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Res ume 

Une n o u v e l l e  procedure  hyb r i de ,  2 l a  f o i s  exper imenta le  e t  numerique a  6 t e  u t i -  
l i s e e  pour c a r a c t e r i s e r  l a  r u p t u r e  dynamique de mater iaux  composi tes p a r t i c u l e s  
de TiBz m a t r i c e  S i c  e t  S iCw/mat r ice  A1201 1 l a , t empera tu re  ambiante e t  ii 1200°C. 
La va leu r  de l a  t e n a c i t 6  cor respondant  a  ' i n i t i a t i o n  de l a  f i s s u r e ,  dans des 
cond i t i ons  de chargement dynamique obtenue e s t  supe r i eu re  1 l a  t e n a c i t e  s t a t i q u e  
K l c  e t  d e c r o i t  1 1200°C. Les reponses 2 l a  r u p t u r e  dynamique des deux composi tes 
2 m a t r i c e  ceramique o n t  @ t P  c a r a c t e r i s e e s  par  l e  f a c t e u r  d ' i n t e n s i t e  de c o n t r a i n -  
t e  dynamique ( S I F )  en f u n c t i o n  des r e l a t i o n s  de v i t e s s e  de f i s s u r e .  
Des p e t i t e s  d i f f e r e n c e s  e n t r e  l e s  reponses a l a  r u p t u r e  dynamique 2 l a  temperatu- 
r e  ambiante e t  1200°C o n t  6 t e  observees. 

Abst rac t  - A new h y b r i d  exper imenta l -numer ica l  procedure was used t o  
cha rac te r i ze  t h e  dynamic f r a c t u r e  o f  T i 0  - p a r t i c u l a t & l S i C - m a t r i x  and 
S ic  /A1 0,-matrix composi tes a t  room temperatu?e and 1200 C .  The dynamic 
f r a r t u r a  i n i t i a t i o n  toughness, K . was found t o  be g r e a t e r  bhan t h e  

#cor respond ing s t a t i c  f r a c t u r e  tousAbess, K and decreased a t  1200 C. The 
dynamic f r a c t u r e  responses o f  t h e  t ~ o ~ ~ c ' e r a m i c  m a t r i x  composi tes were 
cha rac te r i zed  by t h e  dynamic s t r e s s  i n t e n s i t y  f a c t o r  (SIF)  versus c rack  
v e l o c i t y  r e l a t i o n s .  Small d i f f e r e n c e s  between t h e  dynamic f r a c t u r e  responses 
a t  room temperature  and a t  1 2 0 0 ~ ~  was observed. 

1 - INTRODUCTION 

I n  many o f  i t s  contempla ted a p p l i c a t i o n s ,  a  s t r u c t u r a l  component c o n s i s t i n g  o f  
ceramic m a t r i x  compos i te  i s  o f t e n  sub jec ted  t o  dynamic l o a d i n g  which c o u l d  i n i t i a t e  
rapid c rack  p ropaga t i on  i n  t h e  i n h e r e n t l y  b r i t t l e  ceramic m a t r i x .  For such a 
s t ruc tu ra l  component t o  be f a i l  s a f e ,  t h e  p ropaga t i ng  c rack  must be a r r e s t e d  s h o r t  
of a  c a t a s t r o p h i c  f a i l u r e .  T h i s  c rack  a r r e s t  c a p a b i l i t y  i s  o f t e n  des igned i n t o  
Components f o r  aerospace s t r u c t u r e s  and nuc lea r  power p l a n t s  b u t  so f a r  no such 
Considerat ion i s  g i v e n  t o  ceramic and ceramic composites under an o p e r a t i n g  
environment. 

AS mentioned above, o n l y  l i m i t e d  r e s u l t s  11-41 on t h e  room temperature  dynamic 
f racture r e s i s t a n c e  of  g l a s s ,  reac t ion-bonded s i  1 i c o n  n i t r i d e  and a lumina have been 
reported t o  da te .  These r e s u l t s  showed t h a t  u n l i k e  polymers and me ta l s ,  t h e  
rap id ly  runn ing  c rack  d i d  n o t  a r r e s t  when t h e  d r i v i n g  f o r ces ,  which i n  these 
studies were equated t o  t h e  dynamic s t r e s s  i n t e n s i t y  f a c t o r  ( S I F ) ,  f e l l  below a  
threshold va lue ,  i . e . ,  t h e  dynamic a r r e s t  s t r e s s  i n t e n s i t y  f a c t o r  151. More 
recent ly,  t h e  au tho rs  have conducted some p r e l i m i n a r y  i n v e s t i g a t i o n  on t h e  dynamic 
f racture response o f  a lumina a t  1 0 0 0 ~ ~  161. Conspicuously absent i n  t h i s  s tudy  was 
the dynamic c rack  a r r e s t  phenomenon a t  e l eva ted  temperature .  However, no  da ta  
descr ib ing t h e  h i g h  temperature  dynamic f r a c t u r e  response o f  ceramic m a t r i x  
composite (CMC) m a t e r i a l s  has been pub l i shed  t o  da te .  
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Recent expe r imen ta l  i n v e s t i g a t i o n  on t h e  q u a s i s t a t i c  f r a c t u r e  process 171 of 
S iCWIA l  03-mat r ix  composi te u s i n g  chevron-notched, t h r e e - p o i n t  bend specimens 
showed % sequence o f  r u n - a r r e s t  phenomena as shown i n  F i g u r e  1. These r e s u l t s  
suggest  t h a t  s i m i l a r  r u n - a r r e s t  phenomena may be d u p l i c a t e d  under dynamic 
c o n d i t i o n s  t h u s  p r o v i d i n g  p o s s i b l e  dynamic a r r e s t  s t r e s s  i n t e n s i t y  f a c t o r  'which 
were n o t  observed i n  p rev ious  exper imenta l  ana lyses 11-41. 

The purpose o f  t h i s  paper i s  t o  r e p o r t  on t h e  dynami6 f r a c t u r e  response o f  two 
ceramic  compos i te  m a t e r i a l s  a t  room temperature  and 1200 C .  

2 - EXPERIMENTAL AND NUMERICAL PROCEDURES 

Dynamic f r a c t u r e  t e s t i n g  o f  s t r u c t u r a l  ceramics under t h e  pe rce i ved  opera t ing  
c o n d i t i o n s  p resen ts  numerous exper imenta l  d i f f i c u l t i e s  i n  m o n i t o r i n g  s imu l  taneously 
t h e  t ime -va ry ing  a p p l i e d  load,  which i s  impar ted t o  t h e  heated specimen, and the 
l o c a t i o n  o f  t h e  p ropaga t i ng  c rack  t i p .  The au tho rs  have c i rcumvented the 
d i f f i c u l t y  o f  measur ing t h e  a c t u a l  l o a d  by u s i n g  a  h y b r i d  exper imenta l -numer ica l  
p rocedure  where t h e  l o a d  t r a i n  was i n c o r p o r a t e d  i n t o  t h e  dynamic f i n i t e  element 
model o f  t h e  f r a c t u r e  specimen. The a p p l i e d  l oad ,  which i s  measured o u t s i d e  o f  the 
f u rnace ,  i s  t hen  i n p u t  t o  t h e  f i n i t e  element model. The i ns tan taneous  l o c a t i o n  of 
t h e  p ropaga t i ng  c rack  t i p ,  which i s  necessary t o  d r i v e  t h e  f i n i t e  element model jn 
i t s  g e n e r a t i o n  mode 181, i s  i n f e r r e d  f rom t h e  t i m e  v a r i a t i o n  o f  a  c rack  opening 
d isp lacement  (COD) which i s  measured by a  non -con tac t i ng  l a s e r  i n t e r f e r o m e t r i c  
d isp lacement  gage (LIDG) 191. Three s t r a i g h t - n o t c h e d ,  t h r e e - p o i n t  bend specimens 
were t e s t e d  a t  room temperature  and 1 2 0 0 ~ ~ .  T y p i c a l  specimen dimensions were 76.2 
x  9 . 1  x  6 . 4  mm f o r  T i 0  - p a r t i c u l a t e / S i C - m a t r i x  composi te,  and 76.2  x  6 .4  x  6 .4  mm 
f o r  S i c  I A l  0  - m a t r i x  c%mposite. The i n i t i a l  no t ch  depth  r a t i o  were 0 . 5  f o r  both 
specime#s. ?he notches were machined w i t h  a  diamond-t ipped saw b l a d e  which 
produced a  n o t c h  w i d t h  o f  0.25 mm. 

The l o a d i n g  system c o n s i s t e d  o f  a  drop weight  tower ,  which i s  ~ o u n t e d  i n t e g r a l l y  
w i t h  t h e  fu rnace,  w i t h  a  maximum o p e r a t i n g  temperature  o f  1500 C. The two por t  
h o l e s  and one door ,  which a r e  s h i e l d e d  w i t h  fused s i l i c a t e  g l a s s  panes t o  prevent 
t h e  u n d e s i r a b l e  convec t i on  o f  a i r  c u r r e n t  i n  t h e  fu rnace chamber, p r o v i d e d  the 
passage o f  t h e  LIDG l a s e r  beam. The impact  l o a d  was mon i to red  by a  l o a d  transducer 
a t  t h e  t o p  end o f  t h e  push r o d  and o u t s i d e  o f  t h e  f u rnace .  The bo t tom load 
t ransduce r ,  which was p laced  between t h e  bot tom end o f  t h e  push r o d  and the 
f r a c t u r e  specimen, was used t o  v a l i d a t e  t h e  h y b r i d  exper imenta l -numer ica l  procedure 
a t  room temperature .  The two l o a d  t ransduce r  o u t p u t s  were recorded on a  t r a n s i e n t  
wave form reco rde r .  

The o p t i c a l  p r i n c i p l e  o f  t h e  LIDG i s  t h a t  i n t e r f e r e n c e  f r i n g e s  a r e  genera ted by the 
r e f l e c t i o n  o f  an i n c i d e n t  l a s e r  beam from two smal l  r e f 1  e c t i n g  microhardness 
i n d e n t a t i o n s  191. Since t h e  CMC m a t e r i a l s  used i n  t h i s  s tudy  l acked  s u f f i c i e n t  
r e f l e c t i v i t y  t o  produce t h e  o p t i c a l  i n t e r f e r e n c e  f r i n g e s ,  h i g h l y  r e f l e c t i v e  
p l a t i n u m  t a b ,  t y p i c a l l y  3 . 0  x  2 . 0  x  0 . 1  mm, were bonded near  t h e  c r a c k  t i p  o f  a 
specimen s u r f a c e  w i t h  Aremco Ceramabond adhes ive .  Two i n d e n t a t i o n s  were located 
0 .4  mm a p a r t  a l ong  t h e  machined crack  and 0 .5  mm beh ind t h e  c rack  t i p .  The 
r e l a t i v e  d isp lacement  o f  t h e  two i n d e n t a t i o n s ,  which i s  t h e  COD, was measured by 
t h e  i n t e r f e r e n c e  f r i n g e  p a t t e r n  mot ion  which was moni tored by a  p h o t o m u l t i p l i e r  
t ube  (PMT) and recorded on a  t r a n s i e n t  wave form reco rde r .  The mo t i on  o f  each 
whole-order f r i n g e  i s  equal  t o  0 . 9 1 u m  o f  t h e  COD. 

Three specimens o f  each o f  t h e  ceramic m a t r i x  composi tes were a l s o  instrumented 
w i t h  KRAK gages t o  determine t h e  c rack  ex tens ion  h i s t o r y  d u r i n g  r a p i d  f r a c t u r e  at  
room temperature .  T h i s  da ta  was used t o  c o n s t r u c t  a  master cu rve ,  wh ich  re la ted  
t h e  measured COD and t h e  measured ins tantaneous c rack  t i p  1  o c a t i o n  d u r i n g  rapid 
c r a c k  p rogaga t i on ,  as shown by t h e  s o l i d  curves i n  F igu res  2  and 3 .  These master 
( s o l i d )  cu rves  can be used t o  l o c a t e  t h e  ins tantaneous crack  l e n g t h  f r om t h e  COD 
d a t a  a t  e l e v a t e d  temperatures  p r o v i d e d  a  p r o p o r t i o n a l  ad jus tment  i s  made to  
accommodate f o r  t h e  changes i n  e l a s t i c  modul i  a t  e l e v a t e d  temperature .  Such 
es t ima ted  master cu rve  f o r  1 2 0 0 ~ ~  a r e  shown by t h e  broken l i n e  i n  F i g u r e s  2 and 3 .  



An i m p l i c i t  dynamic f i n i t e  element code was executed i n  i t s  gene ra t i on  mode /a /  t o  
compute t h e  dynamic f r a c t u r e  i n i t i a t i o n  and p ropaga t i on  f r a c t u r e  toughnesses. The 
input data  t o  t h i s  f i n i t e  element model cons i s ted  o f  t h e  c rack  ex tens ion  h i s t o r y ,  

was determined by t h e  COD d a t a  w i t h  t h e  master curve,  and the  measured impact  
load. The dynamic f r a c t u r e  i n i t i a t i o n  toughness, K was computed by u s i n g  a 
ca l i b ra ted  COD procedure .  The dynamic SIF duringlFtepid c rack  p ropaga t i on  was 
determined f rom t h e  n u m e r i c a l l y  computed dynamic energy re lease  r a t e  u s i n g  Freund 's  
r e l a t i o n l l 0 l .  

3 - DYNAMIC FRACTURE INITIATION 

Typical room temperature  LIOG d a t a  f o r  T iB - p a r t i c u l a t e l S i C - m a t r i x  composi te i s  
shown i n  F igu re  4 .  The onset  of  dynamic f r a z t u r e  i n i t i a t i o n  was e a s i l y  recogn ized 
from the sudden change of  t h e  f r i n g e  mot ion  from which the  c r i t i c a l  COD was 
computed. A s imp le  average o f  t h e  displacement o f  t h e  two f r i n g e  p a t t e r n s  
e f f ec t i ve l y  removed any r i g i d  body mot ion  o f  the  specimen. The near f i e l d  c rack  
opening d isp lacement  r e l a t i o n  was used t o  c a l c u l a t e  t h e  dynamic s t r e s s  i n t e n s i t y  
factor a t  t g e  onset  o f  c rack  p ropaga t i on .  K a t  room temperature was 8 .3  MPa fi. 

a 1200 C was 7 .6  MPa fi. The c r a c k I d t i p  l o a d i n g  r a t e  was on t h e  o r d e r  
MPa f i l s e c  wh ich  i s  comparable w i t h  those o the r  impact t e s t s .  The same 

procedure was used t o  o b t a i n  KId da ta  which were 7 . 9  MPa Sin a t  room temperature  and 
6.3 MPa fi a t  1 2 0 0 ~ ~ .  

The q u a s i - s t a t i c  f r a c t u r e  t e s t i n g  of  s i m i l a r  ceramic composi tes was conducted t o  
invest iga te  t h e  temperature  dependency o f  s t a t i c  f r a c t u r e  toughness, K 111-121. 
Test r e s u l t s  showed t h a t  K d a t a  o f  T iB - p a r t i c u l a t e / S i C - m a t r i x  com$Ssite were 
4.63 MPa fi a t  b o t h  room tehbe ra tu re  and l?OoOc 1111. K r e s u l t s  o f  S i c  /A1 0 - 
matr'x composi te were 6 .22 MPa fi a t  room temperat%?e and 5 .03 M P ~  d i t  a 1200 C 1121. 

Comparison o f  t e s t  r e s u l t s  i n d i c a t e d  t h a t  K i s  h ighe r  than K a t  b o t h  
temperatures. S i m i l a r  f r a c t u r e  response was &!so repo r ted  by dynanhE f r a c t u r e  
I n i t i a t i o n  t e s t i n g  o f  a  p o l y c r y s t a l l i n e  alumina m a t e r i a l  1131. 

4  - DYNAMIC FRACTURE PROPAGATION AN0 ARREST 

The h y b r i d  procedure was used t o  determine the  dynamic SIF o f  t he  CMC m a t e r i a l s  
during r a p i d  f r a c t u r e .  F i g u r e  5  shows t h e  measured crack  ex tens ion  h i s t o r i e s  o f  
TiB - p a r t i c u l a t e / S i C - m a t r i x  composi te a t  bo th  temperatures.  The c rack  e x t e n s i o n  
his?ory and t h e  measured t o p  impact  l oad  were used t o  run  the  dynamic f i n i t e  
element code i n  i t s  gene ra t i on  mode. The r e s u l t a n t  c rack  v e l o c i t y  versus dynamic 
SIF r e l a t i o n  was i l l u s t r a t e d  i n  F igu re  6  where smal l  d i f f e r e n c e s  a re  no ted  between 
the data f o r  room temperature  and 1 2 0 0 ~ ~ .  The impacted t h r e e  p o i n t  bend specimen 
used i n  t h i s  s tudy d i d  n o t  genera te  t h e  lower dynamic SIF where c rack  a r r e s t  may 
have occur red.  Thus f u r t h e r  s t u d i e s  u s i n g  d i f f e r e n t  f r a c t u r e  specimens a r e  
necessary i n  o rde r  t o  r e s o l v e  t h e  con t rove rsy  i n v o l v i n g  ex i s tence  o r  l a c k  o f  
existence o f  a  dynamic a r r e s t  s t r e s s  i n t e n s i t y  f a c t o r  i n  ceramic composi te 
mater ia ls.  

The same procedure  was used t o  determine the  dynamic SIF of  SiCWIA1 03 -ma t r i x  
composite specimens. F i g u r e  7 shows the  r e s u l t a n t  c rack  v e l o c i t y  vers3s dynamic 
SIF r e l a t i o n  where a  a i n  smal l  d i f f e r e n c e s  a re  noted between t h e  da ta  f o r  room 8 temperature and 12CO C .  Whi le t h e  t r e n d  o f  a  decreas ing crack  v e l o c i t y  w i t h  
decreasing dynamic SIF i s  observed, t h e  a v a i l a b l e  da ta  does n o t  i n d i c a t e  t h e  
existence or  l a c k  o f  ex i s tence  o f  a  dynamic c rack  a r r e s t  s t r e s s  i n t e n s i t y  f a c t o r .  

5 - CONCLUSIONS 

A hyb r i d  exper imenta l -numer ica l  procedure was used t o  determine t h e  dynamic 
f racture i n i t i a t i o n  toughness and dynamic SIF o f  T i  B  - p a r t i c u l a t e / S i C - m a t r i x  and 
SiCy~A1203-matr ix composi tes a t  room temperature and &OOOC. The dynamic f r a c t u r e  
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i n i t i a t i o n  toughness, K values a t  room temperature and 1 2 0 0 ~ ~  were greater  than 
t h e  corresponding sta$qk f r a c t u r e  toughness. Small d i f fe rences  i n  the  crack 
v e l o c i t y  versus dynamic S IF  r e l a t i o n s  f o r  both CMC mate r ia l s  were observed. 

4 6 8 10 12 

DISPLACEMENT (micron) 

FIGURE 1 Load versus load line displacement. ~ i ~ ~ / A l ~ O ~ - m a t r i x  
chevron notched three point bend specimen. 
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FIGURE 2 Crack extension versus COD master curves at room and 
1 2 0 0 ~ ~  temperatures. TiB2-part iculate/SiC-matrix composite. 
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FIGURE 3 Crack extension versus COD masster curves at room and 
1 2 0 0 ~ ~  temperatures. SiCW/A1203-matrix composite. 
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FIGURE 4 LIDG data for both PMTs and crack extension data. 
TiB particulate/SiC-matrix composite. 2 - 
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FIGURE 5 Crack extension versus time relation at room and 1 2 0 0 ~ ~  
temperatures. TiB -particulate/SiC-matrix composite. 2 
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