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IMPROVEMENTS IN THE FABRICATION OF CERAMIC-FIBEK-CEKAMIC-MATRIX 
COMPOS I TE S BY CHEMICAL VAPOR INFILTEUT ION * 

A. J. Caputo, R. A. Lowden, and L). I?. Stinton 

ABSTRACT 

Development of a new, faster process for the fabrication of 
ceramic-fiber-reinforced-cerarnic-matrix composites by chemical 
vapor infiltration has continued. Composites of Sic fibers 
infiltrated with a matrix of either Sic or S i g N , ,  have been pro- 
duced. Process and equipment improvements led t o  tbe fabrica- 
tion of preforms with a higher fiber content, and infiltration 
improvements reduced infiltration times and increased infiltrated 
densities. These improvements have produced composites with 
higher flexural strengths (up to 475 MPa) and high strain values 
(up to 1%). The high strength and high strain values along with 
the gradual loss of strength ( In  contrast to the sudden loss  
typical of ceramics) were major goals of this work. 

INTRODUCTION 

Ceramic-fibereramic-matrix composites are receiving significant 

attention because of their potential for improved toughness and strength 

while retaining the normal ceramic attributes of refractoriness and 

resistance to abrasion and corrosion. In recent years, high toughness 

and strength values have been reported for various fiber-reinforced 

ceramic composite systems. 1-4 However, conventional ceramic fabrication 

processes can thermally, mechanically, or chemically damage the Fibers 

during green-state formation and sinterlng o f  the composite. For example, 

the fibers may be broken during pressing, or they may react chemically 

with the matrix or otherwisp be changed during high-temperature pro- 

cessing. The objective oE this w o r k  was t o  synthesize composites by 

fabricating ceramic-fiber preforms and then forming the ceramic matrix by 

infiltration with a prnctlcal, low-stress, low-temperature, chemical vapor 

deposition (CVD) process. 

Research sponsored by the U.S. Department of Energy, ARGrTD Fossil * 
Energy Materials Program [DOE/FE AA 15 10 10 0, Work Breakdown Structure 
Element ORNL-5.11(8)] under contract DE-AC05-840R2L400 with Martin 
Marietta Energy Systems, Tnc. 
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Other  workers have u t i l i z e d  Csm t o  form t h e  matrix of f i b e r - r e i n f o r c e d  

ceramic composites.  '-14 

carbon ma t r ix ,  but l a t e r  work included l I E a t K i C e S  of S i c ,  Si3N,,, BN, and T i B 2 .  

Such composites have e x c e l l e n t  mechanical p r o p e r t i e s ,  but, w i thou t  excep- 

t i o n ,  p rocess ing  Limes requ i r ed  fo r  CVD i n f i l t r a t i o n  have been extremely 

long (several weeks). Thermodynamic and k i n e t i c  c o n s i d e r a t i o n s  t h a t  

a d d r e s s  t h e s e  long i n f i l t r a t i o n  t imes have been r e p o r t e d  p rev ious ly .  15-19 

Our goa l  was t o  reduce p rocess ing  t i m e s  t o  a matter of hours  so t h a t  corn- 

p o s i t e  c o s t s  could he reduced s u f  f i c l e n t l y  t o  make t h e s e  materials ecoaomi- 

c a l l y  pract ical  f o r  eng inee r ing  a p p l i c a t i o n s .  

The ear l ics t  work employed carbon f i b e r s  and a 

EXPERIMENTAL PROCEDURE 

EQUCFMENT DEVELOPMENT 

The CYD i n f i l t r a t i o n  method used i n  t h i s  work i s  a new approach @om- 
* b i n i n g  I:hermal-gradi.ernt and p re s su re -g rad ien t  processes .  I n i t i a l  vork 

with t h e  p rocess  w a s  r e p o r t e d  p rev ious ly ,  20-24 and cont inued development 

of  ihe p rocess  i.s d i scussed  i n  t h i s  r e p o r t .  A schematic  of the c r i t i c a l  

p o r t i o n  o f  t h e  equipment, t h e  gas  i n j e c t o r  and preform h o l d e r ,  is shown i n  

F i g .  1. I n i t i a l l y ,  t h e  f i b r o u s  preform w a s  p o s i t i o n e d  i.11 t h e  c a v i t y  

within t h e  water-cooled meta l  ho lde r .  The metal holder  cooled t h e  bottom 

and s i d e  s u r f a c e s  of t h e  preform t o  prevent  depos i . t ton  o f  mat r ix  material 

a t  those l o c a t i o n s .  The top  of t h e  preform was hea ted  by t h e  furnace.  

T h i s  approach provided s u b s t a n t i a l  c o o l i n g  but  produced a r e l a t i v e l y  small 

specimen: 25 m (1 i n . )  i n  diara by 6 m (0.25 In.)  t h i c k .  

A f t e r  t he  i n i t i a l  s t u d i e s ,  i t  was appa ren t  t h a t  t h e  process  would 

o p e r a t e  p rope r ly  wi th  cons ide rab ly  less  cool ing.  The re fo re ,  a g r a p h i t e  

h o l d e r  w a s  placed on top  of t h e  water-cooled inetal ho lde r  as shown I n  

F i g .  1. The g r a p h i t e  h o l d e r  w a s  cooled s u f f i c i e n t l y  by c o n t a c t i n g  t h e  

water-cooled m e t a l  ho lde r  t o  prevent  d e p o s i t i o n  on the bottom and s i d e  

s u r f a c e s  of t he  preform. Cooling t h e  g r a p h i t e  h o l d e r  only from t h e  bottom 

provided s u f f i c i e n t  space t o  i n c r e a s e  t h e  preform s i z e  t o  58 m (2  i n . )  

f P a t e n t  pending. 
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Fig.  1. Water-cooled gas injector and preform holder  is t h e  key 
equipment i t e m  f o r  a modif ied chemical  vapor d e p o s t t i o n  system f o r  
i n f i l t r a t i o n  of f i b e r - r e i n f o r c e d  ceramic composttes. 

i n  diam by 1 2  mm (0.5 in . )  thick. Reac tan t  gases  pass through the water- 

cooled gas i n j e c t o r  and t-krough the c o o l e r  r eg ions  of t h e  preform but  

d e p o s i t  as dense m a t r i x  material w i t h i n  the h o t t e r  r eg ions  near  t h e  t o p  

of t h e  preform. I n i t i a l l y ,  t h e  gases are able t o  flow both a x i a l l y  and 

r a d i a l l y  through t h e  preform. However, when t h e  t o p  s u r f a c e  becomes 
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coa ted ,  t he  gases  must f low r a d i a l l y  through the  preform t o  t h e  annul-ar 

vo id  around the preform and escape thrcxigh t h e  h o l e s  i n  t h e  re t i i i i l ing  

r i n g .  As a r e s u l t ,  the  f i b e r s  i n  the preform are coated uniformly,  t h u s  

forming t h e  m a t r i x  phase of t h e  composite. A s  t h e  matr ix  is depos i t ed ,  

t h e  thermal c o n d u c t i v i t y  of t h e  i n f  il.traized p o r t i o n s  o f  t h e  preform 

i n c r e a s e s  and t h e  d e p o s i t i o n  zone progrcssi-vely moves from t h e  t o p  of t h e  

preform toward t h e  bottom and t h e  circumference.  

F l e x i b i l i t y  of t h i s  new p rocess  w a s  demonstrated by t h e  i n f i l t r a t i o n  

of t u b u l a r  preforms t o  a d e n s i t y  of about  852. T h i s  i s  an i u p o r t a n t  

advance because t h e  a b i l i t y  t o  f a b r i c a t e  tubes  o r  hollow c y l i n d e r s  

demonstrates  t h e  p o t e n t i a l  f o r  t h e  p rocess  t o  be used f o r  f a b r i c a t i o n  of 

Loughened high-s t r e n g t h  h e a t  exchanger tubes  and h e a t  engine c y l i n d e r  

I.i.ners or  va lve  guides .  

Another advantage of t h e  new process  was appa ren t  when a change i n  

t h e  gas f l o w  sequence r e s u l t e d  i n  f a s t e r  d e p o s i t i o n  rates and s h o r t e r  

i n f i l t r a t i o n  times. F i r s t  the preform was loaded i n t o  t h e  f u r n a c e  wifh a 

r e t a i n i n g  r i n g  t h a t  had no vent  holes.  T h i s  forced ~ 1 %  t h e  gases  t o  flow 
through t h e  preform and t h e r e f o r e  inc reased  the  deposizlion razee. A f t e r  

s e v e r a l  hours  of d e p o s i t i o n ,  gases  could no longer  p a s s  through t h e  t o p  

s u r f a c e  and back p r e s s u r e  inc reased  w i t h i n  the furnace.  The rim vas 

s topped ,  and t h e  r e t a i n i n g  r i n g  without: h o l e s  was removed and r ep laced  

with a r i n g  c o n t a i n i n g  ho le s .  The d e p o s i t i o n  was r e s t a r t e d  wi th  the gases  

f lowing i n t o  and r a d i a l l y  through t h e  preform and e x i t i n g  through t h e  

h o l e s  i n  t h e  r e t a i n i n g  r ing.  Depos i t i on  cont inued unt1.1. t h e  bulk of t h e  

p o r o s i t y  w a s  i n f i l t r a t e d  as i n d i c a t e d  by an i n c r e a s e  i n  back p res su re .  

P RE FORM FAB RT CAT1 ON 

S l u r r y  molding (alsca c a l l e d  vacuum forming) w a s  m e d  t o  f a b r i c a t e  some 

o f  t h e  f i b r o u s  preform d i s k s  (50 m i.n diaa by 1 2  m thi.ck) i n f i l t r a t e d  i n  

t h i s  research.  

work w a s  performed wi th  S1LMI.t o r  Tokamax* S i c  f i b e r s .  

Most of OUT work used NICALON" S I C  f i b e r s ,  a l t hough  some 

I n  t h e  s l u r r y  

* Nippon Carbon Company, Tokyo, Japan. 

t A r c o  Chemical, Greer, S.C. 

+okai Carbon Company, Tokyo, Japan. 
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molding process ,  chopped f i b e r s  are f i r s t  suspended i n  a l i q u i d  con ta in ing  

po lyca rbos i l ane  h inder .  The s l u r r y  is then  vacuum f i l t e r e d  t o  form a 

d i s k .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  procedure used for p r e p a r a t i o n  

o f  preforms w a s  r epor t ed  p rev ious ly  20-23 

Higher d e n s i t y  preforms were f a b r i c a t e d  by s t a c k i n g  l a y e r s  of NICALON 

Sic c l o t h  (or thogonal  weave, two dimensional)  o r  by us ing  a l i g n e d  f i b e r  

a r r a y s  ( u n i d i r e c t i o n a l  r e i n f o r c i n g )  c u t  from a spoo l  of cont inuous NICALON 

f i b e r s .  

Two types  of SiG c l o t h ,  p l a i n  and s a t i n  weave, were used t o  form t h e  

c l o t h - r e i n f o r c e d  p a r t s .  The c l o t h s  have t h e  same b a s i c  p r o p e r t i e s ,  

vary ing  only  i n  the weave c h a r a c t e r i s t i c s  as shown i n  F ig .  2. The c l o t h  

w a s  c u t  i n t o  45-m-diam p i e c e s ,  and a 12-mm-thick d i s k  was formed by 

s t a c k i n g  l a y e r s  of c l o t h  i n  a g r a p h i t e  ho lder .  The c l o t h  layers were 

s t a c k e d  with e i t h e r  a 0-30-60-90" o r  0-90" o r i e n t a t i o n  between l a y e r s .  

To form t h e  u n i d i r e c t i o n a l l y  r e i n f o r c e d  parts,  cont inuous f i b e r s  were 
wound around p i n s  spaced about 30 cm a p a r t .  

from the  r e s u l t i n g  t a p e  (-25 m wide),  and t h e  part w a s  formed by s t a c k i n g  

layers  oE u n i d i r e c t i o n a l  l e n g t h s  i n  a g r a p h i t e  ho lde r ,  A g r a p h i t e  l i d  

wi th  m u l t i p l e  h o l e s  t o  p e r m i t  passage of the  GVD gas was used t o  compress 

t h e  l a y e r s  and hold them i n  p lace .  The e n t i r e  g r a p h i t e  ho lde r  was u l t r a -  

s o n i c a l l y  c leaned wi th  ace tone  be fo re  CVD i n f i l t r a t l o n .  

P i eces  25 mm long w e r e  c u i  

Y-201682 

Fig .  2. NICALON SIC c l o t h .  (a) P l a i n  weave. (6) S a t i n  weave. 



CVD INPILTUTTON 

Mosr of t h i s  work i n v e s t i g a t e d  t h e  i n f i l t r a t i o n  of S i c  f t b e r a  wi:h 

CVD S i c ,  a l t hough  i n f i l t r a t i o n  of Sic  f i b e r s  w i t h  S i 3 N 4  w a s  also examined. 

The SijN1, w a s  depos i t ed  by us ing  S i C l , + ,  N i l 3 ,  and H2;  the S i c  w a s  depos i t ed  

by us ing  CR3CI3Si  and H2. Because N H 3  and SiCl, reac t  t o  form a m m m i i i r n  

c h l o r i d e s  a t  low temperatures  I t h e  i n l e t  gas flows dur ing  S i  3N,, deposit .  ion 

were kep t  s e p a r a t e d  u n t i l  the gases e n t e r e d  t h e  d e p o s i t i o n  r eg ion  (Pig .  1 ) .  

Depos i t i on  of Sic r e q u i r e s  only one i n l e t  l ine  because low-t  empera:ure 

r e a c t i o n s  occur between CH3C13Si and H2.  

The i n f l u e n c e  of v a r i o u s  parameters  on composite p r o p e r t i e s  vas 

i n v e s t i g a t e d  du r ing  previous s t u d i e s  o l  t h e  S i @  and Si3N4 d e p o q i t i o n  p ro -  

cesses. 

and composites are being i n f i l t r a t e d  a t  12OOoc and a t  p r e s s u r e s  between 3 

and 100 m a  (20 t o  760 t o r r ) .  @epc>sition a t  higher  iempccstures i s  

precluded by f i b e r  damage and r e s u l t a n t  s t r e n g t h  r e d u c t i o n .  

Process  parameters con t inue  t o  be i n v e s t i g a t e d  and r e p o r t e d ,  21'-28 

MECHANIC AT, PROPERT 1 E S 

F l e x u r a l  s t r e n g t h  d a t a  were ob ta ined  a t  room temperature ,  on v a r i o u s  

composites syn thes i zed  under va r ious  p rocess  c o n d i t i o n s ,  by using fOUK- 

p o i n t  f l e x u r e .  Samples were t aken  f r o m  the top ,  midd le ,  arid bottom of 

each composite specimen. The h i g h z s t  d e n s i t i e s  were produced at t h e  t o p  

of the specimen (hot f a c e  du r ing  i n f - L l t r a t i o n ) .  Somewhat lower densities 

were produced a t  t h e  middle,  and cons ide rab ly  lower d e n s i t i e s  were pro- 

duced a t  t h e  bottom (co ld  f a c e  du r ing  i n f i l t r a t i o n ) .  Although it w a s  

an t i e ipa t - ed  t h a t  h i g h e r  s t r e n g t h s  would be c h a r a c t e r i s t i c  oE t h e  h i g h c r  

d e n s i t y  composites,  Lhat was not  always t h e  case. 

RESUL'L'S AND DISCUSSION 

FABRICATION OF PRXF'OKEaS 

I n i t i a l l y ,  vacuum molding of chopped f i b e r s  r e s u l t e d  i n  the  formation 

of preforms wi th  a f i b e r  con ten t  of about 15 v o l  % [ I S %  of t h e o r e t i c a l  den- 

s i r y  ( T . D . ) ]  . Continued development inc reased  t h i s  t o  a m a x i m u m  of about 
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25 vol  %. In a n  a t tempt  t o  f u r t h e r  i n c r e a s e  t h e  f i b e r  volume f r a c t i o n ,  

preforms were prepared by vacuum molding fol lowed by p res s lng  i n  d i e s  or 
between p l a t e s  t o  a predetermined th i ckness .  Although an  occasl-onal 

a c c e p t a b l e  preform w a s  produced wi th  a f i b e r  con ten t  of about 40% T.D., 

most p r e s s i n g s  r e s u l t e d  i n  unacceptab le  pa r t s  t h a t  were not w e l l  bonded, 

t h a t  expanded when t h e  p r e s s u r e  was r e l e a s e d ,  o r  t h a t  expanded dur ing  one 

of t h e  v a r i o u s  hea t ing  cycles. 

Preforms wi th  h ighe r  f i b e r  c o n t e n t s  were f a b r l c a t e d  by s t a c k i n g  

l a y e r s  of: u n i d i r e c t i o n a l  f i b e r s  o r  woven c l o t h  (two-dimensional f tbers )  e 

The major problem wi th  f a b r i c a t i n g  preforms from m u l t i p l e  l a y e r s  o f  c lo th  

i s  keeping t h e  l a y e r s  w e l l  bonded throughout: t h e  process  s t e p s .  I n i t i a l l y  

we a t tempted  t o  use 8 binder  t o  hold t h e  layers t oge the r  u n t i l  the 

i n f i l t r a t i o n  s t e p .  Th i s  w a s  unsuccess fu l  because t h e  p a r t s  tended t o  

debond dur ing  process ing  (forming, d ry ing ,  cu r ing ,  hea t  t r e a t i n g ,  and 

i n f i l t r a t i n g ) .  However, t h e  use of a binder  appeared t o  be unnecessary i f  

t h e  p a r t  could be he ld  i n  p l a c e  wi thout  d i s tu rbance  throughout  process ing .  

(The CVD ma t r ix  bonds t h e  l a y e r s  and p reven t s  de lamina t ion . )  Thus, a 

b inde r  was used only t o  s t i f f e n  t h e  c l o t h  and prevent  f r a y i n g  and 

deweaving whi le  t h e  c l o t h  was c u t  i n t o  c i r c u l a r  p l eces .  A f t e r  s t a c k i n g  

t h e  l a y e r s  i n  a g r a p h i t e  ho lde r  and compressing t h e m  with  t h e  g r a p h i t e  

l i d ,  t h e  assembly was u l t r a s o n i c a l l y  c leaned  t o  remove any s i z i n g  o r  

b inder .  Clo th  preforms con ta in ing  40 t o  45 vo l  Z f i b e r s  were f a b r i c a t e d  

r o u t i n e l y .  

Preforms f a b r i c a t e d  by e s s e n t i a l l y  t h e  same procedure and wi th  

u n l d i r e c t i o n a l  f i b e r s  had f i b e r  c o n t e n t s  i n  t h e  range of 39 t o  58 v o l  %. 

Preforms of t he  h i g h e s t  f i b e r  content: c r e a t e d  such high back p res su res  

t h a t  t h e  f lows had t o  be reduced by a f a c t o r  of 5 t o  prevent  leakage from 

t h e  coa t ing  chamber. The decreased flows reduced t h e  d e p o s i t i o n  rate 

and inc reased  t h e  i n f i l t r a t i o n  t i m e  by about 50%. Preforms c o n t a i n i n g  

45 v o l  2 f i b e r s  reduced t h e  flows by a f a c t o r  of 2. A f t e r  some equipment 

mod i f i ca t ions  reduced leakage from t h e  c o a t i n g  chamber, u n i d i r e c t i o n a l  

preforms wi th  40 t o  45 v o l  % f i b e r s  were i n f i l t r a t e d  by us ing  t h e  normal 

f I O W S  e 
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S i c  FIBERS,  Si3N4 MATRIX 

The f low rates of S l C 1 4 ,  N H 3 ,  and H 2  have been v a r i e d  i n  sea rch  of 

d e p o s i t l o n  cond i t ions  t h a t  produce a dense Si 3 N 4  ma t r ix  and t h a t  minimize 

t h e  format ion  of u n s t a b l e  compounds i n  the e f f l u e n t  l i n e s .  

Preforms con ta in ing  15 vol % chopped f i b e r s  were i n f i l t r a t e d  t o  

d e n s i t i e s  i n  t h e  range of 1 - 6  t o  2.1 M g / m 3  (50 t o  65% T.D,). 
t empera ture  flexural s t r e n g t h  da t a  f o r  the  specinrens were obtained by 

four -poin t  f l e x u r e .  The  s t r e n g t h s  ranged from 37 t o  62 ?Pa (5400 t o  

9000 p s i )  with t h e  h ighe r  d e n s i t y  specimens g e n e r a l l y  having t h e  h ighe r  

s t r e n g t h s .  Although these va lues  are cons ide rab ly  lower than d e s i r e d ,  

some of t h e  specimens e x h i b i t e d  t h e  d e s l r e d  a b i l i t y  t o  c a r r y  some stress 

a f t e r  c r ack  i n i t i a t i o n .  I n f i l t r a t i o n  of preforrus con ta in ing  25 v o l  X 

chopped f i b e r s  a t  12OO0C f o r  12 h produced a coniposfta: w i th  an o v e r a l l  

d e n s i t y  of 652 T.D. T e s t i n g  of s a m p l e s  from t h i s  composite a l so  r e s u l t e d  

i n  f l e x u r e  s t r e n g t h s  less than  70 raPa (10,000 p s i ) .  

Room- 

A t y p i c a l  a s - i n f i l t r a t e d  c o m p o d t e  specimen c o n s i s t i n g  of S i c  f i b e r s  

i n f i l t r a t e d  w i t h  S i 3 N 4  i s  shown i n  P i g .  3 .  A scanning electrora inicrogragh 

o f  t he  same type  specimen is shown i n  Pi.g. 4 .  The ixiterlockirag of the 

f i b e r s  by the CVD S i 3 N 4  i s  quite  ev iden t .  

S I C  FIBERS, Sic MATRIX 

A paramet r i c  s tudy  examined the  e f f e c t  of s e v e r a l  p rocess  v a r i a b l e s  

on t h e  d e p o s i t i o n  of t h e  Sic matrix.  The d e p o s i t i o n  tempera ture  was 

v a r i e d  from 1100 t o  I S O O O C ,  t h e  flow ra te  of t h e  m e t h y l t r i c h l o r o s i l a n e  

(MTS) feed  nater ia l  was v a r i e d  from 25 t o  200 cm3/mPn, and t h e  hydrogen 

f low w a s  v a r i e d  from 1 t o  5 LL/rnin. These c o n d i t i o n s  caused t h e  hydrogen- 

to-MTS r a t i o  t o  range from 10 t o  50 and the run t i m e  t o  vary  from 2 t o  8 h. 

T h i s  range of c o n d i t i o n s  produced d e p o s l t i o n  rates from 0.2 t o  0.9 g/h. 

T h e  S i c  depos i t ed  ranged i n  c o l o r  from gray  t o  ye l low wi th  some d e p o s i t s  

c o n t a i n i n g  metallic s i l i c o n .  Nominal c o n d i t i o n s  now be ing  nsed f o r  depo- 

s i t i o n  of Sic are 120OoC, an PITS (CH3C13Si) gas flow rate  of 50 em3/min, a 

hydrogen-to-MTS r a t i o  of 10, and a p r e s s u r e  of 100 Mga (1 atm). The S i c  

matrix was predominantly P-SiC, but  t h e  presence  of a-SiC cannot he 
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O m - P H O T O  8077-84 

Fig.  3. A s - i n f i l t r a t e d  composite specimen of S i c  f l ibers  i n  S i 3 N q  CVD 
matrix. 

t o t a l l y  d iscounted  because i t s  major X-ray d i f f r a c t i o n  peaks co inc ide  wi th  

t h o s e  of p-Sic.  The absence of minor u-Sic peaks v e r i f i e s  t h a t  a-Sic is 

p r e s e n t  i n  q u a n t i t i e s  less than  10 vo l  %. 

Most of the runs i n f i l t r a t e d  S i c  f i b r o u s  preforms with an S i c  matrix. 
The preforms were f a b r i c a t e d  from chopped f i b e r s ,  s tacked  l a y e r s  of c l o t h ,  

o r  s t acked  l a y e r s  of u n i d i r e c t i o n a l  f i b e r s .  The preforms had f i b e r  con- 

t e n t s  ranging from 10 to 58 v o l  X and w e r e  i n f i l t r a t e d  aff 1200°C for 17 t o  

35 h. 

f l e x u r a l  s t r e n g t h s  up t o  476 MPa (69 k s i ) ,  and s t r a i n  va lues  tip t o  1%. 

Composites w e r e  produced wi th  densities ranging from 65 t o  80% T.D., 

S i c  Chopped F i b e r s ,  S%C mtrix 

F a b r i c a t i o n  d a t a  f o r  composi tes  w i th  chopped f i b e r s  are summarized i n  

Table  1. The s m a l l  specimens l i s t e d  i n  the t a b l e  (specimens 29, 31, and 

33)  w e r e  d i f f i c u l t  to i n f i l t r a t e  and showed only a s l i g h t  i n c r e a s e  i n  den- 

s i t y .  Apparent ly  the  i n j e c t o r  cooled t h e  small  specimens s u f f i c i e n t l y  
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Fig.  4 .  Scanning e l e c t r o n  micrograph  shows interlocking of Sic 
f i b e r s  (10-15 pm diarir) by d e p o s f t i o n  of a CVD Si3N4 matrix. 

t h a t  d e p o s i t i o n  was very slow. The remainder 01 the in fo rma t ion  i s  f o r  

large vacuum molded specimens (45-nmi diam) i n f i l t r a t e d  at t h e  nominal con- 

d i t i o n s ,  w i th  any excep t ions  noted i n  t h e  t a b l e .  ‘r‘rae preforms had f i b e r  

c o n t e a t s  ranging from 17 t o  25 vol % and wekt2 i n f i l t r a t e d  a t  1200°C f o r  

6 h wi th  axial  f l o w  and 12 h w i ~ h  axia l  plus r a d i a l  f low.  h composite 

(specimen 4 0 )  wi th  a d e n s i t y  of about  64% T.D. w a s  obtained.  

the i n f i l t r a t i o n  t i m e  t o  21  h (specimen 4 4 )  i nc reased  t h e  d e n s i t y  t o  

70% T.D.  

(specimen 4 5 )  a t o t a l  of 41 h of i n f i l t r a t i o n  was required t o  o b t a i n  a 

d e n s i t y  o €  722 T.D. A t y p i c a l  chopped-Sic--fibcr composite is shown i n  

Fig.  5 (specimen 38, Table 1) borh as formcd and as i n f i l t r a t e d .  

TncreasCng 

Note t h a t  when t h e  d e p o s i t i o n  ternperal.ure was reduced t o  1100°C 



Table 1. Data summary f o r  composites of chopped S i c  f i b e r s  fn Sic CVD matrix 

CVD i n f i l t r a t i o n  Preform 
S p e c ime n 

Number Size' Fiber D e n s i t y  
( g f c m 3 j  con ten t  

( v o l  %) 

Gas f l o w  
( X  of 

noninax) ' 
Tenpera-  

t u r e  
("C> 

Axial f low A x i a l  p l u s  r a d i a l  f low T o t a l  
r u n  

t ime 
(h! 

F l e x u r e  
t e s t e d  

29 Small 54.0' 1.38 200 1200 4 1.55 None None 54.3 4 Yes 

31 S m a l l  2 3 . :  0.59 50 1200 11 1.02 f h n e  None 33.4 11 Yes 

35 Saalb 20.1 0.51 10u 1200 5 0 . 7 7  19 1.15 37.4 34 Yes 

35 Large 16.8 0 .h3  100 1200 6 1.01 l i  1.95 62.9 17 Yes 

38 Large 24.3 0.62 l 0d  1200 6 1.06 1 2  1 - 9 4  6 3 - 6  ?b  Yes 

r-1 100 1x0 6 1.20 k 2  1.95 64.1 18 Yes F 40d i a r g c  25.4 0.65 

4 4 @  Large  2 i . 9  U * 5 b  :oi, 1200 12 1.56 9 2.113 79.5 2 1  Yes 

4 5  Large  2 i . 3  0.54 103 i l O G  27 1.79 14 3 .22  72.3 4 1  Ye., 

59 ~ a r g e  25.0-f 0.67 100 1200 4 0.91 21 2.01 65.1 25 NO 

"Small = 25 mol (1 i n . )  i n  diaiu by 4 m (U.1b i n . )  t h i c k ;  l a r g e  = 45 m ( 1 . 7 >  in.) i n  d i n m  by 12 mi (0.5 i n , )  t h i c k .  

&onini+l  flows are: me t : iy l t r i ch io ro r ;~ lane ,  50 cm3/min; hydrogen,  500 os /Bin. 

% e t  preform 'was d i e  pressed t o  p r o d w e  h i g h  f i b e r  c o n t e n t .  

+reform p r e c o a t e d  w i t 1 1  BN in CBD furnace before i n f i l t r s t i u n .  

"Chopped f i b e r s  p r e c o a t e d  mt!i BN before  f a b r i c a t i o n  of preform.  

:'Chopped SICALON f i b e r s  made up 752 of t h e  f ibers ,  and 25X werd S I A R  w h i s k e r s .  



Y-20213 1 

Fig.  5. T y p i c a l  Sic composite f a b r i c a t e d  from a c-hopped-fiber pre-  
form (specimen 38, T a b l e  1). 
and t h a t  of the i n f i l t r a t e d  composite was 6 4 % .  

The density of the f i b r o u s  preform was 24%, 
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High-strength vacuum-molded preforms f a b r l c a t e d  tram Si@ whiskers 

>* were also i n f i l t r a t e d .  The i n i t i a l  moldings had whisliar contents  
of only 10 t o  15 VOP X buts had ex t remely  low p e r m e a b t l d t i e s ,  which made 

t n f i l t r a t f o n  very d i f f i c u l t .  

SILAR whiskers  ad. chopped NTCALONt f i b e r s  i n  an attempt to produce a 

gas-permeable preform. A s  noted i n  Table 1, the  preforrn (specimen 59) 
con ta ined  a t o t a l  of 25 vol  % f i b r o u s  material, o f  which 75X was chopped 

NICALON and 25% was SILAK whiskers .  The pe rmeab i l i t y  w a s  s t i l l  r a t h e r  15w: 

25 h of i n f i l t r a t i o n  i n c r e a s e d  t h e  d e n s i r y  to only  S5Z T.D. 

A preform was made from a combination of 

F l e x u r a l  s t r e n g t h  d a t a  f o r  composites made wi th  chopped S- i@ f i b e r s  

are shown i n  Table 2. These composites have r a t h e r  low s t r e n g t h s  [53 t o  

177  ! e a  (7.6 t o  25.6 k s i ) ] .  The chopped-fiber preforms hacad a low f i b e r  

c o n t e n t  (15-25 vo l  %) but  were i n f i l t r a t e d  t o  a d e n s i t y  comparable t o  t h a t  

of composites r e i n f o r c e d  wi th  c l o t h  or  u n i d i r e c t i o r i a l  f i b e r 5  (70-80% T.D.).  

The chopped-f i b e r  specimens obvious ly  s u f f e r  from the low f i b e r  con ten t  

and have cons ide rab ly  less f i b e r  pu l l -out  (F ig .  6 )  because o €  the shor t  

FlIber l e n g t h s .  

S I C  Clo th ,  Sic Matr ix  

F a b r i c a t i o n  d a t a  for composites wi th  Sic c l o t h  are summarized i n  

Tab le  3 ,  and a t y p i c a l  specimen 1s shown i n  F ig .  7. The h ighe r  f i b e r  con- 

tent ( 4 0  t o  45 v o l  %) c h a r a c t e r i s t i c  of the c l o t h  composites (specimens 54 

and 57) i s  ev iden t .  The d e n s i t y  of specimen 57, which was i n f i l t r a t e d  a t  

l200"C foa 24 h wi th  m e t h y l t r i c h l o r o s i l a n e ,  could not be catc.t.dat:ed because 

a large excess  of S i c  depos i t ed  on t h e  hot  f a c e  oE t h e  compositee Mowever, 

as d i scussed  below, the f l e x u r e  samples  ob ta ined  from t h i s  comyms i t.e had 

d e n s i t i e s  ranging  from 75 t o  90% T.D. The d e n s i t y  and f l e x u r a l  s t r e n g t h  

d a t a  f o r  c l o t h - r e i n f o r c e d  composites are shown i n  Table 4. O f  a L I  t h e  

specimens d i scussed  here, t h e  h i g h e s t  s t r e n g t h  w a s  obtained 'Fruin one  fosnaed 

by us ing  c l o t h .  As shown i n  Table 4 ,  a sample from the middle of this 

specimen had a s t r e n g t h  of 476 MPa (69.0 k s i )  a t  an i n f i l C r a t e d  d e n s i t y  

*Arc0 Chemical, Greer, South Caro l ina .  

tNippon Carbon Company, Tokyo, Japan. 



29 
31 
33 

Small 
S m a l l  
Small 

54.0" 
23.1 
20.1 

Hidd lc  
Middle 
Middle 

1.97 
2.07 
2.43 

69.0 
67.7 
78.3 

98 
111 
150 

1 4 , 3  
16.1 
21.8 

35 16.8 2.57 
2.21 
2.33 
2.15 
2.19 

82.3 
71.3 
75.2 
63.4- 
70.7 

106 
6 2  
58 
7 6  
61 

15.4 
9.1 
8.5 

11 .o 
8 " s  

Large Top 
M I d t S 1  a? 
M-Eddle 
Bot: [:ora 
Bottom 

24.3 2.32 
2.38 
2.38 
2.13 
2.19 

76.1 
68.0 
68.0 
69.8 
71.8 

7 4 
98 
88 
83 
87 

10*8 

12.8 
12.0 
12.5 

1L7d 
38 Large 

40 e Large 2.5 . 4 2.47 
2.57 
2.23 
1.57 

81 .0 
8 4 * 1  
73.2 
51.4 

17 1 
119 
170 

90 

25.6 
17 .2  
24.5 
13.0 

44f 71 .7 
50.8 
91.3 
73.1 

94 
86 
7 4 
53 

13.6 
12,s 
10.7 

7.6 

Large 21.9 TOP 
TOP 
Mid d 1 e 
Bottom 

2.38 
2 48 
2.19 
2.24 

45 9 14.9 
15.4 

Large 21.3 Top 
TOP 

2.50 
2.58 

81.5 
84,O 

10 3 
106 
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Pigl 6 ,  T y p i c a l  composite fabricated by i n f i l t r a t i n g  a d m y p e d - f i b e r  
pre€orm w i t h  SBC, N o t e  the small amoiint of f l b e r  p l l o ~ t .  

of 80,7% T . D B  A s a m p l e  from the top of t h e  s a m e  specimen had a s t r e n g t h  

n f  431 ma ( 4 3 . 3  k s f )  at a d e n s i t y  QE 90.3% T.D., and a scamphe from the  

bottom had a s t r eng th  of 419 MPa (60.8 k s i )  at a density o f  75,3% T.D. 

Unfor t imate ly ,  these samples wfth high s t rength  values d i d  no$: have par -  

t i c u l a r l y  high s t r a i n  values 1 

HethyLsFlane was used Fn ntn 54 to determine rhe effect  o f  lower 

depos.4 e i-olri teniperatures on composite s t r eng th  ., The preform contatned 

4 5  vol  % f i b e r s  arid was infiltrated at 900°C fo r  14 h to a F i n a l  d e n s i t y  

o f  64X T.D. We suspected thatr t h e  p r e v i ~ u s l y  cfted depos i t  i o n  c o n d i t i o n s  

may damage the  f ibers  and reduce t h e i r  s t r eng th .  Unfortunately the lower 

process ing  temperature for run  54 d id  not corroborate t h i s  hypot+es La 
because the Elexure strengths of t he  samples were q u i t e  l o w  (“Cable 41 ,  

The IiLghesf: s t r e n g t h  [I69 EPa (24.5 ksi)] abser-ved fn chi.; composite group 

w a s  o b t a i n e d  from t h e  b o t t o m  sample* Samples from the t o p  and middle h,4d 

lower s t~e[~gt rhs  of 107 m a  (15-5 ks i )  at higher dcns’eties of 72 t o  79% T.D. 
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Table  4 .  Mechanical properties of cornposittx of S i c  c l o t h  and 
S I C  unidirectional fibers in Sic CVD matrix 

Flexural  sample' 
.__._.- Specimen Prefornr --*.---- 

_--___. f i b e r  F l e  xura B 
'Type conLent Sample Density ____..._ strength 
f i b e r  -..... 

(g/cm3) (% '9?.D.) (MPa) ( k s l )  
( v o l  X) locacion 

Number 

54b 

57 

42 

46 

50 e 

6 Q f  

Cloth 

C l o t h  

U l l i  d i re c - 
t i o n a l  

Unid i rcc-  
tional 

Uni a i  re  c- 
t i o n a l  

I Jn id i r ec -  
t i o n a l  

45.1 Top 
Middle 
BOttCXII  

41.6 To P 
Middle 
Bottom 

45.5 Top 
M i  dd 1 e 
Bot toin 

39.5 Top 
H i d d l e  
Bottom 

2 - 3 1  
2.09 
1.87 

2.65 
2 - 3 7  
2.21 

2.17 
2.19 
2.18 
2*07 

2.02 
2.09 

2.20 

2.05 
2 * 0 2  
2.2s 

2.01 
2.02 
2.22 

79.4 
71.5 
64.3 

90.3 
80.7 
75.3 

76.7 
77.4 
77 .O 
73.2 

69.4 
71.8 

75.8 

70.4 
69.4 
77.7 

68.3 
68.6 
75.4 

107 15.5 
107 15.5 
169 24.5 

437 53.3 
475 69.0 
419 60.8 

153 23.0 
268 38.gn 
110 15.9 
338 47.s 

118 17.1 
100 14,5 

6 1  8.8 
3a 5.6 

230 3 3 . 4  
223 32.3 
21 3 30.8 

257 3 7 . 2  
224 32.5 
410 59.4 

I .-- 

%ensured at room temperature by four -poin t  bend tes t .  

h.mf-1 Ltraced at 9OcS'C by u s i n g  ine thyls i lane .  

%Pain--weave c l o t ~ i ,  0-90' fiber orientation between layers.  

%cawred ac room temperature by three-paint  bend test 

@Infiltrated at l l O O ° C  by us ing  methylc  r ich lorn3  ilane. 

~NICALON f i b e r s  p recoa tea  w i t h  thin l a y e r  of BN ( S y n a t e r i a l s  ~ o . ,  
Herndon, Va.) before fabrication of prefssiii. 
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S i c  U n i d i r e c t i o n a l  F i b e r s  S i c  Matrix 

F a b r i c a t i o n  d a t a  f o r  composites wi th  wi th  u n i d i r e c t i o n a l  S i c  f i b e r  

re inforcement  are summarized fn  Table  3. The un id i r eca  i o n a l  preforms have 

t h e  p o t e n t i a l  f o r  t h e  h i g h e s t  f i b e r  con ten t  because of more e f f i c t e n t  

packing of f i b e r s .  However, at t h e  h i g h e s t  f i b e r  con ten t  (58 vo l  %) the 

preforms had very low permeab i l i t y .  T h l s  n e c e s s i t a t e d  r educ t ion  of t he  

f i b e r  con ten t  t o  40 or  45 vo1 %, which inc reased  t h e  pe rmeab i l i t y  suf-  

f i c i e n t l y  t o  a l low i n f i l t r a t i o n .  I n f i l t r a t i o n  at 1200°C f o r  about  30 h 

r e s u l t e d  i n  composite d e n s i t l e s  i n  t h e  range of 70 t o  80% T.D, When t h e  

d e p o s i t i o n  temperature  was reduced t o  I I O O " C ,  a n  i n f i l t r a t i o n  t i m e  o f  39 h 

was r equ i r ed  t o  o b t a i n  a d e n s i t y  of 80% T.D. A t y p i c a l  SfC unfdirectisnal- 

f i b e r  preform and composite a r e  shown i n  F i g .  8. 

The f l e x u r a l  s t r e n g t h  d a t a  f o r  t h e  u n i d i r e c t i o n a l - f i b e r  composites 

are shown i n  Table  4 .  A sample from t h e  bottom of specimen 42 (57.7 v o l  % 

f i b e r s )  had a n  i n f i l t r a t e d  dens-fty of 73.2% T.D. and a f r a c t u r e  stress of 

3 3 0  PZPa (47.8 ksi) wi th  a. s t r a i n  of 1.05%. 'In a d d i t i o n ,  t h e  sample  main- 

t a i n e d  82.3% of t h i s  stress [272 MPa (39,400 p s i ) ]  a t  1.65% s t r a i n  and 

main ta ined  56.8% of t h i s  stress /188 WPa (27,200 p s i ) ]  a t  2,84% s t r a i n ,  

This e x c e p t i o n a l  stress-strain behavior  and a comparison wi th  t h a t  of 

normal monol i th ic  SiC a r e  shown i n  Fig .  9, S t r a i n  va lues  were c a l c u l a t e d  

from displacement  of t h e  t e s t i n g  machine cross head. These r e s u l t s  have 

demonstrated t h a t  ceramic-ceramic composi tes  can have a s i g n i f i c a n t  a b i l i t y  

t o  c a r r y  a load a f t e r  c rack  i n i t i a t i o n ,  The e x t e n s i v e  f i b e r  p u l l o u t  a t  t h e  

t e n s i l e  f r a c t u r e  s u r f a c e  of t h i s  s a m p l e  i s  shown i n  F l g .  PO. F igu re  11. 

shows the f l e x u r e  sample unsevered a f te r  e x t e n s i v e  d e f l e c t i o n .  Note from 

Table  4 t h a t  the o t h e r  samples from t h i s  composite specimen had strengt'tis 

ranging  from 110 t o  268 MPa (15.9 t o  38.9 k s i )  a t  d e n s i t i e s  of about 77% 

o f  T.U. Also shown i n  Table 4 is ano the r  u n i d i r e c t i o n a l - f i b e r  specimen 

(50)  t h a t  had a s t r e n g t h  of about 223 MPa ( 3 2  k s i )  at d e n s i t i e s  of 70 t o  

78% T.13. and very l i t t l e  s t r e n g t h  v a r i a t i o n  i n  samples from t h e  top ,  
middle,  and bottom. Note t h a t  t h e  ma t r lx  w a s  depos i t ed  a t  1l0OoC. Another 

u n i d i r e c t i o n a l - f i b e r  specimen ( 4 6 )  had s t r e n g t h s  vary lng  from 38 t o  118 m a  

(5.6 t o  17.7 ksi) a t  d e n s i t l e s  vary ing  from 70 t o  75% T,D. 
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Fig. 9. Composite of u n i d i r e c t i o n a l  S i c  fibers i n  an Sic CYI) mat r ix  
was more s t r a i n  tolerant than was monol i th i c  Sic. 

OWL-PHOTO 8128-84 

Fig .  10. F r a c t u r e  surface of a composite € l exure  sample wi th  uni- 
d i r e c t i o n a l  S i c  f i b e r s  i n  an Sic CVD matrix shows ex tens ive  f i b e r  pu l lou t .  
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In addition to  strength, the fracture toughness o f  t h e  c~mposites is  

a p r i m e  consideration. The colricrptr of frncture toughness and the var ious  

fractitre t c ~ g h n e s s  iiirasureinent t echniques  may not a p p l y  to these materials 

because a€ thePr nonllirneaa: e4 astic b e h a ~ i o ~  e However toughness measure- 

ments were made by using ip sfngle-edge nc9t.che3 beam in th ree-poin t  bending. 

Initial tests were performed on m n o l  i thle:  Sic f o r  coinparison purposes. A 

f l e x u r a l  strength of 360 W a  (.iZ,OSO p s i )  and a toughness value of 

3.8 MPaam1/2 v e r i f i e d  that the system was o p e r a t i n g  as expected. 

u n i d i r e e t i  mal - f  i ber samples  previously mentioned ( f rom specitnra 4% 1 that 
exhibited hlgh stress aut1 s t r a i n  values were expected to have h jgher  

toughness va1rre.s thau t l ~ e  moncslithir S i c t  However, the toughness values 

o b t a i n e d  were about 3.5 1 ~ a * r n l J 2 ~  

chopped-f iber  speckinens a1 so were in f h L s  range. Future  work will lLncLude 

evaluations o f  other  approaches for  tletr-eriii Lning the f ~ a c t u t - e  energy of 

these composl tcs, such as the double cantilever beam technique.  

The 

'r~lr? v a l u e s  fo r  t h e  vacuum-molded, 

Pacreased fracture toughness values f o r  ceramic conyosires can be 

obeaiaed when the fibers p u l l  O U ~ :  o i  the ceramic matrFx.  Energy is 

absorbed as t h e  f i b e r s  p r l f  out  of t h e  mtr ix ,  causing t h e  cracks t o  be 

deflected or blunted. Obviously,  the bonding between t h e  5 i G  f i be r s  and 

the matrix is c r i t i c a l  Ira tleteriiairalng the hnechanica'h p r o p e r t i e s  of t h e  

composites. icP the boods ~rc" i:oo strong, c racks  propagate through the 

saatr%x arid fibers withoot initerrupe i w .  There fo re  t h e  composite e x h i b i t s  

b r l t t l e  behavhor  (1061, fracttnre to~agh~iess)  and t h e  strength of t he  com- 

p o s t t e  is c o n t r o l l e d  by tile s t rength of the matrix or f i b e r  - whichever is 

lower, 3onds that are too wcerk fall cta t r a n s f e r  the load t o  the fibers, 

and the strerigtla 1s con t ro l l ed  Iy the s t r e n g t h  of t h e  matrix. ThereEore,  

we m ~ @  learn eo control  the s t rength  of the bonds between the matrix and 

the fiberp Cane potent la1 metlwd of modifying the bond strength is  t o  coat 

the SLC Eibers or whiskers wi th  a t h i n  l a y e r  of a material that utZL alter 

the  bond between the maa.~ix and coa t ing  or  between she  coating and f i b e r .  

We coaked Si.C Eiberb wilh ~ O F O ~  n i t r i d e  and pyrolytic carbon to 

evala1ate this c o n c e p t *  
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Boron n i t r i d e  c o a t i n g s  were a p p l i e d  t o  t h e  S i c  f i b e r s  a t  tempera tures  

between 1100 and 1200°C by us ing  B C 1 3  and Nw3.  

fo rued  from BN-coated f i b e r s .  A chopped-fiber preform w a s  coa ted  wlth BN 

i n  t h e  CVD fu rnace  & f o r e  i n f i f t r a t i o n  (Table 1, specimen 40) .  Another 

preform (Table  1, specimen 4 4 )  was made from chopped f i b e r s  t h a t  had been 

coa ted  wi th  BN before  f a b r i c a t i n g  t h e  preform. Unfo r tuna te ly ,  t h e  s t r e n g t h s  

S e v e r a l  composi tes  were 

f 
of these  coinposites were no b e t t e r  than  those  of composi tes  m d e  from 

uncoated f i b e r s .  

A u n i d i r e c t i o n a l - f i b e r  specimen (Table  3, specimen 60) w a s  formed 

from cont inuous  NICALON f i b e r s  coa ted  wi th  a t h i n  l a y e r  of BN (Pig.  12) by 

t h e  S y n t e r i a l s  Co. of Herndon, V i r g i n i a .  These f i b e r s  were coa ted  a t  

tempera tures  less than  1000°C t o  minimize damage du r ing  process ing .  The 

f l e x u r e  s t r e n g t h  of t h i s  composite w a s  comparable t o  t h a t  of t h e  o t h e r  

u n i d i r e c t i o n a l - f i b e r  composi tes ;  however, t h e  sample from t h e  bottom of 

t h e  composite had very  high s t r e n g t h .  The e f f e c t  of c o a t i n g  t h e  f i b e r s  

w i t h  BN be fo re  i n f i l t r a t i o n  is not  y e t  clear and w i l l  be s t u d i e d  i n  more 

d e t a i l .  

P y r o l y t i c  carbon c o a t i n g s  depos i t ed  from C3H6 and €I2 have t h e  advan- 

t a g e  of reducing  t h e  p o s s i b i l i t y  of f i b e r  deg rada t ion  because o f  the 

absence  of c h l o r i n e  from t h e  process .  Uniform c o a t i n g s  about  1.0 pn t h i c k  

were a p p l i e d  t o  t h e  f i b e r s ,  but  debonding occurred  between the f i b e r s  and 

The c o a t i n g  because of a thermal  expansion rnisiiiatch (Fig.  13) .  This  

debonding might a l low the  f i b e r s  t o  p u l l  ou t  of t h e  ma t r ix  as d e s i r e d .  

Composites con ta in ing  t h e s e  f i b e r s  are be ing  proc.essed and w i l l  be 

r e p o r t e d  on la te r .  

FIBER STRENGTH 

The a b i l i t y  of t h e  NICALON f i b e r s  t o  r e t a i n  their s t r e n g t h  du r ing  

p rocess ing  i n t o  ceramic-matrix composi tes  is  a prime c o n s i d e r a t i o n  i n  

op t imiz ing  t h e i r  mechanical  p r o p e r t i e s .  The re fo re ,  t h e  e f f e c t  of v a r i o u s  

p rocess  s t e p s  on f i b e r  s t r e n g t h  w a s  i n v e s t i g a t e d .  T e n s i l e  t e s t i n g  of 

f i b e r  tows i n d i c a t e d  t h a t  t h e  s t r e n g t h  of as - rece ived  f i b e r s  w a s  about: 

1555 MPa (227 k s i ) .  I-leating t h e  f i b e r s  a t  120O0C f o r  1 h i n  argon ( t h e  

l a s t  process  step befo re  i n f i l t r a t i o n )  reduced t h e  s t r e n g t h  by about 6QX 
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CBRNL-PHOTO 6150-84 

Fig. 12, NICALQN Sic fibers coated with a thin layer of boron 
nit ride. 

t o  628 MPa (91 k s i ) .  T h e  strength of the fiber bundle (tow) i s  impossible 

to determine in an infiltrated composite. Therefore, we tested fiber tows 

in a separate furnace to simulate infiltration conditions, Fibers coated 

w i t h  a thin Layer of CVD SIC by u s i n g  the same conditions as in the CVD 

infiltration furnace were so brittle that they broke d u r i n g  handling and 
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F i g .  13 .  NICALON f i b e r s  coated with a t h i n  l a y e r  of p y r o l y t i c  ca rbon  
and s e c t i o n e d  end-on. Debonding occurred between t h e  f i b e r s  and tine 
c o a t i n g .  

cou ld  not be s t r e n g t h  t e s t e d ,  Because large q u a n t i t i r s  o f  hydrugen are 

used i n  the i n f i l t  r a t i o n  p r o c e s s ,  t h e  f i b e r  t o w s  were hea ted  i n  hydrogen 

a t  1200°C f o r  1 h. T h i s  a l so  r e s u l t e d  i n  a 60% reductio11 i n  s t r eng th .  

Appar2utly the exposure t o  1200°C f o r  extended p e r i o d s  or  t h e  v o l a t i l i x a -  

t i o n  of i m p u r i t i e s  i n  t h e  NTCALON f i b e r s  i n f l u e n c e s  the SI rength  degrada- 

t i o n .  A new "ceramic grade*'  of NTCALQN f i b e r s  r epor t ed  t o  have tetter 

high-temperature  p r o p e r t i e s  t han  those  of tile "*s tandard  grade" also was 

s t u d i e d .  T e s t i n g  of a s - r ec r ived  f i b e r s  O K  the ceramic gsadc gave essen-  

I I a l l y  the same strength ( w i t h i n  5%) as the standard grad?. F i b e r s  treated 
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of 

"C in argon o r  hydrogen for  1 h l o s t  about 50% nf their s t r e n g t h ,  

cornpar& wi th  R 60% loss f o r  the seandard grade. P re l imina ry  t e s t i n g  

t h e  ceramic f i b e r s  coated w i t h  S I C  ( i n c l u d i n g  very c a r e f u l  hand l ing )  

s t i l l  i n d i c a t e d  a drast ic  lo s s  of s t r e n g t h  (about 80%). Experimentat ion 

i s  contirxuing t o  determine the effect of  many v a r i a b l e s  on f i b e r  s t r e n g t h .  

Ceramic-fibercet-amlic - i u a L r i x  composites were prepared by f a b r l c a t i n g  

an Sic fi3er preform and then  formLrag the eerarnfc matrix by infiltration 

w i t h  a chemical vapor d e p o s i t i o n  p rocess .  Title i n f I  l ~ r a t i n ~  t ime  was 

redwed  s i g n i f i c a n t l y  (horars instead o f  weeks) by ~ i n g  a process that: 
sk iu l taneous ly  1 L t i B i Z P d  2 dlhert1na1 gl'adic'nk and forced gas flow. 

(51) m in diam by 1 2  -m th ick)  of v a r i o u s  types  of Sic f i b e r  preforms 

werr prep.xrrd by vacuum mriolding of chopped f i b e r s  and by the  s t a c k i n g  of 

layers of c l o t h  or  u n i d i r e c t i o n a l  f i b e r s ,  The F l e x i b i l i t y  of the process 

was. shown by tkc  d e p o s d t t o n  of either an S i 3 N q  OK Sic matrix and by the  

i n f L l t r a t i a n  of bctth d i s k  and t u b u l a r  preforms t o  a d e n s i t y  of 851 by using 

equhpmcnt deslgned espcciaZly fo r  t h i s  concept.  

~ ~ c ~ ~ ~ m - ~ o ~ a e d  preforms wi th  d e n s i t i e s  of 15 t o  25% T.D, were infil- 

trated i n  24 tl t o  produce c o m p x i t ~  densities of 60 t o  70% T.D. Preforms 

f a b r i c a t e d  of c l o t h  or af unidir~ctional Fibe r s  had d higher  If ber content  

(40  to 58 vob %a awJ. r e q u i r e d  about 30 t o  33 11 of Lnf iB t ra t inn  t o  produce 

c0mposIt.e dentgit ies a1 78 eo 0% '4: + D Reducing the d e p o s i t  i o n  temperature  

f r o m  1200" t o  1100°C iraereaaed .the h f j l t r a t i o n  t i m e  to about  40 h e  

Anot\er major goa l  o f  t h i s  work w a s  achieved by ~btalning composites 

w t th  l m p r o v c d  mechanical properttcs The stronges& csmposi te  sample had a 

f l e x u r a l  s t rength  of 475 a (69.0 ksl) and a seraLn of abaut  0.5%. This 

composite was fosaed hy ~ ~ s t n g  an Sic c lo th  preform c o n t d n i n g  42 vol  % 

F i b e r s  and infiltrating the preforul  w i t h  S i c  t o  a f i n a l  composite d e n s i t y  

O f  81% T e 3 -  The highe6e Strellgt'n Of coluposites w i t h  U n % d i n x t i o n a l  ftbeK 

r e i n f o r c i n g  w a s  anby s l igh t . l y  less a t  410 MP'a (59,400 k s l ) .  This composite 

contatned 40 vol X fftaers and w a s  I n f i l t r a t e d  to a clensitjr o f  75% T.D. 

A r a o t h c r  uTddirectPonal---f i b c r  eompoelt.e (contatnlng 58 vo l  X f i b e r s )  w i th  a 
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s t r e n g t h  of 330 MPa (47.8 k s i )  had a s t r a i n  of 1.05%, t h e  h i g h e s t  of a l l  

t h e  samples t e s t e d .  Th i s  f l e x u r a l  t e s t i n g  demonstrated that ceramic- 

f i b e n e r a m i c - m a t r i x  c o m p o s i ~ e s  can c a r r y  a s i g n i f i c a n t  stress a f t e r  the. 

maximum stress has been reached and t h e r e f o r e  can avoid b r i t t l e  f r a c t u r e .  

The specimen wi th  1% s t r a i n  maintained 57% o f  i t s  maximum s t r e n g t h  a t  a 

s t r a i n  of nea r ly  3% ( c a l c u l a t e d  from r a m  displacement  i n  four -poin t  

f l e x u r e ) ,  and i t  deformed s i g n i f f c a n t l y  but d i d  no t  break. The a b i l i t y  t o  

ma in ta in  s i g n i f i c a n t  s t ress  a t  h igh  s t r a i n  va lues  was a major g o a l  of t h i s  

e f f o r t  . 
A s  o v e r a l l  development of t h e  process con t inues  modif i c a t l o n s  t h a t  

appear  t o  improve t h e  mechanical  p r o p e r t i e s  w i l l  be emphasized. They 

i n c l u d e  f ibe r -ma t r ix  bonding and avo id ing  l o s s  of f i b e r  s t r e n g t h  du r ing  

p rocess ing .  In a d d i t i o n ,  f r a c t u r e  energy me.asurement methods f o r  t h e s e  

materials umst be improved and vcalidaced. 

The au tho r s  acknowledge t h e  assistance of others in t h e  performing o f  

this work: P .  F. Becher f o r  many h e l p f u l  d i s c u s s i o n s  concern ing  p h y s i c a l  

p r o p e r t i e s  * C. E. DeVore f o r  preforiii f a b r i c a t i o n  and equipment des ign ,  

Id. M. Warwick f o r  a s s i s t a n c e  i n  p rope r ty  measurements,, and M. A. Janney 

and T. N. Tiegs f o r  review of the manuscript .  M. S .  Booker typed t h e  d r a f t ,  

0. A. Nelson e d i t e d  i t ,  and D. L. Northern prepared  t h e  f ina l .  manuscr ipt .  
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