Deloro 
Stellite 

--- 

MI30 plasma 
sprayed 
coating 

sprayed 
coating 

sprayed 
coating 

sprayed 
coating 

sprayed 
coating 

coati ng 

M501 plasma 

P31201 plasma 

2090-F plasma 

C-1225 plasma 

JKZ14 Jet-Kote 

E e c t ro- 
plated 

--- 

M130 13 TiO2, 8 7  Alp03 

M501 30 Mo, 12 Cr, 
2.5 8, 3 Fe, 0.75, 
bal N i  

P312M HoSi2 

Cr3C2 20 Cr3C2, 12 Ni, 
9W, bal Cr 

Cr203 5 Cr, bal Cr2O3 

WC 12 Co, bal WC 

Cr Cr 
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blear rate studies 

Earlier experiments i n  the program showed that eeranics in sliding 
contact will require lubrication for long-term sliding applications, 
such as the ring/cylindes interface of advanced engines. 
to run the five monolithic ceramics and several plasma-sprayed coatings 
o f  ceramics and metals resulted in high friction coefficients and 
high wear rates. Several of the material combinations responded 
we?l both to the liquid lubrication and t o  lubrication with powdered 
molybdenum disulfide. Since lubrication provided by self-lubricating 
processes typically have unacceptable wear rates and dry lubricants 
a m  extremely difficult to resupply reliably, liquid lubricants are 
of more interest for practical engines. However, the operating 
temperature with liquids is limited at least to some extent by the 
inherent thermal stability of the liquid itself. Earlier experiments 
established that 310 C was too high for SDL-1, a polyalphaolefin 
synthetic lubricant w i t h  relatively high temperature capabilities. 
Experiments at 260 C were more satisfactory. Therefore, a series o f  
experiments was conducted with various material combinations at 260 
C using the polyalphaolefin to measure the relative wear performance 
of various material combinations. 

All attempts 

The ring wear rates were calculated in terms o f  a wear 
coefficient to permit a direct comparison for the various material 
combinations obtained at different load and speed combinations. T h e  
average wear volume far- the two ring specimens was used in the 
calculation. 

ng specimens was used a s  the measure o f  
culated from the Archard 

Since the orimary wear was found to occur on the ring 
specimens, the wear of the r 
performance. The wear coeff 
wear equation: 

cients were ca 

3pv 
Lx ' k =  

where: 
k = wear coefficient, 
p = hardness o f  wearing member, 
V = wear volume, 
L = applied load, and 
x = sliding distance. 

The wear coefficient can be likened t o  the friction coefficient 
in terms of being a non-dimensional proportionality constant. Values 
o f  the wear coefficient range from 10-1 for severe unlubricated wear 
to 10-9 or lower f o r  the extremely low wear rates experienced under 
conditions o f  full hydrodynamic lubrication. 
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A summary of the friction and wear results is presented in 
Table 3. For a basis of comparison, the wear coefficient of the top 
piston ring in a conventional diesel truck engine was calculated. A 
wear depth of 0.25 mm was assumed for 6,000 hrs of service at an 
averagegring loading of 18 N/mm. 
5 x 10- 
lubrication. It provides the overall goal for the rings in advanced 
engines if the longevity of current engines is to be approached. An 
experiment at 100 C using a chromium plated ring and cast iron cylinder 
specimens resulted in a wear coefficient of 8 x 10-8. While slightly 
higher than the 5 x 10-9 from actual service, the result indicated 
that the apparatus was capable of reproducing the actual conditions 
sufficiently well to permit comparisons. 

The best results at 260 C were obtained with ring coatings of 
Jet-Kote sprayed cobalt-bonded tungsten carbide (WC) and plasma sprayed 
Cr2O-j. Wear coefficients of 10-7, while higher than the baseline 
tests with chromium plated rings at 10'8, indicated wear rates that 
could be considered in actual engine service. The improvement obtained 
with these materials under the deteriorated lubrication conditions 
at 260 C can be seen by comparing the 10-5 wear coefficient of chromium 
plated rings and cast iron cylinder specimens at 260 C. 
specimens of SCA-1000 (CrzO3) and silicon carbide whisker-reinforced 
alumina (SiC/A1203) performed well with the WC and CrpO3 ring speci- 
mens. Good performance was also obtained with a monolithic Si3N4 ring 
specimen operating against a Si3N4 cylinder specimen having a Ceraprep 
surface modification treatment. The treatment resulted in a reduction 
in ring wear coefficient from 3 x 10-6 to 1 x 10-6. 

For comparison purposes, Table 3 also includes selected results 
with YPSZand chromium plated rings operating against Si3N4. 
coefficients of obtained in these experiments would be unsatis- 
factory in practical engine applications. 

The resulting wear coefficient of 
is very low and would be associated with hydrodynamic 

Cylinder 

Wear 

Status o f  Milestones 

The program has been completed and the final report was submitted 
on September 30,  1987. 

Publications 

K. F. Dufrane and W, A.  Glaeser, "Wear of Ceramics in Advanced 
Heat Engine Applications", Wear of Materials, 1987, ASME, 
New York, NY, pp. 285-291. 
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Advanced Statist ical_-Cmcep,S' of Frac I: ure in B r Y t t  I e Eiat  er iafz 
C .  A .  JoRnson and W. T. Tucker (General Electric Corporate Research 
and Development) 

Objective/scopo 

The design and applicatfon of relfable load-bearing structural 
components from ceramic materials requires a detailed understanding of the 
statistical nature of fracture in brittle materials. The overall objective 
of this program is to advance the current understanding of fracture 
statistics, especially in the following three areas: 

e Optimum testing plans and data analysis techniques. 

e Consequences of time-dependent crack growth on the evolution of initial 
flaw distributions. 

e Confidence and tolerance bounds on predictions that use the Weibull 
distribution function. 

The studies are being carried out largely by analytical and computer 
simulation techniques. Actual fracture data are then used as appropriate to 
confirm and demonstrate the resulting data analysis techniques. 

Technical progress 

During the previous six month reporting period, work proceeded toward 
three milestones. The first milestone is a testing program to provide 
experimental strength data for demonstration of new methods for combining 
data, etc. The second is the development of Weibull estimators for combining 
data from multiple specimen sizes and geometries. The third milestone is an 
effort to develop methods €or generating tolerance bounds on estimates of 
strengths. The following sub-sections describe the progress in each of these 
efforts. 

1, Strength Testing 

The strength testing was performed on boron-doped sintered SIC. 
Sintered Sic vas chosen because it exhibits very clear fractographic markings 
when the grain size is small; its properties are reasonably homogeneous and 
isotropic; it is one of those ceramics being cons€dered for use as a high 
temperature structural material; and it is readily available. Testing was 
done in six different bending configurations. The A, E and C specimen 
geometries of the MIL-STD-l942(MR) were used in both three and four-point 
bending using rolling pin fixture designs of the type specified by the 
testing standard. The specimen volumes vary over a factor of 6 4 .  The 
difference between three vs four point bending contributes another factor of 
approximately 10 to the effective volumes. Therefore, the data spans an 
effective volume range of 500-1000. Fracture data from large ranges of 
effective volume (or area, etc) are generally advantageous in confirming the 



pprlcabil i ty  sf models (such as Bekbull) and in estimating adjustable 
parameters and predicted behavlors. 

Specimen preparation o f  the sintered SIC Included: isspresslng o f  spray 
d r k d  beta SIC powder ( w i t h  baron and carbon s h t e r i n  addim& into 
billets W K L h  green dimeras tons of approximately 1 ; sintering at 
spproxtmazely 2100 G in lneliurra to pi densicy of 8. 6 percent of 

XlL-STD-l942(rn). Efght bilZets Of Si@ vera used, ala. prepared and sintered 
sgae by S m .  

I; and sliefng and surface grind acearatng to 

The remalntng two billets were cut into a total Of 30 type B s p e c b s w s ,  
The billet locations of the 30 specimens were recorded to allow a search far 
aily locnt€cm dependence o f  strength. 

A l l  138 bend specimens have been tested (one specimen was accidently 
destroyed Before testing). Analysis of the resulting strengths by analysis 
o f  variance zeehniques i n d k a t e s  no significant billet to bill.et variations, 
The fsllowfng i s  a s m a r y  of the data when treated one geometry at a t i m e :  

Geometry Number AV S ~ K  Std Dev Wejtbull m Sigma Zero 
(ma) (MPa) (mx Lik) (Mpa, 

3-pt A 18 988.111 33.36 14.57 347.58 
4-pt a 17 312.85 34.83 9.43 342 91 
3-pt B 18 350.96 31.12 12.20 373.13 
4-pt: 8 18 302.74 29 34 11.24 388 e 09 
3-gat c 18 325 e 65 21.69 16.39 374.12 
4-pt c 18 283.78 22.35 14.4 391.18 

303.31 24 I 17 14.28 363 * 12 

Low power (50x1 stereo microscopy was used to identify the general. 
location of each fracture initiating defect and to desermine whether it was a 
surface, sub-surface, ox edge related defect. Approximately 79 percent of 
the frmemre origins were clearly associated with the a s - g ~ o ~ n d  tensile 
surfaces, 20 percent with chamfered edges, and 10 percent with sub-surface 
microstructural defects. Those specimens that failed from sub-surface and 
edge related flaws were uniformly spread through the spectrum of strengths 
within any one group and showed no tendency to be stronger or weaker than the 
average. 

If all 137 specimens contain the same distribution (OK distributions) of 
flaws, and if a model such as the Weibull model properly describes the 
strength variability and size scaling effects in this material, then the data 
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can be combined or pooled to yield better estkmtes of the adjuszable 
parameters and to better confirm the va~idity of the ea0del. The following 
sectton describes methods of co ining data frena lt1pl.e specimens sizes and 
geometries and then uses the BiC strength data to demonstrate the techniques. 

2. Weibull Estimators for Combined Data 

Problems involving estimation procedures (both point and internal) for 
strengths can be categorized according to the type o f  loading and the 
presence or absence of size scaling. The folloving four "classes" of problem 
have been considered : 

I. Uniform tensile stress and single specimen size 
11. Uniform tensile stress and multiple specimen sizes 
111. Common load factor (k) and multiple specimen sizes 
SV. Differing load factors and multiple specimen sizes 

In each of these cases it is assumed that the Weibull distribution with a 
size term (volume, area OK edge length) adequately describes the strength to 
failure according to : 

where: P Ls the cumulative probability of failure, dV is the differential 
volume under a constant stress state, u is t5e magnitude of that stress (at 
failure), m is the Weibull modulus, and I is a normalizing parameter. 
Furthermore, it is assumed that the integral in'Equation 1 can evaluated 
to the form: 

be 

P - 1 -  

where k fs a dimensionless "load factor" describing the uniformity o f  the 
applied stress and u is the maximum stress in the structure at the time 
of failure. For &Ex case of uniform unfaxial tension (k=l) , Equation 2 
reduces to the form of the Weibull distribution commonly encountered in the 
statistical literature. 

The t w o  adjustable parameters of the distribution are derived from 
fracture data. For the first three "Classes" of problems described above, 
methods of estimating the parameters from fracture data are readily available 
in the ltterature. However, very few met5ods have been developed for 
estimating parameters for Class IV probless (1,2). During the previous 
reporting period, two Weibull "estimators" were developed to analyze Class IV 
problems of combined data. A Weibull estimator is a method or algorithm to 
analyze fracture data and estimate Weibull parameters. One of the new 
estimators is based on linear regression and the other on maximum likelihood. 
Both require successive approximation methods and are therefore best suited 
for computer analysis. 

The linear regression method will be Ciscussed and demonstrated using 
The resirlts are plotted on Figure 1 as the Sic fracture data reviewed above. 
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me orfg ina l  dat  is ineRuded on Figure 1 as open 8 

associated closed s 01s are positioned by transfornine; 
effect5ve are c;% chat would be expected to yPehd the observed 

strength It a probability level or quantfle of 8 . 5 .  me 
tion of an observed vo1me, V, and assoctated probabili ty of 

f a i l ~ ~ e ,  P, (as deduced Prom ranking) to a, new volume, V v  at a new 
probability of Interesf;, B ' ,  i s  aecaroplished usllng: 

l n ~ 1 - P ' ~  
ln(1-P ) V ' - v  

mis transform is easily dex-hwed from Equation 2 a t  C B P ~ ~ S ~ B B L ~  stress. The 

are therefore m o ~ e  suitable for regression than the original data points. 
The l inear  regression line chrough the solid points can be used to estimate 

The position o f  the l ine can be used ta estimate the second parameter o f  the 

regression l i n e  are estimates o f  the 0.1 and 0 - 9  quamiles. (The two 

transformed pslnts aZ Figure. 1 are all at the same probability of failure and 

the Weibull moau1us, 1, slnce the slope of the l i n e  i s  an estimate of -l/m. 

weiguii distribution, sigma a e r o .  m e  two paraiiai l ines botoaaaLng the linear 

parallel l ines  are QT conftdsnce bounds on e s t i m a t e s  o f  the 0 . 5  quantiie.) 

 an clwssical linear regression, the dependent variable is regressed on 
the independent vartakle, and the dependent -garfable generally es~rtalns 
larger random var%a%tons than the independant var%able. mew regression Is 
performed on axes such as Ffgure I, %here PS no clear resolution of which 
ax5.s should be defined as independent- Therefo~e, the computer program 
carries out the iferattve re ressian bath ways. It is hoped that studies sf 
the s ta t l s t l ca l  properties of these esslnators w i l l  differentlate ink%& of 
the two regressions fs better. Xt should e pointed out that for fracture 
dara €rsm a slngie specLmens size  an testlng conf9gmration (Class 1 
problem), regression o f  the area on th fracture s t r e s s  (A on SI is 
mathematically identical. to conventional analysis an Weibull probabili ty 
plots where probability is regressed on fracture stress. The regression af 

re 1 was  done by regressing area on strength. 
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The second type of estimator developed for Class IV problems is a 
maximum likelihood method. The derivation parallels the derivation of a 
Glass I estimator as published by Trustum and Jayatilaka (3) which in turn is 
based on maximum likelihood derivations such as those of Mann, Schafer. and 
Singpurvalla (4) and Lawless (5). The Class IV derivation must account for 
the loading factor, k, which is generally a function of the Weibull modulus. 
In order to evaluate the likelihood, the dependence of both k and dk/dm must 
be known as a function of m for every specimen geometry tested. The quantity 
defined as the "likelihood" is iteratively evaluated for various m values. 
The m value that yields the m a x i m  for this quantity is the maximum 
likelihood estimate of m. The estimate of sigma zero can then be calculated 
without iteration. An efficient algorithm for the evaluation of maximum 
likelihood estimates for Class IV problems has been programmed that requires 
only five to ten iterations to determine m to greater than five significant 
digits for most data sets that have been analyzed. 

A computer program to analyze fracture data and estimate Weibull 
parameters using the estimators and algorithms described above has been 
vritten in Fortran 77. During execution it reads a single data file with 
spechen geometries and strengths for each subgroup. In the current version, 
the program can handle uniaxial tension, 3-point and 4-point bending on 
rectangular or circular crossection specimens. Estimates can be done for all 
combinations of these geometries assuming volume, area or edge length 
distributed defects. The program estimates the Weibull parameters nine 
different ways and displays the results in table form as included in Table 1 
(this table is for the Sic data discussed above). The nine estimates are 
displayed in nine blocks: three rows by three colmns. The three rows 
earrespond to different assumptions of defects types (volume, area ox edge). 
The three columns correspond to different estimators (linear regression with 
strengths treated as the independent variable, linear regression with 
strength 8s the dependent vargable, and raaxbum likelihood). Displayed 
within each block axe the Weibull modulus, sigma zero (in both metric and 
english units), the standard error of estimate (standard deviation of the 
vertical displacements from the predicted line when plotted as Figure I), and 
the number of iterations to reach the estimates (the original assumed m to 
start each iteration was five). 

The standard error of estimate, SEE, can be used in class four problems 
to supplement fractography in determining the type of defects responsible for 
failure. For instance, if failure is eontrolled by volume distributed 
defects, then the SEE generated by assuming volume defects should 
statistically be smaller than that from area or edge length distributed 
defects. In the case of the results displayed in Table 1, it can be seen 
that the SEE'S from analysis as area and edge defects are similar to each 
other but smaller than those from volume defects. This combined with 
fractographic observations suggest that sealing by surface area is preferable 
to volume or edge length. Similar agreement of the SEE with fractography has 
been seen in other experimental data sets as well as in numerous simulated 
data sets. 

The computer program for data analysis and graphics display has been 
vritten on a DEC VAX 782, but the non-graphics portion of the code was easily 
ported to an IBM PC/AT (with co-processor) running Hicroooft Fortran Version 
4 .00 .  No changes were necessary to the code. Using the SIC data, Table 3. 
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vas perfectly neprsduced ( ~ V ~ K Y  d f g i t  identical ss ehat genera ted  on the 
) .  Execution t h e  (including F i l e  read and CWT pr in tout )  on the 

approxWtely six -seconds. 

emphasis on computational efficiency in the estimators described 
d ~ ~ s  8 i ~ h s e ~  beeawe nunezous evaluations are needed in simulation studies 
that are planned both for the study OF statSsticaP properties 0% the 

atoris and as one of the means of ssti ting conffdence and tolerance 
bomds on Class IV problems, 

3 .  Conftdence and Talerance Bounds. 

During this reporting period the maximum likelihood and likelihood ratio 
methodologies have been extended to obtain confidence and tolerance bounds 
for Class IIX problems. When there i s  only a single test volume condition 
and a single c ~ m p ~ ~ ~ n t  v ~ l ~ e  conditjbon, conditional integration methods 
( 5 , 6 )  are exact ( 7 ) .  Far other Glass 1x1 problems the integration method may 
also Be exwet (thEs i s  currently under investigation). The methodology to 
abtain eonfldence and taleranee bounds for Class IT problems is yet ts be 
developed. Therefore, the l i m l t s  8x9 maxi likelihood analyses suck as 
those included Pn Table 1, eannst be given at this t h e ,  

Recent studPes indicate that employing the integration method 

the results of analyzing a sPmulated data set consisting of 19 tensile 
specimens tested in each o f  three volinmen. The solid Lines are the maxlmum 

belnawiors. TIIS s o l i d  circle data po in t s  fall on curved lines that define the 
upper rand laver b as of the 95 percent tolerance I f m i t s  on the. 0.05 

~ ~ e f u l  i n  p r a ~ t l ~ a l .  agplicatfons far Class 1-111 problems. Slmo~. in Ff 

likelihood esttmasted 0 . 5  quantlle (up es) and 0 . 0 5  quamtlle (lower) 

qzzantiPe line. For t h l s  data sez, the true l ine (not ahow*) i s  w i t h f n  the 
confidence ~ P O W I ~ S  ( t h i s  should hoia t m e *  at 8. parttcuiak: s i z e  ana the ~ITP~XI 

confidence level., 95 percent o f  the t ime in the long m). 

Unfortunately, straightforward application of finear ~ e g r ~ ~ s i o n  methods 
promfsa in obtafnlng acceptable conffdence and tolerance b o w  

and, at this p s h t ,  is not being further pursued. 

1. C.A. Johnson an S. Prechazka, "Investigation. of Ceramics far Hfgh 
Temperature Turbine Component," F i n a l  Report, Contract F962266-75-0243, 
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Estimation," J. Am. Ceram. Soc., 63. 214-218, (1980). 



206 

3. K. Trustrum and A. De S. fayatilaka, "On Estimating the Weibull Modulus 
for a Brittle Material," J. Mater. Sci., 14, 1080-1084 (1979). 

4. N.R. Nann, R. E. Schafer, and N. D. Singpurwalla, Methods for Statistical 
Analysis of Reliability and LLife Data, John Wiley & Sons, New York, 1974. 

5. J.F. Lawless, "Construction of Tolerance Bounds for the Extreme-Value and 
Veibull Distributions," Technometrics, 17, 255-261, 1975. 

6. R.A. Fisher, "Two New Properties of Mathematical Likelihood,- Proc. Royal 
Society A, 144, 285-307, 1934. 

7. 0. Barndorff-Nielson, "On a Formula for the Distribution of the Haximum 
Likelihood Estimator," Biometrika, 70, 343-365, 1983. 

8. D. V. Xinkley, "Likelihood Inference about Location and Scale Parameters," 
Biometrika, 65, 253-261, 1978. 

status of Milestones 

The three milestones due to be completed at the end of the third year 
of the program are on schedule. 



FIGURE 1: Log stress vs. log effect ive area for S i c  fracture 
data. 

Linear  R e g r e s s i o n  
For Volume D e f e c t s :  ( V  on $1 
Ldeibull n o d u l u s  16.178 
Sisma Z e r o  (MPar mm) 354.215 
Sisma Z e r o  ( p s i ,  i n )  28282.8 
S t d  Err o f  Ln S t r e s s  I. 05396 
Number o f  I t e r a t i o n s  b 

For Area  D e f e c t s :  ( A  on SI 
W e i h w l l  Hodulws  14.38 
Sisrns Zero tnrar mm) 428.381 
Sisma Zero ( p s i ,  i n )  39711r8 I5 
S t d  E r r  0 6  Ln S t r e 5 5  I. 13595 
Number of  I t e r a t i o n s  6 

For E d s e  D e f e c t s :  ( L  on SI 
W e i b u l l  Flodulur 12.547 
Sisma Z e r o  [MPar mm) 423 .) 688 
Sisma Zero ( p s i 9  i n )  47x36 8 
S t d  Err o f  Ln Stress B .#3394 
Number o f  I t e r a t i o n s  5 

Linear R e s r e s s i o n  
( %  o n  V )  

19.384 
344.187 
3BZ43.5 
53 -84794 

5 

(S  on c$l 
15.667 

417.188 
481 19.5 
$3.83377 
6 

(S on L1 
13.592 

41 3 e 55Q 
47333.2 
B.IK3231 
6 

Maximum Likel ihood 

16.429 
36% .&14 
29137.9 
1.85811 

7 

14.216 
432.146 
39551.1 
B .I 83682 

7 

12.138 
425.311 
47399.2 
B - 836BZ 

7 

TABLE 1: Computer output from analysis of 137 S i c  specimens. 



stressed ~ o l u m e  (in3) 
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FIGURE 2: Log stress vs. log effectiye volume for simulated 
tensile data. 
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3.0 DATA BASE AND LIFE PREDICTION 

INTHOOUCTION 

T h i s  p o r t i o n  o f  t he  p r o j e c t  i s  i d e n t i f i e d  as  p r o j e c t  e lement  3 
w i t h i n  t he  w r k  breakdown s t r u c t u r e  (WBS). I t  c o n t a i n s  f i v e  subelements, 
i n c l u d i n g  (1) S t r u c t u r a l  Qual i f i c a t i o n ,  (2 )  Tirne-Dependent Rehav io r ,  
( 3 )  Eri'rii f-onme;itiil E f f e c t s ,  ( 4 )  F r a c t u r e  Mechanics, and ( 5 )  N o n d e s t r u c t i v e  
Eva1 u a t i o n  (NDE) Revel opment . Reseal-ch corrducted dur i  rig t h i  s y e r i  od 
i n c l u d e s  a c t i v i t i e s  i n  subelements (11, (2 ) ,  and ( 3 ) -  Work i n  t h e  
S t r u c t u r a l  Q u a l i f i c a t i o n  subelement includes proof t e s t i n q ,  c o r r e l a t i o n s  
w i t h  NDE i-p?sul t s  and m i c r o s t r u c t u r e ,  and a p p l  i c a t i c l n  t o  csaponents. Work 
i n  t he  Time-Dependent Behavior subelement i n c l u d e s  s t u d i e s  o f  f a t i g u e  and 
cr-eep i r s  5t ruc tbPaI  ceramics  a t  h i g h  tempera tu res .  Research i n  t h e  
Env i ronmenta l  E f f e c t s  subelement i n c l u d e s  s t u d y  o f  the l o n q - t e r m  e f f e c t s  
o f  o x i d a t i o n ,  c o r r o s i o n ,  and erosion on t h e  mechanical  p r o b e r t i e s  and 
rnicrosiruetures s f  s t r u c t u ~ a l  ceramtcs. 

?^he r e s e a r c h  c o n t e n t  o f  t h e  Data Base and L i f e  P r e d i c t t o n  p r o j e c t  
e lement  i n c l u d e s  (1) exper imen ta l  l i f e  t es t ing  and m i c r o s t r u c t u r a l  a n a l y -  
s i s  o f  Si,N, and S1'C ceramics ,  ( 2 )  t ime- tempera tu re  s t r e n g t h  dependence o f  
Si3N4 ceramics, and ( 3 )  s t a t i c  f a t i g u e  b e h a v i o r  o f  PSZ ceramics. 

H a j o r  o b j e c t i v e s  o f  r e s e a r c h  i n  t he  Data Base and L i f e  P r e d i c t i o n  
pro jec t  e lement  are  unders tand ing  and a p p l i c a t i o n  o f  p r e d i c t i v e  models f o r  
s t r u c t u r a l  ceramic  mechanical  r e l i a b i l i t y ,  measurement techn iques  f o r  
l o n g - t e r m  mechanical  p r o p e r t y  b e h a v i o r  i n  s t r u c t u r a l  ceramics ,  and p h y s i c a l  
u n d e r s t a n d i n g  o f  t i  e-dependent mechanfcal  f a i l u r e .  Success i n  meeting 
t hese  o b j e c t i v e s  w i l l  p r o v i d e  U.S,  companies w i t h  t h e  t o o l s  needed f o r  
a c c u r a t e l y  p rec l i ' c t ing  t h e  mechanical  r e l i a b i l i t y  o f  ceramic  h e a t  eng ine  
components, i n c l u d i n g  t h e  e f f e c t s  o f  a p p l i e d  s t r e s s ,  t i m e ,  tempera tu re ,  
and atmosphere on t h e  c r i t i c a l  ceramic  p r o p e r t i e s .  
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3.1 STRUCTURAL QUALIFICATION 

Micros t ruc tvral Analysis of S truc tural Cerain  i.cs 
B .  J . Hockey and S .M. Wiederhorn 
(National Bureau of Standards) 

Qbiective/Scope 

The objective of this part of the program is to identify mechanisms 
of failure in structural ceramics subjected to mechanical loads in 
various environments. Of particular interest is the damage that 
accumulates in structural cerami.cs as a consequence of high temperature 
exposure to environments and stresses normally present in heat engines. 

Recent studies of high temperature failure o f  the non-oxide 
ceramics intended for use for heat engines indicates that for long term 
usage, damage accumulation will be the primary cause of specimen 
failure. Mechanical defects, even if present in these materials, are 
healed or removed by high temperature exposure so that the original 
defects have little influence on long term lifetime at elevated 
temperature. In this situation, lifetime can be determined by 
characterizing the nature of the damage and rate of  damage accumulation 
in the material at elevated temperatures. In most structural ceramics 
of current interest, the fine grain size and chemical complexity of the 
microstructure precludes the use of routine characterization methods. 
Hence, there is a clear need for analytical transmission electron 
microscopy studies as an adjunct to the mechanical testing of these 
materials for high temperature applications. 

Tn this project, the creep and creep-rupture behavior of several 
ceramic materials will be correlated with microstructural damage that 
occurs as a function of creep strain and rupture time. Materials to be 
studied include: sialons; hot-pressed silicon nitride; and sintered 
silicon carbide. This project will be coordinated with WBS 3.4.1.3, 
Tensile Creep Testing, with the ultimate goal of developing a test 
methodology for assuring the reliability of structural ceramics for high 
temperature applications. 

Technic a 1 Hinh - 1 i nh t s 

During this period, TEM studies on siliconized silicon carbide 
(SOHIO KX-01) were extended to include samples that were deformed under 
either uniaxial tension or compression at 1300°C. These. studies were 
aimed at determining differences in both the deformation and damage 
accumulation processes that exist between tension and compressive 
loading. Moreover, because creep curves (log i vs log CY) for both forins 
of  loading show an abrupt change in stress dependence (from -4 at lower 
stresses to 11-14 at higher stresses),' the TEM studies were a l s o  
arrived at determining this reason for this change in behavior. 

In agreement with the earlier results - based primarily on 
observations on samples tested in bending - tensile deformation at 

'See 3.4 Standard Tensile Test Development (NBS); this period. 
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1300°C invariably results in cavitation within the Si phase, which in 
the extreme results in the development of penetrating creep cracks, 
whereas compressive creep at 1300°C does not. 
SEX, and TEM examination of a compression sample deformed to -1.4% 
strain showed no evidence for cavity formation or for microcrack 
formation; in tension, macro-sized cracks formation or failure typically 
occurred at strains below 1%. Nevertheless, aside from the formation of 
cavities in the silicon phase during tensile deformation (which will be 
described below), tensile and compressive deEormation otherwise resulted 
in similar changes within both the silicon carbide and silicon phases. 
Under low stress conditions, corresponding to a stress exponent of -4, 
concentric dislocation loops are found within Sic grains in the vicinity 
of Sic to Sic junctions. As illustrated in Figure 1, the5e junctions 
appear to be sites where adjacent Sic grains are at least tenuously 
self-bonded and the presence of dislocation loops (not found in the 
as-received state) suggests localized stress development and deformation 
occurs at these junctions in both tension and compression. Under t:hese 
same conditions, i,e. t - u 4 ,  evidence for deformation induced 
dislocations and twins are also found within the silicon phase in both 
tensile and compressive samples. Despite the fact that tensile creep 
under conditions where t - u4 applies results in limited numbers of 
fully isolated cavities withi.11 the S i  phase while compressive creep does 
n o t ,  there appeared to be no significant difference i.n the type or 
density of deformation induced defects present within either the silicon 
or silicon carbide phases after tensile or compressive creep. 

Results from tensile and csmpressi.ve creep  samples .tested at higher 
stress levels, where t - applies, could a l s o  be similarly 
described, again except for the occurrence of extensive cavitation in 
the Si phase of tensile deformed samples. 
of the Sic grains contain reLacively high densities of dislocations 
which, unlike t h x e  found in the as-received state, appear confined to 
their s l i p  planes (generally (0001)). The arrays of  dislocations, 
moreover, are not just localized at Sic to Sic junctions but tend to 
span the entire grain, Fig. 2. This result indicates that at the high 
applied stress levels (2 100 MPa in terision, 2 200 MPa in compression) 
thermally assisted dislocation slip occurs to cause at least limited 
shape changes in the Sic grains. A s  might be expected, the silicon 
phase in these samples also shows evidence for enhanced deformation in 
that it contains not only higher densities of dislocations and twins, 
Fig. 3 ,  but a more uniform distribution of these defects compared to 
that found in samples crept at lower stress levels. 

Examination of the 1300°C tensile creep samples together with a 
1375°C tensile sample allowed further observations on the cavitation 
process. As previously reported, cavitation within the near-surface 
regions occurs preferentially within the thin Si layers separating 
adjacent Sic grains (i.e. two-grain junctions), while within the 
interior cavitation also involves the depletion of larger Si pockets 
separating multiple Sic grains. Despite numerous observations on both 
types of cavities, no direct correlation could be made between the 
presence of deformation induced defects (dislocations or twins) within 
either the Si phase or adjacent Sic grains and cavities. 
dislocation annihilation at Si to Sic interfaces or twin-twin 

In this regard, optical, 

Under these conditions, many 

Thus whi.Le 
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intersections within the Si phase may aid in cavity nucleation, there is 
no indication that these line or planar defects are directly involved in 
the growth of cavities. 
rapid diffusion processes. Moreover, many of the cavities - 
particularly those produced within the near surface regions of creep 
samples - are bounded by an amorphous layer. As illustrated in Fig. 4, 
this amorphous region separating the cavity from the remaining Si phase 
is relatively thick, and as such is quite distinct from the extremely 
thin amorphous layer found along the edges of holes in ion milled 
silicon. Furthermore, qualitative electron energy loss (EELS) analysis 
indicates significant concentrations of oxygen and carbon in addition to 
silicon. Further study of cavities developed well into the interior of 
tensile (or bend) creep samples or that develop in samples crept in 
inert atmospheres is required, however, before speculating on the 
possible role of oxidation and/or carbon dissolution in the cavitation 
process. 

Instead, cavity growth appears governed by 

Status of Milestoneg, 

To date, all milestones have been met or are on target. To a large 
extent, the TEM analysis of creep deformation during uniaxial tensile 
and compressive creep as well as flexural creep is completed, and a 
paper describing the results is being drafted. 
completing a study of the cavitation process very soon, and this will 
result in another paper on cavitation and creep rupture of siliconized 
silicon carbide. 

We also anticipate 

Publication8 : None. 
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Fig. 3 .  
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Phvsical Properties of Structural Ceramics 
R. K. Wil l iams and R. S. Graves (Oak Ridge National Laboratory) 

Objective/scoDe 

The s t ruc tu ra l  ceramics present ly considered f o r  use i n  advanced heat 
engine appl icat ions usual ly  contain more than one phase and several com- 
ponents. The thermal conduc t i v i t i es  o f  these mater ia ls are low r e l a t i v e  
t o  metals, and t h i s ,  along w i t h  thermal expansion plus f rac tu re  strength 
and toughness, i s  a prime fac to r  i n  determining s u i t a b i l i t y  o f  a given 
ceramic f o r  a p a r t i c u l a r  advanced engine component. The purpose of t h i s  
research i s  t o  develop an improved understanding o f  the fac to rs  t h a t  
determine the thermal conduc t i v i t i es  o f  these complex s t ruc tu ra l  mater ia ls  
a t  h igh temperatures. 

Technical Droqress 

Taylor, Groot, and Larimore' have measured the thermal d i f f u s i v i t y ,  

Their  r e s u l t s  are show i n  Fig. 1, which a lso includes thermal 
The d i f -  

densi ty and spec i f i c  heat o f  a sample o f  MS grade p a r t i a l l y  s t a b i l i z e d  
z i rconia.  
conduct iv i ty  measurements made a t  ORNL on the same l o t  o f  PSZ. 
ference between the two measurements i s  about 8%, which i s  w i t h i n  the com- 
bined uncer ta in t ies o f  the two measurements. 

t h a t  photon t ranspor t  probably becomes detectable a t  about 1000 K, and the 
data do not extrapolate t o  zero thermal resistance a t  absolute zero. The 
300-1000 K r e s u l t s  vary about as expected (T- I ) ,  and the dev iat ion seen a t  
higher temperatures corresponds t o  the appearance o f  a new heat t ranspor t  
mechanism. We are cu r ren t l y  making d i r e c t  thermal conduct iv i ty  measure- 
ments t o  compare the two r e s u l t s  a t  h igh temperatures. 

I n  the absence o f  magnetic e f f e c t s  o r  p o i n t  defect  scattering,2 the 
intermediate temperature thermal resistance data (1- l )  f o r  most i nsu la to rs  
extrapolates t o  a value close t o  zero a t  absolute zero. This i s  not the 
case f o r  PSZ, and point-defect  scat ter ing o f  phonons by oxygen vacancies 
and Mg'* ions probably cause the large p o s i t i v e  i n te rcep t  shown i n  F ig  1. 

The two p r i n c i p a l  po ints  o f  i n t e r e s t  are t h a t  the r e s u l t s  i nd i ca te  
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Effec t  of  Translucence of E npineering Ceramics on Heat Transfer i n  Diesel 
Engines 
Syed Wahiduzzaman and Thomas Morel (Integral Technologies Incorporated) 

Obi ective/scope 

Ceramic materials are being used as thermal barrier materials, separat- 
ing the engine metal substructure from the convective and radiative heat 
fluxes originating in the combustion gases. The heat transfer through the 
ceramic layer substructure will be increased by any translucence, 
which would allow a part of the radiation heat flux to pass through the 
barrier material. To quantify the effect of translucence of engineering 
ceramics on the heat transfer in diesel engines, Integral Technologies has 
conducted analytical studies using detailed computer codes which describe 
a realistic engine thermal environment including gas-to-wall heat fluxes, 
as well as the combined radiation/ conduction heat transfer through a 
thermal barrier layer. A detailed parametric study was carried out in 
which the following parameters were varied, and their effect on heat 
barrier effectiveness was studied: 1) material absorption coefficient, 
2) material conductivity, and 3 )  material thickness. An analysis of the 
results yielded bounds on critical properties, beyond which there is a 
reason for concern about this effect. Also, suggestions were made for 
methods to control any adverse effects. 

to the 

In the experimental portion of this work, data will be acquired 
describing the radiation properties of several engineering ceramics. The 
objective is to obtain the specific information needed for the analytical 
part of this work. This includes the absorption coefficient, scattering 
albedo and surface reflectivities of the materials. In order to obtain 
the data, specialized samples of the materials will be fabricated. 
Measurements of transmissivity will be obtained, and from these the 
desired radiation properties will be deduced using an analytical data 
reduction technique. 

Technical progress 

A technical report was prepared and sent to ORNL. This report covers 
the analytical work - -  development of a transient heat radiation model for 
translucent ceramics and its application in parametric studies aimed at 
quantification of the effects of heat radiation from diesel flame on the 
effectiveness of ceramic heat barriers in engine applications. 

Liaison was maintained with organizations preparing samples for the 
experimental portion of this program. Samples were received from ORNL and 
Caterpillar, others are expected from Cummins Engine Company. 

Status of Milestones 

Milestone lla, model formulation, was reached in March, 1986. Milestone 
llb, model development, was completed in August, 1986. Milestone llc, 
material property search, was completed in December, 1986. Milestone lle, 
definition of material samples, was completed in October, 1986. A report 
was completed and delivered to ORNL in May, 1987. 
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Publications 

A report was submitted to ORNL on March 31, 1987. In addition, a 
presentation was given a t  a workshop: 

T. Morel, "Analysis of Heat Transfer in LMR Engines: Translucence 
Effects in Ceramics," Workshop on Coatings for Advanced Heat Engines, 
Maine Maritime Academy, Castine, Maine, July 27-30, 1987. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterization of Transformation-Toughened Ceramics 
Jeffrey J. Swab (Army Materials Technology Laboratory) 

Obiective/scove 

Because of their unusual ccmbination of properties, transformation 
toughened zirconias (TIZ) are leading candidates for cylinder liners, 
piston capsI head plates, valve seats and other cxxnponents for the 
adiabatic diesel engine. These materials are age-hardened ceramic 
allcy systems and as such, they are likely to be susceptible to 
overaging and loss of strength after long times at high temperatures 
(i.e-, close to the age-hardening t-ratures). Accordingly, a task 
was initiated to define the extent and magnitude of the overaging (if 
any) at engine operating temperatures (1000-12OOC) and the resulting 
impact on material performance. 

It is also well known that Y-T'ZP's undergo a phencmenon at low 
temperatures (200-480C) which leads to decreases in strength and 
fracture toughness and that this phemnon is accelerated by the 
presence of water. 
determine the effects of this phenmnon has k n  included in this 
task .I 

As a result, a preliminary study to try and 

Technical progress 

The "XIP8edaa TZP from Koransha w a s  manufactured in a reducing 
amphere, which resulted in the material having a charcm? grey 
color. Wcss and Swain (1) confirm this coloring. Upcm heat 
treatrent at 1 O Q K  the material. changed color to off white. 
helieved that this is due to oxidation of the material. 

It is 

The reduction during HIP'ing has an adverse affect on the high 
terrperatu6-e performance of the mtrrial. However, this performance 
can br! improved 2 to 3 fold by heat treating t he  specimns in air at 

no~i-stoichiotry, caused by WHP'irg i n  reducing atmosphere, is the 
direct cause of the difference in high teqxxature  performmce of the 
material, before and after heat treatments. Additional tests mst be 
ccpmpleted to determine the extent of oxygen nowstoichimetry. 

for 108 hours, Figure 1. It is believed that oxygen 

Preliminary fracture toughness data has been obtained on the first 
seven (7) TZP materials. The toughness was determined by indenting 
the specimen with a Vickers indent and then stressing to Eailure in 

a finish of 2 microinch W 5  or better on one of their 4 by 50 m 
faces. 
q u a t  ion : 

four-pint bending (2). Prior to indentation all bars were 1 to 

The value for Klc was then calculated using the follwing 
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&cause each TZP material 
decided that Klc would be 
loads, Figures 2-4. 

0.59 -h; 0.12 
Elastic W u l u s  
rnrdness 
As Indented Str-ength 
Indentation md 

has differences in its microstructure i t  was 
detenniwd over a range of indentation 

general t ~ e n d s  can be s e n  frm these Figures. 
although. the Hitachi TZP has excellent skrength it has the lowest 
f racture  toughness. 
and the tougt-mess of the  s intered and HIP'& n P  f2-mi Koransha tends 
to increase with the length of heat treatment. 

First, 

Tosl-aiba and NGK have the highest vala.ies of Klc 

Also during t h i s  pm-icd an exminat ion of the high tenperaturn 
fast fracture of fcmr ( 4 )  of the best TZP's has k e n  started. The 
four U P * s  are Hitaehi "1985", bGK-Lc-cke Z-191 and the Sintered and 
HIP' ed versions f ran Ko~ai~sha. 
their as-received, st rength and ability to retain that strength af ter  

'Ihcse materials were selected based on 

rature aging. FPexure strength will be masured at 700, 850 
and 

I__ 

TABLE 1 

25c 
__I.- 

2-191 

Characteristic M851 (MPa) 873 
Wibull b?umber 15.2 
Mean MOR (MPa) 884 
Standard kviatim 65 

Hitachi "1985" 

Characteristic MOR (MPa) 1169 
Wibul l  Mrmber 3.6 
Mean MOR (MPa) 1045 
Standard Deviation 265 

4 28 
7.1 
400 
55 

438 
12.2 
463 
42 
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Rx-anska Sintered - 

659 
3.9 
53 5 
109 

329 
12-8  
315 
27 
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Publications: 

2. Chantikul, P., Anstis, G . R . ,  Tam, B.R. m d  Marshall, D,B., "A 
Critical Evaluation of Indentation Techniques for Measurinq Fracture 
Toughness: IIBUr J. hI. Cerm. Soc., 64 [91 1981, p533-543. 

J 

Figure 1 .  
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Figure 3 
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Frac ture  Behavior of Tounhened Ceramics 
P. F. Becher, T.  N. T iegs  and W .  H. Warwick (Oak Ridge N a t i o n a l  
Laboratory)  

Object ive/scope 

Because o f  t h e i r  e x c e l l e n t  toughness, o x i d e  ceramics such as 
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) ,  d ispers ion- toughened alumina (OTA), 
and w h i s k e r - r e i n f o r c e d  ceramics a r e  pr ime candidates f o r  many d i e s e l  
engine components. 
t hough t  t o  be due t o  a s t ress - induced  t r a n s f o r m a t i o n  ( o f  t h e  d i spe rsed  
t e t r a g o n a l  ZrO, phase) which r e q u i r e s  a d d i t i o n a l  energy f o r  c a t a s t r o p h i c  
f r a c t u r e  t o  occur .  However, these m a t e r i a l s  a r e  s t i l l  s u s c e p t i b l e  t o  s low 
c r a c k  growth and thus  s t r e n g t h  degrada t ion .  A l s o  t h e r e  i s  l i m i t e d  evidence 
t h a t  a t  temperatures above 7 O O 0 C ,  t ime-dependent ag ing  e f f e c t s  can reduce 
t h e  c o n c e n t r a t i o n  o f  t h e  phase i n v o l v e d  i n  t h e  t r a n s f o r m a t i o n  process, 
l e a d i n g  t o  s i g n i f i c a n t  l o s s e s  i n  toughness and s t r e n g t h .  It i s  e s s e n t i a l  
t h a t  mechanisms r e s p o n s i b l e  f o r  b o t h  t h e  s low c r a c k  growth and ag ing  
behav io r  be w e l l  understood. S i m i l a r l y ,  t h e  toughening behav io r  i n  
w h i s k e r - r e i n f o r c e d  ceramics and t h e i r  h igh- temperature performance must 
be eva lua ted  t o  develop m a t e r i a l s  f o r  p a r t i c u l a r  a p p l i c a t i o n s .  

I n  response t o  these needs, s t u d i e s  have been i n i t i a t e d  t o  examine 
toughening and f a t i g u e  p r o p e r t i e s  o f  transformation-toughened and whisker-  
r e i n f o r c e d  m a t e r i a l s .  
s tand ing  t h e  e f f e c t  o f  m i c r o s t r u c t u r e  on processes r e s p o n s i b l e  f o r  t ime-  
dependent v a r i a t i o n s  i n  toughness and h igh- temperature s t r e n g t h .  
a d d i t i o n ,  fundamental i n s i g h t  i n t a  t h e  s low c r a c k  growth behav io r  asso- 
c i a t e d  w i t h  these m a t e r i a l s  i s  b e i n g  ob ta ined .  

The enhanced toughness o f  t h e  PSZ and DTA m a t e r i a l s  i s  

P a r t i c u l a r  emphasis has been p laced  on under- 

I n  

-- Technica l  p roq ress  

P rev ious  s t u d i e s  have examined t h e  c r i t i c a l  f r a c t u r e  s t r e n g t h  and 
l ong - te rm s t r e n g t h  behav io r  a t  e l e v a t e d  temperatures I n  a i r  o f  f i n e  
g r a i n e d  (1-2 prn) alumina r e i n f o r c e d  w i t h  20 v o l  X s i l i c o n  c a r b i d e  whiskers 
(ARCO).  The long - te rm s t r e n g t h  s t u d i e s  i n v o l v e d  s u b j e c t i n g  f l e x u r e  ba rs  
t o  an a p p l i e d  s t r e s s  equal t o  t w o - t h i r d s  t h e  c r i t i c a l  f r a c t u r e  s t r e n g t h  a t  
t h e  temperature o f  i n t e r e s t  f o r  s e l e c t e d  t i m e  p e r j o d s  and then  i n c r e a s i n g  
t h e  s t r e s s  u n t i l  f r a c t u r e  occurred.  It was found t h a t  under these con- 
d i  t i o n s  [ i n t e r r u p t e d  s t a t i c  f a t i g u e  I F S ) ] ,  t h e  r e t a i n e d  f r a c t u r e  s t r e n g t h s  
i nc reased  w i t h  i n c r e a s i n g  t i m e  o f  exposure t o  t h e  a p p l i e d  s t r e s s  i n  t h e  
range o f  800 t o  llOO°C. 
decreased. 

These t e s t s  were conducted at. a f i x e d  a p p l i e d  s t r e s s / c r i t i s a l  f r a c -  
t u r e  s t r e n g t h  r a t i o  o f  2:3 and t e s t s  were i n i t i a t e d  t o  examine the e f f e c t s  
o f  v a r i o u s  a p p l i e d  s t r e s s  l e v e l s .  These s t u d i e s  can be used t o  d e s c r i b e  
t h e  l i f e t i m e  versus a p p l i e d  s t r e s s  behav io r  and d e f i n e  t h e  mechanisms 
l e a d i n g  to s t r e n g t h  changes. T h i s  i s  e s p e c l a l l y  c t - f t i c a l  i n  t h e  tem- 
p e r a t u r e  range o f  1100 t o  1200°C where a t r r a n s i t i a n  f rom stable/ i rnproved 
r e t a i n e d  s t r e n g t h s  t o  s t r e n g t h  degrada t ion  w i th  t i m e  was observed i n  t h e  
e a r l i e r  IFS- type t e s t s .  

A t  1200°C, t h e  r e t a i n e d  f r a c t u r e  s t r e n g t h s  
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F l e x u r e  b a r s  o f  t h e  alumina-20 v o l  % s i l i c o n  c a r b i d e  whisker  com- 
p o s i t e  m a t e r i a l s  were prepared and sur face  f i n i s h e d  w i t h  a 1 8 0 - g r i t  r e s i -  
n o i d  bonded diamond sur face  g r i n d i n g  wheel as i n  p r e v i o u s  s t u d i e s .  
Samples were t e s t e d  i n  f o u r - p o i n t  f l e x u r e  u s i n g  i n n e r  and o u t e r  spans o f  
6.35 and 19.05 mm under cons tan t  a p p l i e d  s t r e s s  c o n d i t i o n s  i n  a i r  t o  
determine t imes t o  f a i l u r e  a t  s e l e c t e d  a p p l i e d  s t resses  and temperatures.  
These l a t t e r  t e s t s  can be used i n  combinat ion w i t h  t h e  p r e v i o u s  I F S  
r e s u l t s  t o  determine t h e  cons tan t  s t r e s s  ( s t a t i c  f a t i g u e / c r e e p  r u p t u r e )  
response o f  m a t e r i a l s  a t  any d e s i r e d  temperature.  A t  e l e v a t e d  tem- 
pera tures ,  such f a t i g u e  behav io r  can be a r e s u l t  o f  s low c r a c k  growth by 
d i f f u s i o n ,  c rack  b l u n t i n g  by d i f f u s i o n  o r  sur face  r e a c t i o n s ,  o r  c r a c k  
generat ion/growth by creep c a v i t a t i o n .  
occurs when t h e  creep s t r a i n  r a t e  e x h i b i t s  a l i n e a r  dependence on t h e  
a p p l i e d  s t r e s s .  C a v i t a t i o n  processes g e n e r a l l y  a r e  observed when t h e  
creep s t r a i n  r a t e  e x h i b i t s  a ( a p p l i e d  s t ress)n  dependence where n equals  2 
o r  g r e a t e r .  

The r e s u l t s  f o r  t h e  f a t i g u e  behav io r  ( f rom b o t h  IFS  and s t a t i c  
fa t igue/c reep r u p t u r e  t e s t s )  o f  t h e  alumina-20 vol % s i l i c o n  c a r b i d e  
wh isker  composites a r e  i l l u s t r a t e d  i n  F i g .  1. The r e s u l t s  a r e  g i v e n  as a 
l o g - l o g  p l o t  o f  t h e  t i m e  t o  f a i l u r e  as a f u n c t i o n  o f  t h e  a p p l i e d  stress 
f o r  samples t e s t e d  a t  1200 and l l O O ° C .  
p l o t s  a r e  (1) t h e  change i n  s lope o f  t h e  l o g  s t r e s s - l o g  t i m e  p l o t s  f o r  
1100 and 1200OC and (2) t h e  t r a n s i t i o n  f rom s t r e s s  dependent t i m e  t o  
f a i l u r e  t o  a r e g i o n  where f a i l u r e  does n o t  occur  a t  1100OC. The l a t t e r  
f e a t u r e  observed a t  l l O O ° C  i s  a r e s u l t  o f  c r a c k  b l u n t i n g  which occurs when 
t h e  a p p l i e d  s t r e s s  i s  decreased below a c r i t i c a l  l e v e l .  The r e s u l t s  a t  
l l O O ° C  suggest t h a t  s low c rack  growth by d i f f u s i o n  may be o c c u r r i n g  above 
t h i s  c r i t i c a l  s t r e s s  l e v e l .  Thus, t h e  c r i t i c a l  s t r e s s  l e v e l  w i l l  be 
d e f i n e d  by t h e  c o m p e t i t i v e  i n t e r a c t i o n  o f  d i f f u s i v e  c r a c k  growth and c rack  
b l  u n t i  ng . 
1200OC versus t h a t  a t  l l O O ° C  i s  seen t o  be a r e s u l t  o f  t h e  i n i t i a t i o n  o f  
creep c a v i t a t i o n  processes a t  12OOOC. Prev ious r e s u l t s  showed t h a t  c rack  
genera t ion  which w i l l  be assoc ia ted  w i t h  c a v i t a t i o n  and c a v i t y  growth and 
coalescence does occur i n  t h i s  m a t e r i a l  a t  12OOOC and above.' 
separate s t u d i e s  show t h a t  t h e  steady s t a t e  creep s t r a i n  r a t e s  e x h i b i t  a 
( a p p l i e d  s t r e s s ) n  dependence w i t h  n equal t o  2.  Such creep behav io r  can 
be a t t r i b u t e d  t o  g r a i n  boundary s l i d i n g  which i s  n o t  f u l l y  accommodated, 
which leads  t o  c a v i t a t i o n .  Thus, t h e  change i n  t h e  a p p l i e d  s t r e s s - l i f e  
t i m e  behav io r  a t  1200°C and above apparent ly  i s  a r e s u l t  o f  t h e  i n i t i a t i o n  
o f  creep c a v i t a t i o n  and c rack  genera t ion  processes. 

U n i v e r s i t y  who has conducted compressive creep s t u d i e s  o f  S i c  whisker-  
r e i n f o r c e d  (20 v o l  %) m u l l i t e  and m u l l i t e  samples which were p r o v i d e d  by 
ORNL. The commercial m u l l i t e  powders used t o  f a b r i c a t e  these composites 
a r e  known t o  c o n t a i n  an excess o f  s i l i c a ,  and thus  t h e  composites c o n t a i n  
a g l a s s y  phase a t  t h e  m a t r i x  g r a i n  boundar ies and wh isker -mat r ix  i n t e r -  
faces.  Our p rev ious  s t u d i e s  had shown t h a t  a comparable S i c  whisker-  
r e i n f o r c e d  m u l l i t e  composite r e t a i n e d  t h e i r  f r a c t u r e  s t r e n g t h  i n  f o u r -  
p o i n t  f l e x u r e  t o  temperatures o f  a t  l e a s t  1200OC i n  a i r .  

T y p i c a l l y ,  d i f f u s i v e  c r a c k  growth 

The s a l i e n t  f e a t u r e s  o f  these 

The g r e a t e r  a p p l i e d  s t r e s s  s e n s i t i v i t y  o f  t h e  t ime t o  f a i l u r e s  at 

A l s o ,  

Discuss ions were h e l d  w i t h  P r o f ,  R. F. Davis  o f  Nor th  C a r o l i n a  S t a t e  

A t  14OO0C, t h e  
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F i g .  1. Time t o  f a i l u r e  dependence on t h e  a p p l i e d  s t r e s s  l e v e l  f o r  
alumina-20 vol % s i l i c o n  c a r b i d e  wh iske r  composites t e s t e d  i n  a i r  at 1 1 0 0  
and 1200OC. Note a t  1100°C t h e r e  i s  a t r a n s i t i o n  f rom slow c r a c k  growth 
b e h a v i o r  ( i . e . ,  i nc rease  in t i m e  t o  f a i l u r e  w i t h  decrease i n  s t r e s s )  t o  
c r a c k  b l u n t i n g  ( i . e . ,  i n d i c a t e d  by no f a i l u r e ) .  A t  1200°C, t h e  composi te 
e x h i b i t s  time t o  f a i l u r e  dependence on t h e  a p p l i e d  s t r e s s  wh ich  i s  g r e a t e r  
t han  t h a t  observed a t  1100OC. Thr's i s  c o n s i s t e n t  w i t h  obse rva t i ons  o f  t h e  
initiation o f  creep c a v i t a t i o n  and c r a c k  genera t i on  a t  5200°C. 

f r a c t u r e  s t r e n g t h  i s  s i g n i f i c a n t l y  decreased. S i m i l a r  decreases i n  t h e  
f l e x u r a l  f r a c t u r e  s t r e n g t h  o f  S I C  w h i s k e r - r e i n f o r c e d  (20 v o l  %) a luminas 
which occu r red  above llOO°C were shown to be r e l a t e d  t o  t h e  onse t  o f  creep 
and creep damage processes.' S i m i l a r  behav io r  was thus expected i n  t h e  
m u l l i t e - b a s e d  composi te above 12OO0C, and t h e  presence of g l a s s y  g r a i n  
boundary and i n t e r f a c e  phase(s) would be expected t o  promote creep.  Note 
t h a t  m u l l i t e  ceramics which a r e  e s s e n t i a l l y  f r e e  o f  g l a s s y  g r a i n  boundary 
phases e x h i b i t  t h e  g r e a t e s t  creep r e s i s t a n c e  observed i n  o x i d e  ceramics. '  

t h e  S i c  w h i s k e r - r e i n f o r c e d  m u l l i t e  i s  a r e s u l t  o f  v i scous  f l o w  o f  t h e  
g l a s s y  phase a t  temperatures o f  -1175OC t o  -1425OC i n  argon. 
-136OOC r e s u l t s  i n  t h e  f o r m a t i o n  o f  c a v i t i e s  a t  wh iske r -ma t r i x  and 

P r e l i m i n a r y  r e s u l t s  by P r o f .  Davis  show t h a t  t h e  creep de fo rma t ion  i n  

Creep a t  
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whisker-whisker  i n t e r f a c e s  c o n t a i n i n g  t h e  g lassy  phase; however, above 
t h i s  temperature c a v i t i e s  a r e  n o t  observed, as t h e  v i s c o s i t y  o f  t h e  g l a s s  
phase i s  q u i t e  low. The creep r e s i s t a n c e  i s  Improved by wh isker  r e i n f o r -  
cement as compared t o  t h e  u n r e i n f o r c e d  m u l l i t e .  
d i e s  by P r o f .  Davis ,  e l i m i n a t i o n  o f  t h e  g l a s s  phase w i l l  p r o v i d e  an 
inc rease i n  t h e  creep r e s i s t a n c e  o f  t h e  m u l l i t e  composites. 

Based on independent s t u -  

I S t a t u s  o f  mi les tones  

On schedule. 

Pub1 i c a t i o n s  

1. P.  F. Becher and T. N. Tiegs, "Temperature Dependence o f  
St rengthening by Whisker Reinforcement: S I C  Whisker Re in fo rced Alumina i n  
A i r , "  J .  Am. G e r m .  Soc., i n  p ress  (1987). 

2. T.  N. T iegs  and P .  F. Becher, "Thermal Shock Behavior  o f  an 
Alumina-SiC Whisker Composite," J .  Am. Ceram. Soc. 70(5), C-109-11 (1987). 

References 

1. P. F. Becher and T .  N. T iegs,  "Temperature Dependence o f  

2. P. A. Lessing, R. S. Gordon, and K. S. Mazdiyasni ,  "Creep o f  

St rengthening by Whisker Reinforcement: S i c  Whisker Re in fo rced Alumina i n  
A i r , "  J .  Am. Ceram. S O C . ,  i n  p ress  (1987). 

P o l y c r y s t a l l i n e  t h J l l i t e , "  J. Am. Ceram. SOC. 58(3-4), 149 (1975). 



2 3 2  

Cjclic Fatigge of Tougbgged Ceramics  
K.  C .  L i u  and C .  t?. Brinkman (Oak Ridge N a t i o n a l  Laboratory)  

O b j e c t  i ve/s.h 

The o b j e c t i v e  o f  t h i s  t a s k  a c t i v i t y  i s  t o  develop, des ign ,  f a b r i c a t e ,  
and demonstrate t h e  c a p a b i l i t y  t o  pe r fo rm t e n s i o n - t e n s i o n  dynamic f a t i g u e  
t e s t i n g  on a u n i a x i a l l y - l o a d e d  ceramic specimen a t  e l e v a t e d  temperatures.  

Three areas o f  research  have been + d e n t i f i e d  a s  t h e  main t h r u s t  o f  
t h i s  t a s k :  (1) design, f a b r i c a t i o n ,  and demonstrat ion o f  a l o a d  t r a i n  
column t h a t  t r u l y  a l i g n s  w i t h  t h e  l i n e  o f  specimen l o a d i n g ;  (2)  develop- 
ment o f  a s imple specimen g r i p  t h a t  can e f f e c t i v e l y  l i n k  t h e  l o a d  t r a i n  
and t e s t  specimen w i t h o u t  c o m p l i c a t i n g  t h e  specimen geometry and, hence, 
m in im ize  t h e  c o s t  o f  t h e  t e s t  specimen; and ( 3 )  des ign  and a n a l y s i s  o f  a 
specimen f o r  t e n s i l e  c y c l i c  f a t i g u e  t e s t i n g .  

Technica l  p roq ress  

E x p l o r a t o r y  t e n s i l e  c y c l i c  f a t i g u e  t e s t i n g  has been s u c c e s s f u l l y  
conducted f o r  two commercial ceramics t e s t e d  at e l e v a t e d  temperatures as  
h i g h  as 1200°C. 
a commercial grade o f  s i n t e r e d  s i l i c o n  n i t r i d e  (SNW-1000) o b t a i n e d  from 
GTE Wesgo D i v i s i o n .  
(MgO-PSZ, TS Grade) engineered by NILCRA o f  A u s t r a l i a  f o r  maximum thermal 
shock r e s i  stance. 

A f i r s t  ceramic m a t e r i a l  s e l e c t e d  f o r  t h i s  exper iment i s  

A second i s  a MgO 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  

Specimen and exper imenta l  d e t a i l s  

Buttonhead t e n s i l e  specimens as shown i n  F ig .  1 were used. Si3NI, 
specimens were made f rom near-shape b l a n k s  and MgO-PSZ specimens f rom 
s o l i d  round ba rs .  The f i n i s h e d  specimens have a u n i f o r m  gage-sect ion o f  
6 .3  mm (0.25 i n . )  i n  d iameter  by 25.4 rnm (1 i n . )  gage l e n g t h .  The gage 
s u r f a c e  was f i n i s h e d  by diamond-wheel g r i n d i n g  a long  t h e  l o n g i t u d i n a l  a x i s  
t o  16 rms; no p o l i s h i n g  was g i v e n  t o  t h e  gage su r face .  Specimens were 
heated by  an i n d u c t i o n  h e a t e r  a s  d e s c r i b e d  in a p rev ious  r e p o r t . '  
Specimen temperature was measured by a t w o - c o l o r  pyrometer .  
measured d i r e c t l y  on t h e  gage-sect ion o f  t h e  specimens u s i n g  a mechanical 
extensometer capable o f  accu ra te  s t r a i n  measurement a t  h i g h  temperatures.  
T e n s i l e  l o a d i n g  was a p p l i e d  a t  3 ramp r a t e  o f  70 MPa (10 k s i )  p e r  second. 
C y c l i c  l o a d i n g  was c o n t r o l l e d  by a t r i a n g u l a r  wave form a t  a r a t e  o f  
0.5 Hz, as shown i n  wave form I o f  F i g .  2. Some specimens were t e s t e d  
u s i n g  wave form I1 s c h e m a t i c a l l y  i l l u s t r a t e d  i n  F i g .  2 a l s o .  T h i s  method 
o f  t e s t i n g ,  c a l l e d  "coaxing,"  i s  used i n  meta l  a l l o y  f a t i g u e  t e s t i n g  t o  
r a i s e  t h e  f a t i g u e  endurance l i m i t .  The specimen i s  c y c l e d  f rom low  s t r e s s  
t o  h i g h  s t r e s s  l o a d i n g  i n  m u l t i p l e  s teps.  

S t r a i n  was 

Tes t  r e s u l t s  o f  Si,N, (GTE Wesgo SNW - 1000) 

A complete summary o f  t e s t  r e s u l t s  f o r  t h i s  m a t e r i a l  i s  g i v e n  i n  
Table 1 and d a t a  a r e  p l o t t e d  i n  F i g .  3. Closed symbols used i n  F i g .  3 
i n d i c a t e  t h e  l i f e t i m e s  o f  specimens sub jec ted  t o  t h e  cons tan t -amp l i t ude  
c y c l i c  l o a d i n g  (wave form I). Open symbols i n d i c a t e  t h e  t e r m i n a l  p o i n t s  o f  
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Fig. 1. Buttonhead tensile fatigue specimens o f  SiaN,. 
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Wave Form I 
Constant Amplitude Loading 

TIME 

Stress Ratio ( R = min./max. stress) = 0.1 
Frequency, f = 0.5 Hz 

Wave Form E 
Increasing Multiple-Step Loading 
(coaxing) 

TIME 

F ig .  2 .  Wave forms used i n  tension/tension c y c l i c  f a t i g u e  t e s t i n g .  



Table 1. Resu l t s  o f  t e n s i l e  and c y c l i c  f a t i g u e  t e s t s  o f  GTE Wesgo SNW-1000 
s i l i c o n  n i t r i d e  a t  1000, 1100, and 120OOC 

Specimen 
number 

13 
14 
15 
16 
17 

GTE 

1 
2 
3 
4 
5 
6 

GTE 

7 
8 
9 
10 
11 

12 
18 
19 
GTE 

T o t a l  
Cyc1es at Cycles t o  t e s t  s t reng th ,  t o  f a i l u r e ,  c y c l i c  s t r e s s ,  i n te rmed ia te  failure time 

MPa ( k s i )  MPa ( k s i )  MPa ( k s i )  c y c l i c  l o a d i n g  

C y c l i c  s t r e s s  In te rmed ia te  Modulus o f  Tensile 

GPa 
(IO6 p s i )  (h )  

265 (38.4) 

246 (35.6) 

252 (36.5) 

217 (31.5) 

248 (35.9) 
236 (34.2) 
229 (33.2) 

- 
147 (21.3) 
165 (23.9) 

450 (65.3) 
462 (67.0) 
502 (72.8) 

641 (92.9)a 

446 (64.7) 
449 (65.2)b 

-527 (76.4)a 

240 (34.8) 
255 (37) 

195 (28.3) 

413 (59.9)8 

Tes t  Temperature a t  1000°C 

457 (66.3) 
439 (63.6) 
456 (66.1) 

474 (68.3) 

Tes t  Temperature a t  llOO°C 

348 (50.5) 
404 (58.7) 
418 (60.6) 
402 (58.3) 

Tes t  Temperature a t  1200°C 

204 (29.6) 

142 (20.6) 
184 (26.7) 
199 (28.8) 

213 (30.8) 
183 (26.5) 
141 (20.5) 
142 (20.5) 

1 
1 
1 

1,107 
40,700 
14,810 

102 

1 
1 

115,138 
301,025 

6 
2,054 

1 
1 

22 
1 

46,100 - 
89,864 - 
141,361 - 

24,340 
179 
620 

54,438 

0 
0 
0 
0.6 

- 
30.9 

0 
0 
64.0 
167.2 
0 
1.1 

0 
0 
0 
0 - 
- 
- 

167.6 
0.1 
0.3 
30.2 

8 F l e x u r a l  s t r e n g t h  de termined by  fou r -po in t -bend  t e s t s ;  d a t a  ob ta ined  f rom GTE Pub1 i c a t i o n  5M-86. 
b I n d i c a t e s  t h e  s t r e s s  a t  t h e  gage s e c t i o n .  The average s t r e s s  on t h e  f r a c t u r e  su r face  t h a t  occur red  

o u t s i d e  t h e  gage s e c t i o n  was 397 MPa (57.6 k s i ) .  
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each i n t e r m e d i a t e  c y c l i c  l o a d i n g  segment o f  wave form 11. The arrowhead 
a t t a c h e d  t o  t h e  open symbols i n d i c a t e s  t h a t  f a i l u r e  had n o t  occu r red  when 
t h e  t e s t  was t e r m i n a t e d  a t  t h e  i n d i c a t e d  c o n d i t i o n s .  T e n s i l e  f a s t  f r a c -  
t u r e s  were cons ide red  t o  have occu r red  i n  a s i n g l e  c y c l e  and t h e r e f o r e  t h e  
d a t a  were p l o t t e d  a c c o r d i n g l y .  To b e s t  d e s c r i b e  t h e  f a t i g u e  b e h a v i o r  o f  
t h i s  m a t e r i a l ,  t h e  t e s t  d a t a  f o r  each temperature group a r e  b r a c k e t e d  by 
two f a t i g u e  curves,  as shown i n  F i g ,  3. The s o l i d  l i n e  approximates t h e  
upper bound and t h e  broken l i n e  t h e  l ower  bound, separated by a s c a t t e r  
band. P r a c t i c a l l y  speaking, a l l  t h e  d a t a  p o i n t s  f a l l  c l o s e l y  on t h e  bound- 
a r i e s  o f  t h e  s c a t t e r  bands, except  specimens 11 and 17, which f a l l  above 
t h e  upper bound. Reasons f o r  t h e  h i g h  f a t i g u e  performance i n  these speci -  
mens a r e  n o t  w e l l  known a t  t h i s  t ime .  There fo re ,  d e t a i l e d  d i s c u s s i o n s  
w i l l  be d e f e r r e d  u n t i l  t h e  ongoing m i c r o s t r u c t u r a l  s t u d i e s  a r e  completed. 
A p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  these two specimens were f a t i g u e  t e s t e d  i n  
m u l t i p l e  s teps u s i n g  wave form 11, whereas o t h e r s  were f a t i g u e  t e s t e d  
u s i n g  wave form I. 
1000 and llOO°C a r e  v e r y  f l a t  i n  t h e  h i g h  c y c l e  range. 
b e h a v i o r  beyond t h e  t e s t  d a t a  remains unde f ined  and m i g h t  be m o d i f i e d  by 
envi ronmenta l  i n t e r a c t i o n .  The f a t i g u e  b e h a v i o r  a t  12OOOC a r e  c l e a r l y  
d i f f e r e n t  f rom t h a t  a t  t h e  l ower  temperatures.  
ences w i l l  be d iscussed i n  t h e  a p p r o p r i a t e  s e c t i o n  t h a t  f o l l o w s .  

Comparisons a r e  made between t h e  average ORNL-measured t e n s i l e  
s t r e n g t h  va lues  and t h e  GTE-measured f l e x u r a l  s t r e n g t h  va lues  determined 
by f o u r - p o i n t  bending, as shown i n  F i g .  4 .  The d i f f e r e n c e s  between t h e  
two s e t s  o f  d a t a  a r e  about 26, 18, and 44% a t  1000, 1100, and 1 2 O O 0 C ,  
r e s p e c t i v e l y .  The va lues  o f  e l a s t i c  modul i  t a b u l a t e d  i n  Table 1 were 
determined f rom t h e  s t r e s s - s t r a i n  cu rves  which r e v e a l  t h a t  t h i s  m a t e r i a l  
behaves v i r t u a l l y  e l a s t i c  a t  temperatures below llOO°C, b u t  i t  e x h i b i t s  
some p l a s t i c i t y  a t  1200°@ a t  s t r e s s  l e v e l s  above 150 MPa (21.8 k s i ) .  

b e h a v i o r  o f  t h i s  s i l i c o n  n i t r i d e  a r e  s t r o n g l y  dependent on temperatures 
above 1O0OoC. Below 1000°C t h e  t e n s i l e  s t r e n g t h  i s  b e l i e v e d  t o  be n e a r l y  
c o n s t a n t  based on r e c e n t  room temperature t e s t  r e s u l t s  o b t a i n e d  by N o r t h  
C a r o l i n a  A & Y U n i v e r s i t y ,  a l s o  r e p o r t e d  i n  a l a t e r  s e c t i o n  o f  t h i s  
r e p o r t .  The decrease 7n t e n s i l e  s t r e n g t h  i s  r a t h e r  moderate, i . e . ,  about  
lo%, as t h e  temperature i nc reases  t o  1100°C. However, t h e r e  was a sharp 
d r o p - o f f  I n  t e n s i l e  s t r e n g t h ,  i . e . ,  about  SO%, as t h e  temperature 
i nc reased  t o  1 2 0 0 O C .  
i s  v e r y  s i m i l a r  t o  t h a t  d e s c r i b e d  above because t h e  f a t i a u e  cu rves  were 
determined r e l a t i v e  t o  t h e  t e n s i l e  s t r e n g t h .  

P l a s t i c  s t r a i n  r a c h e t t i n g  (accumulat ion o f  i nc remen ta l  p l a s t i c i t y )  
was observed when specimen 9 was c y c l e d  t o  165 MPa (23.9 k s i ) ,  which 
c l e a r l y  exceeded t h e  e l a s t i c  range. 
r a c h e t t i n g ,  specimen 11 was c y c l e d  i n i t i a l l y  t o  142 MPa (20.6 k s i ) ,  
s l i g h t l y  below t h e  approximate e l a s t i c  s t r e s s  range. There was percep t -  
i b l e  accumulat ion o f  t h e  p l a s t i c  s t r a i n  by r a c h e t t i n g  a t  t h e  b e g i n n i n g  of 
t h e  s t r e s s  c y c l i n g ,  b u t  t h e  specimen showed shakedown behav io r ,  i . e . ,  
apparent  hardening,  b e f o r e  i t  completed 46,100 c y c l e s .  T h l s  b e h a v i o r  is 
v e r y  s i m i l a r  t o  t h a t  observed i n  c y c l i c  f a t i g u e  o f  many meta l  a l l o y s ,  
g e n e r a l l y  r e f e r r e d  t o  as s t r a i n  hardening.  
i n c r e a s e d  t o  184 MPa (25.7 k s i )  and c y c l e d  f o r  ano the r  89,864 c y c l e s  

A v a i l a b l e  d a t a  i n d i c a t e  t h a t  t h e  f a t i g u e  cu rves  f o r  
However, t h e  

Reasons f o r  t h e  d i f f e r -  

F i g u r e  4 f u r t h e r  i n d i c a t e s  t h a t  t h e  t e n s i l e  s t r e n g t h  and f a t i g u e  

The i n f l u e n c e  o f  temperature on t h e  f a t i g u e  behav io r  

To a v o i d  c y c l i c  f a i l u r e  by t h e  s t r a i n  

The c y c l i c  s t r e s s  was then  
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TENSILE STRENGTH OF SILICON NITRIDE 

(GTE WESGO SNW-1000) 

100 - 
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W 30- 
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TEMPERATURE (OC) 
0 100 900 1000 1100 1200 1300 

F i g .  4 .  Comparison of four-point-bend flexure strength and 
uniaxially determined tensile strength of Si,N,, at room and elevated 
temperatures. 



wi thou t  f a t i g u e  f a i l u r e .  Dur ing the  second step loading,  some p l a s t i c  
s t r a i n  r a c h e t t i n g  was again no t i ced  du r ing  the  f i r s t  few hundred cyc les.  
A s i m i l a r  observat ion was again made when t h e  c y c l i c  l oad  was increased t o  
199 MPa ( 2 8 . 8  k s i ) ,  which was about equal t o  the  lowest  t e n s i l e  f r a c t u r e  
s t rength  among t h e  th ree  t e n s i l e  t e s t s  a t  1200OC. 
141,361 cyc les  w i t h  no apparent i n d i c a t i o n  o f  imminent f a t i g u e  f a i l u r e ,  
t he  c y c l i c  s t ress  was r a i s e d  t o  213 MPa ( 3 0 . 8  k s i ) .  
f a i l e d  a t  24,340 cyc les.  
e x h i b i t e d  by specimen 11 cou ld  be the  r e s u l t  o f  t he  s t r a i n  hardening o r  
coaxing e f f e c t .  
us ing  specimens 18 and 19, b u t  were f u t i l e  i n  each case as the  data p o i n t s  
i n d i c a t e d  i n  F ig .  3 .  I n  summary, t h i s  i s  an obvious reason why t h e  fa -  
t i g u e  o f  t h i s  ma te r ia l  a t  1200°C behaves d i f f e r e n t l y  from t h a t  a t  t h e  
lower temperatures. 

loading was se lec ted  n o t  t o  exceed the  lowest  t e n s i l e  f r a c t u r e  s t reng th  
among specimens 13,  14,  and 15,  t e s t e d  at-lOOO°C. A f t e r  success fu l l y  
passing the  f i r s t  40,000 cyc les,  t he  load was increased t o  about the  f rac -  
t u r e  s t rength  o f  specimen 14 and run  f o r  another 15,000 cyc les.  
f i n a l l y  f a i l e d  i n  f a t i g u e  a t  c y c l e  102 and 474 MPa ( 6 8 . 3  k s i ) .  Hard ly  any 
r a c h e t t i n g  behavior was no t i ced  i n  t h i s  case because t h e  t e s t  was run  a t  
1000°C. Nevertheless, specimen 17 e x h i b i t s  h igher  f a t i g u e  performance 
than the  upper-bound curve, i n d i c a t i n g  a poss ib le  coaxing e f f e c t .  

Op t i ca l  inspec t ions  i n d i c a t e  t h a t  a l l  t he  f r a c t u r e s  were o r i g i n a t e d  
from the  i n t e r n a l  po ros i t y .  Typ ica l  f r a c t u r e  morphology i s  shown i n  
Figs.  5 and 6 f o r  specimens 13 and 17, respec t i ve l y .  We found the re  are  
l i t t l e  d i f f e rences  i n  f r a c t u r e  morphology between the  two specimens except 
t h a t  t he  c rack  m i r r o r  zone i s  s l i g h t l y  l a r g e r  f o r  t he  fa t igue- induced 
f r a c t u r e .  C a v i t i e s  a re  f i l l e d  w i th  s i l i c o n - r i c h  whiskers grown from the  
c a v i t y  w a l l .  A l a r g e  c r y s t a l ,  v i s i b l e  i n  F ig .  6(b) ,  near t h e  edge o f  t he  
f r a c t u r e d  v o i d  i s  be l i eved  t o  be y t t r i a .  No f r a c t u r e  was observed t o  
have occurred from the  sur face de fec ts ,  suggesting t h a t  t he  t e s t s  a re  suc- 
cess fu l  and t h e  da ta  a re  r e l i a b l e .  

A f t e r  c y c l i n g  f o r  

The specimen f i n a l l y  

E f f o r t s  t o  reproduce the  r e s u l t  o f  specimen 11 were made 

We speculate t h a t  t h e  h igh  f a t i g u e  performance 

Specimen 17 was t e s t e d  i n  th ree  ascending steps. The i n i t i a l  c y c l i c  

It 

Test  r e s u l t s  o f  MgO-PSZ (NILCRA, TS Grade) 

A t o t a l  o f  16 specimens were t e s t e d  t o  da te  a t  room and e leva ted  tem- 
peratures up t o  1000°C. Test  r e s u l t s  a re  summarized i n  Table 2 and data 
are p l o t t e d  i n  F igs.  7 and 8 .  For t h e  sake o f  c l a r i t y ,  4OOOC and 1000°C 
data a re  p l o t t e d  i n  M g .  8 .  

o f  the  ma te r ia l  a t  each t e s t  temperature i s  approximated by a s c a t t e r  
band. 
pera ture  and 400OC. 
format ion toughening e f f e c t  a c t i v a t e d  by the  t e n s i l e  and c y c l i c  s t ress  
loading.  The f a t i g u e  curves f o r  800 and 1000°C cannot be w e l l  de f i ned  
because they l a c k  da ta  p o i n t s  i n  the  in te rmed ia te -cyc le  range. 

A s l i g h t  h i n t  o f  p l a s t i c  deformat ion was no t i ced  f o r  t h i s  ma te r ia l  
t e s t e d  a t  800' and 1000°C. However, p l a s t i c  s t r a i n  r a c h e t t i n g  was per-  
c e p t i b l e  when the  specimen was cyc led  f o r  several  thousand t imes.  Test  
r e s u l t s  f o r  specimens 1 ,  6, and 14 show t h a t  i t  i s  poss ib le  t o  r a i s e  the  

Because t h e  number o f  t e s t  da ta  i s  very  l i m i t e d ,  t he  f a t i g u e  behavior 

The data s c a t t e r  i s  more obvious f o r  t he  da ta  groups a t  room tem- 
It i s  n o t  c l e a r  i f  t h i s  i s  a t t r i b u t e d  t o  t h e  t rans-  
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1000 u 

Fig. 5. Fracture surface o f  specimen 13 tested i n  pure tension a t  

(b) A magnified view o f  the fracture i n i t i a t i o n  site showing the 
1000°C. 
plateau. 
cavi ty  f i l l e d  wi th  whiskers. 

(a) Fracture or ig in  i s  seen a t  the center o f  the penny-shaped 
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Fig. 6. Fracture surface of cyclically fatigued specimen 17 tested 
at 1000°C. (a) The arrowhead indicates the location of fracture origin. 
(b) A high magnification view of the fracture origin showing a large frac- 
tured crystal high in yttrium content. 



Table 2. Results of tensile and cyclic fatigue tests of NILCRA's 
MgO-PSZ at elevated temperatures 

Total 

f h) 

Cycles at Cycles to test to failure, cyclic stress, intermediate 
Cyclic stress Intermediate Modulus of Tensile 

Specf men el asti ci ty, strength, 
MPa (ksi) cycllc loading MPa (ks l )  MPa (ksi) number GPa 

(10' p s i )  . ,  
Test a t  Room Temperature 

15 
16 

326 (47.4) 
448 (65.0) 

1 
1 

0 
0 

Test Temperature a t  4 0 P C  

7 
8 
9 

10 
11 

376 (54.5) 
314 (45.5) 

336 (48.8) 
328 (47.5) 
314 (45.5) 

1 0 
0 

0.7 
0 
0 

1 
1,209 

13 
5 

150 (21.7) 
156 (22.7) 

Test Tmperature a t  8oooC R) 
P 
R) 167 (24.3) 

156 (22.6) 
148 (21.4) 
156 (22.6) 
160 (23.2) 

292 (42.3) 
269 (38.9) 

279 (40.4) 
254 (36.9) 

0 
0 
0 
0 

241 (35.0) 
260 (37.7) 
279 (40.4) 

235 (34.0) 
256 (37.1) 
271 (39.3) 
287 (41.7) 

45,126 
124,946 
88,970 

77,071 
48,709 

132,555 
88,970 

295 (42.7) 90,837 194.4 
1 159 (23.1) 

300 (43.5) 30 193.0 

Test Teaperature a t  1000°C 

148 (21.5) 
145 (21.0) 
147 (21.3) 

244 (35.3) 
253 (36.7) 

1 
1 

0 
0 

12 
13 
14 212 (30.7) 49,120 

228 (33.1) 82,315 
242 (35.1) 129,036 
254 (36.8) 43,725 

270 (39.2) 40.979 191.8 



2 4 3  

OWL-DWG 88-2117 

90 

80 

70 

TENSION-TENSION FATIGUE OF 
NILCRA'S MgO-PSZ (TS GRADE) 

.R.T. 

Stress Ratio ( R = min./max. stress) = 0.1 
Frequency, f = 0.5 Hz 

10' 10 10 
CYCLES TO FAILURE 

F i g .  7 .  T e n s i l e  s t rength and f a t i g u e  behavior o f  MgO-PSZ t e s t e d  a t  
room temperature and 800OC. Attached to the  symbols a r e  specimen numbers. 
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f a t i g u e  s t r e n g t h  o f  t h i s  m a t e r i a l  by t h e  method o f  coax ing .  I n  a l l  cases, 
t h e  f a t i g u e  s t r e n g t h  exceeded t h e  maximum t e n s i l e  s t r e n g t h  determined by 
t h e  u n l a x i a l  monotonic l o a d i n g ,  as shown i n  F i g s .  7 and 8. 

Comparisons were made between t h e  ORNL t e n s i l e  d a t a  and t h e  f o u r -  
po in t -bend  f l e x u r a l  s t r e n g t h  d a t a  r e p o r t e d  by t h e  s u p p l i e r ,  as shown i n  
F i g .  9, I t  c l e a r l y  suggests t h a t  b o t h  s e t s  of  d a t a  can be? w e l l  c o r r e -  
l a t e d .  In b o t h  cases, t h e  s t r e n g t h  va lues  a r e  shown t o  be a f u n c t i o n  o f  
temperature.  However, t h e  f l e x u r a l  s t r e n g t h  i s  more s e n s i t i v e  t o  tem- 
p e r a t u r e  change than  t h e  u n i a x i a l  t e n s i l e  s t r e n g t h .  A s  a r e s u l t ,  b o t h  
s t r e n g t h  d a t a  merge c l o s e r  t o  each o t h e r  as temperature i n c r e a s e s ,  
F i n a l l y ,  t h e  gap decreases t o  about 10% o f  t h e  f l e x u r a l  s t r e n g t h  a t  
1000OC. Note a l s o  t h a t  t h e  d a t a  s c a t t e r  f o r  t h e  t e n s i l e  s t r e n g t h  
decreases as temperature increases.  

c a l  and scanning e l e c t r o n  microscopy; f i v e  specimens have been i n v e s t i -  
gated t o  d a t e  and t h e  work i s  c o n t i n u i n g .  It appears t h a t  t h e r e  a r e  no 
s i g n i f i c a n t  d i f f e r e n c e s  i n  f r a c t u r e  morphology between tensile f a s t  f r a c -  
t u r e d  and c y c l i c a l l y  f a t i g u e - f r a c t u r e d  specimens t e s t e d  a t  800°C. 
found t h a t  a l l  t h e  f r a c t u r e s  i n i t i a t e d  from i n t e r n a l  process f l a w s .  
Besides, t h i s  m a t e r i a l  c o n t a i n s  a l a r g e  p o p u l a t i o n  o f  m i c r o v o i d s  u n i f o r m l y  
d i s t r i b u t e d  i n  t h e  m a t r i x  a s  w e l l  as g r a i n  boundar ies.  C l e a v a g e - l i k e  
t r a n s g r a n u l a r  f r a c t u r e s  were observed i n  t h e  r e g i o n  near t h e  f r a c t u r e  
i n i t i a t i o n  s i t e .  
t r a n s g r a n u l a r  and i n t e r g r a n u l a r  f r a c t u r e s  i n  t h e  r e g i o n  away f rom t h e  
f r a c t u r e  o r i g i n .  

F r a c t u r e  su r faces  o f  t h e  t e s t e d  specimens a r e  b e i n g  examined by o p t i -  

We 

The f r a c t u r e  morphology changes t o  a mixed mode o f  

I m p o r t a n t  f i n d i n g s  and obse rva t i ons  

e(eSUlt5 o f  cyclic fa t i 'gue t e s t i n g  a t  h i g h  temperatures show t h a t  i t  
i s  p o s s i b l e  t o  r a i s e  t h e  f a t i g u e  s t r e n g t h  o f  Si,N, as w e l l  as Mg6-PSZ by 
p r e c y c l  i ng f re, low s t r e s s  t o  h i g h  s t r e s s  l o a d i n g  i n  m u l t i p l e  s teps .  

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

M i l e s t o n e  321404, concern ing p r e l i m i n a r y  e l e v a t e d  temperature f a t i g u e  
t e s t a  on advanced ceramic m a t e r i a l s ,  was completed. on J u l y  31, 1987, as 
scheduled. 

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

K.  C .  h i u ,  " S e l f - a l i g n i n g  H y d r a u l i c  P i s t o n  Assembly For T e n s i l e  

K .  C .  L i u ,  "Dynamlc T e n s i l e  C y c l i c  Fa t i gue  o f  S i 3 N O , "  extended 
T e s t i n g  O f  Cera j c , "  U.S.  p a t e n t  4,686,860, August 17, 1987. 

a b s t r a c t  f o r  I987 Automot ive Technology Development C o n t r a c t o r ' s  
C o o r d i n a t i o n  Meet jng,  Dearborn, Mich igan,  Qc tober  28-29. 1987. 

Reference 

1. K.  C .  L i u  and C. R. Brinkman, " T e n s i l e  C y c l i c  F a t i g u e  of Alumina 
a t  Room and E leva ted  Temperatures," pp. 191-208 i n  Proceedings of the 24th 
Automotive Technology Development Contractors' Coordination Meeting, 
Dearborn, Mich igan,  October 27-30, 1986. 
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oRt4L-m 88-2119 

I I 1 I I 

- 
- TENSILE STRENGTH OF NILCRA'S 

TEMPERATURE (deg C> 

F i g .  9 .  Comparison o f  four-point-bend f l e x u r a l  s t rength  and 
u n i a x i a l l y  determined t e n s i l e  s t rength  o f  MgO-PSZ a t  room and e l e v a t e d  
temperatures.  



2 4 7  

3.3 ENVIRONMENTAL EFFECTS 

Stats'c F a t i K i m  Behavior of TouRheEed_.cerm?ics 
M. K .  Ferber ( U n i v e r s i t y  o f  Illinois) 

Obiective / Scope 

The objective of this program is Lo study the long-term mechanicdl stability 
of tsughencd ceramics for diesel engiiw applications. Materials under current 
investigation include (1) 2 varieties of an MgO pal lially stabilized zirconia (Mg- 
d9SZ); (2) a yttria partially stabilized zirconia (Y-PSZ), and (3) 2 Sic whisker 
reinforced alumina. Tlze work is divided into two tasks. The firs; involves the 
measurement si the rime-dependent strength behavior of ceramic flexure-bar 
samples as a function of temperature and applied stress using the Interriipted 
Fatigue (1.F.) method. T n  the second task, the microstriictrsres of  selected I.@. 
specimens arc characteriLed using SEM and TEM. In the case of the zirconia 
sdmpks, x-ray diffraction a n d  dilatometry studies are conducted i o  examine 
changes in khcir transforrimtion behavior resulting from the high-temperature 
exposure. 

Technical Progress 

(a) Interrupted Fatigue Testing 

The fatigue behavior was determined using the Internupted Fatigue (1.F.) 
technique in which the four-point bend streaagth Sf was measured as a function 
of time ( t  ), temperature (T), and applied stress (oa). Tizns method has several 
advantages Q V W  conventional static fdtigue testing. First, since time is a 
controllable quantity, problems associated with an unpredictable fatigue life (as 
in the case of static fatigue) are avoided. In the present study, this feature 
allowed for periodic examination of test specimens so [hat changes in both the 
microstructure and phase asswnbldge could be ascertained. A second advantage 
is that processes responsible for both strength degradation and sirerzgth 
enhancement can be readily distinguished.1 

All testing was conducted in a specidly designed Flexure Test System 
(F.T.S.) capabk s f  holding up to thiee bend samples. The general layout of the 
l;.T.S. is shown in Fig. 3 .  'I'hc Test Frame containts the hardwarre for applying 
mechanical forces to each of three samples vvhich wre supported by aluminum 
oxide (A1203) four-point bend €ixturrs.a The loads are generated by 
pneumatically driven air cylinders located at  the toy of the support frame. 
These loads arP iransrnitted into the hot zone of the furnace through A1203 
rods . Each of the bottom lhree 121203 rods are also attached to a load cell which 
rnoriiturs thc applied fort:t;' as a function of time. Water-cooled adapters connect 
the aluminum oxide rams to both the load rells and  the ajr cylinders. The 
computer rrioniturs the load on each specimm and provides necessary 
adjustments in the air g r~ssu rc  (via the elecfro-pneumatic transducer) such 

a The F.T.S. design is based on a similar system originally developed by S. 
M. Wiederhorn arid N. J. Tighe of the National Bureau of Standards. 
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that the desired stress level is maintained. Following the designated exposure 
time, the samples are fractured using a prescribed loading rate (345 KI-’a/s in the 
present study). 

CONDITIONER 

TRANSDUCER 

DATA ACQUISITION AIR CONTROL 
AN5 CONTROL STATION PANEL E S T  F R A K  

Figure I. I.F. testing was conducted in specially designed Flexure Test 
System in which loads are applied pneumatically. 

(b) M e  PSZ Ceramics 

Although I.F. tests involving the MgO-PSZ materials were completed 
during the last reporting period, additional dilatometer aging studies were 
conducted in order to better understand the eutectoid decomposition process. 
As discussed previously,* the time-dependent strength behavior for the Mg- 
PSZ ceramicb designated TS-PSZ (thermal shock grade) tested at 800 and 1000°C 
exhibited a strong dependence upon the applied stress. In particular, the 
application of stress promoted both strengthening and weakening processes 
depending upon time and temperature. The strengthening tendency was most 
prominent at 1000°C. X-ray data gave evidence that this effect was related to a 
preferential generation of the eutectoid decomposition phase along the tensile 
surface. Recent aging studies conducted at 1100°C 3-6 have shown that the 
eutectoid decomposition of the MgO-stabilized (c) matrix can occur via two 

b Manufactured by Nilcra Ceramics, USA Office, Glendale Heights, Illinois. 
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reactions: 

The results of the additional dilatometer aging studies conducted a t  1000°C 
are illustrated in Figure 2. During the 336 h exyosure there was a modest 
volume increase which is consistent with the decomposition reaction in Eq. 2a. 
This result suggests !hat i r l  the absence of any significani applied stress, the (c) 
matrix phase decomposed directly to the Zr02 (t) phase. TliieZr02 (m> observed 
ai room temperature was apparently a consequence of the reaction in r';q. 2b. 
~herelo'sre, Et is possible that in 1.1:. tests involving samples subjected to 
mcchanical loads, the %rO2 (t) -+ 2 0 2  (m) transifion was triggered within the 
highly stressed regions leading to the generation of compressive stresses. Such 
behavior could explain the strenglhexilng trends observed at 1000°C. It sl~ould 
be noted that the phase variations resulting from the stress-induced (m) 
generation would not be observcd at roorri temp~rature since any ZrC2 (t) 
would transform upon cooling. 

-., 

0 10086 15000 20000 
TIME (min) 

Figure 2. The TS PSZ exposed at 1000°C under no stress conditions 
exhibited a modest volume increase with time. 



(c) SiC/Alumina Composite 

The I.F. testing of the SiC/alumina* composite was completed this 
reporting period. The results for the 1000°C tests conducted at 0,60, and 70% 
stress levels are shown in Fig. 3a. The strength Sf of the unstressed samples 
exhibited a short-term maximum during the first 336 h of exposure and then 
increased slightly at t =lo08 h. Although a similar time dependency was 
observed for the 60 and 70% stress level tests, Sf at a given exposure time 
increased with increasing applied stress. At the 80% level, Sf decreased rapidly 
with time (Fig. 3b) giving rise to premature failure. This behavior was 
apparently due to slow crack growth effects. 

Preliminary SEM studies of fractured surfaces indicated that a whisker 
pullout mechanism was operative for all exposure times considered. In 
addition, visual observations revealed the presence of a light colored surface 
phase on samples exposed for t >336 h. This phase was identified as mullite in 
previous studies by Kriven.7 High temperature x-ray analyses are now 
underway. 

(d) Y203 Stabilized Zirconia 

I.F. studies involving the Y 2 0 3  stabilized zirconia* were initiated this 
reporting period. Preliminary testing indicated that the strength (Sf ) of this 
material dropped significantly as the temperature was increased (Fig. 4). For 
example, Sf at 25°C was approxiniately 850 MPa while Sf at 1000°C was 200 MPa. 
This behavior, which parallels that for the the MgO PSZ, can be attributed to 
the increase in the (t) stability with temperature. This increased stability lowers 
the effectiveness of transformation toughening in these materials. 

As shown in Fig. 5, the strength of yttria partially stabilized zirconia 
exposed at 800°C was relatively insensitive to time and applied stress level. 
This behavior was similar to that for the MgO PSZ. Consequently, these 
materials exhibit little susceptibility to slow crack growth effects at elevated 
temperatures. 

Status of Milestones 

No Milestones. 

Communications /Visitors /Travel 

None. 

Problems Encountered 

No problems were encountered. 

* Supplied by Terry Tiegs, Oak Ridge National Laboratory, Oak Ridge, TN. 



I I I I I __. 560 
0 280 400 600 800 1000 1200 

TiME (h)  

Figure 3. The strength of SiC whisker-reinforced alumina exposed at 1000°C 
increased as the stress level increased from 0 to 70% (a). At the 80% level (b), Sf 
decreased with time due apparently to slow crack growth effects. 
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Figure 4. The strength of yttria partially stabilized zirconia decreased with 
increasing temperature. 
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Figure 5. The strength of yttria partially stabilized zirconia exposed at 800°C 
was relatively insensitive to time and applied stress level. 
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-l̂lll Publications 

A paper entitled," Fatigue Behavior of Partially Stabilized Zirconia, " was 
published in the Proceedings of the Twenty-fourth Automotive Technology 
DeveIopinerit Contractors' Coordination Meeting . 
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Euzvimnmentd Eddec& i n  Taughened Cuzmnic~ - Norman L. Hecht 
( U n i v e r s i t y  o f  Dayton) 

Object  i ves /scope 

I n  January 1987 t h e  ORNL sponsored p r o j e c t  i n v e s t i g a t i n g  the  
Environmental E f f e c t s  i n  Toughened Ceramics a t  the UDRI was extended 
t o  i n v e s t i g a t e  S i c  and S i  N ceramics fo r  heat engine app l ica t ions .  
Three ma te r ia l s  (two S i3N4  and one S ic )  were se lected f o r  charac- 
t e r i z a t i o n  and evaluat ion.  The t e s t  p ro toco l  used was based on t h e  
cha rac te r i za t i on  procedures developed i n  our i n i t i a l  p ro jec t ,  designed 
t o  i n v e s t i g a t e  the environmental e f f e c t s  i n  toughened ceramics. 
Mic ros t ruc ture ,  chemistry, phys ica l  cha rac te r i s t i cs ,  and mechanical 
p roper t i es  a t  25 "  and 1450°C were inves t iga ted .  

3 4  

Background 

As p a r t  o f  t h i s  i n v e s t i g a t i o n  a l i t e r a t u r e  review was conducted. 
This  rev iew concentrated on t he  proceedings and agendas f o r  t echn ica l  
meetings concerned w i t h  the  development o f  ceramics f o r  heat engine 
app l i ca t i ons .  I n  add i t ion ,  a l i m i t e d  number o f  source documents, 
government repor ts ,  and a r t i c l e s  i n  the  open l i t e r a t u r e  were reviewed. 
A compi la t ion  o f  the  documents reviewed i s  presented i n  the  
references. 

Since the l a t e  1960's an extensive e f f o r t  has been underway f o r  
the development o f  ceramic ma te r ia l s  f o r  use i n  heat engine 
app l ica t ions .  Major emphasis has been placed on s i l i c o n  n i t r i d e  
(Si3N4) and s i l i c o n  carb ide (S ic )  ceramics. More recent ly ,  a t t e n t i o n  
has focused on S i c  and S i3N4  composites. The development o f  S i c  
whisker re in fo rced  Si3N4, A1203, and A1203 Si02 ma t r i x  composites has 
a l so  been repor ted  a t  severa l  recent  meetings [14,49,51], however, 
l i t t l e  proper ty  data are a v a i l a b l e  f o r  these ma te r ia l s .  
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Property d a t a  

The: investigation and development o f  S i c  and Si N materials f a r  
3 4  

heat engine applications dates back t o  t h @  late 196O's, and in t h e  
ensuing years a significant body o f  literature concerning t h e s e  
materials has accumula ted .  From t h e  1 iterature review i t  became 
apparent t h a t  a significant number of Sic a;ed S i  S ceramics have been 

studied. Thp compos i t i ons  identified in the literature include b o t h  

exper imen ta l  and coliilirercially available materials which ! e r e  developed 
p ~ i m a ~ i l y  f o r  h i g h  tr;qerafiure stv3ui.tzrr*al app l  icstions. A significant 
p o r t i o n  o f  thr l i  t~sstiar-e c i t e d  describes characterization studies 
performed aod the yl-operty values obtained. Hwever, l h m e  s t u d i w  
were c o t  always systmatimlly cmdt~cted, the  t3st mthods weye not 

always we1 1 documented, and t h e  report  i n9  procedures varied. I n  
addi  t i s n ,  inaterial  suppliers frequently altered cornposi t i o n s  and 
manufacturing process23 i n  ef for t s  t o  i[.?prove materjal behavior. 
U n f o r i u n a t e l y  , t h e  material desiqnations were not always a l t e r e d  t o  

r e f l ec t  these changes. A s  a result, the property d a t a  available in 
the literature are  i r icomplctc  and sornsnha: inconsistent, 

al. [26], and Richdrdson and kindberg [44-46,57] were particularly 
valuable Sn providing proper ty  data for- a large niinber o f  these 
ceramics . Unfortunately, Lhe major i ty  o f  r -eport~d pro?er ty  data has 

not been collected and organized into a central da ta  base. 

i he  Sic and S i  N cer-amfcs can cpwrally be categorized by t he  
methods used for their f a b r i r a i  ion. Hot  pressing, sintering, and 

t-eactisn s i n t e r i n g  jsilicaniriny or nitriding) processes are used for 
p'epar ing t%le*je S I C  ai;@: S i  N c~ranmics.  i h e  identification and b r i e f  
description o f  the gereeral ized process typical for each category i s  
presented in 7abie  1. The s p e c i f i c  iiiakerials referenced i n  the 
literature r e v i e w  are, listed i n  Table 2 according t o  the fabrication 
categories described in Table 1. T h e  raterials identified have been 
t h e  subjet of a variety o f  characterization studies. 

3 4  

. 

The works o f  Larsec and Adam [.31-34], Quinn 153,541, Helms, et 

... 
3 4  

3 4  
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n -Qc/RT ; = A  e 

where : E ”  

A,n = 

Qc ”‘ 

WT = 

creep r a t e  

act ivat ion energy 

gas c o n s t a n t  and temperature. 

process coi la tants  

Flexure creep b e h a y i o r  f o r  a variety o f  S i  N and S i c  ceramics was 

p1ottti-x-l by larsen e t  a l .  (31) and i s  reproduced i n  F igu re  1. 

n f  property valges has been reported f o r  t h e  individlJal materials 

w i t h i n  any single  process category. This wide range o f  values is 

probably due t o  the var ia t ions i n  chemical csmpositiun, s t a r t i n g  

p o w W  s i ~ e  arld morphology , and variations i n  the processing procedure 

iised by the d i f f e r e n t  material manufdcturers. I hi! large nuinber of 

composi t ions and process  v a r i a t i o n s  a r c  due, i n  p a r t ,  t o  efforts t o  

improve spec j f ic  S i c  and S i  N produ~ts, 

3 4  

From the data corilp-iled i t  can be seen tha t  a c~nsiderable range 

3 4  
A t  room tempesatiit-e the ho t  p r e s s 4  S i  N 3 4  

Al though  this  trend may not always continue a t  

and Sic  materials have 
the h i g h e s t  st rength.  

the higher  t r m p e r a t u r e s ,  In general ,  the  S i c  materials retain a 
gveatet- f r a c t i o n  o f  t h e i r  strength a t  elevated temperature and have 

soinewht be t te r  res is tance t o  sx idat l ’on.  The S i c  md%erl:als a l so  have 
gw3ates- creep resistance. The S i  N materials have lower coef f ic ien ts  

3 4  
o f  expansion and s l i g h t l y  h igher  f rac ture  toughness. 

reported *Lo resu l t  from t h r e e  x u r c e s :  inc lus ions  ( o r  very large 

g r a i n s ) ,  pores, machining flaws, or a cotnbinat- im ~f these f e a t u r e s .  

At e l e v a t e d  temperatures (above 1200°C) f rac ture  or igins  usual ly  

occurred a t  oxiddtion p i t s ,  inclusions, machining flaws, or a combina- 

t ion o f  these fea tures ,  A t  temperatures above 1200°C fractlire 

behavior tends t o  be t ime  dependeot. Although the  data i n  the l i t e r a -  

ture are  samewhat c s n f l i c t i n g ,  t ime dependent f a i l u r e  is  reported For 
b o t h  Si3N4 and S i c .  Hoiwever, i t  appears t o  be more dominant f a r  Si3N4 
(311, Subcri t ical  crack growth, stress corrosion, and creep rupture 

The  f r a c t u r e  origin o f  room temperature flexure specimens is  
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are the primary mechanisms Ident i f ied f a r  time dependent strength 
reduction. 
depend on the chemical composition and the environmental conditions 

pres en t . 

The par t icu lar  rnecha~.lisrns ac t ive  for any spec i f ic  material 

S t a t i c  a n d  dynarni c fa t igue property rneasureiwnts 

A number of d i f fe ren t  t e s t  methods can be used t o  invest igate  

the occurrence o f  slow crack growth (subcri t ical  crack growth) i n  

ceramics. Both the double cant i lever  beam and double torsion t e s t  
methods rneasure slow crack growth d i rec t ly  us ing  large f rac ture-  

mechanics specimens into which a macro crack, larger than any natural 
flaws, is  introduced and tracked. S t a t i c  fa t igue  ( t e n s i l e  s t r e s s  

rupture) and dynamic fat igue ( d i f f e r e n t i a l  s t r a i n  r a t e  f lexure)  a r e  
used t o  measure slow crack growth indirect ly .  

s t a t i c  t e n s i l e  loads below the known instantaneous fa-ilure load a t  a 

constant temperature. Temperature, load, and t i  e t o  terasile speciifien 

f rac ture  a re  recorded. 

number of  t e n s i l e  t e s t  specimens a t  a variety of temperatures and 
s t r e s s e s .  

In the case of dynamic fa t igue  several (3-4)  d i f f e r e n t  load 
ra tes  (crosshead speeds) a r e  used t o  measure the f lexure s t rength a t  

the temperature of i n t e r e s t .  The flexure strength i s  measured by 4 
p o i n t  f lexure tes t ing .  
strength ( o f )  measured is higher a t  the higher s t ress ing ra tes  (;). 
T h e  time t o  f a i l u r e  (specimen l i f e  time) can be determined by analysis 

o f  the  strength-time curve u s i n g  least-squares curve f i t t i n g  

techniques. 

S t a t i c  fa t igue measures slow crack growth by t h e  applicatian of 

S t a t i c  fa t igue  tes t ing  requires a s ign i f icant  

If  slow crack growth has occurred, the flexure 

The median strength a t  a constant applied s t r e s s  r a t e  is  
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where 

Y i s  a geometr ic  f a c t o r  r e l a t e d  t o  f l a w  shape, and K I c  i s  t h e  c r i t i c a l  
s t r e s s  i n t e n s i t y  and i s  e i t h e r  known or measured independent ly .  
i s  t h e  i n e r t  s t r e n g t h  measured a t  a ve ry  r a p i d  l o a d i n g  r a t e  i n  an 
i n e r t  environment.  Equa t ion  (2) can be w r i t t e n  i n  t h e  form: 

a. 

lnB(N+l)  1- (N-2) I n  CI 

l n  Of = m  + ( N 4. 1 9 ( 4 )  
1 no 

A l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  l n o f  and l n j  can be performed i f  t h e  
f r a c t u r e  s t r e s s  i s  measured a t  two o r  more s t r e s s  r a t e s .  T h i s  
a n a l y s i s  wi l l  y i e l d  es t ima tes  o f  t h e  s l o p e  and i n t e r c e p t  f rom which N 
and S can be calculated. The t i m e  t o  f a i ? u r e  t can be determined P 
f rom t h e  r e l a t i o n s h i p ;  

kdher-e F = f a i l u r e  p r o b a b i l i t y  

Mo We ibu l l  modulus o f  the i n e r t  s t r e n g t h  
d i s t r i b u t i o n  

rn = We ibu l l  modulus 
SO = s c a l i n g  parameter f o r  t h e  i n e r t  s t r e n g t h  

d i s t r i b u t i o n  
B = t h e  a p p l i e d  s t r e n g t h  f o r  a s e r v i c e  a p p l i c a t i o n .  a 

Al though b o t h  t h e  s t a t i c  and dynamic f a t i g u e  t e s t  methods are 

i n d i r e c t ,  they measure slow crack growth o f  t h e  i n h e r e n t  m i c r o f l a w s  i n  
t h e  rnatek-ials of i n t e r e s t .  Due t o  concerns about  t h e  s e n s i t i v i t y  
d i f f e r e n c e s  between these two methods (22-241, i t  i s  d e s i r a b l e  t h a t  
both i n d i r e c t  rwasurement methods be used t o  s tudy t ime  dependent 
s t r e n g t h  degradat ion.  
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Mechanical t e s t i n g  p r o t o c o l  

e v a l u a t i o n  a r e  q u i t e  c r i t i c a l .  
can have a s i g n i f i c a n t  e f f e c t  on t h e  mechanical s t r e n g t h  measured. 
F lexure  s t r e n g t h s  a r e  lower when t h e  t e n s i l e  sur face  i s  n o t  w e l l  
p o l i s h e d  o r  when t h e  g r i n d i n g  and p o l i s h i n g  performed i s  i n  a perpen- 
d i c u l a r  d i r e c t i o n  t o  t h e  a p p l i e d  t e n s i l e  s t r e s s .  On t h e  average, t h e  
f l e x u r e  s t r e n g t h  increases about 15% when g r i n d i n g  and p o l i s h i n g  
opera t ions  a r e  performed i n  a l o n g i t u d i n a l  d i r e c t i o n  ( p a r a l l e l )  t o  t h e  
a p p l i e d  t e n s i l e  s t r e s s .  
s t r e n g t h  increased when t h e  edges o f  t h e  t e n s i l e  sur face  were 
chamfered. 
d i r e c t i o n  reduced t h e  e f f e c t s  of edge f l a w s  (ch ips,  e tc . )  and p o i n t  

s t r e s s  concent ra t ions  a long t h e  specimen edges (65) .  

Weibu l l  shape parameter (m) r a n g i n g  f rom 6 t o  25. However, t h e  
m a j o r i t y  o f  values r e p o r t e d  were i n  the  8 t o  1 2  range f a r  t h e  ceramics 
s t u d i e d  w i t h  the  modulus i n c r e a s i n g  a t  t h e  h igher  t e s t  temperatures 
(above 1200°C). 

s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  r e p o r t e d  f o r  t h e  d i f f e r e n t  m a t e r i a l  
p r o p e r t i e s  measured and s i g n i f i c a n t  gaps i n  t h e  p r o p e r t y  da ta  a v a i l -  
a b l e  f o r  t h e  S i c  and SijN4 ceramics. I t  i s  a l s o  apparent t h a t  t h e  
p r o p e r t y  va lues r e p o r t e d  a r e  based on l i m i t e d  da ta  and l a c k  a h i g h  
degree o f  conf idence. Most n o t i c e a b l e  i s  t h e  l i m i t e d  amount o f  ten-  
s i l e  s t r e n g t h  da ta  r e p o r t e d  i n  t h e  l i t e r a t u r e .  Measuring t h e  t e n s i l e  
s t r e n g t h  o f  b r i t t l e  m a t e r i a l s ,  p a r t i c u l a r l y  a t  e l e v a t e d  temperatures, 
p resents  a number o f  exper imenta l  d i f f i c u l t i e s  and i s  expensive. The 
most ser ious  problem encountered i n  u n i a x j a l  t e n s i o n  t e s t i n g  i s  ec- 
c e n t r i c  loading.  The bending which r e s u l t s  due t o  e c c e n t r i c  l o a d i n g  
can cause a s i g n i f i c a n t  increase i n  t h e  maximum s t r e s s  i n  t h e  t e s t  

The procedures used t o  prepare t e s t  specimens f o r  p r o p e r t y  
Machining d i r e c t i o n  and sur face  f i n i s h  

It was a l s o  found t h a t  t h e  measured f l e x u r e  

The use of beveled o r  rounded edges a long t h e  l o n g i t u d i n a l  

R e l i a b i l i t y  values r e p o r t e d  a l s o  v a r i e d  considerably ,  w i t h  

An examinat ion o f  t h e  da ta  shown i n  Table 3 i n d i c a t e s  con- 
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specimen. U n t i l  recent ly ,  the generally accepted approach has been t o  

measure f lexure s t rength of  ceramics ra ther  than t e n s i l e  strength 

because o f  these problems. 

t e n s i l e  strength values range from 0 .5  t o  0.8 o f  the f lexure s t rength 

o f  any spec i f ic  ceramic system and averages 0,64 /14,15,57]. 
Unfortunately, m u c h  of the reported data does not specify whether the 

flexure measurements were imade by three or four  point bend tes t ing .  
In addi t ion,  specimens tes ted i n  uniaxial tension a re  more l ike ly  t o  

f a i l  from internal  ( b u l k )  flaws, while specimens tes ted i n  f lexure 
tend t o  f a i l  from surface flaws. For i n i t i a l  estimates,  the t e n s i l e  

s t rength can he assumed t o  be 0.5 o f  the Ineasured four point bend 
s t rength,  however, the actual correlat ion is very material spec i f ic .  

Due t o  the uncertainty of the correlat ion between f lexure and t e n s i l e  
data ,  valid t e n s i l e  strength data a t  the use temperatures a r e  c r i t i -  

c a l l y  needed f o r  detai led design o f  heat engine components. 
The correlat ion between the property values obtained for  t e s t  

bars prepared from b i l l e t s  compared t o  test bars prepared from actual 
components for  heat engines is  n o t  well established, and the varia- 

tions i n  s trength associated w i t h  scale-up a r e  not well understood. A 
r e l i a b l e  correlat ion between b u l k  material properties and actual 
component properties is an important design fac tor  for  economical 
qual i ty  assurance and r e l i a b i l i t y .  

From the data i n  the l i t e r a t u r e ,  i t  appears t h a t  the reported 

For this  investigation three materials were selected f o r  

evaluati  an: 
1. 

2. GTE . . . . . . . . 
3. Sohio Engineering Materials . . S i c  . . Hexoloy a-SiC 

Norton/TRW . . . . . . . . . Si3N4 . . XL144 
. . . . . Si3N4 . . PY6 
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A b r i e f  desc r ip t i on  o f  these th ree  mater ia ls  and the  manufacturers 
p roper ty  da ta  a re  compiled i n  Table 4. For our i n i t i a l  s tud ies  rec -  
tangu lar  t e s t  bars 5.1 x 0.64 x 0.32 cm (2 x 0.25 x 0.125 i n )  were 
requi red.  
inspected and then machined i n t o  t h e  appropr ia te con f igu ra t i on  and 
dimensions. The t e n s i l e  sur face o f  a l l  t e s t  bars were ground and 
po l i shed  and the  long edges of t he  t e n s i l e  sur face were chamfered. 

The cha rac te r i za t i on  p ro toco l  used t o  evaluate the th ree  can- 
d ida te  mater ia ls  a re  o u t l i n e d  i n  Table 5. F lexure s t reng th  
measurements were made a t  room temperature (25°C) and a t  1450°C us ing  
an I n s t r o n  Universa l  Tes t i ng  Machine (Model 1123). The f l e x u r e  t e s t s  
a t  1450°C were conducted i n  an ATS #3320 h igh  temperature furnace. 
F lexure  s t reng th  was measured us ing  a fou r  p o i n t  bend t e s t  f i x t u r e  
shown i n  F igure  2. 
was made o f  s t e e l  and f o r  the  1450°C t e s t i n g  the  bend f i x t u r e  was made 
o f  S I C .  F rac ture  o r i g i n  was determined by o p t i c a l  microscope (Nikon 
Epiphot Metal lograph) and SEM (JOEL/SM - 840 w i t h  EG&G Ortec System 
5000 Micronanalysis System). The f l e x u r e  s t reng th  values obta ined 
were evaluated by Weibul l  analys is .  Maximum l i k e l i h o o d  est imates o f  
the  shape parameter, m (modulus), and the  sca le  parameter, So ( t he  
63rd p e r c e n t i l e  f o r  the  d i s t r i b u t i o n  o f  break ing s t rength)  were 
determined. Upper and lower bounds a t  the  90% conf idence l i m i t s  were 
a l so  ca lcu la ted .  

Upon r e c e i p t  o f  t he  t e s t  specimens they were v i s u a l l y  

For the  room temperature t e s t i n g  the bend f i x t u r e  

The e l a s t i c  modulus o f  th ree  representa t ive  specimens o f  each 
candidate ma te r ia l  was measured by a Grindo-Sanic (Model MR3ST) 
Trans ien t  Impu lse /E las t ic  Modulus Apparatus. 
f i v e  representa t ive  samples f rom each candidate ma te r ia l  us ing  a 
Vickers micro indent  hardness tes te r .  

The m ic ros t ruc tu re  and chemistry o f  the th ree  candidate 
ma te r ia l s  were a l so  s tud ied.  Pol ished sect ions from representa t ive  
specimens were viewed by o p t i c a l  microscope (Nikon Epiphot)  and 
f r e s h l y  f r a c t u r e d  sect ions were viewed by scanning e lec t ron  microscope 
(JOEL JSM-840). X-ray f luorescence (EDXA) spect ra were obtained us ing  
the  EG&G Ortec System 5000 at tached t o  the  JSM-840. 

Hardness was measured on 

Specimens tes ted  
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at 25°C and specimens tested t o  1450°C were examined. 
specimens were also examined by x-ray diffraction (GE-XRD6) .  

In addj'tion, representative specinnens o f  GTE PY6, Noralide 
XL144, and Hexoloy- aSiC \rdere examined using high resolution scanning 
Auger spectrascpy (JOEL JAMP-30). Each specimen was freshly fractured 
in air, rapidly mounted on a specimen holder, and inserted into the 
JAMP-30 instrument which maintained an operational pressure during 

analysis of less than 9 x IO-" ~0i-r.  he: specimens were not coated 
with a gold overlayer t o  prevent charging. 

appeared relatively f l a t  and were free from any visible anomalies, for 
wide area analysis. 
analysis in these selected regions. Auger spectra taken in this way 
most closely represent the average surface composition. 

After the  general regions were analyzed, the fracture surface of 
each specimen was probed with a beam diameter of less than 1 VIVI to 
determine the local composition of regions o f  interest. Regions which 
appeared b r i g h t e r  or darker than normal in t h e  secondary electron 
images were selected. 
these analyses. Spectral data were reduced using relative sensitivity 
factors based on literature values. 

Similar 

For each specimen, at least three regions were selected which 

A 100 micrometer beam was used for t he  Auger 

Depths o f  5 to 10 nanometers were probed in 

The silicon nitride specimens were examined with a 3 t o  5 keV 
electron beam a t  currents ranging from about 0.2 t o  0.7 microamps. 
The fracture surfaces were tilted abaut 6 0 "  t o  the beam probe. No 
visible evidence of beam dama e was observed under these experimental 
conditions, 

The Hexoloy silicon carbide was examined using a 10 keV beam 
with bearn currents between .5  and 1 microamp. This specimen was also 
tilted a t  least 60" t a  the beam probe t o  eliminate charging of  the 
uncoated surface. 

Fracture toughness was iwasured fo r  the t h ree  materials by two 
different techniques; the controlled flaw method and the micro indent 
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method. It was intended that fracture toughness would a l s o  be 
measured by double cantilever beam (DCB) ,  however, the GTE PY6 billets 
available were not the appropriate size t o  prepare test specimens of 
the correct dimensions. In addition, the UDRI did not have the re- 
quired cutting tool to prepare DCB specimens. This equiprnewt i s  on 
order and should be received shortly. 
received, specimens will be prepared and tested. The DCB test results 
will be submitted in a supplemental report. 

diamond indenter is used to produce a small crack (micro flaw) o f  
controlled size in the tensile surface ~f a bend bar of the material 
to be tested. It is anticipated that the indent serves as the criti- 
cal flaw when the bar is tested in flexure using three point loading. 
The bend bars are flat and have a good surface polish prior to 
indentation. 
close to the renter of the bend bar as possible using loads from 500 g 
to 2 kg. After indentation, the length of the long diagonal is 
measured with a calibrated eyepiece. 
marked before indenting t o  ensure that the top knife edge is aligned 
directly over the microhardness indentation flaw when the three point 
flexure fixture is used. 

When the cutting tool is 

In the controlled surface flaw method either a Knoop or Vickers 

The load is applied with the point o f  the diamond as 

The specimens are carefully 

For the fracture toughness determination t o  be made, normal 
three point loading fixtures are used on an Instron universal testing 
machine with a load recorder. The indented side (tensile surface) is 
placed face down on the lower loading points, and the top knife edge 
is located directly over the indent crack. Crosshead speed is rapid 
to eliminate or substantially reduce any slow crack growth. The two 
specimen halves are retrieved after breaking for flaw observation and 
measurement. Fracture toughness (KIc) is determined by the 
relationship: 

= 2.06 af a KIc 



where of = flexure strength MPa 
c = the radial crack extension (m) 

The microindentation technique uses a Vicker's indenter to 
measure fracture toughness. Toughness is determined by the length o f  
the radial crack produced by the indenter. 
carefully prepared by grinding, polishing, and annealing t o  remove 
surface stresses. 
optical microscape with a calibrated eyepiece. The length of the 
diagonal of the indent is also measured in an optical microscope t o  
obtain one half the diagonal indent distance. 

can be estimated from the data using: 

The specimen surface is 

The radical crack extension ( t )  is measured in the 

KI c 

-312 H 215 H 6  rn -- e KIc = (;/a^) 

where 0 = 3  (constraint factor), k % 3 . 2  (correction for free surface), 
51 is the measured hardness, 
is the radical crack extension. 

is one-half the indent diagonal, and e^ 

During the course o f  our project ,  we a lso  abtained test 
specimens of a Sialan material from Sohio and a vapor deposited Sic 
from CVD Inc.  a% no cost. The specimens obtained were used t o  conduct 
limited characterization studies. The results o f  these evaluations 
are presented in Appendix I. 

Technical -.-.-.-_I_. progress and discussion -I of results 

The density, elastic modulus, and hardness values measured for 
the three candidate materials are presented in Tables 6 through 8. 
The density measurements indicate that all three materials are ap- 

proximately 99% of the calculated theoretical density. The average 
density, elastic modulus, and hardness measurements were within the 
published range of values reported for these materials, however, the 
hardness values measured were slightly lower than the average value 
reported. 



The optical  micrographs of the as-received materials a re  
presented i n  Figures 3 through 5, 
tes ted material a t  25°C and 1450°C are  presented i n  Figures 6 through 

23. 

f lexure tes t ing  a t  25°C and 1450°C are  presented i n  Figures 24 through 

32. 

XL144 i s  shown i n  Figure 33. The X-ray d i f f rac t ion  patterns obtained 

from the as-received material and a f t e r  f lexure tes t ing  a t  1450°C a r e  

presented i n  Figures 34 through 39 and i n  Tables 9 through 14 .  

candidate materials a t  25°C and 1450°C are  presented i n  Tables 15 

t h r o u g h  20. The r e s u l t s  of the Weibull analysis for  the f lexure t e s t  
data a re  presented i n  Tables 21 through 23 and i n  Figures 40 th rough  

45. 

SEM photomicrographs of the f lexure 

The EDXA spectra obtained from the candidate materials a f t e r  

A comparison of the EDXA spectra f o r  the GTE PY6 and Nsralide 

The results of the f lexure strength measurements f o r  the three 

The room temperature f lexure strength values obtained f o r a - S i C  
were i n  good agreement w i t h  the published values. However, the 
strength values measured f o r  the PY6 material were about 10% higher 

than published values and the strength values for the Xk144 material 

were about 30% lower than manufacturers published values. The f lexure 

s t rengths  measured for  a l l  three materials a t  1450°C are  more than 30% 

higher  than the average strength values published for these materials.  

The two Si3N4 materials tes ted a t  1450°C were observed t o  have under- 

gone considerable oxidation when examined a f t e r  tes t ing.  

specimens d i d  not appear t o  have undergone any observable oxidation. 
I t  is estimated t h a t  d u r i n g  f lexure strength tes t ing  a t  1450°C the 

t e s t  specimens a r e  above 1000°C for about four hours. 
analysis  i t  was found t h a t  both c r i s t o b a l i t e  and Y2Si203 formed on the 

surface o f  the Si3N4 t e s t  specimens. 
T h e  objectives i n  conducting the flexure strength tests were 

( a )  t o  characterize the d is t r ibu t ions  of ult imate strengths f o r  the 
rnaterial-temperature combinations, (b )  t o  determine the f i r s t  order 

e f f e c t  of temperature on ult imate strength f o r  the mater ia ls ,  and (c )  
t o  compare the ultimate s t rength d i s t r i b u t i o n s  f o r  the s i l i c o n  ni t r ide 

materials (GTE PY6 and Noralide). Tables 15-20 presented the ult imate 

The R - S i C  

From the XRD 
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strengths obtained in the tests of each combination of type o f  

material and temperature. 

and the Weibull distributions. The Weibull moduli ranged from about 8 

to 12 with the estimate of the modulus for the Noralide at 25°C being 
somewhat smaller. 
significantly larger at 1450°C than at 25°C. Average strength 
decreased with temperature for the silicon nitrides with the amount of 
decrease depending on the material. 
PY6 was significantly larger than that o f  the Noralide at 25°C but the 
opposite trend existed at 145OoC, 

The observed ultimate strengths were characterized assuming both 
normal and kleibull distributions for modeling the variation in the 
data. The data from each material-temperature combination was tested 
ta determine if either distribution could be rejected as a possible 
model. Neither distribution could be rejected for any of the d a t a  

sets. T h i s  is not a surprising result since a sample of size 10 is 
small for testing hypatheses concerning distributional models, An 
example o f  the fit of the distributions was shown in Figures 40 and 41 
which presented sample cumulative distribution functions plotted on 
normal and Weibull probability paper, respectively, for the tlexalay 
specimens at 25°C. A perfect cumulative normal or Weibull would plot 
as a straight line on these plots. 

The normal distribution i s  completely characterized by the 
population rnean and standard deviation. The Estimates o f  these 
parameters from the observed strengths are tabulated in Tables 15 
through 20. Also included in Tables 15 through 20 are 95 percent 
confidence bounds on the average strengths for each combination o f  
material and temperature. 

or shape parameter (m)  and the characteristic strength or scale 
parameter (So) .  

obtained for each data s e t  and are presented in Table 21. Also in- 
cluded in Table 21 are the 90 percent confidence intervals for both 

The data of each set were adquately modeled by both the normal 

The average ultimate strength f o r  the Hexoloy was 

The average strength of the GTE 

The Weibull distribution is ckdracterized by the eiibull modulus 

Maximum likelihood estimates of these parameters were 
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t h e  modulus and the  c h a r a c t e r i s t i c  l i v e s .  The Weibu l l  modulus i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  degree o f  v a r i a b i l i t y  i n  a da ta  se t .  

The e f f e c t  of temperature on u l t i m a t e  s t r e n g t h  f o r  each m a t e r i a l  
was i n v e s t i g a t e d  by t e s t i n g  f o r  a change i n  mean s t r e n g t h  between 
temperatures. 
s t r e n g t h s  versus temperature. I n  t h e  s i l i c o n  carb ide  (Hexoloy) 
specimens, t h e  u l t i m a t e  s t rengths  were s i g n i f i c a n t l y  h igher  a t  1450°C 
than they were a t  25°C. 
specimens, s ince  the  s t r e n g t h s  .were s i g n i f i c a n t l y  l e s s  a t  1450°C than 
a t  25°C f o r  t h e  N o r a l i d e  and PY6 specimens. 
these conclus ions a r e  based are  presented i n  Table 22. 

The u l t i m a t e  s t r e n g t h s  o f  t h e  s i l i c o n  n i t r i d e s  (Noral ide-XL144 
and GTE-PY6) were compared by means o f  an a n a l y s i s  o f  var iance o f  t h e  
complete f a c t o r i a l  exper iment t h a t  was conducted on these m a t e r i a l s .  
The a n a l y s i s  o f  var iance t a b l e  i s  presented i n  Tab le  23. The i n t e r a c -  
t i o n  between m a t e r i a l  and temperature was s t a t i s t i c a l l y  s i g n i f i c a n t  
which means t h a t  the  observed change (decrease) i n  s t r e n g t h  between 
t h e  two temperatures f a r  t h e  PYS was s i g n i f i c a n t l y  l a r g e r  than t h a t  
observed f o r  t h e  Nora l ide .  
s t r e n g t h  o f  each m a t e r i a l  as a f u n c t i o n  o f  temperature and d i s p l a y s  
these changes i n  average s t r e n g t h .  
m a t e r i a l s  depends on t h e  temperature a t  which the  t e s t s  were p e r -  
formeds n e i t h e r  o f  t h e  m a t e r i a l s  can be s e l e c t e d  as hav ing g r e a t e r  
s t rength .  A t  25"C, t h e  PY6 specimens had a s i g n i f i c a n t l y  g r e a t e r  
average s t r e n g t h  than t h e  N o r a l i d e  specimens. A t  1450"C, t h e  PY6 
specimens had a s i g n i f i c a n t l y  lower average s t r e n g t h  than t h e  N o r a l i d e  
specimens. 

The photomicrographs o f  t y p i c a l  f r a c t u r e  s i t e s  f o r  t h e  25°C and 1450°C 

t e s t e d  specimens are shown i n  F igures  46 through 48. Examinat ion o f  
the  f r a c t u r e d  t e s t  bars showed t h a t  a t  room temperature a l l  of t h e  
Hexoloy specimens f a i l e d  due t o  t e n s i l e  s u r f a c e  f laws.  The PYS 
and XL144 m a t e r i a l s  f a i l e d  a t  bo th  t e n s i l e  s u r f a c e  and edge f laws.  
A t  1450°C i t  was observed t h a t  t h e  Hexoloy specimens f a i l e d  a t  t e n s i l e  

F igures  42, 43, and 44 present  p l o t s  o f  t h e  observed 

The oppos i te  was t r u e  f o r  t h e  s i l i c o n  n i t r i d e  

The s t a t i s t i c s  upon which 

F i g u r e  45 i s  a p l o t  o f  t h e  average 

Since t h e  u l t i m a t e  s t r e n g t h  o f  t h e  

F r a c t u r e  o r i g i n  was determined by o p t i c a l  microscope and SEM. 



s u r f a c e  and edge f l a w s  and the  PYS m a t e r i a l  f a i l e d  a t  t e n s i l e  sur face,  
edge, and subsurface f laws.  The X1144 m a t e r i a l  t e s t e d  a t  1450°C 
f a i l e d  p r i m a r i l y  due t o  t e n s i l e  s u r f a c e  f laws,  however, two o f  t h e  
t e s t  specimens f a i l e d  a t  edge f l a w s  and one specimen f a i l e d  a t  a 
subsur face i n c l u s i o n .  I t  was f u r t h e r  observed t h a t  f a i l u r e  i n i t i a t i o n  
f o r  t h e  PY6 m a t e r i a l  a t  e leva ted  temperature was f r e q u e n t l y  a t  a 
s u r f a c e  or subsurface i n c l u s i o n  (see F i g u r e s  49 and 50). The i n c l u -  
s i o n  f a i l u r e  s i t e  shown i n  F i g u r e  50 was examined by EDXA and found t o  
c o n t a i n  Fe, C r ,  and Cu contaminates (see F i g u r e  51). 

S i m i l a r  i n c l u s i o n s  were a l s o  observed on t h e  s u r f a c e  o f  un tes ted  
PY6 specimens. A t y p i c a l  i n c l u s i o n  i s  shown i n  F i g u r e  52. This 
i n c l u s i o n  was also examined by EDXA and found t o  c o n t a i n  Mo (see 
F i g u r e  53).  
m a t e r i a l s  has been r e p o r t e d  by Helms, e t  a l . ,  (26 )  Larsen, 
Pasto. (43)  I n c l u s i o n s  were also observed i n  t h e  Nor ton  N o r a l i d e  XL144 
m a t e r i a l .  EDXA spec t ra  af i n c l u s i o n s  found i n  t h e  specimens t e s t e d  a t  
20°C and 1450°C are presented i n  F igures  54 and 55. 

specimens has prompted us t o  re-examine specimens f rom a l l  t h r e e  
vendors more e x t e n s i v e l y .  
r e p r e s e n t a t i v e  samples were examined by t h e  JOEL JAMP-30 scanning 
Auger microprobe. The t y p i c a l  spec t ra  ob ta ined for t h e  P Y G  m a t e r i a l  
i s  shown i n  F i g u r e  5 4 ,  T y p i c a l  s p e c t r a  f o r  t h e  N o r a l i d e  XL144 and 
Sohia I-lexolsy a -S iC  are shown i n  F igures  57 and 58. Tab le  24  presents  
the data  froin t h r e e  reg ions  on a f r e s h l y  f r a c t u r e d  PY6 S i3N4  sur face.  
Tab le  25 shows t h e  r e s u l t s  f rom s i x  a d d i t i o n a l  reg ions  on t h i s  PYG 
specimen. Table 26 p resents  the data  f rom t h r e e  reg ions  on a f r e s h l y  
f r a c t u r e d  Noraljdde XL144, and Table 27 shows t h e  da ta  ob ta ined from 
seven o t h e r  reg ions  an t h e  same specimens. 
f ro in f o u r  reg ions  o f  a f r e s h l y  f r a c t u r e d  Hexaloy Q - S i C ,  and Table 29 
shows t h e  data from s i x  a d d i t i o n a l  reg ions  f rom t h e  same specimen. 

The presence o f  carbon and oxygen i s  r e a d i l y  apparent f rom t h e  
d a t a  for PYQ i n  Table 24. Traces of boron were found on t h e  s u r f a c e  
o f  t h e  m a t e r i a l .  The peak shape of carbon suggests a noncarbon form 

The presence o f  MQ and Fe i n c l u s i o n s  i n  s i n t e r e d  S i3N4  
(’1) and  

The i d e n t i f i c a t i o n  o f  these m e t a l l i c  i n c l u s i o n s  i n  t h e  S i 3 N q  

I n  a d d i t i o n  t o  the SEN and. EDXA a n a l y s i s  

Table 38 presents  t h e  da ta  
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of carbon present  i n  t h i s  m a t e r i a l .  Table 25, which t a b u l a t e s  t h e  
r e s u l t s  f rom s i x  s e l e c t e d  reg ions  on t h e  PY6 specimen, shows s i g -  
n i f i c a n t  p o i n t  t o  p o i n t  v a r i a t i o n  i n  c o n c e n t r a t i o n  o f  a l l  t h e  elements 
detected.  Because o f  peak i n t e r f e r e n c e s  w i t h  s i l i c o n  and boron, t h e  
presence o f  y t t r i u m  cou ld  n o t  be unambiguously conf i rmed. 

determine wheher t h e  ox ide  was j u s t  on t h e  sur face.  
t o  o b t a i n  an Auger spectrum f rom t h e  s p u t t e r e d  s u r f a c e  due t o  charg ing  
e f f e c t s  a f t e r  s p u t t e r i n g .  There was some evidence, however, which 
suggests t h a t  t h e  ox ide  i s  n o t  p r i m a r i l y  a sur face  oxide. 

i n  T a b l e  26 a r e  very s i m i l a r  t o  those ob ta ined f o r  t h e  GTE PY6 
specimen b u t  w i t h  a smal le r  degree o f  element v a r i a t i o n .  

form as i n d i c a t e d  by t h e  Auger peak shape. Some boron was a l s o  ob- 
served i n  almost every r e g i o n  s tud ied.  The oxygen observed i s  
d i s t r i b u t e d  throughout  t h e  m a t e r i a l  and i s  n o t  chemisorbed oxygen. 
Al though no complete Auger s p e c t r a  were acqui red a f t e r  s p u t t e r i n g ,  
i n d i c a t i o n s  were t h a t  the  oxygen l e v e l  was n o t  reduced as a r e s u l t  o f  
s p u t t e r i n g .  

As r e p o r t e d  i n  F i g u r e  2 8 ,  i t  appears t h a t  a carbon r i c h  s i l i c o n  
carb ide  s u r f a c e  was observed which conta ins  about 12% oxygen. 
carbon peak e x h i b i t e d  t h e  c h a r a c t e r i s t i c  carb ide  peak shape which i s  

w e l l  documented i n  t h e  l i t e r a t u r e .  Auger s i g n a l  f rom any noncarb ide 

E f f o r t s  were made t o  s p u t t e r  t h i s  sur face  w i t h  3 keV argon t o  
I t  was d i f f i c u l t  

Atomic composi t ions c a l c u l a t e d  f rom t h e  Auger da ta  and presented 

The carbon conta ined i n  t h e  N o r a l i d e  specimen was a noncarb ide 

The 

carbon would most probably  be masked by t h e  c a r b i d e  peak. 
Data f rom t h e  s i x  reg ions  r e p o r t e d  i n  Table 29 appear qu 

s i m i l a r  t o  t h e  da ta  presented i n  Table 28. An i n c l u s i o n  about 
i n  diameter was observed i n  t h e  S i c  specimen and appears t o  be 
noncarbide form o f  carbon. Secondly, a peak occurred near 380 

t e  
20 pm 

a 
eV 

which c o u l d  i n d i c a t e  t h e  presence o f  e i t h e r  n i t r o g e n  o r  cadmium. 
Because t h i s  was a minor peak, i t  cou ld  n o t  be p o s i t i v e l y  i d e n t i f i e d  
by i t s  shape. 
However, more work would be r e q u i r e d  u s i n g  elemental  standards t o  make 
a more p o s i t i v e  i d e n t i f i c a t i o n .  

Our b e s t  es t imate  i s  t h a t  i t  i s  probably  n i t r o g e n .  
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F u r t h e r  comments about reg ions  9, 10, and 11 d e s c r i b e d  i n  Tab le  
29 are necessary. 
composi t ion o f  a f l a t  on a g r a i n .  
taken from a g r a i n  boundary. The c a l c u l a t e d  composi t ions f rom b o t h  
r e g i o n s  a re  n e a r l y  i d e n t i c a l  The atomic composi t ions r e p o r t e d  f o r  
r e g i o n  11, Tab le  2 9 ,  a r e  Prom a r e g i o n  whljch was argon i o n  etched for 

two  minutes.  The oxygen c o n c e n t r a t i o n  d i d  n o t  decrease as i t  should 
have i f  i t  were a chemisorbed oxygen specie.  A s l i g h t  i n c r e a s e  i n  
oxygen was observed which suggests t h a t  perhaps some s u r f a c e  carbon 
was; removed. I t  can be concluded t h a t  t h e  oxygen seen on t h i s  f r e s h l y  
f r a c t u r e d  s u r f a c e  i s  a b u l k  ox ide  r e s i d i n g  i n  a carbon r i c h  s i l i c o n  
c a r b i d e  m a t e r i a l ,  F u r t h e r  i n v e s t i g a t i o n  would be necessary w i t h  x - ray  
p h o t o e l e c t r o n  spectroscopy t o  determine t h e  o x i d a t i o n  s t a t e s  o f  t h e  
c o n s t i t u e n t  elements i n  t h i s  m a t e r i a l .  

The Auger spectrum f rom r e g i o n  9 rep resen ts  t h e  
The spectrum f r o m  r e g i o n  10 was 

The use of Raman 5pect.roscopy tr, e v a l u a t e  S i 3 N 4  ceramics was 
a l s o  i n v e s t i g a t e d .  Three GTE specimens and one Nor ton specimen were 

s tud ied .  
l a s e r .  I n  a d d i t i o n  t o  t h e  Chromatix Model 1000 laser system, t h e  
f a c i l i t y  had an o p t i c a l  f o c u s i n g  and c o l l e c t i o n  system, a d i s p e r s i v e  
system, and an e l e c t r o n i c  d e t e c t i o n  system. Microprobe o p t i c s  p r o v i d e  
s p a t i a l  r e s o l u t i o n s  down t o  1 p m  which w i l l  a l l o w  s p e c t r a  f rom i n -  
d i v i d u a l  g r a i n s  t o  be recorded. The s p e c t r a  ob ta ined  for t h i s  s tudy 
were a l l  taken w i t h  t h e  microprobe u s i n g  an i l l u m i n a t e d  area o f  about 

The specimens s e l e c t e d  f o r  e v a l u a t i o n  were: 

The l a s e r  Raman microprobe used had a pu l sed  doubled Nd:YAG 

GTE No. 17 ( t e s t e d  a t  1450°C) 
GTE No. 23 ( t e s t e d  a t  1450°C) 
GTE No. 56 (as - rece ived )  
N o r a l i d e  XL144 No. 8 (as - rece ived )  

The s p e c t r a  f rom a l l  f o u r  specimens (see F i g u r e s  59 th rough  68) 
show t h r e e  l i n e s  i n  t h e  low frequency r e g i o n  around 200 cm-' which a r e  
a t t r i b u t a b l e  t o  l a t t i c e  modes. A d d i t i o n a l  l i n e s ,  p robab ly  a l s o  
o r i g i n a t i n g  f rom l a t t i c e  modes, can be seen weakly i n  t h e  400-450 cm-' 
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reg ion .  There i s  a l a r g e  v a r i a t i o n  i n  t h e  s t r e n g t h s  o f  the broad 

background spectrum -s'n t h e  foeir samples r e l a t i v e  t o  t h e  strength o f  
t h e  l i n e s  near 200 cm-'. 
GTE specimen No. 56 than i n  t h e  o t h e r  samples. This  cou ld  he due t o  
t h e  presence of an amorphous phase i n  the sample, 

The spec t ra  i n  t h e  500-1306 cmsl r e g i o n  show e x t r a o r d i n a r y  
v a r i a t i o n s .  
l i n e s  l o c a t e d  a t  approx imate ly  615, 730, 860, 925, 935,  and 1045 cm-' 
which can be seen i n  t h e  spec t ra  o f  a l l  four  samples. There are,  
however, wide v a r i a t i o n s  i n  t h e  r e l a t i v e  s t renghs and t h e  appearance 
o f  a d d i t i o n a l  l i n e s  o r  fea tures .  T y p i c a l l y ,  l i n e s  i n  t h e  r e g i o n  above 
500 o r  600 cmcl i n  Raman spec t ra  of Sol ids  a r e  due t o  i n t e r n a l  v i b r a -  
t i o n s  a f  mo lecu la r  groups such as carbonates, n i t r a t e s ,  e t c .  Th is  
i m p l i e s  t h a t  these samples e i t h e r  c o n t a i n  a m l e c u l a r  c r y s t a l l i n e  
phase o r  t h e r e  a r e  molecu la r  species present .  

The f e a t u r e s  observed i n  t h e  spectrum o f  t h e  GTE specimen No. 23 
i s  r a t h e r  dramat ic  i n  t h e  130Q-3800 c n - l  reg ion .  Here s t r o n g  l i n e s  i n  
the  CQ and NO s t r e t c h  r e g i o n  around 1800 ciii-' a r e  seen. 
quency regior? i s  o f t e n  associated w i t h  metal  carbonyl  (M-CO) and meta l  
n i t r o s y l  (M-NO) camplexes. The v i b r a t i o n  i s  t h a t  o f  t h e  s t r e t c h i n g  o f  
t h e  double o r  t r i p l e  bond o f  t h e  60 o r  NU species.  
a r e  n o t  observed i n  t h e  s p e c t r a  f o r  GTE specimen No. 17 which was 
exposed t o  t h e  same h i g h  temperature environment. 

A l though oxygen s t r e t c h  f requencies can extend o u t  t o  2400 cm-', 
modes t h a t  occur beyond t h i s  range can on ly  be due t o  mo lecu la r  groups 
c o n t a i n i n g  l i g h t  atoms, p r i m a r i l y  hydrogen. 
i n  t h e  spectrum f o r  GTE No. 23 almost c e r t a i n l y  a r e  due t o  a hydrox ide 
(OH). As can be seen, t h e  GTE specimen No. 17 showed none of these 
f e a t u r e s .  

The background i s  cons iderably  higher- i n  t h e  

There i s  a b a s i c  p a t t e r n  r e p o r t e d  by o t h e r  workers o f  s i x  

h i s  f r e -  

S i m i l a r  features 

The l i n e s  near 3400 cm-' 

I t  i s  q u i t e  e v i d e n t  f rom t h i s  l i m i t e d  i n v e s t i g a t i o n  t h a t  these 
samples p r o v i d e  Raman s p e c t r a  t h a t  i s  q u i t e  r i c h  f o r  study. 
purpose of t h i s  e f f o r t  was t o  generate a l a r g e  range o f  spec t ra  r a t h e r  
than t o  o p t i m i z e  t h e  r e c o r d i n g  of s p e c i f i c  f e a t u r e s .  
d e t a i l e d  study would u t i l i z e  op t im ized scans o f  t h e  d e s i r e d  fea tures .  

The 

C l e a r l y  a 
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T h e  r e s u l t s  of  the thermal expansion measurements a r e  presented 

i n  Table 30, and typical thermal expansion curves a re  presented i n  

Figures 69 through 71. 

measurements are presented i n  Tables 31 through 33.  Typical indents 

are  shown i n  Figures 7 2  through 74. Far the PY6 and XL144 materials 

an indent load of 2.5 kg was used, However, for  the u - S i C  material R 

load of 500 grams was used. 

S i c  specimens and the lower loading weight had t o  be used t o  obtain 

acceptable indents. 

The coef f ic ien ts  of  thermal expansion measured for both S i 3 N 4  
materials were  i n  c lase  agreement w i t h  pub1 ished values for  these 

materials.  H ever, the average coef f ic ien t  measured fora-SIC was 
mr;are than 17% higher than reported f o r  this material .  The standard 

deviation calculated fo r  the S i c  material was re la t ive ly  small (about 

7-1 /2$) ,  however, the standard deviation calculated for  the twa Si3N4 

materials were s ign i f icant ly  higher (about 16%).  In addition, the 

re tes t ing  o f  t h e  Si3N4 specimens resul ted i n  substant ia l  differences 

i n  measured coef f ic ien ts  of expansion. This difference may be due t o  
oxidation o f  the t e s t  specimen d u r i n g  the i n i t i a l  t e s t  cycle. 

The coef f ic ien t  of thermal expansion tended t o  decrease when measured 

d u r i n g  the second t e s t  cycle f o r  the S i  N material .  Based on a 

single data  p o i n t  i t  would appear t h a t  the measured coef f ic ien t  s t a b i -  

l i z e s  a f t e r  the f i r s t  tes t  cycle. 

The r e s u l t s  o f  the f rac ture  toughness (KIJ 

The higher loading weights crushed the 01- 

3 4  

The f rac ture  toughness values measured by microindent tended t o  

be higher than the toughness values measured by the controlled flaw 

method. However, almost a l l  the values measured were lower than 

published or reported by the  manufacturer. 

Con c 1 us i ons 
_II_ -----I 

This project provided a limited evaluation f o r  three candidate 
SiC/Si3N4 materials.  

t h a t :  

w i t h  published values for  these materials.  

From the r e s u l t s  obtained i t  can be concluded 

(1) In general, the property values measured were i n  agreement 
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(2) Based on the data obtained it would appear that the Mexoloy 
&-Sic material offers the most promise for= extended stt-uctural ap- 
plication at elevated temperatures (1450°C). 

procedures fur effective property evaluation o f  the S i c  and Si3N4 
ceramics; 

a. It is desirable t o  use more test specimens (25) per 

test temperature for strength measurements. 
measure strength at three or four different temperatures. 

b. To obtain consistant values for coefficient o f  thermal 
expansion it i s  desirable t o  measure each test specimen three times. 

c. Chemical analysis and identification of inclusions is 
i mper a t i ve . 

d. Since the potential application for these materials is 
for use at extended times in oxidizing environments at high tempera- 
ture (1400°C) 
under these conditions. It is probably desirable t o  monitor mechani- 
cal strength at elevated temperature (1400°C) after significant 
exposure (hundreds o f  hours) under nominal loading. 

(3) This project also provided important insights into the 

It is also desirable to 

it is important to measure the mechanical strength 
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Table 1. C l a s s i f i c a t i o n  o f  S i 3 N 4  and S i c  Ceramics by Process 

1.  

2 .  

3, 

1.  

2 .  

3. 

Hot Pressed Si3N4 (HPSN) - a - Si3N4 powder (minus 325 mesh) f a b r i c a t e d  
by  u n i a x i a l  OT i s o s t a t i c  h o t  p ress ing .  

and temperatures a t  or i n  excess o f  1750°C f o r  1 -2  hours.  
p roduc t  i s  p redominan t l y  B S i 3 N 4  and i s  c l o s e  t o  100% dense. 
S i n t e r e d  Si3N4.(SSN) - S l i p  c a s t i n g ,  i n j e c t i o n  mold ing,  and o t h e r  con- 
v e n t i o n a l  f o rm ing  techniques a r e  used t o  fo rm S i 3 N 4  powder and s i n t e r -  
i n g  a i d s  p r i o r  t o  p ressu re less  s i n t e r i n g .  
React ion Bonded S i 3 N 4  (RBSN) - These m a t e r i a l s ,  which a r e  a l s o  termed 
r e a c t i o n - s i n t e r e d ,  a r e  f a b r i c a t e d  by a number o f  d i f f e r e n t  S i  powder 
c o n s o l i d a t i o n  processes and a r e  subsequent ly  n i t r i d e d .  I n  t h e  i n i t i a l  
s tage o f  a m u l t i - s t a g e  f a b r i c a t i o n  process a S i  meta l  p re fo rm i s  p re -  
pared. S l i p  c a s t i n g ,  d r y  p ress ing ,  f lame spray ing,  i n j e c t i o n  molding, 
o r  some o t h e r  fo rm ing  process i s  used t o  produce t h e  green body. 
t h e  second stage t h e  green preform i s  n i t r i d e d  i n  an atmosphere o f  
pure N 2  o r  N2 and H2 a t  a temperature o f  1200°C. P r i o r  t o  f i n a l  
n i t r i d i n g  a t  1400"C, t h e  component can be machined. D e n s i t i e s  o f  75- 
80% o f  t h e o r e t i c a l  a r e  t y p i c a l l y  o b t a i n e d  f o r  these m a t e r i a l s .  

A d d i t i v e s  such as MgO, Y20 , 

The f i n a l  

, Ce02,  and SiP,eN2 a r e  used t o  enhance d e n s i f i c a t i o n .  The pow il es  
mix Z r o Z  ures  a r e  u s u a l l y  m i l l e d  then c o n s o l i d a t e d  a t  pressures o f  25-30 MPa 

In 

S i c  
Hot Pressed S i c  (HPSC) - A minus 325 mesh S i c  powder blended w i t h  
smal l  a d d i t i o n s  o f  A120 2 , Fezoil, o r  A t o  a i d  d e n s i f i c a t i o n  i s  p re -  
pared f o r  h o t  p r e s s i n g  y b l e n  i n g  and m i l l i n g .  The prepared powders 
a r e  t y p i c a l l y  h o t  pressed a t  pressures f rom 25-30 MPa a t  a tempera- 
t u r e  o f  2150°C f o r  1 -2  hours.  D e n s i t i e s  o f  c l o s e  t o  100% a r e  u s u a l l y  
obta ined.  
S i n t e r e d  S i c  (SSC) - a and B S i c  a r e  prepared by conven t iona l  f o rm ing  
and p ressu re less  s i n t e r i n g .  
d e n s i f i c a t i o n .  S l i p  c a s t i n g ,  e x t r u s i o n ,  and d r y  p r e s s i n g  fo rm ing  
techniques a e r  used. S i n t e r i n g  i s  n o r m a l l y  c a r r i e d  o u t  a t  2150°C 
f o r  1-2 hours i n  an A r  environment.  F i n a l  d e n s i t i e s  t e n d  t o  range 
between 96-98% o f  t h e o r e t i c a l .  
React ion S i n t e r e d  S i c  (RSSC) - A lso  termed r e a c t i o n  bonded o r  
s i l i c o n i z e d  S i c  and fo r  c e r t a i n  f a b r i c a t i o n  processes r e c r y s t a l l i z e d  
S i c .  A m i x t u r e  o f  S i c  powder, g r a p h i t e ,  and a p l a s t i c i s c r  a re  formed 
i n t o  a green body. The fo rm ing  processes used i n c l u d e  e x t r u s i o n  and 
d r y  p ress ing .  I n  t h e  i n i t i a l  thermal t rea tmen t  t h e  p l a s t i c i s e r  i s  
burned o u t  o r  p y r o l y z e d  t o  a carbon char .  S i  metal  i n  t h e  l i q u i d  o r  
vapor s t a t e  i s  i n t r o d u c e d  i n t o  t h e  green body t o  r e a c t  w i t h  t h e  
g r a p h i t e  powder t o  form S i c  which r e a c t i o n  s i n t e r s  t h e  f a b r i c a t i o n  
component. Excess S i  i s  u s u a l l y  l e f t  t o  f i l l  vo ids  i n  t h e  m a t e r i a l .  
An a l t e r n a t e  method i s  t h e  i n f i l t r a t i o n  o f  S i  l i q u i d  i n t o  carbon o r  
g r a p h i t e  f i h e r  preforms. 

A d d i t i o n s  o f  B and C a r e  added t o  a i d  
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Table 2. Materials Evaluated in the Literature Reviewed 

A. Hot-Pressed Si& 

o Nortan NC-132 HP-Si3N4 (1% MgO) 
o Norton NCX-34 KP-Si3N4 (8% Y203) 
o Harbison-Walker HP-Si3N4 (10% CeOZ) 

o Kyocera SN-3 HP-Si3N4 (4% M 
o Naval Research Laboratory HP-Si3N4 (4-16 wt X Zr02) 
Q AFML Developmental HP-Si3N4 (Ce02 and BW Additives) 
o Ceradyne Ceralloy 147A, NP-§i3N4 (1% 
a Ceradyne Ceralloy 147Y, HP-Si3N4 (15% Y203) 
o Ceradyne Ceralloy 147Y-1 ,  HP-Si3h14 (8% Y203) 
o Fiber Materials HP-Si3N4 (4% MgO) 
Q Toshiba HP-Si3N4 (4% Y203, 3% A1203) 

o Westinghouse HP-Si3N4 (4% Y203, S i 0 2 )  
Q NASA/AVCO/Norton tlP-Si3N4 (10% Zr02) 
Q Norton NC-110 HP-Si3N4 (MgO 1- @a0 impurities) (1972) 
Q Norton NC-136 HP-Si3N4 (1975) 

o Battelle HIP-Si3N4 (5% Y203) 

o Toshiba HP-Si3N4 (3% Y203, 4% A1203, Si02)  

B. Sintered Si& 

o KYOGW~ SN-250 Sintered §i3N4 
o GE-Sintered Si3N4 (1982) 
o Kyocera SN-205 Sintered Si3N4  ( 5 %  MQQ, 9% A1203) 

o Kyocera SN-201 Sintered Si3N4 (4% MgO, 7% A1203) 
o GTE Sintered Si3N4 (6% Y203) (AY6-1983) 
o AiResearch Sintered Si3N4  (8% Y203, 4% A1203) 
o Rocketdyne SN-50 Sintered Si3N4  (6% Y203, 4% A12Q3) 
o Rocketdyne 94-104 and SN-46 Sintered Si3N4  

(14% Y203’ 7% Si02) 
o NGK (SN-50)/NGK (SN-82) Sintered Si3N4 
o Ford Rtul20 Sintered Si3N4 (1984) 
o ACC Code 2-Sintered Si3N4 
o Toshiba Sintered Si3Nq 
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Table 2. Materials Evaluated in t h e  Literature Reviewed (cont inued)  

C. Reaction Sintered Si& 

o 1976 Norton NC-350 RS-Si3N4 
Q Kawecki-Berylco RS-Si3N4 
o Ford Injection Molded RS-Si3N4 (2,7) 
o AiResearch Slip Cast RS-Si3N4 (Airceram RBN-101) 
o Raytheon Isopressed RS-Si3N4 
o Indussa/Nippon Denko RS-Si3N4 
o 
o 1979 Norton NC-350 RS-Si3N4 
o Annawerk Ceranox NR-115H RS-Si3N4 
o 
o Georgia Tech RS-Si3N4 
o AME RS-Si3N4 
o AiResearch RBN-104 RS-Si3N4 

AiResearch Injection Molded RS-Si3N4 (Airceram RBN-122) 

Associated Engineering Developments (AED) Nitrasil RS-Si3N4 

D. Hot-Pressed Sic 

o 
a 

o 
o AVCO-HP-Sic 
o ACE-HP-Sic 

Norton NC-203 HP-SIC (.2% A1203) 
Ceradyne Ceralloy 146A, HP-SIC (2% A1203) 
Ceradyne Ceralloy 1461, HP-SIC (2% B4C) 

E. Sintered Sic 

o General Electric Sintered B-SiC 
o Carborundum Sintered a-Sic (1977 vintage) 
o Kyocera SC-201, Sintered PSiC (1980 vintage) 
o Carborundum 1981 SASC (Hexoloy SX-05) 
o ESK Sintered Sic 
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Table 2 ,  Materials Evaluated i n  the Literature Reviewed (concluded) 

F. Reaction Sintered Sic (Siliconized) 
-I 

Norton NC-433-Si/SiC (1376) 
Norton NC-435 Si/SiC 
UKAEA/BNF Refe?  Si/SiC (diamond-ground and as-processed) 
Norton NC-430 Si/SiC 
Norton NC-400 Si/SiC 
Coors Si/SiC (1979, SC-1) 
Coors S i l S i C  (19131 and 1982, SC-2) 

General Electric Silcomp SilSiC (Grade CC)/(Grade C R C )  
University o f  Michigan Sic (1984-pyrolyzed polymer 
infiltrated with Si) 



91'-90' 

9'1 1-0 

52'-10' 
1'1 1-0 

9*-t- 
6'0 t *o 

9'2-01' 
1.1 S'I 

--- 
1'1 2'0 

c'Z-5'0 s-2-W' 
011 2.1 SI '0 



T a b l e  4. RepGrted C h a r a c t e r S z a t i o n  Information for  Candidate Materials 

- 
Coef f i c i en t  

E l a s t l c  Fracture T hernia 1 Grain 
Fabr i ca t ion  MORRT M0R1480 Modulus Toughness Hardness Expansion S i z e  

Material  Method C hem i s t r y  _II_______ MPa MPa GPa MPa.& Irqim2 10- / "C(20-1000"~ A 

STE PY5 I n j e c t i o n  Mo'ded sSi ?4 +5 w/o '! 0 550-950 70-275 245-290 4-4.5 3.5 .5-3 

Soh io  ? res su ra l  e s s  aSiC+.5 8 300-350 370-380 300 4 2740 4.5 2-8 

- 
a:rd Hipped *rra&4ki, i e ,  go3 (8001 

Wexoloy Sin te red  (formed Trace-A?, Fe, T i ,  B 
by pres s ing  i n -  
j e c t i o n  o r  i s o -  
s t a t i c  forming) 

korton H o t  Pressed BS! N4 - n3 770 300-350 370-395 4-4.5 1600 3.5 3-5 
XL144  o t d r  d a t a  
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Table 5. Charac te r i za t i on  Protocol  

Measurement 

M ic ros t ruc tu re  
Chemi s t r y  
Densi ty  
Hardness 
Thermal Expansion 
Frac ture  Toughness 
F lexure Strength' 
E l a s t i c  Modulus 

t 

* 

Number 
Technique/Conditions o f  Specimens 

SEMjOptical Microscope 
XRD/EDXA, Auger 
Immersion a t  25°C 
Microhardness a t  25°C 
Temp. Range 25-1450°C 
Mic ro indent  and DCB a t  25°C 10 
A t  25" and 1450°C 10/10 
Sonic V e l o c i t y  3 

-t Thermal expansion w i l l  be measured on f o u r  specimens no l e s s  than two 
times f o r  a t  l e a s t  t h ree  o f  t he  specimens from 25" t o  1450°C us ing  a 
Theta I n d u s t r i e s  D i l a t r o n i c  I1 (Model 6024) i n  o rder  t o  determine i f  
expansion hys te res i s  e f f e c t s  are present.  

F rac ture  toughness w i l l  be measured by mic ro indenta t ion ,  c o n t r o l l e d  
f l a w  anddouble c a n t i l e v e r  beam techniques and a comparison o f  the 
toughness values w i l l  be made. 

span o f  3.81 cm (1.50 i n ) ,  an i n n e r  span o f  1.91 cm (0.75 i n ) ,  and a 
specimen cross sec t i on  o f  0.64 x 0.32 cni (0.250 x 0.125 i n ) ,  w i t h  
specimens loaded a t  a r a t e  o f  0.0511 cm/min (0.020 in /min) ,  10 speci -  
mens w i l l  be used a t  each t e s t  cond i t i on .  

* 

Flexure s t reng th  w i l l  he measured i n  f o u r - p o i n t  f l e x u r e  w i t h  an ou te r  X 
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Table 6. Density Measurements 

GTE-PYG 
Specimen Density 
Number _- ( g/cc) 

1 3.25 
9 3.25 

26 3.24 
33 3.25 
66 3.22 

Hexoloy S I C  -_______ 
Spec i men Dens i ty 

1-1 3.17 
1-2 3.17 
1-3 3.17 
1-4 3.17 
1-5 3.17 

Average 3.24 Average 3.17 

Noralide xL144 
Spec i me n Densi ty 
Number (g /cc 1 

1 3.23 
2 3.23 
3 3.23 
4 3.23 
5 3.23 

Average 3.23 
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Tab le  7. Sonic  Modulus 

GTE PY6 

Av. Modulus 
Specimen No. GPa 

83 290 

92 294 

294 94 - 
Av. 293 (42 .4  x l o 6  psi) 

Hexoloy-a-Sic 

Specimen No. 

5-4 

5-5 

5-6 

Nora1 ide XL144 

Specimen No. 

28 

29 

30 

Av.  Modulus 
GPa 

426 

429 

427 

Av. 427 (61.9 x 

Av. Modulus 
GPa 

31 2 

31 6 

31 4 

o6 ps 

Av. 314 (45 .5  x l o 6  psi)  
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Table 8. Microhardness 

GTE PY6 

V icke rs  Hardness 
Specimen No. __I (kg/mm2) I_ 

5 1386 
56 1489 
66 1440 
73 1484 
95 .I_ 1491 

1458 ( s t .  dev. 118) 

Hexoloy-a-SiC 

Vicke rs  Hardness 
-- ( kg/mm2 1 Specimen No. _ _  

1-3 
1-4 
1-5 
3-9 

3-1 0 

261 1 
2524 
2638 
261 1 
2558 

2588 ( s t  
_I_ 

dev. 80) 

Nora1 i d e  XL144 
I- 

Vicke rs  Hardness 
Specimen No. ( kg/mm2 1 

1 
3 
4 
8 

10 

1367 
1440 
1437 
1419 
1441 
1421 ( s t .  dev. 52)  
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Table 9 .  X-Ray Diff rac t ion  A n a l y s i s  for GTE PY6 As Received 

20 

23.4 
26.5 
27.1 
29.7 
33.9 
36.1 
37.1 
37.6 
39.0 
41.5 
48.05 
50.0 
52.2 
58.0 

- D - Spacing 

3.801 
3.363 
3.290 
3.013 
2.659 
2.488 
2.426 
2.392 
2.312 
2.178 
1 .go1 
1.826 
1.752 
1.591 

I- 
B - B phase S i 3 N 4  

* 
c1 - c1 phase S i 3 N 4  

'Y - y 2 s i 2 0 7  

I n ten s i t y  
= 100) 

~ ( I / Imax __I..̂ .. 

29 
e, 

a2 
6 

88 
100 

6 
6 

12 
29 
12 
18 
41 
1 8  

C r y s t a l  Phase 

* B+ 
?a 

B 
?Y 
R 
B 

# 
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Table 10. X-Ray D i f f r a c t i o n  A n a l y s i s  For GTE PY6 A f t e r  T e s t i n g  
A t  1450°C 

2 0  

21.95 
23.4 
26.5 
27.1 
27.75 
28.4 
29.5 
31.45 
33.7 
36.1 
39.05 
41.45 

- ~ D - Spac ing  ___I 

4.05 
3.802 
3.364 
3.291 
3.215 
3.145 
3.028 
2.845 
2.66 
2.488 
2.307 
2.179 

I n t e n s i t y  
( I /  &ax--- = 100) 

92 
27 

1 
94 

6 
4 
3 

11 
85 

100 
11 
36 

C r y s t a l  Phase 

C* 

B+ 
# ?a 

B 
Y X  
C 
Y 
C 
R 
B 

Y 

B 

* 
C - c r i s t o b a l i t e  

f 
8 - 8 phase S i 3 N 4  

'a - a phase S i 3 N 4  
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Table 11. X-Ray D i f f r a c t i o n  A n a l y s i s  For Norton N o r a l i d e  
XL-144 As Received 

28 
23-55 
27.25 
33.85 
36.25 
39.2 
41.6 
48.05 
50.1 
52.4 
58.15 

- D - Spacing 
3.778 
3.273 
2.648 
2.478 
2.298 
2.171 
1.894 
1.821 
1.746 
1.587 

I n t e n s i t y  

29 
97 
39 

100 
6 

13 
11 
12 
24 
11 

( I / I  = 100) +ax C r y s t a l  Phase 

B* 
B 
B 
6 

B 
B 
B 
i3 
B 
B 

* 
8 - B phase S i 3 N  
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Tab le  12. X-Ray D i f f r a c t i o n  A n a l y s i s  Fo r  Nor ton  N o r a l i d e  
X1.144 A f t e r  T e s t i n g  A t  1450°C 

2e 

21.95 
23.4 
27.1 
27.7 
29 45 
31.45 
32.75 
33.25 
33.7 
36.1 
39.0 
39.7 
41.45 

- D - Spacing  

4.05 
3 .) 802 
3.291 
3 I 221 
3.033 
2.845 
2 735 
2.695 
2.66 
2 488 
2.31 
2.271 
2.179 

I n t e n s i t y  
( I / I  ax = 100) 

24 
25 
97 

6 
8 
1 
1 
5 

33 
1 00 

4 
1 

13 

C r y s t a l  Phase 

CS 

Y #  

* 
P 
8 

Y 
C 

B 

-I- C - c r i s t o b a l i t e  

P - 8 phase S i 3 N 4  
* 
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Table 13. X-Ray D i f f r a c t i o n  Ana lys is  For Sohio Hexoloy 
* - S i c  As Received 

20 - 
24.9 
26.75 
34.2 
34.95 
35.75 
38.25 

41.5 
45.4 
55.0 
60+ 

D - Spacing 
3.555 
3.339 
2.618 
2.564 
2.508 
2.350 
2.173 
1.996 
1.675 
1.535 

I n t e n s i t y  
( I / I  = 100) ----max 

3 
1 

25 

4 
100 

31 
13 

6 
7 

60 

C r y s t a l  Phase 
- 

* 
a 

a 

a 

a 

* 
a - (Y phase S i c  
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Table 14. X-Ray Diffraction Analysis For Sohio Hexolay.-a-SiC 
After Testing At 1450°C 

2e 

22 
34.2 
34.95 
35.75 
38.25 
41.5 
45.4 

D - Spacing 

4.041 
2.622 
2.568 
2.512 
2.353 
2.176 
1.998 

Intensity 
( I / I  = 100) ----Illax 

9 
33 

8 
100 

36 
17 
a 

Crystal Phase 

C *  
Y 
if a 

c1 

a 

a 

a 

-~ 

* 
C - cristobalite 
#a - cx phase S i c  
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Table 15. Measured Flexure Strength O f  Sohio Hexoloy SA+-Sic 
A t  25°C 

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

SPECIMEN 
NUMBER ---...---- 

1-1 

1-2 

1-3 

1-4 

1 -s 
3-6 

3-7 

3-8 

3-9 

3-1 0 

w I DTM 
( i n )  ------ 

0.2452 

0.2455 

0.2452 

0.2453 

0.2454 

0 - 2454 

0.2453 

0.2453 

0.2454 

0.2451 

7"HI CKNESS 
( i n )  --------- 

0.1220 

0.1224 

0.1225 

0.1226 

0.122s 

0.1228 

0.1221 

0,1215 

0.1228 

0.1231 

L M D  
( 1  bs) 
----e 

158 

135 

154 

132 

166 

147 

l ? l  

138 

181 

167 

Average  

Stdeu. 

336 

285 

325 

278 

350 

30 8 

405 

296 

379 

349 

48.7 

41 -3 

47.1 

40 -3 

50.7 

44.7 

58.8 

42.9 

55.0 

50.5 

33 1 48.0 

41 6.0 

95% confidence 
limits on mean 302-360 44-52 
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Table 15. Measured Flexure Strength O f  Soh io  Hexoloy SA-or-Sic 
A t  1450°C 

SPECXM 
NWBE!? 

5-1 

S-2 

5 - 3  

3-4 

3-5 

1-6 

1-7 

1-9 

1-3 

1-10 

WIDT 
( i n >  ------ 

0.2438 

0 c 2439 

0.2448 

0 e 2454 

0.2457 

0.245 

0.2453 

0.2455 

0.2455 

0.2455 

THI CrnESS 
( i n )  

0 m 1220 

0.1225 

0 . 1 2 2 1  

0.1532 

0.123t; 

0.1225 

0.123s 

0.1226 

0. 1231 

0.1228 

LOA 
( 1  bs) 
--e-- 

21 8 

278 

277 

227 

252 

236 

238 

230 

21 2 

21 4 

A v e r a g e  

Stdeu. 

4665 47 .6  

589 89.3 

589 85.4 

475 68.45 

521 75.5 

477 72.1 

493 71.6  

483 70.1 

442 64.1 

448 65.0 

500 72 .5  

52 7.6 

95% confidence 
l i m i t s  onrnean 463-538 67-78 
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Table 17. Measured Flexure Strength O f  GTE Silicon Nitride, 
PY6 A t  25°C 

SPECIMEN 
NUMBER -----...- I 

1 

3 

P 

26 

33 

S6 

66 

73 

76 

95 

WIDTH 
( i n )  --...--- 

0.2427 

0.2425 

0.2424 

0.2434 

0.2435 

0.2427 

0.2428 

0.2433 

0.2387 

0.2425 

( i n )  
------I-- 

0.1230 

0.1231 

0.1224 

0.1235 

0.1216 

0.1219 

0.1222 

0.1214 

0.1159 

0.1230 

La40 
< 1 bs) 
e---- 

31P 

290 

273 

328 

348 

273 

337 

31 4 

232 

245 

A v e r  age 

S t d e v .  

UL'TIMTE S+R 
MPa k s  i 

674 

61 2 

583 

685 

750 

587 

72 J. 

679 

56 11 

560 

64 1 

69 

97.7 

88.8 

84.6 

99.4 

108.7 

85.2 

104 .6  

98.5 

81.4 

81.3 

?3.0 

10.0 

95% confidence 
limits on mean 592-691 86- 100 



Table 18. Measured Flexure S t r e n g t h  O f  GTE S i l i c o n  N i t r i d e ,  
PY6 A t  1450°C 
-_ 

SPECIM 
N W 8 E 3  -------- 

a 

13 

17 

23 

24 

43 

4% 

53 

61  

67 

WIDTH 
( i n )  ------ 

0.2125 

0 (. 2437 

0.2444 

0.2408 

0.2376 

6.2394 

0 2 4 0 1  

0.2388 

0.2391 

0.2480 

THICKNESS 
( i n )  --------- 

0.1147 

0.1168 

0.1154 

0.1185 

0.1162 

0.1176 

0.1176 

0.1147 

0.1158 

0.1181 

LOAD 
< 1 bs) 
-I--- 

1 6 9  

132 

1?3 

177 

180 

185 

133 

1 0 9  

195 

185 

A v e r a g e  

Stdev  

ULPIP?ATE STRENGTH 
MP3 ktsi 

453 

308 

460 

406 

435 

433 

31 1 

269 

423 

429 

393 

69 

65.7 

44.7 

66.7 

58 .9  

43.1 

62.9 

4 Z . 1  

39-0 

6 1 . 4  

62.2 

57 .Q 

10 .o 
95% con f idence  
l i m i t s  on mean 343-442 50-64 
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Table 19. Measured Flexure Strength Of Norton Si3N4 Noralide 
XL144 At 25°C 

W 1 DTH 
( i n )  ------ 

0.2439 

0.2439 

0 .2419 

0.2438 

0.2440 

0.2454 

0 .2438 

0.2432 

0 .2448  

0.2438 

THI CKNESS LOAD 
( i n )  < 1 bs) 

0 .  I236 

0.1236 

0.1239 

0.1234 

0.1230 

0.1241 

0.1237 

0.1240 

0.1240 

0.1234 

21 7 

252 

291 

24 1 

349 

210 

203 

227 

216 

302 

Average 

s tdev 

ULTIPW+TE STRENGTH 
MPa iCs i 

452 

52s 

60 8 

50 4 

724 

431 

588 

471 

445 

63 1 

938 

97 

65.9 

76.1 

88.2 

73.0 

1os.o 
62.5 

85.3 

68.3 

64.6 

91 .5  

78.0 

14.0 

95% confidence 
l imits on mean 467-607 68-88 



Tab le  20.  Measured F lexure  S t r e n g t h  O f  Norton Si3N4 N o r a l i d e  
XL144 A t  1450°C 

SPECIMEN 
NUMBER -------- 

: 3  

1 4  

16 

17 

1P 

21 

22 

-? 3 
L.4 

25 

27 

WIDTH 
( i n )  ------ 

0 .2443  

0 . 2 4 4 0  

0.2448 

0.2428 

0.241 1 

0,2424 

0.2420 

0 . 2 4 2 5  

8 2415 

0.2432 

THICKNESS 
( i n )  

--------I 

0.1246 

0.1238 

0.1240 

0.1244 

0.1243 

0 . 1 2 4 3  

0.1242 

0 . 1 2 4 3  

0.1263 

0 . 1 2 4 8  

LOAD 
( 1  bs> 

242 

214 

172 

207 

238 

152 

222 

249 

237 

236 

Average 

S t d e u .  

ULTIMATE STREMGTH 
MP.3 k s i  

i l i l  66.3 

51 6 74.8 

477 69.2 

4 8 3  7 0 . 1  

453 55.7 

53 7.7 

95% con f idence  
l imits on mean 415-491 60-71 
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Table 21. Summary O f  Weibull Analysis Results 

Shape Scale Confidence Bounds 
Mater i a1 Test Average Parapeter Parameter so 
Designation Temp.('C) Strength (MPa) (M) (S6) LCL UCL' LCL UCL 

GTE PY6 25 64 1 10.80 671 5.94 14.69 632 714 

GTE PY6 1450 393 8.30 419 4.57 11.25 388 454 

Hexoloy S i c  25 331 8.90 349 4.90 12.10 342 376 

Hexoloy S i c  1450 500 9.88 524 5.43 13.44 490 560 

Norton XL144 25 538 6.06 578 3.33 8.24 520 645 

Norton XL144 1450 453 12.02 474 6.61 16.35 449 501 
* 
4- 

LCL - lower confidence l i m i t .  
UCL - upper confidence l i m i t .  
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Table 22. Comparison O f  Average Strengths Between Temperatures 
For Each Material 

SS 
142805 

39733 
132593 

MEAN 
331. 10 
SOU. 10 

47.  0 2  

B.  GTE PY6 

SOURCE DF SS 
FACTOR 1 303761 
EXROR 1 3 851374 

19 394735  -,-,-I r 
i % J  I e4L~ 

C. NORALIDE XL144 

. MEAN 
5 :3 7 . !jO 
453.00 

'77.96 

MS F 
36040 5 . 9 3  

6078 
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Table 23. A n a l y s i s  o f  Var iance o f  U l t i m a t e  S t reng ths  
fo r  GTE PY6 and N o r a l i d e  by Temperature 

Source o f  Degrees o f  Mean Square 
-1__ V a r i a t i o n  Freedom E r r o r  F R a t i o  

Temperature 1 2777889 51.2 

Ma t e r i  a1 

T x M  

4623 

66912 

E r r o r  36 5427 

T o t a l  39 

Standard e r r o r  f o r  comparing average o f  10 specimens: 

- -  5427 - 23.3 MPa 10 

8.5 

12.3 

Table 24. Composi t ion o f  F r e s h l y  F rac tu red  Sur face 
o f  GTE PY6 S i l i c o n  N i t r i d e  

Reg i on S i  B C N 0 

#1 42.5 T* 3.6 31.1 22.8 

#2 37.4 T 4.7 34.4 23.5 
#3 31.9 --- 3.9 35.0 29.2 

*Trace amount 



Table 25. Cornposit ion of Features o f  I n t e r e s t  on Freshly 
F r a c t u r e s  GTE PY6 S i l i c o n  N i t r i d e  

Region S i  5 C N 0 N i  
#4 T 11.4 19.5 42.3 26.7 --- 
#5 26.2 T 19.9 30.5 21.4 2 
#6 39.1 --- 5.6 31.8 23.5 --- 
# 7  41.3 --- 10.5 25.7 22.5 --- 
#8 17 .1  --- 9.5 42.8 30.6 --- 
#9 37.2 T 4.4 31.1 27.3 --- 

Table 26. Composi t ion o f  F r e s h l y  F r a c t u r e d  N o r a l i d e  S i l i c o n  N i t r i d e  

0 ._I N - C - B Region - S i  - 

#1 35.8 - 3 .5  36.0 24.4 

#2 35.6 1.2 3.9 34.1 25.3 

#3 30.9 T 4.4 36.1 28.6 

Table 27. Coinposit ion o f  Features o f  I n t e r e s t  on N o r a l i d e  
S i l i c o n  N i t r i d e  F r a c t u r e  Sur face 

0 - N - C 
I 

B - S i  I 

Region 

#4 35.4 T 4.5 32.8 27.3 

# 5  31.8 2.9 5.6 31.5 28.2 

#6 33.9 T 5.1 34.8 26.1 

#7 33.3 - 5.5 34.8 26.4 

#8 25.9 4.2 10.9 33 .4  25.6 

#9 28.0 2.2 7.6 35.7 26.4 

#10 28.7 - 6.8 36.2 28.2 



Tab le  28. Cornposi t ion o f  F r e s h l y  F r a c t u r e d  Hexoloy S i l i c o n  Carb ide  

0 - c - 5 Region - S i  - 

#1 27.6 1.2 59.1 12.1 

#2 27.4 1.1 59.7 11.8 

#3 26.8 1.3 59.3 12.6 

#4 27.9 1.2 58.7 12.3 

Tab le  29. Compos i t ion  of Regions of I n t e r e s t  on Wexoloy S i l i c o n  
Carb ide  F r a c t u r e d  S u r f a c e  

0 
I 

C - B - S i  - Reg i on 

#5 26.6 2.1 60.7 10.7 

#6 27.4 - 58.6 14.0 

#7 27.9 T 57.7 14.4 

#9 25.6 - 61.2 13.2 

#10 25.8 - 61.7 12.5 

#11 26.1 1.3 57.3 15.2 
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Table 30. Thermal Expansion T e s t  Results 

Nora1 ide XL144 6 1460 3.3 
Norton Si3N4 

18 1200 4 .0  
1250 3.6 4 

20 1465 2.9 
1475 3.3 

26 1450 4 . 2  
2.7 
-.. 

1450 

Average 3 . 4  
Stdeu.  0 . 5  

PY 6 32 1450 4 . 2  
GTE Si3N4 1480 3 . 0  

3P 1425 4 . 3  
1450 2.8 
1450 2 . P  

63 13901 4 .0  
1475 3 . 0  

83 1460 3 .3  

Average 3.4 
Stdeu.  0.6 

_I 

Hexolor !3A 3- 1 1460 5 .2  
Sohio SIC 1460 S a l  

5-7 1465 5.9 
1475 5 . 2  

5-9 1465 5 . 8  
1475 5 . 0  

5 . 7  --__ 5-10 1410 

Au e r age 5.4 
S t d e v .  0 . 4  
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Table 31. Fracture  Toughness Results f o r  GTE PY6 

Av. K I c  by Micro- Crack 
Specimen Load Length i n d e n t  (MPa-h )  
Number ( l b s )  (pm) (av. i n d e n t  diag.  ~ 5 5  urn) 

1 115 94.8 i 

by control  1 ed KI  c 
f l  aw (MPa .a) 

3.2 

3 112 82.8 

4 102 89.5 

10 119 79.8 

3.0 
6.1 

2.8 

3.1 

3 

Table 32. Fracture  Toughness Results f o r  Noralide XL144 

Av. KIc  by Micro- 
Crack by control  1 ed Specimen Load Leng th  indent (MPa-hi) KIc  

Number ( l b s )  (pm) (av.  indent  diag.  =52 urn) flaw (MPa-fi) 

1 97 130 

3 91 108 

4 128 93 
3.8 

3.1 

2.7 

3.5 

10 113 97 3.1 

3.1 
- 

Table 33. Fracture  Toughness Resul ts  f o r  Hexoloy-a-Sic 

Av. K I c  by Micro- 
by control  1 ed Crack 

Specimen Load L e n g t h  i n d e n t  ( MPa fi) KIc  
Number ( lb s )  (pm)  (av. i n d e n t  diag.  ~ 2 0  pm) f 1 aw ( M Pa * hi) 

2 84 60 inva l id  f r a c t u r e  

3 110 50 

4 95 60 

9 64 54 

2.55 

2.2 

inva l id  f r a c t u r e  

1.4 

10 99 66 2.3 
2 
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APPENDIX 1 

ADDITIONAL MATERIAL CHARACTERIZATION STUDIES 

During the course o f  this project, we obtained two additional 

materials for limited characterization. CVD Inc. provided us with 

a Sic prepared by chemical vapor deposition, and Sohio Engineered 

Materials provided us with a "Sylon 102'' material. 

specimens of S i c  were provided for our first evaluation. 

material was used for flexure strength measurements at 2 5 O C  and 

145OOC. 

hardness, Young's modulus, and Poisson's ratio. The results of 

these evaluations are summarized in Table 1 A .  

Ten test 

This 

In addition, material was provided for fracture toughness, 

Table 1 A .  Summary of  Characterization Studies for CVD Sic Material 

1. Hardness (Vickers - 500 gm load) 2600 kg/mrn2 

2. Young's Modulus (sonic measurement) 470 GPa 

3. Poisson's Ratio 0.23 

4 .  Flexure Strength @ 2 5 O C  ( 4  p t .  bend) 554 MPa 

5. Standard Deviation 120 MPa 

6, Flexure Strength 8 1 4 5 O O C  ( 4  pt. bend) 556 MPa 

7. Standard Deviation 27.6 MPa 

8. Fracture Toughness (microindent) 2.6 MPa'fi 

Sohio Engineered Materials Inc. provided us with a billet o f  

their SiAlON material "Sylon 102" for evaluation. Flexure strength, 

Young's Modulus, density, microstructure, and chemistry were 
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i nves t iga ted .  F lexure s t rengths were measured a t  25OC, 1400OC, and 

1200°C. A t  140OoC the ma te r ia l s  tes ted  underwent severe ox ida t i on  

and re ta ined  only  10% o f  t h e i r  room temperature f l e x u r e  s t rength.  

The ma te r ia l s  tes ted  a t  1200°C were no t  g r e a t l y  a f fec ted  by the  

o x i d i z i n g  environment and re ta ined  a s i g n i f i c a n t  f r a c t i o n  o f  t h e i r  

room temperature s t rength.  

measured for  the  "Sylon 102" ma te r ia l  is presented i n  Table I B .  

Photomicrographs o f  t e s t  specimens f rac tu red  a t  25OC and 1200°C a re  

presented i n  F igures A through D. EDXA spect ra o f  specimens tes ted  

a t  25% are  presented i n  F igure  E. 

A summary o f  the  proper ty  values 

Table 1B. Sumnary o f  Property Measurement Data f o r  Sylon 102 

1. Densi ty  3.21 g l c c  

2. Young's Modulus 311 GPa 

3.  Flexure Strength @ 25OC 672 MPa 

4. Standard Dev ia t i on  51 MPa 

5. F lexure Strength 8 120OOC 319 MPa 

6. Standard Dev ia t ion  17 MPa 

The r e s u l t s  o f  these p re l im ina ry  evaluat ions show t h a t  the CVD S I C  

has good f l e x u r e  s t reng th  a t  bo th  room temperature and 145OOC. An 

average f l e x u r e  s t reng th  o f  550 MPa i s  s i g n i f i c a n t l y  higher than i s  

repor ted  f o r  S i c  prepared by any o ther  processing methods. The CVD 

S i c  a l so  shows good hardness and good ox ida t i on  res is tance.  

However, the  measured f r a c t u r e d  toughness was somewhat lower than 
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usual ly  reported for S i c .  The Sylon 102 m a t e r i a l  showed good room 

temperature f l e x u r e  strength w i t h  a r e l a t i v e l y  narrow standard 

dev ia t ion .  However, the poor oxidat ion resistance observed would 

appear t o  l i m i t  i t s  high temperature use t o  below 12OO"o. 

Figure E .  EDXA spectrum o f  Sylon 102 as-received. 
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F i  

~ 

gure A. SEM photomic 

E 

rograph o f  Sylon 102 as received. 

~ 

Figure B. SEM photomicrograph o f  Sylon 102 as received. 
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Figure C .  SEM photomicrograph o f  Sylon 102 tested to 
1200°C. 

---- --m 
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U 
-l Q 

<O.OOO k e V  Curqar = 260 ( 2.600 k r V  ) = 10 19;200 keV > 

Figure E. EDXA spectrum o f  Sylon 102 as received. 
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APPLIED STRESS. kti 

loglo APPUEO STRESS (PSI 1 

Figure 1 .  Flexure creep behavior o f  various Si3N4 and Sic materials. 31 
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Figure 2. The four  p o i n t  bend f i x t u r e  f o r  f l e x u r e  tes t ing .  
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I 
mino. Mvision 2.5 urn 

Figure 3. Optical microscope photomicrograph o f  the Sohio-Hexoloy 
Cr-SiC material. 

I 

minor division = 2.5 

Figure 4. Optical microscope photomicrograph o f  the GTE PY6 material. 
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Figure 5. Norton Noralide XL144 heat treated and etched i n  HF a t  1OOOX. 
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Figure 6. SEM photograph o f  a GTE PY6 specimen. 

~ 

Figure 7. SEM photograph of a GTE PY6 specimen. 
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Figure 8. SEM photomicrograph o f  an etched GTE PY6 specimen. 

Figure 9 .  SEM photomicrograph o f  a GTE PY6 specimen tested a t  1 4 5 O O C .  



Figure 10. SEM photomicrograph o f  a GTE PY6 specimen tested a t  1450OC. 

Figure 1 1 .  SEM photomicrograph o f  the glass surface o f  a GTE PY6 specimen 
tested a t  1450OC. 





c 
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-E-- 
Figure 14. SEM photomicrograph o f  an etched Norton Noralide XL144 specimen. 

Figure 15. SEM photomicrograph o f  an etched Norton Noralide XL144 specimen. 
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i.. 



Figure 18. SEM photomicrograph o f  a Sohio Hexoloy SA specimen. 

t 
Figure 19. SEM photomicrograph o f  a Sohio Hexoloy SA specimen. 
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Figure 24. Typical EDXA spectra f o r  Sohio Hexoloy a-Sic. 
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<O.OOO keV Cursor = 747 ( 7.470 keV 1 = 23 9.&00 keV > 

F i g u r e  25. T y p i c a l  EDXA spec t ra  f o r  Sohio Hzxoloy a-Sic. 
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.z 

Figure 26. T y p i c a l  EDXA s p e c t r a  for Sohio Hexoloy a-SiC t e s t e d  
a t  1450°C. 
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Figure 27.  Typical EDXA spectra for GTE PY6 material. 
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TI 
c 

10.000 k e U  Cursar = 430 ( 4.500 k e V  ) = 61 10.200 keV ; 

F i g u r e  28. Typical EDXA spectra f o r  GTE PY6 material .  
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. - -  

Figure 29. Typ ica l  EDXA s p e c t r a  for GTE PY6 material t e s t e d  a t  
1450°C. 
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i 

<O.OOO k e V  C u r s o r  = 747 ( 7.470 keV 1 = la  9.500 k e V  > 

Figure  30. Typical EDXA spectra f o r  Noralide XL144 material. 
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<O.OOO k e V  Cursor = 1 7 7  ( 1.770 k e V  ) = 5196 10.200 k e V  > 

Figure 31. Typical EDXA spectra f o r  Noralide XL144 material. 
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x 
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Figure 32. Typical EDXA spec t ra  f o r  Noralide XL144 material  t e s t ed  a t  
1450°C. 
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Figure 33. Comparison of typ ica l  EDXA spec t ra  f o r  GTE PY6 and Noralide 
XL144. 
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Figure  34. Typ ica l  x - ray  d i f f r a c t i o n  p a t t e r n  f o r  Hexoloy-a-Sic, 

! 

I 

.-. 

F i g u r e  35. Typ ica l  x - ray  d i f f r a c t i o n  p a t t e r n  f o r  Hexoloy-a-SiC t e s t e d  a t  
1450°C. 
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F i g u r e  36. T y p i c a l  x - r a y  d i f f r a c t i o n  p a t t e r n  f o r  GTE PY6.  

F igure  37. T y p i c a l  x - ray  d i f f r a c t i o n  p a t t e r n  f o r  GTE PY6 t e s t e d  a t  1450°C. 
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Figure 38. Typical x-ray diffraction pattern f o r  Noralide XL144. 

Figure 39. Typical x-ray diffraction for Noralide XL144 tested at 1450°C. 
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F i g u r e  40. Norma l  d i s t r i b u t i o n  p l o t  o f  a Hexo loy-a-S ic  a t  25°C. 
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Figure 41. Weibull distribution plot f o r  Hexoloy-a-Sic at 25°C. 
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Figure 42. Observed ultimate strengths versus temperature ("C) f o r  
Hexoloy-a-Sic. 
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Figure 43 .  Observed ultimate strengths versus temperature ("C) for GTE PY6. 
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Figure 44. Observed ultimate strengths versus temperature ("C) for  
Nora1 ide XL144. 
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Figure 45. Average strength versus temperature ("C) f o r  GTE PY6 a n d  
Noralide XL144. 
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a )  specimen tested a t  2 5 O C  

n- 3 

b) speci ;es I a t  145( 

Figure 46. Fracture surface o f  Hexoloy-a-Sic. 
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d) specimen tes ted  a t  1450°C 

Figure 46. Fracture surface o f  Hexoloy-a-Sic (concluded). 



1 

- \  specimen tested a t  25°C 

- 
b) specimen tested a t  1 4 5 O O C  

Figure 47. Fracture surface o f  GTE PY6. 
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c)  specimen tested a t  25OC 

d) specimen tested a t  1450°C 

Figure 47. Fracture surface o f  GTE PY6 (concluded). 
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I 
I 

a )  specimen t e s t e d  a t  25°C 
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- ~~ 

b )  specimen tested a t  1 4 5 O O C  

Figure 48. Fracture surface of Noralide XL144. 
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e 
c) specimen tested at 25°C 

d) specimen tested at 145OOC 

Figure 48. Fracture surface of Noralide XL144 (concluded). 
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Figure 49. Fracture Surrdce O f  riw ~ ~ ~ L I I I I ~ I I  teaLeu ac. 1 4 5 O O C  
(fracture initiated a t  inclusion). 

- a  

Figure 50. Inclusion a t  fracture s i te .  
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Figure 51. EDXA scan o f  the inc lus ion  found i n  the GTE PY6 specimen. 
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Figure 52. Inclusion on surface of an untested PY6 specimen. 

.0.9(;0 I.eV C4rsa.c = X? Z.173 kmu > = :w i e .=w 

Figure 53. EDXA scan of an inclusion found in the untested GTE PY6 
specimen. 
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Figure 54. Inclusion found in an untested Noralide XL144. 
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F i g u r e  55. I n c l u s i o n  found i n  N o r a l i d e  XL144 t e s t e d  
a t  1450°C. 
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Figure 56. GTE PY6 fracture surface region #2. 
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Figure 57. Noralide XL144 f rac ture  surface region #3.  
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Figure 58. Hexoloy-a-SiC region #2. 
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F igure  59. Raman spe t r a  f o r  GTE PY6 as  r e c e i v e d  specimen 56 from 
0-500 cm' . f 

1.5 1.3 1.1 .90 .70 -50 
RAMAN SHIFT [l,!cm] ~1000 

Figure  60. Raman s p e c t r a  f o r  GTE P Y 6  as r e c e i v e d  specimen 56 f rom 
500-1 500 cm-l. 
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F igure  61. Raman spec t ra  f o r  GTE PY6 specimen 17 a f t e r  t e s t i n g  t o  
1450°C f rom 0-500 cm-1. 

1.5 1.3 1.1 .90 .70 .50 
FikM.4'1 W I F T  [l,'cmj % C O O  

Figure  62. Raman spec t ra  f o r  GTE PY6 specimen 17 a f t e r  t e s t i n g  t o  
1450°C f rom 500-1500 cm-1. 
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F i g u r e  63. Raman spec t ra  f o r  GTE PY6 specimen 17  a f t e r  t e s t i n g  t o  
1450°C f rom 1300-3800 cm-l. 
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F i g u r e  64. Raman s p e c t r a  f o r  GTE PY6 specimen 23 a f t e r  t e s t i n g  t o  
1450°C f rom 0-500 cm-l .  
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F i g u r e  65. Raman s p e c t r a  f o r  GTE PY6 specimen 23 a f t e r  t e s t i n g  t o  
1450°C frotn 500-1500 cm-1. 

F i g u r e  66. Raman s p e c t r a  f o r  GTE PY6 specimen 23 a f t e r  t e s t i n g  t o  
1450°C f r o m  1300-3800 cm-1. 
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F igure  67. Raman s p e c t r a  f o r  N o r a l i d e  XL144 as r e c e i v e d  specimen 8 
f rom 0-500 cm-1. 
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F i g u r e  68. Raman spec t ra  f o r  N o r a l i d e  XL144 as r e c e i v e d  specimen 8 
f roni 500- 1 500 cm-1. 
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Figure 72. Typical indent for GTE PY6. 

- 
Figure 73. Typical ndent for Noralide XL144. 
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Figure  74. Typ ica l  indent  f o r  Hexoloy-a-Sic. 
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3 .4  FRACTURE MECHANICS 

ImDroved M e w  for M e w  the Fracture R e s i s t a c e  of Structural  
Ceramics 
R. C .  Bradt  and A .  S .  Kobayashi ( U n i v e r s i t y  o f  Washington) 

No r e p o r t  submitted. 
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T e s t i n g  and E v a l u a t i o n  of Advanced Ceramics  a t  High Temperature i n  
U n i a x i a l  T e n s i o n  
J. Sankar, V.S. Avva, and R. Vaidyanathan (Nor th  C a r o l i n a  A & T 
S t a t e  U n i v e r s i t y )  

O b j e c t i  ves/Scope 

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  tens 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 rength ,  stepped s t a t i c  f a t i g u e  
s t rength ,  and c y c l i c  f a t i g u e  s t rength ,  a long w i t h  a n a l y s i s  o f  f r a c t u r e  
sur faces  by scanning e l e c t r o n  microscopy. T h i s  e f f o r t  w i l l  comprise t h e  

The purpose o f  t h i s  e f f o r t  w i l l  be t o  t e s t  and eva lua te  advanced 

f o l l o w i n g  tasks:  
Task 1. 

Task 2. 

Task 3. 
Task 4. 

Task 5. 

Task 5. 
Task 7. 
Task 8. 
Task 9. 

S p e c i f i c a t i o n s  f o r  T e s t i n g  Machine and Cont ro ls  + 
(Procurement ) 
I d e n t i f i c a t i o n  o f  Test  M a t e r i a l  ( s )  + (Procurement 
o f  specimens) 
I d e n t i f i c a t i o n  o f  Test  specimen c o n f i g u r a t i o n  
S p e c i f i c a t i o n s  f o r  T e s t i n g  g r i p s  and Extensometer + 
( Procurement ) 
S p e c i f i c a t i o n s  f o r  T e s t i n g  Furnace and C o n t r o l s  + 
( Procu rement ) 
Development o f  Tes t  P lan 
Room Temperature and High Temperature T e n s i l e  T e s t i n g  
Report  i ng ( P e r i  o d i  c )  
F i n a l  Report 

It 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  behavior  o f  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  tens ion.  

Technica l  Proqress 

Aluminum o x i d e  (samples manufactured by Coors P o r c e l a i n  Company and 
supp l ied  by Ken L i u  o f  ORNL) and SNW-1000 S i l i c o n  n i t r i d e  (samples 
manufactured and s u p p l i e d  by GTE Wesgo d i v i s i o n )  were t e s t e d  i n  u n i a x i a l  
t e n s i o n  d u r i n g  t h e ' r e p o r t i n g  per iod.  Three s t r e s s i n g  r a t e s  o f  approx. 
450 MPa (65 Ks i ) ,  900 MPa (130 Ksi ) ,  and 2100 MPa (305 K s i )  per  minute 
were used f o r  t h e  s i l i c o n  n i t r i d e  samples and two s t r e s s i n g  r a t e s  o f  
approx. 225 MPa (32.5 Ks i ) ,  and 485 MPa (70 K s i )  per  minute were used 
f o r  t h e  alumina samples. The alumina samples had a nominal gage s e c t i o n  
d iameter  o f  1 /4 i n .  w i t h  a 1 i n .  gage length .  The s i l i c o n  n i t r i d e  samples 
had a nominal gage s e c t i o n  d iameter  of 6 mm andagage l e n g t h  o f  25 mm. 
Tests were performed i n  t h e  load c o n t r o l  mode us ing  t h e  t e n s i o n  t e s t i n g  
program prov ided by MTS Corporat ion.  S i l i c o n  n i t r i d e  samples were drawn 
from 2 batches, ba tch  #1 c o n s i s t i n g  o f  6 samples and ba tch  #2 c o n s i s t i n g  
o f  12 samples. A t o t a l  o f  3 alumina samples and 18 s i l i c o n  n i t r i d e  
samples were t e s t e d  d u r i n g  t h i s  r e p o r t i n g  per iod .  

Table 7 summarises t h e  t e s t  r e s u l t s  f o r  alumina samples (AD 998 and 
AD 94). Table 2 t h r u  4 summarises t h e  u n i a x i a l  t e n s i l e  t e s t  r e s u l t s  f o r  
SNW-1000 s i l i c o n  n i t r i d e  ob ta ined a t  s t r e s s i n g  r a t e s  o f  450 MPa/min, 
900 MPa/min, and 2100 MPa/min r e s p e c t i v e l y .  F ig .  1 shows t h e  Engineer ing 
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Table 1. Tension T e s t  Results for a l m i n a  a t  roan 
tmperature tested a t  stressing r a t e s  of 
220 MPa/min and 440 MPa/min. 

Sample Tens i le Strain at Duration Remarks 
# Strength k a c t u r e  of Test 

MPa ( K s i )  9 Min : S e c  

1 256.18(37.15) 0.042 1:10 AD 998(220 MPa/min) 

2 254.62 (36.93) 0.0414 1:05 AD 998(220 MPa/min) 

3 306.52(44.46) 0.0794 0:38 AD 94 (440 MPa/min) 

Table 2. Tension test results for s i l i c o n  n i t r i d e  
SNW-1000 tested a t  room temperature, a t  a 
s t r e s s i n g  rate of 450 MPa/Min. 

Sample Tensile Strain a t  Duration Remarks 
Strength Fracture of Test 
MPa ( K s  i) % Min : Sec 

# 

4 532.21(76.21) 0.18 1:09 #1 of batch #1 

5 516.92 (74.97) 0.128 1: 06 #2 of Batch #1 

6 499.65 (72.47) 0.165 1: 04 #3 of batch #1 

#4 of batch #1 7 504.21 (73.12) 0.1852 1: 05 

8 553.13 (80.22) 0.1828 1: 12 #5 of ba tch  #1 

9 438.98 (63.67) 0.1484 0: 57 #6 of batch #1 

10 468.70 (67.98) 0.1461 1: 00 #1 of batch #2 

11 447.51(64.90) 0.1392 0: 57 # 2  of batch #2 

Note : 

1, Batch #1 samples were dark grey and batch #2 samples were 
l i g h t  grey tinged w i t h  yellow/green spots. 
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Table 3. Tension test r e s u l t s  for s i l i c o n  n i t r i d e  
SNW-1000 t e s t e d  a t  rom temperature, a t  a 
s t r e s s i n g  rate of 900 MPa/Min. 

Sample Tens i le  S t r a i n  a t  Duration Ranarks 
# Strength k ac t u r e  of Test 

MPa ( K s i )  % Min : Sec 

12 373 . 27 (54.14) 0.1236 0: 24 #3 of batch #2 

13 399.66(57.96) 0.1208 0:26 #4 of ba tch  #2 

14 559.11 (81.10) 0.1708 0: 36 #5 of batch #2 

15 406.52 (58.96) 0.1324 0:27 #6 of batch #2 

16 352.72(51.16) 0.1040 0: 23 #7 of batch #2 

Note : 

1. Batch #1 samples were dark grey  and batch #2 sampl, -S were 
l i g h t  grey tinged with yellow/green spots. 

Table 4. Tension test R e s u l t s  for s i l i c o n  n i t r i d e  
SNW-1000 tested a t  rom tmperature, a t  a 
stressing r a t e  of 2100 MPa/Min, 

Sample Tensi le  S t r a i n  a t  Dura t ion Rmar k s  
Strength Frac ture  of T e s t  

9 Min : Sec MPa ( K s i )  
# 

17 594.20 (86.18) 0.1952 0: 17 #8 of batch #2 

18 481.691 (69.86) 0.1492 0: 15 #9 of batch #2 

19 551.02 (79.92) 0.1836 0: 16 #10 of batch #2 

20 502.52 (72.88) 0.1664 0: 15 #11 of batch #2 

21 516.60 (74.92) 0.1800 0: 17 #12 of batch #2 
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0 = 2100 MPa/min 
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Fig. 1 Engineer ing s t r e s s - s t r a i n  da ta  f o r  3 t y p i c a l  samples o f  GTE SNW-1000 s i l i c o n  
n i t r i d e  t e s t e d  a t  d i f f e r e n t  s t r e s s i n n  ratQ.r 
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s t r e s s - s t r a i n  d a t a  ob ta ined  f o r  3 t y p i c a l  samples o f  SNW-1000 t e s t e d  a t  
s t r e s s i n g  r a t e s  o f  450 MPa/min, 900 MPa/min and 2100 MPa/min r e s p e c t i v e l y .  
F ig .  2 shows a t y p i c a l  s i l i c o n  n i t r i d e  sample and F ig .  3 shows a 
f rac . tu red  s i l i c o n  n i t r i d e  sample. Fig.  4 shows t h e  SEM f r a c t o g r a p h  o f  
a t y p i c a l  s i l i c o n  n i t r i d e  sample a long wi- th t h e  . f r a c t u r e  i n i t i a t i o n  
p o i n t .  X-Ray m i c r o a n a l y s i s  o f  t h e  f r a c t u r e  s u r f a c e  i n d i c a t e d  t h e  presence 
o f  s i l i c o n  and aluminum r i c h  p a r t i c l e s .  on t h e  f r a c t u r e  su r face .  These 
p a r t i c l e s  a l s o  show t r a c e s  o f  a number o f  extraneous elements l i k e  Fe, 
C, Zn, C1 and O2 i n d i c a b n g  t h a t  t h e  p a r t i c l e s  may have a complex alumino- 
s i  1 i c a t e  s t r u c t u r e .  F igu res  5-45 show t h e  presence o f  these p a r t i c l e s .  
SEM a n a l y s i s  o f  t h e  f r a c t u r e  su r face  f u r t h e r  i n d i c a t e s  t h e  presence o f  
a number of vo ids  which appear t o  have coalesced d u r i n g  t h e  f r a c t u r e  
process. F ig .  7 shows t h e  presence o f  a number o f  vo ids  on t h e  f r a c t u r e  
sur face.  F igu res  8-9 a re  magn i f i ed  images o f  t h e  vo ids  i n  F ig .  1. F ig .  10 
i s  a magn i f i ed  image o f  a v o i d  which shows t h e  presence of whiskers 
i n s i d e  t h e  void.  F ig .  11 which i s  a gamma c o n t r o l l e d  image o f  a v o i d  
a l s o  shows t h e  presence o f  whiskers i n s i d e  t h e  vo id .  

m i c r o a n a l y s i s  o f  t h e  f r a c t u r e  - i n i t i a t i o n  p o i n t s  a r e  c u r r e n t l y  underway. 
D e t a i l e d  a n a l y s i s  o f  t h e  t e s t  data,  i r a c t o g r a p h y  and X-Ray 

S ta tus  o f  M i  1 estones 

i s  complete. The h i g h  temperature fu rnace  i s  expected t o  a r r i v e  by t h e  
m i d d l e  of November 1987. The nex t  ba tch  o f  samples a r e  a l s o  expected t o  
a r r i v e  by the  m i d d l e  o f  November 1987 and t e s t i n g  a t  ti-igh temperature 
w i l l  s t a r t  as soon as t h e  furnace a r r i v e s .  

Tasks 1-4 a r e  complete. Room temperature t e s t i n g  o f  s i l i c o n  n i t r i d e  

Communications/Visi tors/TraysJ 

J.  Sankar and R. Vaidyanathan v i s i t e d  ORNL on Oct. 9 ,  1987 f o r  
t e c h n i c a l  d i s c u s s i o n s  and a n a l y s i s  o f  t h e  SEM d a t a  o f  room temp. t e s t e d  
s i l i c o n  n i t r i d e .  Two A & T undergraduate s tuden ts  a l s o  accompanied t h e  
v i  s i t .  
P u b l i c a t i o n s  

o f  S i l i c o n  n i t r i d e  i n  u n i a x i a l  t e n s i o n  a t  room temperature' ' ,  paper t o  be 
presented a t  t h e  25th Automot ive Technology Development C o n t r a c t o r ' s  
Coord ina t i on  meeting, Dearborn, Michigan, October 1987. 

1. R. Vaidyanathan. J .  Sankar, V.S. Avva, "Tes t i ng  and E v a l u a t i o n  

References 

None 
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Ftg. 2. A Typical Si1 icon litride sample. 

Sections for 
Fracture surface 
analysis. 

Fig. 3. Areas o f  a Silicon Nitride sample sectioned 
for Fracture surface analysis. 
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I 

Fig. 4 SEM fractograph o f  a typical silicon nitride 
sample along with the fracture initiation point. 

Fig. 5 SEM fractograph showing the presence of silicon 
rich inclusions on the fracture surface.(marked 
by arrows) 
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Fig. 6 Presence of s i l icon rich inclusions shown by 
fractograph (marked by arrow). 

.- 

I 

Fig. 7 SEM fractograph showing a large number of voids 
on the fracture surface. 
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Fig. 8 Close up view o f  t h e  voids i n  Fig. 7 

Fig.  9 Close up view o f  t h e  voids from Fig. 7. Note 
t h e  presence o f  whiskers near the  void. 
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Fig. 10. Magnified image o f  a void showing the presence 
of whiskers Inside the 

Fig. 11. G a m  controlled image of a void showing the 
presence o f  whiskers inside the void. 
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Standard Tensile T e s t  DeVelODment 
S. M. Wiederhorn, D.F. Carroll, T.-J. Chuang and D. E. Roberts 
(National Bureau of Standards) 

Oblective/ScoDe: 

This project is concerned with the development of test equipment 
and test procedures for measuring the tensile strength and creep 
resistance of ceramic materials at elevated temperatures. 
techniques of measuring creep at elevated temperatures are being 
developed and are being used to characterize the mechanical behavior of 
structural ceramics. The test methods use self aligning fixtures, and 
simple grinding techniques for specimen preparation. Creep data 
obtained with tensile test techniques will be compared with data 
obtained using flexure and compressive creep techniques. The ultimate 
goal of the project is to assist in the development of a reliable data 
base that can be used for structural design of heat engines for 
vehicular applications. 

Inexpensive 

Technical Hiehliehts 

During the past 6 months, experimental work on the creep behavior 
of reaction bonded silicon carbide in both tensile and compressive 
loading at 1300°C has been completed. 
steady state creep is reached early in both modes of loading such that 
almost the entire creep behavior within the strain regime studied (0 to 
3 percent strain) can be described by steady state creep. In tension 
the steady state mode is maintained almost to failure, in compression to 
-3 percent strain. 
this material can be defined reasonable accurately by the steady state 
creep rate. 

In the present study the creep rate in both tension and compression 
can be described by bimodal curves on a logarithmic plot of creep rate 
versus applied stress figure 1. As can be seen, the slope of the curves 
has a slope of 4 at low values of the applied stress, and -11-14 at 
high values of the applied stress. 
occurs at a much higher value of the applied stress than the one for 
tensile creep which indicates that creep in tension is much easier for 
this material than creep in compression. The slope of the curves at low 
stresses, "4, suggests a dislocation mechanism as the controlling factor 
for creep. Dislocation motion is observed in the composite material 
during creep supporting this supposition. At high tensile stresses, 
cavitation occurs in the silicon phase of the composite, suggesting 
damage accumulation in the form of cavitation as the main cause for the 
increased slope of the creep rate curve. This effect of cavitation on 
the creep behavior has been shown by Carroll and Tressler [I] to 
quantitatively account for the increase in the slope of the creep rate 
curve. 

suggests a damage mechanism to account for the increase of the creep 

As noted in earlier reports, 

These results suggest that the creep behavior of 

The curve for compressive creep 

The increase of the slope of the curves in compression also 
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rate as a function of applied stress. 
of deformed specimens by both optical and transmission electron 
microscopy gives no indication of cavity formation under compressive 
loading. This observation suggests that if a damage mechanism controls 
the creep rate, then the damage does not lead to cavity formation, and 
most probably is not dilatational. 
occurs is due to the generation of shear faults within the material. 
Shear faults have been observed by other authors and in vitreous bonded 
aluminum oxide [ 2 ] .  

The difference in creep behavior in tension and compression has 
been analyzed by other authors, and explained on the basis of a volume 
expansion caused by cavitation at grain boundaries, or dilation as a 
consequence of the creep process. Thus, Birch, Wilshire and Godfrey [ 3 ]  
attributed their results in reaction bonded silicon nitride to grain 
boundary sliding accompanied by microcrack formation. 
formation was considered necessary to accommodate the sliding, and since 
crack formation depends on the development of tensile stresses across 
the grain boundary, cracks form more easily in tension than in 
compression, and the creep rate in tension is enhanced over that in 
compression. 

Morrell and Ashbee [ 4 ]  in their study of glass ceramics assumed 
creep to be confined to the remnant glass matrix surrounding elastic 
silicate crystals. Dilation of the glass-ceramic composite, accompanied 
by cavitation of the glass and percolation of the glass through the 
composite were suggested as the primary determinants of the creep 
behavior. Since dilation and cavitation both involve a volume 
expansion, creep will be retarded by compressive stresses, which result 
in a net positive pressure throughout the solid. Conversely, creep is 
enhanced by tensile stresses for the same magnitude of imposed stress. 

sign of the stress if both the particles and matrix are independently 
interconnected. Such structures introduce an asymmetry into the creep 
process as a consequence of the mechanical behavior of the more rigid of  
the two phases. For the present study, it is clearly necessary to 
either deform, or fracture the contact points between silicon carbide 
grains if deformation of the composite is to occur. Because contact 
between the silicon carbide grains is tenuous, contact points between 
grains of silicon carbide are expected to be at a high stress and 
consequently to rupture readily in tension, leaving the silicon to carry 
the tensile load. Hence, in tension, creep occurs primarily by 
deformation of the silicon phase. In compression, however, the silicon 
carbide network will be supported by the surrounding silicon so as to 
prevent buckling of the network, thus necessitating deformation of the 
silicon carbide network for creep to occur. 
occur preferentially at the contact sites between the silicon carbide 
particles, where the stresses are the highest, and since silicon carbide 
is more difficult to deform than silicon, the creep rate in compression 
is expected to be less than that in tension for a given stress level. 
The stress exponent ' 4 ,  obtained in compression is consistent with the 
suggestion that creep is controlled by deformation of the silicon 
carbide. Frictional forces resulting from the sliding of the silicon 
carbide particles over one another may also play a role in the 

Examination of the microstructure 

It is suspected that any damage that 

Microcrack 

The susceptibility of a composite to creep will also depend on the 

Deformation is expected to 
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deformation process. Because these forces increase with compressive 
loading, frictional forces will effectively increase the stress required 
for deformation in compression over that required in tension. 

deformation of the silicon carbide, a specimen of reaction bonded 
silicon carbide was subjected to creep at 150 MPa both above and below 
the melting point of silicon (1410°C). If, as suggested above, creep 
were controlled by deformation of the silicon carbide, then the creep 
rate would be expected to be unaffected by the melting of the silicon. 
A s  the temperature was increased, a continuous increase in the creep 
rate would be expected, as determined by the temperature sensitivity of 
the creep rate below the melting point of the silicon. To test this 
thesis, data were obtained at temperatures of 1390°C and 1430"C, i.e. 
20°C above and 20°C below the melting point of the silicon. 
obtained in this experiment are shown in figure 2. A s  can be seen on 
this Arrhenius plot, data collected at 1300, 1390 and 1430°C lie on a 
straight line, suggesting that the mechanism of deformation above the 
melting point of the silicon is essentially the same as that below the 
melting point of the silicon. Furthermore, since silicon is an inviscid 
liquid above its melting point, it is not expected to carry its share of 
the load at 1430°C. The fact that the reaction bonded silicon carbide 
supports the load and creeps at a predicted rate above the melting point 
of the silicon, supports the thesis that creep in compression is 
determined by deformation of the silicon carbide grains. By contrast, a 
similar experiment performed in tension indicates a complete loss in 
specimen strength once the melting temperature of the silicon has been 
exceeded. This finding is similar to that reported earlier by 
Vaandrager and Pharr [ 5 ]  on alpha brass containing a liquid grain 
boundary phase. Here too melting of the grain boundary phase had no 
effect on the creep rate, when measured in compression. 

To test the possibility that creep in compression is controlled by 

Data 

Status of Milestones 

341301 One paper has been published on test techniques used to 
study creep in tension, two others are currently under review by the 
American Ceramic Society. 

Pub1 icat ions 

1. T.-J. Chuang and S.M. Wiederhorn, "Damage-Enhanced Creep in a 
Siliconized Silicon Carbide: Mechanics of Deformation," J. Am. 
Ceram. SOC. submitted. 

2. S.M. Wiederhorn, D.E. Roberts, T.-J. Chuang and L Chuck, "Damage 
Enhanced Creep in a Siliconized Silicon Carbide: Phenomenology," 
J. Am. Ceram. SOC. Submitted. 
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2 .  Creep data collected on reaction bonded silicon carbide below and 

above the melting point of silicon. 
line suggesting that the mechanism of creep just below the melting 
point of the silicon is the same as that controlling creep below 
the melting point of the silicon. 
for the process, =562 KJ/Mol, is approximately of the same 
magnitude as that obtained by Carter and Davis [ 6 ] ,  11711 KJ/mol, on 
a different grade of reaction bonded silicon carbide. 
author's data were all obtained above the melting point of silicon. 

The data lie on a straight 

The apparent activation energy 

These 
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

N s d e s t r u c t i v e  Characterization 
R. W .  McClung (Oak Ridge N a t i o n a l  Labora to ry )  

Object ive/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  
(NDE) 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  
d e t e r m i n a t i o n  o f  c o n d i t i o n s  ( i n c l u d i n g  b o t h  p r o p e r t i e s  and f l a w s )  i n  
ceramics t h a t  a f f e c t  t h e  s t r u c t u r a l  performance. Those 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 hea t  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  o r d e r  o f  t h e  dimensions o f  t h e i r  micro-  
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 rad iog raphy  t o  d e t e c t ,  s i z e ,  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 .  

Technica l  p roq ress  

U l t r a s o n i c s  - W .  A .  Simpson, Jr., and K .  V .  Cook 

U l t r a s o n i c  s t u d i e s  i n  t h i s  r e p o r t i n g  p e r i o d  i n c l u d e d  development o f  
techniques and e v a l u a t i o n  o f  m o n o l i t h i c  and w h i s k e r - r e i n f o r c e d  ceramic 
composites, s u r f a c e  wave techniques on IEA s i l i c o n  n i t r i d e  modulus o f  rup-  
t u r e  (MOR) ba rs ,  severa l  u l t r a s o n i c  approaches on 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) MOR ba rs ,  and s i l i c o n  n i t r i d e  MOR b a r s  w i t h  v a r y i n g  pa r -  
t i c l e  d iameters.  

We completed t h e  u l t r a -  
son ic  c h a r a c t e r i z a t i o n  o f  t h r e e  ceramic b i l l e t s  o b t a i n e d  f rom an o u t s i d e  
ceramics s u p p l i e r .  Two o f  t hese  b i l l e t s ,  one alumina and t h e  o t h e r  s i l i -  
con n i t r i d e ,  were r e i n f o r c e d  w i t h  s i l i c o n  c a r b i d e  whiskers.  The t h i r d  
sample was a m o n o l i t h i c  s i l i c o n  n i t r i d e .  A s  expected, t h e  m o n o l i t h i c  
m a t e r i a l  y i e l d e d  o n l y  a few u l t r a s o n i c  i n d i c a t i o n s  comparable i n  s i z e  and 
i n t e n s i t y  t o  those from v o i d s  on t h e  o r d e r  o f  25 t o  50 p m  i n  d iamete r .  
The whisker- toughened m a t e r i a l s ,  however, b o t h  showed evidence o f  wh iske r  
c lumping, w i t h  t h e  s i l i c o n  n i t r i d e  sample b e i n g  p a r t i c u l a r l y  a f f e c t e d .  
F i g u r e  1 shows t h i s  sample w i t h  numerous wh iske r  clumps. 
sample a l s o  con ta ined  numerous i n d i c a t i o n s ,  which, i n  s i z e ,  i n t e n s i t y ,  and 
shape, a r e  comparable t o  t h e  s c a t t e r d n g  f rom 100-pm-diam v o i d s .  

A m a t e r i a l  t r a n s f e r  cu rve  ( e l a s t i c  wave a t t e n u a t i o n  vs Frequency) was 
a l s o  ob ta ined  on each o f  t h e  b i l l e t s ,  and, a s  w i t h  samples produced a t  
ORNL,  t h e  a t t e n u a t i o n  i n  t h e  whisker- toughened m a t e r i a l  was measurably 
h i g h e r  than  i n  t h e  m o n o l i t h i c  sample. We had p r e v i o u s l y  no ted  t h i s  behav- 
i o r  f o r  a lumina when f i b e r  c lumping i s  presen t ,  b u t  t h i s  i s  t h e  f i r s t  
o p p o r t u n i t y  t h a t  we have had t o  examine whisker- toughened s i l i c o n  n i t r i d e .  
For a l l  t h r e e  b i l l e t s ,  however, t h e  u l t r a s o n i c  a t t e n u a t i o n  i n  t h e  range 20 
t o  100 MHz was v e r y  l ow  and inc reased  l i n e a r l y  w i t h  f requency, i n d i c a t i n g  
t h a t  s c a t t e r i n g  l osses  ( f r o m  t h e  m i c r o s t r u c t u r e )  a r e  n o t  i m p o r t a n t  i n  t h i s  
wavelength r e g i o n .  F igu res  2 and 3 show t h e  t r a n s f e r  cu rve  r e s u l t s  on t h e  
m o n o l i t h i c  and whisker- toughened s i l i c o n  n i t r i d e ,  r e s p e c t i v e l y .  Note t h a t  

M o n o l i t h i c  and composi te ceramic b i l l e t s .  

The alumina 
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Fig. 1. Detection of whisker clumps in a whisker-toughened silicon 
nitride. 

the linear coefficient of attenuation increased by a factor of about two 
between these samples. 

inspecting the IEA silicon nitride MOR bars, we have fabricated surface 
wave standards by dph indentation of the surface. This approach produces 
cracks whose size i s  dependent on the load applied and whose theoretical 
profile is half-penny shaped. Loads ranging from 2 to 10 kg were used to 
produce a test sample. Microscopic examination o f  the surface indicated 
that no discernible cracking was generated at the lower load limit, while 
cracks about 200 pm long were produced by the 10-kg load. Although the 
presence of machining marks tended to obscure the cracks that were 
directed along the axis of the bar ,  in a few cases these longitudinally 
oriented cracks could be seen and were found to be comparable to the 
transversely oriented cracks, thus indicating that there was little o r  no 
residual surface stress. 

The surface wave standard was examined ultrasonically using a 50-MHz 
focused transducer to produce a high-frequency Rayleigh wave. Optimum 
generation o f  the surface wave was found to occur when the axis of the 
transducer was inclined at approximately the Rayleigh angle and when the 
focal point was at or just below the surface of the sample. 
maximum signal was generated when the transducer focus was located at the 

Surface-wave techniques on I E A  MOR bars. As part of our work in 

(Although the 
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sample su r face ,  t h e  surface-generated no ise  was a l s o  much worse f o r  t h i s  
arrangement. 
focus l a y  s l i g h t l y  below t h e  su r face . )  
i n  t h e  wa te r  column reduced t h e  frequency o f  maximum amp l i t ude  i n  t h e  
t ransducer  response t o  about 35 MHz. 

c o u l d  be d e t e c t e d  e a s i l y .  
a l s o  d e t e c t e d  w i t h  c o r r e s p o n d i n g l y  s m a l l e r  s i g n a l - t o - n o i s e  r a t i o s .  
Sur face n o i s e  produced by t h e  r e l a t i v e l y  rough su r face  f i n i s h  o f  these 
b a r s  appears t o  be t h e  l i m i t i n g  f a c t o r  i n  d e t e c t i n g  smal l  s u r f a c e  cracks,  
s i n c e  t h e  Ray le igh  wave amp l i t ude  ( a c t u a l l y  a l e a k y  Ray le igh  wave because 
o f  t h e  wa te r  c o u p l i n g )  decreases r a p i d l y  w i t h  d i s t a n c e  from t h e  c rack .  
Thus one needs t o  g a t e  v e r y  c l o s e  t o  t h e  sur face-generated s i g n a l  f o r  - 
maximum s e n s i t i v i t y ,  and t h i s  s i g n a l  i s  r e l a t i v e l y  d i f f u s e  f o r  rough sur-  
faces. Never the less,  t h e  d e t e c t i o n  o f  t h e  10-kg l o a d  c racks  seems ade- 
quate,  s i n c e  these c racks  a r e  o n l y  about one wavelength deep f o r  a 35-MHz 
s u r f a c e  wave. 

examinat ion on 157 PSZ MOR bars.  A number o f  t e s t s ,  designed t o  d e t e c t  
t h e  presence of  c r i t i c a l  f l a w s  and t o  c h a r a c t e r i z e  t h e  m i c r o s t r u c t u r e  o f  
t h e  m a t e r i a l ,  were performed on each b a r .  A f u l l  v o l u m e t r i c  i n s p e c t i o n  
f o r  f l a w s  was performed a t  50 MHz, as were a surface-wave i n s p e c t i o n  on 
t h e  su r face  which would be i n  t e n s i o n  d u r i n g  f l e x u r e  t e s t s ,  a q u a l i t a t i v e  
back -su r face  s i g n a l  amp l i t ude  t e s t ,  and a measurement o f  t h e  a b s o l u t e  
a t t e n u a t i o n  as a f u n c t i o n  o f  f requency. Several  o f  t h e  b a r s  con ta ined  
demonstrable f l aws ,  as d e t e c t e d  by e i t h e r  t h e  v o l u m e t r i c  o r  surface-wave 
t e s t s .  However, t h e  m a j o r i t y  o f  t h e  samples y i e l d e d  no i n d i c a t i o n s  f o r  
any o f  t h e  f l a w  t e s t s .  No e s t i m a t e  o f  t h e  s i z e  was made f o r  those f l a w s  
which were de tec ted ,  b u t  t h e  c o n d i t i o n s  o f  t h e  t e s t  were such t h a t  f l a w s  
hav ing  d iameters o f  perhaps 75 prn and l a r g e r  would be de tec ted .  
dard,  which was scanned w i t h  each group o f  b a r s  inspected,  con ta ined  a 
f a b r i c a t e d  125-pm v o i d  which was e a s i l y  de tec ted .  

o f  one s u r f a c e  u s i n g  a l o a d  o f  8 kg. I n  t h i s  m a t e r i a l ,  t h e  r e s u l t i n g  
c r a c k  i s  p o o r l y  d e f i n e d  and o r i e n t e d  a long  l o c a l  g r a i n  boundar ies r a t h e r  
than  a long  t h e  d iagona l  o f  t h e  i n d e n t a t i o n .  T h i s  r e s u l t s  i n  a much poore r  
s tandard and one i n  which t h e  subsurface p r o f i l e  o f  t h e  c r a c k  i s  n o t  
known. The l e n g t h  o f  t h e  c racks  was measured by microscope and found t o  
be about 150 pm. Because o f  t h e  problems w i t h  dph i n d e n t a t i o n  i n  z i r -  
con ia ,  a 125-vm-diam h o l e  100 Ilrn deep was a l s o  d r i l l e d  i n  t h e  i n s p e c t i o n  
sur face.  A l though  t h i s  t a r g e t  should p resen t  a sma l le r  s c a t t e r i n g  c r o s s  
s e c t i o n  t o  t h e  s u r f a c e  wave than  a we l l - f o rmed  penny-shaped c r a c k  o f  
150 pm i n  d iameter ,  i n  f a c t  i t  gave a much l a r g e r  i n d i c a t i o n  than  t h e  dph 
i n d e n t a t i o n s .  A l l  f o u r  standards were e a s i l y  d i s c e r n i b l e ,  however. 

The abso lu te  a t t e n u a t i o n  as a f u n c t i o n  o f  f requency was measured f o r  
91  o f  t h e  b a r s .  A l though we have t h e  c a p a b i l i t y  o f  de te rm in ing  t h i s  quan- 
t i t y  ove r  t h e  range o f  1 t o  150 MHz, t h e  s c a t t e r i n g  l osses  i n  t h e  PSZ 
become excess ive above about 50 MHz and a r e  minimal below about 20 MHz. 
For t h i s  reason, t h e  measurement o f  a t t e n u a t i o n  was r e s t r i c t e d  t o  t h e  
range 20 t o  50 MHz. For a l l  t h e  ba rs ,  i f  n/f2, where a i s  t h e  measured 
a t t e n u a t i o n  and f i s  t h e  f requency, i s  p l o t t e d  as a f u n c t i o n  o f  f2 ,  a 

The b e s t  s i g n a l - t o - n o i s e  r a t i o  was thus  o b t a i n e d  when t h e  
Under these c o n d i t i o n s ,  t h e  l o s s e s  

I n s p e c t i o n  o f  t h e  dph s tandard i n d i c a t e d  t h a t  t h e  10-kg l o a d  c racks  
Those produced by t h e  8- and 6-kg l oads  were 

U l t r a s o n i c  s t u d i e s  on PSZ MOR ba rs .  We have completed u l t r a s o n i c  

The stan- 

For t h e  surface-wave t e s t s ,  a s tandard was c r e a t e d  by dph i n d e n t a t i o n  
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s t r a i g h t  l i n e  o f  v i r t u a l l y  ze ro  s lope  r e s u l t s ,  i n d i c a t i n g  n e a r l y  p e r f e c t  
square- law s c a t t e r i n g .  T h i s  i s  p r e c i s e l y  what one would expect  i n  t h i s  
f requency range f rom a coa rse -g ra ined  m a t e r i a l .  A t  t h e  low end o f  t h e  
f requency range, t h e  p l o t  beg ins  t o  d i v e r g e  from a s t r a i g h t  l i n e ,  i n d i -  
c a t i n g  t h e  i n c r e a s i n g  importance o f  a l i n e a r  damping term and a c o n s t a n t  
a b s o r p t i o n  term. Each of  t hese  terms i s  a v a i l a b l e  i n d i v i d u a l l y  f o r  c o r r e -  
l a t i o n  w i t h  t h e  d e s t r u c t i v e  r e s u l t s .  

Four o f  t h e  b a r s  were exposed t o  t h e  combust ion environment o f  a 
d i e s e l  engine f o r  100 h f o l l o w i n g  u l t r a s o n i c  e v a l u a t i o n .  They were then  
r e t u r n e d  f o r  reexaminat ion.  A s  expected, no a d d i t i o n a l  i n d i c a t i o n s  were 
seen i n  t h e  f l a w  t e s t s ,  and t h e  p r e v i o u s l y  d e t e c t e d  i n d i c a t i o n s  had n o t  
changed. When t h e  a t t e n u a t i o n  was measured, however, t h e r e  was a mot ice-  
a b l e  and u n i f o r m  change i n  t h e  r e s u l t .  D e t a i l e d  comparison o f  t h e  d a t a  
i n d i c a t e d  t h a t  t h e  q u a d r a t i c  c o e f f i c i e n t  o f  l o s s  was unchanged f o r  a l l  
f o u r  ba rs .  S ince t h i s  term r e s u l t s  f rom s c a t t e r i n g  l osses  and i s  i n d i c a -  
t i v e  o f  t h e  average g r a i n  s i z e ,  i t  i s  n o t  s u r p r i s i n g  t h a t  i t  was 
u n a l t e r e d .  The a b s o r p t i o n  and damping terms, however, were changed f o r  
a l l  f o u r  ba rs ,  w i t h  t h e  former te rm i n c r e a s i n g  and t h e  l a t t e r  decreas ing.  
The n e t  r e s u l t  was t o  l ower  t h e  t o t a l  h igh - f requency  a t t e n u a t i o n  i n  a l l  
cases. 
a l t e r e d ,  b u t  we a r e  i n v e s t i g a t i n g  t h i s  phenomenon. F i g u r e  4 shows t h e  
t r a n s f e r  cu rve  o b t a i n e d  on one o f  t hese  b a r s  f o l l o w i n g  exposure t o  t h e  
combustion environment.  

F i f t y - f i v e  o f  t h e  b a r s  have been broken by f o u r - p o i n t  bending. The 
b r e a k i n g  load,  and t h u s  maximum t e n s i l e  s t r e s s ,  i s  a v a i l a b l e  f o r  each o f  
these b a r s .  The b a r s  are  c u r r e n t l y  undergoing f r a c t o g r a p h y  t o  determine 
i f  t h e  i n i t i a t i n g  source can be determined.  Only  f o r  two o f  these 
samples, however, have we t h u s  f a r  r e c e i v e d  d a t a  i n d i c a t i n g  t h e  l o c a t i o n  
o f  t h e  break. 
shows no i n d i c a t i o n s  a t  t h e  l o c a t i o n  o f  t h e  r u p t u r e  f o r  these two ba rs .  
S ince seve ra l  o f  t h e  i n d i c a t i o n s  d e t e c t e d  i n  o t h e r  ba rs  appear t o  o r i g i -  
n a t e  f rom sources l a r g e r  than  100 ptn, i t  w i l l  be i n t e r e s t i n g  t o  see i f  
these a r e  indeed t h e  i n i t i a t i n g  events .  

t h e  maximum s t r e s s  a t  r u p t u r e  f o r  t h e  55 broken ba rs .  S ince the  q u a d r a t i c  
term i n  ou r  d a t a  should c o r r e l a t e  w i t h  average g r a i n  s i z e ,  t h e r e  should be 
c o r r e l a t i o n  between t h i s  te rm and t h e  r u p t u r e  s t r e s s  o n l y  i f  t h e  l a t t e r  
c o r r e l a t e s  w i t h  g r a i n  s i z e .  As expected, i n  t h e  p r e s e n t  case t h e r e  i s  no 
apparent  r e l a t i o n s h i p  between these v a r i a b l e s .  We have a l s o  examined t h e  
c o n s t a n t  and l i n e a r  terms i n  t h e  a t t e n u a t i o n  da ta ,  b o t h  o f  which e x h i b i t  
c o n s i d e r a b l y  more v a r i a t i o n  than  t h e  q u a d r a t i c  terms.  
n o t  completed t h e  a n a l y s i s ,  t h e r e  i s  no obv ious c o r r e l a t i o n  between then 
c o e f f i c i e n t s  and t h e  r u p t u r e  s t r e s s .  The o n l y  c o r r e l a t i o n  no ted  t h u s  f a r  
i s  t h a t  between t h e  a t t e n u a t i o n  and thermal  h i s t o r y  d e s c r i b e d  above. 

I f ,  as we b e l i e v e ,  t h e  f a i l u r e  i n  these PSZ b a r s  i s  dominated by t h e  
presence o f  demonstrable f l aws ,  t hen  t h e  f l a w  d a t a  t h a t  we have o b t a i n e d  
w i l l  be t h e  most meaningfu l  o f  t h e  i n f o r m a t i o n  c o l l e c t e d  i n  t h i s  case. 
The q u a d r a t i c  a t t e n u a t i o n  d a t a  w i l l  n o t  be a f f e c t e d  by t h e  presence o f  a 
s i n g l e  f law, o r  even by a l o w - d e n s i t y  agg rega t ion  o f  f l aws .  We do n o t  y e t  
know t h e  p h y s i c a l  s i g n i f i c a n c e  o f  a v a r i a t i o n  i n  t h e  o t h e r  a t t e n u a t i o n  

We do n o t  y e t  know what p r o p e r t i e s  o f  t h e  samples have been 

Examinat ion o f  o u r  f l a w  d a t a ,  b o t h  v o l u m e t r i c  and su r face ,  

We have examined t h e  r e l a t i o n s h i p  between o u r  a t t e n u a t i o n  d a t a  and 

A l though  we have 
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terms, however, b u t  we have r e c e n t l y  r e p o r t e d '  a p o s s i b l e  c o r r e l a t i o n  
between these terms and t h e  presence o f  wh iske r  c lumping i n  whisker-  
r e i n f o r c e d  ceramics.  

S i l i c o n  n i t r i d e  MOR b a r s  w i th  v a r y i n q  p a r t i c l e  d iameters.  We have 
ob ta ined  severa l  samples o f  s i l i c o n  n i t r i d e  MOR b a r s  c o n t a i n i n g  s i l i c o n  
c a r b i d e  p a r t i c l e s  o f  v a r i o u s  d iameters f rom 2.3 t o  16.9 pm. The b r e a k i n g  
s t r e n g t h  o f  these b a r s  e x h i b i t e d  a ve ry  pronounced dependence on t h e  par-  
t i c u l a t e  d iamete r  w i t h  t h e  s t r e n g t h  i n c r e a s i n g  u n t i l  a d iamete r  of 3.2 urn 
was reached and then d e c l i n i n g  r a p i d l y  t h e r e a f t e r .  We have o b t a i n e d  
a t t e n u a t i o n  d a t a  on t h e  2.3-, 3.2-, and 16.9-pm samples, and t h e  d a t a  show 
a marked change between t h e  l a t t e r  and t h e  f i r s t  two. F fgu res  5 and 6 
show t h e  r e s u l t s  on t h e  2 . 3 -  and 16.9-pm p a r t i c u l a t e  d iameter  samples, 
r e s p e c t i v e l y .  Whi le  t h e  sma l le r  p a r t i c u l a t e  d iameter  samples show o n l y  a 
l i n e a r  (no s c a t t e r i n g )  l o s s  c h a r a c t e r i s t i c  w i t h  f requency, t h e  16.9-pm 
sample e x h i b i t s  much h i g h e r  a t t e n u a t i o n  wh ich  i s  p redominan t l y  q u a d r a t i c .  
T h i s  l o s s  i s  much h i g h e r  than  one would expect  f rom such smal l  p a r t i c l e s ,  
and t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  sample c o n t a i n s  severe m i c r o c r a c k i n g  
t o  which t h e  a t t e n u a t i o n  i s  responding. I f  so, t hen  our  n o n d e s t r u c t i v e  
r e s u l t s  may c o r r e l a t e  w e l l  w i t h  t h e  f r a c t u r e  da ta .  
c o l l e c t i n g  a t t e n u a t i o n  d a t a  on t h e  i n t e r m e d i a t e  p a r t i c l e  s i z e  samples. 

We a r e  c u r r e n t l y  
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Radiography - 8. E. F o s t e r  

Radiographic  s t u d i e s  have i n c l u d e d  v i s i t s  t o  f a c i l i t i e s  f o r  X-ray 
computed tomography and development and a p p l i c a t i o n  o f  techniques f o r  PSZ 
MOR and t e n s i l e  specimens and I E A  s i l i c o n  n i t r l d e  MOR ba rs .  

Computed tomoqraphy. V i s i t s  were made t o  a user  and s u p p l i e r  o f  com- 
pu ted  tomographic equipment f o r  d i s c u s s i o n s  and demonstrat ion o f  equipment 
t o  determine t h e  s e n s i t i v i t y  and r e s o l u t i o n  t h a t  c o u l d  be o b t a i n e d  on 
ceramic MOR ba rs  and o t h e r  specimens. 

Four MOR b a r s  c o n t a i n i n g  f l a t - b o t t o m  h o l e s  w i t h  d iameters of 75, 100, 
125, and 250 vm and depths from 10 t o  70 pm, another  s e c t i o n  o f  s i l i c o n  
n i t r i d e  (12.6 mm t h i c k )  c o n t a i n i n g  f l a t - b o t t o m  h o l e s  w i t h  d iamete rs  o f  
125, 250, and 375 pm and depths o f  50 t o  375 pm, and a 10-cm cube o f  
P l e x i g l a s  c o n t a i n i n g  a f l a t - b o t t o m  h o l e  w i th  a diameter  and dep th  o f  
375 vm were used f o r  t h e  e v a l u a t i o n s .  
sented an e q u i v a l e n t  penetrameter s e n s i t i v i t y  o f  0.26 t o  4.2% and pe r -  
m i t t e d  assessment o f  s e n s i t i v i t y  and r e s o l u t i o n  o f  t h e  equipment. 

f rom 200 t o  300 kV, v a r i o u s  beam i n t e n s i t i e s ,  d i f f e r e n t  sample o r i e n -  
t a t i o n s ,  and severa l  d i f f e r e n t  image p rocess ing  techniques were used, b u t  
none o f  t h e  h o l e s  i n  t h e  MOR b a r s  were imaged. The problem was r e l a t e d  t o  
t h e  minimum beam s l i c e  t h i c k n e s s  and w i d t h  t h a t  c o u l d  be u t i l i z e d  w i t h  
t h i s  equipment which was ob ta ined  f o r  i n s p e c t i o n  o f  l a r g e  r o c k e t  s e c t i o n s .  
D u r i n g  t h e  v i s i t ,  i t  was l e a r n e d  t h a t  a h i g h - r e s o l u t i o n  d e t e c t o r  system 
was under development by t h e  manufacturer  o f  t h i s  equipment [ S c i e n t i f i c  
Measurement Systems (SMS) ]  . 

A v i s i t  was made t o  SMS i n  May w i t h  t h e  same complement o f  samples. 
The equipment eva lua ted  i s  marketed by SNS as model 101 and had been i n  
o p e r a t i o n  o n l y  a few days. Features i n c l u d e d  a S e i f e r t  300-kV X-ray tube ,  
f a n  beam s l i c e  t h i c k n e s s  v a r i a b l e  f rom 0.25 t o  10 mm ( s e t  a t  0 .3 mm), a 
h i g h - r e s o l u t i o n  d e t e c t o r  system, a sample h a n d l i n g  mechanism p r o v i d i n g  
t r a n s l a t i o n  i n  two or thogonal  d i r e c t i o n s  i n  t h e  h o r i z o n t a l  p lane  and r o t a -  
t i o n  about t h e  v e r t i c a l  a x i s ,  a M i c r o  Vax I1 computer and a r r a y  processor ,  
and p r o p r i e t a r y  so f tware  developed by SMS. 

Energ ies f rom 125 t o  300 kV, v a r i o u s  beam i n t e n s i t i e s ,  d i f f e r e n t  
sample o r i e n t a t i o n s ,  and severa l  image p rocess ing  techniques were used. 
The 0.26% h o l e  i n  t h e  P l e x i g l a s  and two h o l e s  ( 2 . 1  and 1.0%) i n  t h e  
12.6-mm s i l i c o n  n i t r i d e  sample were imaged. T h i s  i s  t h e  b e s t  imaging 
no ted  t h u s  f a r  w i t h  t h e  v a r i o u s  tomographic systems. 

i n  t h e  range o f  30 t o  420 kV y i e l d i n g  a f a c t o r  o f  20 i nc rease  i n  e f f i -  
c i e n c y  over  t h e  p r e s e n t  d e t e c t o r s  i n  t h a t  range. I n s t a l l a t i o n  and 
checkout o f  t h e  new d e t e c t o r s  was a n t i c i p a t e d  f o r  l a t e  June o r  e a r l y  
J u l y .  

September t o  eva lua te  t h e i r  computed tomography equipment m o d i f i e d  by t h e  
i n c l u s i o n  o f  a r e c e n t l y  developed h i g h - r e s o l u t i o n  d e t e c t o r  system. 
Features now i n c l u d e  t h e  S i e f e r t  300-kV X-ray tube, f an  beam s l i c e  
t h i c k n e s s  v a r i a b l e  f rom 0.25 t o  1 mm ( s e t  a t  0.25 mm), and t h e  h igh -  
r e s o l u t i o n  d e t e c t o r  system ( j w l u d i n g  t h e  newly developed h i g h - e f f i c i e n c y  

T h i s  combinat ion o f  samples rep re -  

A t  t h e  user  i n s t a l l a t i o n  (Kennedy Space Center)  i n  A p r i l ,  ene rg ies  

SMS has r e c e n t l y  developed a h i g h e r  s e n s i t i v i t y  d e t e c t o r  f o r  ene rg ies  

A r e t u r n  v i s i t  was made t o  S c i e n t i f i c  Measurement Systems i n  
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p r o p r i e t a r y  d e t e c t o r  s imp ly  l a b e l e d  as a EGO d e t e c t o r ) .  
system was t h e  same. 

The complement o f  samples used f o r  t h e  e v a l u a t i o n  i n c l u d e d  f o u r  MB 
b a r s  noted e a r l i e r  and one s e c t i o n  (6.3 mm t h i c k ,  24 mm wide, and 49 mm 
long )  o f  s i l i c o n  n i t r i d e  c o n t a i n i n g  f o u r  f l a t - b o t t o m  h o l e s  w i t h  d iameters 
o f  375, 250, 125, and 125 pm and r e s p e c t i v e  depths o f  375, 125, 125, and 
75 pm, which was g l u e d  t o  a second s e c t i o n  w i t h  s i n l l a r  d imensions u s i n g  
cyanoac ry la te  ( " Z i p  Gr ip " ) ,  p r o v i d i n g  a sample t h i c k n e s s  a f  12.6 mm w i t h  
i n t e r n a l  h o l e s  and e q u i v a l e n t  penetrameter  s e n s i t i v i t i e s  o f  2.1 t o  0.5%. 

sample o r i e n t a t i o n s ,  and seve ra l  image p rocess ing  techniques were used. 
A l l  f o u r  h o l e s  were imaged i n  t h e  12.6-mm-thick s i l i c o n  n i t r i d e  sample 
u s i n g  t h e  equipment i n  t h e  computed tomography mode f o r  an e q u i v a l e n t  
penetrameter  s e n s i t i v i t y  o f  0.5%. 
rad iog raphy  mode f o r  t h e  MOR b a r s  w i t h  success fu l  imaging o f  t h e  
100-pm-diam, 37-pm-deep h o l e  f o r  an e q u i v a l e n t  penetrameter s e n s i t i v i t y  o f  
1.5%. The l a r g e r  d iamete r  and deeper h o l e s  were a l s o  imaged. T h i s  i s  t h e  
b e s t  imaging no ted  thus  f a r  w i t h  t h e  v a r i o u s  tomographic systems. 

I E A  MOR b a r s .  A v i s i t  was made t o  A l l i s o n  Gas Turb ine,  D i v i s i o n  o f  
General Motors,  t o  use t h e i r  m ic ro focus  X-ray equipment (manufactured by 
F e i n  Focus i n  Germany) f o r  p r o j e c t i o n  rad iog raphy  o f  112 s i l i c o n  n i t r i d e  
f l e x u r e  b a r s  f rom t h e  SNW-1000 I E A  Annex-I1 P r o j e c t .  An X-ray energy o f  
75 kV, 0.25-mA beam c u r r e n t ,  400-s exposure, and a p r o j e c t l o n  magn i f i ca -  
t i o n  o f  -5x was used. Most o f  t h e  i n d i c a t i o n s  p r e v i o u s l y  d e t e c t e d  w i t h  
c o n t a c t  rad iog raphy  were no ted  b u t  no a d d i t i o n a l  ones were l o c a t e d .  

The PSZ MOR bars n o t e d  i n  t h e  
u l t p a s o n i c  s e c t i o n  were rad iographed i n  two o r i e n t a t i o n s  a r b i t r a r i l y  noted 
a s  0 ( w i t h  t h e  r a d i a t i o n  b am pass ing  th rough  t h e  0.138- in .  t h i c k n e s s )  and 
90 ( w i t h  t h e  r a d i a t i o n  bea pass ing  th rough  t h e  0.178- in .  t h i c k n e s s ) .  An 
X-ray energy o f  115 kV was used f o r  t h e  t h i n  s e c t i o n s  and 120 kV f o r  t h e  
t h i c k  s e c t i o n s .  The o t h e r  exposure c o n d i t i o n s  (beam c u r r e n t ,  13 ma; t ime,  
10.5 min; f i l t r a t i o n ,  0.010 i n .  copper;  c a s s e t t e  l o a d i n g ,  PbO screens w i t h  
t y p e  M f i l m ;  and f i l m - t o - f o c a l  d i s t a n c e ,  52 i n . )  were h e l d  c o n s t a n t  f o r  
a1 1 th i cknesses .  

A few i r r e g u l a r l y  shaped v o i d s  w i th  a maximum dimension o f  0.25 t o  
1 rnm (0.010 t o  0.040 i n . )  were noted i n  t h e  samples ( l e s s  than  10 t o t a l ) .  
A chipped c o r n e r  and a t h i c k n e s s  r e d u c t i o n  were no ted  i n  two o t h e r  
sarnpl e s  e 

TWQ PSZ t e n s i l e  b a r s  were o b t a i n e d  f o r  t h e  i n i t i a t i o n  o f  r a d i o g r a p h i c  
s t u d i e s  of  opt-s' urn techniques f o r  e v a l u a t i o n  o f  t he  c i r c u l a r  c r o s s - s e c t i o n  
specimens. P r e l i m i n a r y  masks t o  reduce r a d i a t i o n  undercut  a ~ l d  scat ter -  
were machined. A c o n t a c t  rad iogpaph ic  techn ique  was developed ( i n c l u d i n g  
t h e  a n t i s c a t t e r i n g  masks and a standard)  f o r  t h e  t e n s i l e  specimens w i t h  a 
gage t h i c k n e s s  o f  6,3 mm (0.250 i n . ) .  The s tandard con ta ined  t h r e e  f l a t -  
bot tom h o l e s  w i t h  d iamete rs  o f  250, 125, and 75 prn w i t h  r e s p e c t i v e  depths 
o f  125, 65, and 33 p i n  t h e  gage s e c t i o n .  These h o l e s  rep resen ted  
e q u i v a l e n t  penetrarneter s e n s i t i v i t i e s  o f  2.0, 1.0, and 0.6%. 

We were a b l e  to image t h e  two l a r g e r  h o l e s  ( r e p r e s e n t i n g  1 .0  and 2.0% 
s e n s i t i v i t y )  u s i n g  an X-ray energy o f  158 kV, a beam c u r r e n t  o f  10 mA, and 
an exposure t i m e  o f  8 m i n  w i t h  type-M X-ray f i l m .  

The r e s t  o f  t h e  

Energ ies f rom 200 t o  300 kV, v a r i o u s  beam i n t e n s i t i e s ,  d i f f e r e n t  

The equipment was used i n  t h e  d i g i t a l  

PSZ MOR b a r s  and t e n s i l e  specimens, 
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Ref e r e  n ce 

1. W. A. Simpson, Jr., and R. W. McClung, "NDE o f  Advanced 
S t r u c t u r a l  Ceramics,'' t o  be pub1 ished i n  proceedings o f  Conference on 
Nondest ruc t ive  T e s t i n g  o f  High-Performance Ceramics, Boston, August 25-27, 
1987. 

S t a t u s  o f  mi les tones  

M i l e s t o n e  351101 was completed on schedule. 

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

W. A. Simpson, Jr., presented a paper e n t i t l e d  "NDE o f  Advanced 
S t r u c t u r a l  Ceramics," and R. W. McClung presented a paper e n t i t l e d  "Needs 
Assessment f o r  NDT and C h a r a c t e r i z a t i o n  o f  Ceramics: Assessment o f  
I n s p e c t i o n  Technology f o r  Green S t a t e  and S i n t e r e d  Ceramics," a t  t h e  
Conference on Nondest ruc t ive  T e s t i n g  o f  High-Performance Ceramics i n  
Boston. 
t h e  meet ing.  

Manuscr ip ts  were prepared and w i l l  appear i n  t h e  proceedings o f  



Computed Tomom?ap,hy - W. A .  Ellingson, K. W. Vannier, and H. C. Yeh 
(Argonne National Laboratory) 

Obiective/scope 

The purpose of this program is to develop X-ray computed tomographic 
(CT) imaging for application to structural 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 ceramics. CT imaging is capable of interrogating the 
full volume of a component, and is non-contacting. It is also relatively 
insensitive to part shape and thus can be used to inspect components with 
complex shapes such as turbocharger rotors, rotor shrouds, and large 
turbine blades. 

Technical progress 

Technical effort in this program has centered on two main acti- 
vities: correction f o r  beam hardening (BH) and development of calibration 
phantoms, During the current reporting period, we focused on applying 
dual-energy software BH correction methods to sets of densified and 
green-state Si3N4 specimens made especially for us by the Norton Advanced 
Ceramics Company. 'In addition, Freon TF was experimented with as a cali- 
bration fluid. 

The dual-energy software was evaluated on a set of five 
green-state Si3N4 cold-pressed cylinders ( 6 4 ,  5L, 38, 26, and 13 mm 
diameter; heights of  4 6 ,  37, 28, 20, and 9 mm, respectively) and a set 
o f  densified Si3N4 sp cimens of  the same size. 
energy calculations'-' have shown that for a SO-mm-diam green-state Si3N,, 
specimen, the optimum incident photon energy €or maximum sensitivity to 
thickness change should be near 55 keV, as shown in Fig. 1.. However, use 
of the dual.-energy software package allows collection of equivalent 
monoenergetic photon data; by statistical analysis of individual images, 
optimum energy can be determined, as shown in Fig. 2. 

Theoretical optiinum- 

Figure 3 shows a set of equivalent 50- to 125-keV monoenergetic 
photon images of a 105-nm-diam polyethylene bottle filled with Freon 
TF. Previous work had established that Freon T F  had a mass attenuati-on 
coefficient close to that of green-state Si3N4, as shown in Fi.g. 4 .  
region within each of  the images in Fig. 3 was analyzed statistically for 
noise. Thus, a statistical noise level as a function of equivalent 
photon energy could be obtained. 
mm-diam Si3N4 test cylinder and Fig. 6 shows the data for the 105-mm-diam 
Freon TF test speciinen. 
for the Si3N4 (see Fig. 1) and about 70 keV .for: 105 mm of Freon TF. 
experimental data show values of  allout 75 and 80 keV, respectively. 
level of agreernent(within about 20 keV for the S i - p 4  and 10 keV for the 
Freon TF) clearly shows the potential of the dual-energy approach f o r  
quantitative densitometry studies and significant reduction of beam 
hardening. 

A 

Figure 5 shows such a plot for the 51- 

The theoretical opti.mum energy is about 55 keV 
The 
This 
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Fig. 1. Theoretical Optimum Incident Photon Energy as a Function of 
Energy for Green and Dense Si3N4 Specimens of Various 
Thicknesses. 

Fig. 2.  Process Scheme for Dual-Energy CT Data Obtained with 
Siemens Somatom DR-H Scanner. 
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g. 3. Set of Equ€valent Monoenerget -aoton of a 
Freon !CF. The same dual 
ted at 5-keV increments 50 to 125 keV. 
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Fig. 4, Linear Attenuation Coefficient of Green and Dense Si3N4 and 
a Potential Calibration Fluid, Freon TF. 
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Fig. 5. Experimentally Obtained Optimum Incident Photon Energy for a 
51-mm-diam Green-State Si3N4 Sample. 
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Fig. 6 .  Experimentally Obtained Optimum Incident Photon Energy for a 
105-mm-diam Freon TF Sample. 

Status of  milestones 

All milestones are on schedule. 
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4.0 TECHNOLOGY TRANSFER 

4 .1  TECHNOLOGY TRANSFER 

I Technology Transfer 
0. R .  Johnson (Oak Ridge N a t i o n a l  Labora to ry )  

Technology t r a n s f e r  i n  t h e  Ceramic Technology P r o j e c t  i s  accompl ished 

Trade shows. A p o r t a b l e  d i s p l a y  d e s c r i b i n g  t h e  program has been 
by a number o f  mechanisms i n c l u d i n g  t h e  f o l l o w i n g :  

b u i l t  and used a t  seve ra l  t r a d e  shows and t e c h n i c a l  meet ings,  most 
r e c e n t l y  a t  t h e  Annual Meet ing o f  t h e  American Ceramic S o c i e t y ,  A p r i l  26-30, 
1987, i n  C i n c i n n a t i ,  Ohio. 

N e w s l e t t e r .  A Ceramic Technology N e w s l e t t e r  i s  p u b l i s h e d  r e g u l a r l y  
and sen t  t o  a l a r g e  d i s t r i b u t i o n .  

Repor ts .  Semiannual t e c h n i c a l  r e p o r t s ,  which i n c l u d e  c o n t r i b u t i o n s  
by a l l  p a r t i c i p a n t s  i n  t h e  program, a r e  p u b l i s h e d  and sen t  t o  a l a r g e  
d i s t r i b u t i o n .  I n f o r m a l  b i m o n t h l y  management and t e c h n i c a l  r e p o r t s  a r e  
d i s t r i b u t e d  t o  t h e  p a r t i c i p a n t s  i n  t h e  program. O p e n - l i t e r a t u r e  r e p o r t s  
a r e  r e q u i r e d  o f  a l l  r esea rch  and development p a r t i c i p a n t s .  

D i r e c t  Ass is tance.  D i r e c t  a s s i s t a n c e  i s  p r o v i d e d  t o  subcon t rac to rs  
i n  t h e  program v i a  access t o  unique c h a r a c t e r i z a t i o n  and t e s t i n g  f a c i l i t i e s  
a t  t h e  Oak Ridge N a t i o n a l  Labora to ry .  

t o  ou r  community. 

s u p p o r t i v e  o f  t h e  c o o p e r a t i v e  work b e i n g  done by researchers  i n  West 
Germany, Sweden, and t h e  U n i t e d  S t a t e s  under an agreement w i t h  t h e  
I n t e r n a t i o n a l  Energy Agency. That  work, u l t i m a t e l y  aimed a t  development 
o f  i n t e r n a t i o n a l  standards,  i n c l u d e s  p h y s i c a l ,  morpho log ica l ,  and m ic ro -  
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  o f  ceramic powders and dense ceramic bodies,  
and mechanical c h a r a c t e r i z a t i o n  o f  dense ceramics.  D e t a i l e d  p l a n n i n g  and 
procurement o f  ceramic powders and f l e x u r a l  t e s t  b a r s  have been accom- 
p l i s h e d .  
t e r i z a t i o n  r e s u l t s  has been s t a r t e d  by those  l a b o r a t o r i e s  p a r t i c i p a t i n g .  

Workshops. T o p i c a l  workshops a r e  h e l d  on s u b j e c t s  o f  v i t a l  concern 

I n t e r n a t i o n a l  Cooperat ion.  Our program i s  a c t i v e l y  i n v o l v e d  i n  and 

Exchange o f  p r e l i m i n a r y  d a t a  on ceramic and powder charac- 
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IEA Annex I I  Management 
V.  J. Tennery (Oak Ridge N a t i o n a l  Laboratory)  

Object ive/scope 

The IEA Annex I1 agreement between t h e  U n i t e d  States,  t h e  Federal  
Republ ic  o f  Germany, and Sweden on s t r u c t u r a l  ceramics i s  d i r e c t e d  t o  
coopera t ive  research and development o r i e n t e d  t o  t h e  i d e n t i f i c a t i o n  and 
adopt ion  o f  s tandard ized methods f o r  c h a r a c t e r i z i n g  these m a t e r i a l s .  
agreement i n c l u d e s  f o u r  subtasks:  (1) in fo rmat ion  exchange, (2) ceramic 
powder C h a r a c t e r i z a t i o n ,  ( 3 )  ceramic chemis t ry  and s t r u c t u r a l  charac- 
t e r i z a t i o n ,  and (4)  ceramic 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 .  Each 
c o u n t r y  i s  p r o v i d i n g  s e l e c t e d  ceramic powders and s i n t e r e d  s t r u c t u r a l  
ceramics f o r  use i n  t h e  research  work i n  Subtasks 2, 3, and 4 i n  a l l  t h r e e  
p a r t i c i p a t i n g  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  purpose o f  
u s i n g  t h e  knowledge gained f rom t h e  work f o r  develop ing s tandard measure- 
ment methods f o r  c h a r a c t e r i z i n g  ceramic powders and s i n t e r e d  s t r u c t u r a l  
ceramics . 

The l a c k  o f  such s tandard measurement methods has been an impediment 
t o  t h e  e v o l u t i o n  and development o f  s t r u c t u r a l  ceramics, b o t h  f rom t h e  
p o i n t  o f  v iew o f  b o t h  t h e  manufacturer  and t h e  user.  
agreement was conceived t o  a c c e l e r a t e  t h e  development o f  s tandard methods 
f o r  de termin ing  impor tan t  p r o p e r t i e s  o f  these e v o l v i n g  m a t e r i a l s .  

agreed t o  c o n t r i b u t e  s i g n i f i c a n t  resources i n  per fo rming  t h e  r e q u i r e d  
measurements. For example, i n  Subtask 2, 12 l a b o r a t o r i e s  a r e  par -  
t i c i p a t i n g ;  i n  Subtask 3, 7 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, 8 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 .  

The research  i n  Subtask 2 i n c l u d e s  f i v e  ceramic powders which a r e  
b e i n g  s t u d i e d  i n  t h e  i n i t i a l  phase o f  t h i s  subtask.  For Subtasks 3 and 4, 
t h r e e  s i n t e r e d  ceramics a r e  b e i n g  s tud ied,  i n c l u d i n g  one from each o f  t h e  
t h r e e  c o u n t r i e s .  The ceramic 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 from GTE-Wesgo; t h a t  f rom Germany i s  a hipped S i c  f rom ESK 
Kempton; and t h a t  f rom Sweden i s  a s i l i c o n  n l t r i d e  f rom ASEA Cerama. 

T h i s  

T h i s  Annex I1 

I n  t h e  U n i t e d  Sta tes ,  many companies and t h e i r  research s t a f f s  have 

Technica l  Droqress 

The major  t e c h n i c a l  s t a t u s  changes s i n c e  t h e  l a s t  semiannual r e p o r t  
a r e  rev iewed b r i e f l y :  

Subtask 2 
Ceramic Powder C h a r a c t e r i z a t i o n  

The U.S. N a t i o n a l  Bureau 
ceramic powders f o r  Annex I1 
Japan, w h i l e  t h e  second i s  a 
Federal  Republ ic  o f  Germany. 
d i s t r i b u t e d  t o  p a r t i c i p a n t s  
1987. S i m i l a r l y  specimens o 
were d i s t r i b u t e d  d u r i n g  t h i s  

o f  Standards (NBS) i s  d i s t r i b u t i n g  a l l  
t h e  f i r s t  was a z i r c o n i a  f rom Toyosoda i n  

s i l i c o n  n i t r i d e  f rom L. C.  S t a r k  f rom the 
Sealed specimens o f  t h e  z i r c o n i a  were 

n a l l  t h r e e  c o u n t r i e s  by t h e  NBS i n  January 
t h e  n i t r i d e  powder, i d e n t i f i e d  a s  LC-10, 

r e p o r t i n g  p e r i o d .  D i s t r i b u t i o n  o f  t h i s  
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powder r e q u i r e d  powder r i f f l i n g ,  p l u s  f i l l i n g  and s e a l i n g  o f  approx imate ly  
2400 v i a l s .  Flame s e a l i n g  was accomplished by t h e  end o f  May. T h i s  
powder was d i s t r i b u t e d  by t h e  NBS i n  l a t e  June. P r e l i m i n a r y  r e s u l t s  
ob ta ined from some o f  t h e  U.S. p a r t i c i p a n t s  i n  t h i s  subtask i n d i c a t e d  t h a t  
t h e  z i r c o n i a  powder has a bimodal c h a r a c t e r ,  which compl icates t h e  analy-  
s i s  o f  p a r t i c l e  s i z e  and o t h e r  p r o p e r t i e s .  Discuss ions have been i n i -  
t i a t e d  among t h e  U.S. p a r t i c i p a n t s  t o  dec ide how t o  b e s t  q u a n t i f y  t h e  d a t a  
f o r  t h i s  powder. On September 15 and 16, a workshop f o r  U.S. p a r t i c i p a n t s  
i n  t h i s  subtask was h e l d  a t  t h e  NBS t o  determine t h e  s t a t u s  o f  d a t a  
a c q u i s i t i o n  and t o  prepare p l a n s  f o r  t h e  U.S.  p a r t i c i p a t i o n  i n  t h e  i n t e r -  
n a t i o n a l  Subtask 2 work ing group meet ing t o  be h e l d  i n  Orlando on 
November 5 and 6.  
i n d u s t r i a l  f i r m s  o r  government l a b o r a t o r i e s .  Subsequent t o  t h e  meet ing on 
September 15 and 16, t h e  U.S. p a r t i c i p a n t s  dec ided t o  h o l d  another  U.S. 
work ing group meet ing t h e  evening o f  November 4 i n  Orlando t o  prepare f o r  
t h e  f u l l  work ing group meet ing scheduled f o r  November 5 and 6. 

T h i s  meet ing was a t tended by r e p r e s e n t a t i v e s  o f  10 

Subtasks 3 and 4 
Ceramic Chemical, S t r u c t u r a l ,  and Mechanical C h a r a c t e r i z a t i o n  

ESK S i l i c o n  Carbide from t h e  Federal  Republ ic  o f  Germany 

The Sic  bars  f rom Germany t o  be s t u d i e d  i n  t h e  U n i t e d  S t a t e s  were 
r e c e i v e d  a t  ORNL i n  October 1986, and were d i s t r i b u t e d  t o  t h e  f i v e  U.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  on November 25. 

ASEA Cerama S i l i c o n  N i t r i d e  f rom Sweden 

The e n t i r e  complement o f  1200 ASEA Cerama s i l i c o n  n i t r i d e  b a r s  were 
These b a r s  were machined f rom s i n t e r e d  r e c e i v e d  a t  ORNL on May 2, 1987. 

b i l l e t s  i n  t h e  U n i t e d  Sta tes ,  and i t  was t h e r e f o r e  unexpectedly necessary 
f o r  s t a f f  a t  ORNL t o  randomize a l l  o f  these bars,  and repackage them i n  
p r e p a r a t i o n  f o r  d i s t r i b u t i o n  t o  a l l  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  t h e  
t h r e e  c o u n t r i e s .  
genera tor  and a d i s c r e t e  u n i f o r m  d i s t r i b u t i o n  f u n c t i o n .  
bars ,  170 were d i s t r i b u t e d  t o  Subtask 3 p a r t i c i p a n t s ,  and 080 were d i s -  
t r i b u t e d  t o  Subtask 4 p a r t i c i p a n t s .  The remain ing 150 bars  a r e  he ld  a t  
ORNL i n  t h e  I E A  Annex I1 a r c h i v e .  The 1050 bars  were d i s t r i b u t e d  from 
ORNL on June 24, 1987. 

GTE-Wesgo S i l i c o n  N i t r i d e  f rom t h e  U n i t e d  S t a t e s  

The randomizing was accomplished u s i n g  a random number 
O f  these 1200 

The f i n a l  shipment o f  GTE-Wesgo SNW-1000 s i l i c o n  n i t r  de b a r s  were 

ORNL s t a f f  had t o  repackage 

r e c e i v e d  a t  ORNL on J u l y  10, 1987. The f i r s t  shipment was r e c e i v e d  a t  
ORNL on January 8, 1987. The t o t a l  complement of b a r s  hav ng t h e  German 
m e t r i c  dimensions i n c l u d e d  1526 specimens. 
each b a r  i n t o  an i n d i v i d u a l  c o n t a i n e r ,  and t h e  e n t i r e  p o p u l a t i o n  was then 
randomized u s i n g  a random number generator  and a d i s c r e t e  u n i f o r m  d i s -  
t r i b u t i o n  f u n c t i o n .  O f  these 1526 bars ,  170 were d i s t r i b u t e d  t o  Subtask 3 
p a r t i c i p a n t s ,  and 1120 were d i s t r i b u t e d  t o  Subtask 4 p a r t i c i p a n t s .  The 
remain ing 236 b a r s  a r e  h e l d  a t  ORNL i n  t h e  I E A  Annex I1 a r c h i v e .  The 1290 
b a r s  were d i s t r i b u t e d  f rom ORNL on August 5, 1987. 



408 

Subtask 3 R e s u l t s  
ESK S i l i c o n  Carb ide 

A t o t a l  o f  80 o f  t h e  ESK s i l i c o n  c a r b i d e  b a r s  were d i s t r i b u t e d  i n  
s e t s  o f  10 b a r s  each t o  e i g h t  U . S .  l a b o r a t o r i e s  i n  January 1987. LOTUS 
templates were d i s t r i b u t e d  e a r l i e r  t o  a l l  U . S .  p a r t i c i p a n t s  f o r  use i n  
r e p o r t i n g  and s h a r i n g  d a t a  i n  t h i s  subtask.  
o b t a i n e d  d u r i n g  t h i s  p e r i o d .  B a s i c a l l y ,  t h e y  i n d i c a t e  t h a t  i n t r a -  
l a b o r a t o r y  measurements o f  d e n s i t y  p r o v i d e  reasonably  c o n s i s t e n t  r e s u l t s ,  
w i t h  s tandard d e v i a t i o n s  o f  about 0.008 o r  l e s s  among a s e t  o f  va lues f o r  
t h e  same ceramic m a t e r i a l .  
o r  minor  e lementa l  analyses o f  any o f  these ceramics.  The d a t a  a v a i l a b l e  
f rom some o f  t h e  U . S .  l a b o r a t o r i e s  f o r  t h e  ESK s i l i c o n  c a r b i d e  i n d i c a t e  
an average S i  v a l u e  o f  68.10% w i th  a s tandard d e v i a t i o n  o f  1.7. 
t h r e e  carbon analyses have been r e c e i v e d  f o r  t h e  ca rb ide ,  and these have 
an average o f  29.45 w t  % w i t h  a s tandard d e v i a t i o n  o f  0.19. 

Some p r e l i m i n a r y  r e s u l t s  were 

Very l i m i t e d  d a t a  have been r e c e i v e d  f o r  major  

Only  

ASEA Cerama S i l i c o n  N i t r i d e  and GTE-Wesgo S i l i c o n  N i t r i d e  

I n  suppor t  o f  t h e  work i n  Subtask 3 ,  s e t s  o f  10 b a r s  o f  t h e  ASEA 
s i l i c o n  n i t r i d e  and GTE-Wesgo s i l i c o n  n i t r i d e  were sent  by ORNL t o  s i x  
l a b o r a t o r i e s  i n  Germany, t h r e e  i n  Sweden, and t o  e i g h t  i n  t h e  U n i t e d  
S t a t e s .  For t h e  ASEA s i l i c o n  n i t r i d e ,  o n l y  one S i  a n a l y s i s  has been 
rece ived ,  which was f rom a U . S .  l a b o r a t o r y ,  and t h i s  va lue  was 56.62 w t  %. 

Subtask 4 Resu l t s  
ESK S i l i c o n  Carbide 

I n  suppor t  o f  t h e  work i n  Subtask 4 ,  408 o f  t h e  ESK s i l i c o n  c a r b i d e  
b a r s  were d i s t r i b u t e d  by ORNL i n  November 1986 t o  t h e  f i v e  U.S. par-  
t i c i p a t i n g  l a b o r a t o r i e s .  An a d d i t i o n a l  200 b a r s  which a r e  t h e  i n t e r -  
n a t i o n a l  a r c h i v e  f o r  t h i s  m a t e r i a l  a r e  h e l d  a t  ORNL. R e s u l t s  f o r  t h e  395 
ESK s i l i c o n  c a r b i d e  b a r s  f r a c t u r e d  i n  t h e  f i v e  U.S.  l a b o r a t o r i e s  were 
d iscussed i n  t h e  p r e v i o u s  r e p o r t .  The o t h e r  two m a t e r i a l s  were d i s -  
t r i b u t e d  as i n d i c a t e d  p r e v i o u s l y  i n  t h i s  r e p o r t .  

C a r b i d e  Measured In  The United States, IEA Annex 11, Subtask 4 ,  was 
completed and w i l l  be p r o v i d e d  t o  a l l  a t tendees o f  t h e  I E A  Annex I 1  
Working Group meet ing scheduled f o r  October 26, 1987, i n  Dearborn, 
Mich igan.  The Maximum L i k e l i h o o d  A n a l y s i s  technique has been demonstrated 
t o  be s u p e r i o r  i n  de te rm in ing  t h e  We ibu l l  modulus (a lpha  o r  m) compared t o  
t h e  Leas t  Squares o r  l i n e a r  r e g r e s s i o n  techn ique  o f t e n  used i n  t h e  U n i t e d  
S t a t e s .  Furthermore, Kolmogorov-Smirnov s t a t i s t i c s  were demonstrated as 
b e i n g  v e r y  u s e f u l  i n  t e s t i n g  these f l e x u r a l  s t r e n g t h  d a t a  s e t s  f o r  d e t e r -  
m i n i n g  t h e i r  " f i t"  w i t h  proposed We ibu l l  d i s t r i b u t i a n  f u n c t i o n s .  

s i l i c o n  c a r b i d e  eva lua ted  i n  t h e  U n i t e d  S t a t e s  c o u l d  n o t  be d e f i n i t i v e l y  
i d e n t i f i e d  as b e i n g  from a We ibu l l  d i s t r i b u t i o n .  For  example, t h e  c r i t i -  
c a l  Kolmogorov-Smirnov s t a t i s t i c  DN f o r  most o f  t h e  f i v e  d a t a  se ts  as w e l l  
a s  t h e  combined U . S .  d a t a  s e t  f o r  395 specimens i s  about t h e  same when 
t e s t e d  a g a i n s t  t h e  "bes t  f i t "  We ibu l l  and Gaussian d i s t r i b u t i o n s .  T h i s  i s  

A r e p o r t  e n t i t l e d ,  Analysis of F l e x u r a l  Strength Data For ESK S i l i c o n  

I n  summary, t h e  r e s u l t s  show t h a t  t h e  f l e x u r e  s t r e n g t h  o f  t h e  ESK 
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i l l u s t r a t e d  i n  Table 1. S i m i l a r l y ,  t h e  c r i t i c a l  s t a t i s t i c  o f  L i t t l e  
e t  a l .  f o r  d i s t r i b u t i o n  f i t t i n g  f o r  t h e  f i v e  U.S. d a t a  s e t s  f o r  t h e  German 
s i l i c o n  c a r b i d e  does n o t  a l l o w  an obv ious c h o i c e  between these a l t e r n a t i v e  
d i s t r i b u t i o n s  f o r  t h i s  ceramic m a t e r i a l .  T h i s  f a c t  i s  i l l u s t r a t e d  i n  
Table 2, where f o r  a t w o - t a i l e d  t e s t  a t  a s i g n i f i c a n c e  l e v e l  o f  0.10, t h e  
v a l u e  o f  DN f o r  a lmost  a l l  o f  t h e  d a t a  s e t s  f o r  e i t h e r  d i s t r i b u t i o n  func-  
t i o n  i s  l e s s  than  t h e  va lue  o f  t h e  c r i t i c a l  s t a t i s t i c .  

f o r  t h e  ESK s i l i c o n  c a r b i d e  a r e  shown i n  Table 3, i n  which va lues  f o r  t h e  
W e i b u l l  shape parameter a lpha  ( o r  m ) ,  t h e  average s t r e n g t h ,  t h e  s tandard 
d e v i a t i o n ,  and t h e  number o f  specimens i n  each d a t a  s e t  a r e  shown f o r  t h e  
ESK s i l i c o n  c a r b i d e .  These r e s u l t s  c l e a r l y  show t h a t  t h e r e  i s  some 
reasonable l e v e l  o f  cons i s tency  f o r  t h e  average s t r e n g t h  and s tandard  
d e v i a t i o n s  f a r  s t r e n g t h  s e t s  determined by a number o f  d i f f e r e n t  l abo ra -  
t o r i e s  i n  t h r e e  d i f f e r e n t  c o u n t r i e s  f o r  t h e  same ceramic m a t e r i a l .  
A n a l y s i s  o f  some of t h e  r e s u l t s  shown i n  Table 3 g i v e  t h e  f o l l o w i n g  
r e s u l t s  f o r  t h e  We ibu l l  shape parameter,  which i s  t y p i c a l l y  cons ide red  t h e  
most d i f f i c u l t  mechanical behav io r  d e s c r i p t o r  t o  determine w i t h  con- 
s i s t e n c y .  These r e s u l t s  a r e  shown i n  Table 4 .  These d a t a  show t h a t  t h e  
maximum v a r i a t i o n  observed among t h e  fou r  d a t a  s e t s  i n  Table 4 ,  f o r  t h e  
maximum l i k e l i h o o d  e s t i m a t o r s  f o r  t h e  W e i b u l l  shape parameter occu rs  be- 
tween t h e  U.S. s e t  w i t h  N = 395, w i t h  a lpha  = 6.41 and a Std. Dev. = 
0.87, and t h e  Swedish s e t  w i t h  N =: 155, w i t h  a lpha  = 6.94 and a Std. Dev. 
= 1.14. The grand average f o r  t h i s  parameter f o r  t h e  i n d i v i d u a l  d a t a  s e t s  
f o r  t h e  e n t i r e  s e t  w i t h  N = 837 i s  a lpha  = 6.62 and a Std. Dev. = 0.97. 

The complete U . S .  f r a c t u r e  s t r e n g t h  d a t a  f i l e s  f o r  t h e  ESK s i l i c o n  
c a r b i d e  i n  t h e  form o f  complete c a l c u l a t e d  LOTUS temp la tes  which a r e  
d i s t r i b u t e d  by ORNL were sen t  t o  b o t h  Germany and Sweden on September 16, 
1987. 

I n  a d d i t i o n  t o  these measurements, each p a r t i c i p a t i n g  l a b o r a t o r y  i s  
p e r f o r m i n g  f r a c t o g r a p h y  a n a l y s i s  on s e l e c t e d  specimens from t h e  weakest, 
medium s t r e n g t h ,  and s t r o n g e s t  specimens f rom t h a t  l a b o r a t o r y ' s  b a r  s e t s .  
These r e s u l t s  w i l l  be p r o v i d e d  t o  ORNL, as t h e y  become a v a i l a b l e .  

F r a c t u r e  s t r e n g t h  r e s u l t s  f rom t h e  U n i t e d  S t a t e s ,  Sweden, and Germany 

The Swedish d a t a  were r e c e i v e d  September 18. 

S t a t u s  o f  m i  1 estones 

On schedule.  

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

1. V .  J. Tennery, Analysis of Flexural Strength  Data for EX Silicon 
Carbide Measured i n  the  Uni ted  States, TEA ANNEX 11, Subtask 4 ,  prepared 
f o r  d i s t r i b u t i o n  t o  a l l  p a r t i c i p a n t s  i n  Subtask 4 a t  t h e  i n t e r n a t i o n a l  
work ing  group meet ing scheduled f o r  October 26, 1987, i n  Dearborn, 
Mich igan.  
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Table 1. Kolmogorov-Smirnov g o o d n e s s - o f - f i t  s t a t i s t i c s  for  
s i x  f l e x u r e  s t r e n g t h  da ta  se ts  o f  ESK s i l i c o n  c a r b i d e  

f o r  t h e  Weibu l l  and Gaussian d i s t r i b u t i o n s  
( b e s t  f i t  cases) 

GTE Labs SOHIO A1 1 i son 
Turb ine 

NASA G a r r e t t  
Lewis Turb ine 

Weibull d is t r ibu t ion  

D+ 0.048534 0.071237 0.079603 0.063649 0.080716 
D- 0.053023 0.098843 0.068261 0.047503 0.065303 
DN 0.053023 0.098843 0.079603 0.063649 O .  080716 

S t a t i s t i c s  f o r  395 specimens o f  s i l i c o n  c a r b i d e  

D+ 0.030714 
D- 0.021805 
DN O .  030714 

Gaussian d is t r ibu t ion  

D+ 0.042599 0.072969 0.058625 0.057190 0.052407 
D- 0.083762 0.137694 0.043479 0.071997 0.101982 
DN 0.083762 0.137694 0.058625 0.071997 0.101982 

S t a t i s t i c s  f o r  395 specimens o f  s i l i c o n  c a r b i d e  

D+ 0.023259 
D- 0.039989 
DN O. 039989 
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Table 2. Kolmogorov-Smirnov s t a t i s t i c s  f o r  s i x  f l e x u r e  s t r e n g t h  
d a t a  s e t s  t e s t e d  a g a i n s t  t h e  W e i b u l l  and 

Gaussian d i s t r i b u t i o n  f u n c t i o n s  

ESK s i l i c o n  c a r b i d e  

GTE Labs A1 1 i son NASA 
T u r b i n e  Lewi s SOH IO G a r r e t t  

Tu rb ine  

N 75 80 80 80 80 

W e i b u l l  
D+ 0.0485337 0.0712365 0.0796028 0.0636489 0.0775842 
D- 0.0530226 0.0988428 0.0682612 0.0475029 0.0700930 

Gaussian 
D+ 0.0425987 0.0729686 8.0586251 6.0571902 0.0524070 
D- 0.0837623 0.137694 0.0434794 0.0719972 0.1019821 

D ( C r i t i c a 1 )  accep t  n u l l  h y p o t h e s i s  i f  O 5 D ( C r i t i c a 1 )  

D ( C r i t . )  0.12355 0. I1962 0.11962 0.11962 0.11962 

Where D ( C r i t i c a 1 )  = 1.07/p'N f o r  t w o - t a i l e d  t e s t  w i t h  a = 0.10 f o r  a l l  395 
specimens: 

Wei b u l l  
O+ 0.0307144 
D- 0.0218048 

Gauss i an 
D+ 0 I 0232593 
D- 0.0399889 

D ( C r i t i c a 1 )  f o r  a = 0.10 0.058869 
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Table 3 .  Flexure  s t r e n g t h  r e s u l t s  and a n a l y s i s  o f  da ta  
f rom t h e  t h r e e  c o u n t r i e s  i n  IEA Annex I1 

ESK s i l i c o n  c a r b i d e  

United States 

Labora tory  

GTE SOH10 ALLISON NASA GTEC 

m ( W  7.16 6.82 4.91 6.59 6.60 
m( LS) 7.33 6.04 5.70 6.78 6.75 
STR . AVG . 506.91 482.11 468.69 519.23 516.50 
STD. DEV . 81.81 88.07 99.45 90.28 90.54 
N 75 80 80 80 80 

Germany 

Laboratory  

KFK LONZA DATEN K FA MAN 
I SD I RW TECH 

m W - 1  7.15 5.97 5.24 6.76 8.33 
m( LS) 7.20 5.81 4.37 6.85 8.22 
STR. AVG. 490.05 500.73 503 94 509.85 514.98 
STD DEV . 80.17 99. 06 117.76 82.67 73.55 
N 60 60 60 48 59 

Sweden 

Laboratory  

SSRI SANDV I K 

6.13 7.74 
6.10 7.23 

470.41 442.18 
90.05 69.08 
75 80 

Def i n i ti on s : 
m(ML) = Maximum l i k e l i h o o d  e s t i m a t o r  f o r  Weibu l l  shape 

m(LS) = Least  Squares e s t i m a t o r  f o r  Weibu l l  shape parameter 
STR.AVG. = Average s t r e n g t h  i n  MPa 
STD.DEV. = Nonbiased s tandard d e v i a t i o n  o f  f l e x u r e  s t r e n g t h  
N = Number o f  specimens i n  t h e  da ta  s e t  

pa rarne t e  r 



4 1 3  

Table 4. Comparison of Weibull shape parameter, a, determined 
in three participating countries in the 

IEA Annex I1 agreement 

ESK silicon carbide 
(maximum likelihood estimators only) 

A1 1 countries 
comb1 ned Uni ted  States Sweden Germany 

a (or IN)" 6.41 6.94 6.69 6.62 

STD. DEV * 0.87 1.14 1.18 0.97 
(Avg * 1 

N 395 155 287 837 

aWeibull parameter  values are averages o f  individual laboratory 
d a t a  s e t s .  

Definitions: 

STD.DEV. = Nonbiased standard deviation of the flexure strength 
N = Number of specimens i n  the data s e t  
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Standard Reference Materials 
A .  L. Dragoo, D. B. Minor, C. R. Robbins, J. F .  Kelly, and J. P .  Cline 
(National Bureau of Standards) 

Obiective/ScoDe 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics in 
advanced engines depends on the development of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Improvement 
in the characterization of ceramic starting powders is a critical 
factor in achieving reliable ceramic materials for engine applications. 
The production and utilization of such powders require characterization 
methods and property standards for quality assurance. 

The objectives of the NBS program are (1) to assist with the 
division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of two silicon nitride powders: 
powder; and ( 3 )  to conduct statistical assessment and modeling of 
round-robin data. 
assessment of powder characterization methodology and toward 
establishment of a basis for the evaluation of fine powder precursors 
for ceramic processing. 
variety of statistical means the various measurement methodologies 
employed in the round-robin and the correlations among the various 
parameters and characteristics evaluated. The results of the round- 
robin are expected to provide the basis for identifying measurements 
for which Standard Reference Materials are needed and to provide 
property and statistical data which will serve the development of 
internationally accepted standards. 

a reference and a test 

This program is directed toward a critical 

This work will examine and compare by a 

Technical Promess 

The technical progress covered in this report includes descriptions of 
work on the preparation of powder samples for the IEA/ANNEX I1 round- 
robin and of the analysis of round-robin data. 

Division. Distribution and Certification of Ceramic Starting 
Powders. During the current reporting period two powders silicon 
nitride powders were riffled, bottled, flame-sealed in glass tubes and 
distributed to the participants in IEA/ANNEX I1 Subtask 2 round-robin 
on powder characterization. These powders consisted of one powder 
(H.C. Starck LC-lOa) to be used as a reference powder and a powder 

* Certain commercial equipment, instruments, or macerials are 
identified in this report in order to adequately specify the 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Bureau of 
Standards, nor does it imply that the materials or equipment 
identified are necessarily the best available for the purpose 
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(me) to be used as one of the four test powders in the round-robin. 
Final riffling of a silicon powder will begin by mid-November. 
procedures used to riffle and package these powders followed closely 
those that were used to prepare the zirconia powder which was described 
in previous reports. 1976 flame-sealed vials of the reference powder 
were prepared, of which 1902 were labeled. 1538 flame-sealed vials of 
the test powder were prepared, of which 1487 were labeled. Unlabeled 
vials consisted of vials for which the outer glass tube had failed 
after flame-sealing. These samples were distributed as preliminary 
samples. 
particle size analysis. Extensive physical and chemical analyses of 
these two silicon nitride powders are planned. 

The 

Homogeneity of the powders were verified by surface area and 

Data Analvsis. Analysis of data f~oiit  the IEA/Annex I1 powder 
characterization round-robin have entailed the following tasks: 

(1) entry of data received for zirconia (ZYO) and silicon nitride 

(2) revision of 123 template for data entry; 
( 3 )  development of procedure for electronic transfer to 123-based 

files to the central computer facility at the National Bureau 
of S tandards ; 

between methods; 

particle size statistics. 

reference (SNR) samples into a Lotus 123 database; 

( 4 )  graphical analysis of data to examine precision and correlation 

(5) development of general analysis procedure for estimatton of 

(1) Data entry 

All U.S. data for zirconia samples have been entered in the. 
following categories: median particle size ( D S 0 )  or experimentally 
computed average particle size values; other physical properties, 
including surface area, tap density, bulk density and Fisher sub-sieve 
size; and chemical properties, including bulk chemistry, major, minor 
and trace impurities, and phase composition. Data from U . S .  
participants for SNR samples have been entered for median or computed 
average particle size values. 
received in time for this report. 

Data from European participants was not 

(2) Revision of Lotus 123 template 

A previously created Lotus 123 template was used for initial data 
entry; however, it S Q O ~  became apparent that revision of the template 
was necessary to make it more efficient, t o  change the data categories 
and to obtain more ROM-space for data. Consequently, a number of 
menues and macros were eliminated. The revised template was used for 
entry of particle size data and was adapted for other physical property 
data and for chemical property data. Data was categorized with respect 
to experimental method. Methods included in the templates for Particle 
Size, Other Physical Properties and Chemical Properties are summarized 
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in Tables 1, 2 and 3 ,  respectively. Elimination of some remaining 
"bugs11 will be carried out before the templates are distributed to the 
participants in the round-robin. 

( 3 )  Electronic transfer o f  Lotus 123 files to central. computer 

Transfer of 1 2 3  spreadsheet to the NBS central computer Eacility 
was carried out by writing a Lotus 123 spreadsheet into several ASCII 
files. This process was expedLted by division of a spreadsheet into 
several "pages," each of which i s  no more than 80 characters wide. The 
length of a page is determined by the length of the spreadsheet. 

To write a page into a ASCII file using the Lotus 123 command /PF 

is entered; the range is specified to correspond to the page o f  
interest; and the Options category is entered so that the subcategories 
"Other," "Unformatted" can be selected. The ASCII files are stared on 
5 - 1 / 4  floppy diskettes and conveniently read electronically into the 
central computer. 

( 4 )  Graphical analysis of data 

As first step in the analysis of the data various portions of the 
data was plotted using dataplotting routines resident on the central 
computer. Plots were generated to examine the scatter of the data for 
given class of measurements and to compare different methods of 
measurement. Results o f  the graphical analysis of the data were 
presented at meeting working group for IEA/Annex TI Subtask 2 ,  at 
Orlando, Florida, on November 5. 

(5) General analysis procedure for particle size statistics 

Particle s i ze  distribution data received for the ZYO samples 
indicated the particle size distribution was not simply lognormal. 
Consequently, although several methods, such as gravitational 
sedigraph, yielded analog plots of the cumulative size distribution 
from which median (D5,) values for the particle size could be instantly 
read, these values could not be taken as approximations for the 
geometric mean. Similarly, calculation of the geometric standard 
deviation using the assumption of lognormality also was no longer 
valid. Therefore, the problem of finding an integral approximations 
for these two statistics in terms o f  the cumulative distribution was 
solved. Estimates of these two statistics are obtained from empirical 
data by replacing the integrals with the appropriate summations over 
the data. 

The experimental results are typically expressed in terms of the 
cumulative size distribution which can be represented as the function 
G(z), where z is the transformed size given by the expression 

z = ln(x) 
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and x is the particle size. The domain of x is 0 to a, whereas the 
domain of z is -OD to 0 0 .  An expression for the geometric mean, xg, is 
obtained as an integral expression over G ( z )  by splitting the single 
integral over the entire range of z at z 0 ,  to yield 

co 
z o  

ln(x,) = Z, - J-,G(z)dz + J,,[l-G(z)]dz 

The parameter zo defines the scale for x, and z, = 0 tmy be 
conveniently taken so that x, = 1. 
replaced by summations with equal intervals, a z .  An expression for the 
variance, u g 2 ,  can be obcained in a similar manner, with the result 

To estimate xg the integrals are 

20 41 

ln(ag2) = 2{-~-,zG(z)dz I- ~,,[l-G(z)]dzI - [ln(~,)]~, ( 3 )  

where it is assumed that l.im,+-,z2G(z) = 0 and lim,,,z2[G(z)-1] = 0. 

Application of this method is illustrated here for the cumulative 
particle size data shown in Figure 1. The analysis of this dat:a is 
illustrated i n  Figure 2. The analysis consists of the following steps: 

Generate a column of log(x) values. This can be done 
convenient using the Lotus 123 command, /DF. An interval of 
0.05 was used here. 
Calculate a column of x values, corresponding to the Equivalent 
Spherical Diameter on the data graph in Figure 1, The x values 
can calculated with Lotus 123 by using the function @EXP(log(x) 
cellW.3026) to calculate x from each log(x) c e l l .  
Read off the Cumulative Mass Percent (CMP) from the 
experimental graph for each x value. 
If the cuniulative distribution does not extend to 0, an 
extrapolation i s  required. This is illustrated in the lower 
portion of Figure 2, where the CMP values were obtained by a 
linear extrapolation with respect to log(x). 
Evaluate the quantities 

(1-C)az , o.oo<log(x)<log(~,,) 
caz , log(~*,)<log(x)<o.oo 
z(l-@)az , o.oo<log(x)<log(~,,) 
zcaz , log(~,,)<log(x)<o.oo 

where c=CMP/100, z=log(x)*2.3026 and az=0.05*2.3026. 
Sum each of the quantities over the appropriate range of 

The geometric mean is estimated by 
log(x) * 

and the standard deviation by 

ln(sg2) = 2&3(1-c)dz - 2Czcaz - [ln(xg)12 . 
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The results are summarized in Table 4 .  
deviation are compared respectively with the median, D,, and the ratio 
D,,/D,, . The ratio D,,/D,, is equal to the geometric standard 
deviation if the condition of lognormality applies. For the powder 
considered here, which has two significant, well-resolved modes, the 
median and the geometric mean do not differ by a large amount, but the 
presence of the significant second mode at the coarse particle sizes 
invalidates the use of the ratio to estimate. the geometric standard 
deviation. 

The geometric mean and standard 

Status of Milestones 

Milestones were discussed with the project monitor and new 
milestones were drafted. Both silicon nitride powders have been 
packaged and distributed to the participants in the round-robin. 
Preparation of samples of the remaining two powders is proceeding on 
schedule. 

Pub 1 icat ions 

A manuscript entitled "Powder Characterization Methods--Future 
Needs," coauthored by A .  L. Dragoo and S. M. Hsu, was submitted in 
conjunction with an invited lecture which was given at the ICAMT 
Workshop 11, in Nagoya, Japan on March 10. 
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TABU 1 

METHOD CODE AND WEIGHTING FACTORS 

CODE METHOD 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
1 4 
15 
16 

Sieving 
Air Classification - Counters 
Air Classification - Mass Detectors 
Chromatographic - Hydrodynamic 
Chromatographic - Field Flow 
Sensing Zone - Light Blockage 
Sensing Zone - Electrical 
Microscopy/Image Analysis 
Sedimentation - Gravity 
Sedimentation - Centrifugal 
Sedimentation - Ultracentrifugal 
Light Scattering - Angular 
Light scattering - Diffraction 
Light Scattering - Turbidity 
Light Scattering -,Quasi-Elastic 
Surface Methods 
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TABLE 2 

METHODS AND CODES FOR PHYSICAL PROPERTY DATA 

CODE METHOD 

1 Single Point Surface Area 
2 3-Point Surface Area 
3 Tap Density 
4 He gas pycnometer 
5 Liquid pycnometer, water 
6 Liquid pycnometer, hydrocar 
7 XRD, crystal parameter 
8 Fisher Sub-Sieve Size 
9 Optical Microscopy 
10 SEM 
11 TEM 
12 X-ray Line Broadening 
13 Density, Hg Intrusion 
14 Porosity, Hg Intrusion 
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TABLE 3 

METHODS AND CODES FOR CHEMICAL DATA 

CODE METHOD 

1 Atomic absorption/ernission (AA/AE), flame 
2 Inductively Coupled Plasma (ICP) 
3 Ion Chromatography 
4 Specific Ion Electrode 
5 Mass Spectro 
6 Liquid pycnometer, hydrocar 
7 XRD, crystal parameter 
8 Fisher Sub-sieve Size 
9 Optical Microscopy 

- 

10 S EM 
11 TEM 
12 X-ray Line Broadening 
13 Density, Ng Intrusion 
14 Porosity, Hg Intrusion 
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Table 4. Particle size distribution for zirconia test powder; units 
are in pm. 

0.311 0.205 2.469 9.02 
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E 
b 
U 

Figure 1. Cumulative particle size distribution (in Mass Percent 
Equivalent Spherical Diameter (pm) for a zirconia test 
powder. 

vs . 



424 

c ( z )  = C(2)/100 
SIZE LOG SIZE 
14.13 
12.59 
11.22 
10.00 
8.91 
7.94 
7.08 
6.31 
5.62 
5.01 
4.47 

1.78 
1.58 
1.41 
1.26 
1.12 
1.00 
0.89 
0.79 
0.71 
0.63 
0.56 

0.13 
0.11 
0.10 
0.09 
0.08 
0.07 
0.06 
0.06 
0.05 
0.04 

1.15 
1.10 
1.05 
1.00 
0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 

0.25 
0.20 
0.15 
0.10 
0.05 
-0.00 
-0.05 
-0.10 
-0.15 
-0.20 
-0.25 

-0.90 
-0.95 
-1 .oo 
-1.05 
-1.10 
-1.15 
-1.20 
-1.25 
-1.30 
-1.35 

CMP 
99.80 
99.00 
100.00 
99.20 
99.00 
99.00 
99.00 
99.00 
98.80 
97.40 
96.00 

(1 - c )  az 
0.00069 
0.00058 
0.00046 
0 .  00104 
0.00115 
0.00115 
0.001 15 
0.00127 
0.00219 
0.0038O 
0.00507 

83.80 0.01992 
81.60 0.02210 
80.00 0.02360 
79.00 0.02498 
77.60 0.02625 
76.80 0.02763 
75-20 
74.00 
73.20 
72.40 
71.80 

32.40 EXTIUP. 
28.00 EXTRAP. 
23.70 EXTRAP. 
19.40 EXTKAP. 
15 -00 EXTRAP. 
10.74 EXTRAP. 
6.40 EXTRAP. 
2.00 EXTRAP. 
0.00 EXTRAP. 
0.00 EXTRAP. 

SUMS-M1 0.25398 
LN(XG) - 1.16758 
XG 0.31112 

SUMS -M2 
LN(SGA2) 1.80765 
SGA2 6.09612 
SG 2.46903 

C z(i-c)az ~ C i l z :  

0.00183 
.0.00146 
0.00111 
0.00239 
0.00252 
0.00239 
0.00225 
0.00233 
0.00378 
0.00612 
0.00758 

0.01147 
0.01018 
0.00815 
0.00575 
0.00302 

0.08750 -0.00000 -0.00000 
0.08589 -0.00989 
0 08474 -0.01951 
0.08381 -0.02895 
0.08301 -0.03823 
0.08220 -0.04732 

0.03477 
0,02976 
0.02481 
0.01980 
0.01482 
0.00987 
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Figure 2. Analysis of particle size distribution from Figure 1 to 
estimate geometric mean, xg, and standard deviation, s e ;  
dimensions in ,urn. 
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