
Zweitveröffentlichung/
Secondary Publication

 Yuan Shi, Fiona Kessel, Martin Friess, Neraj Jain, Kamen Tushtev

Characterization and modeling of tensile properties of continuous fiber reinforced C/C-SiC 
composite at high temperatures

Journal Article peer-reviewed accepted version (Postprint)

10.26092/elib/2616 

25/10/2023

Yuan Shi, Fiona Kessel, Martin Friess, Neraj Jain, Kamen Tushtev, 

Characterization and modeling of tensile properties of continuous fiber reinforced C/C-SiC composite at high 

temperatures, 

Journal of the European Ceramic Society, Volume 41, Issue 5, 2021, Pages 3061-3071, ISSN 0955-2219, 

https://doi.org/10.1016/j.jeurceramsoc.2020.09.043

under a Creative Commons licence.

https://creativecommons.org/licenses/by-nc-nd/4.0/The license information is available online:



Original Article 

Characterization and modeling of tensile properties of continuous fiber 
reinforced C/C-SiC composite at high temperatures 

Yuan Shi a,*, Fiona Kessel a, Martin Friess a, Neraj Jain a, Kamen Tushtev b

a Institute of Structures and Design, German Aerospace Center Stuttgart, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany 
b Advanced Ceramics, University of Bremen, Am Biologischen Garten 2, 28359 Bremen, Germany   

A R T I C L E  I N F O

Keywords: 
C/C-SiC 
Mechanical properties 
High temperature 
Hysteresis measurement 
Liquid silicon infiltration (LSI) 

A B S T R A C T

In order to study the effects of temperature on the material behavior of Liquid Silicon Infiltration (LSI) based 
continuous carbon fiber reinforced silicon carbide (C/C-SiC), the mechanical properties at room temperature 
(RT) in in-plane and out-of-plane directions are summarized and the tensile properties of C/C-SiC were then 
determined at high temperature (HT) 1200 �C and 1400 �C under quasi static and compliance loading. The stress- 
strain response of both HT tests is similar and almost no permanent strain can be observed compared to the RT, 
which can be explained through the relaxation of residual thermal stresses and the crack distribution under 
various states. The different fracture mechanisms are confirmed by the analysis of fracture surface. Furthermore, 
based on the analysis of hysteresis measurements at RT, a modeling approach for the prediction of material 
behavior at HT has been developed and a good agreement between test and modeling results can be observed.   

1. Introduction and objective

Thanks to their excellent material properties at high temperature,
favorable damage tolerance, and comparatively low density, material 
development researchers have paid particularly high attention of 
Ceramic Matrix Composites (CMCs) in recent years. Continuous carbon 
fiber reinforced carbon silicon carbide (C/C-SiC) produced via Liquid 
Silicon Infiltration (LSI) process has been successfully used in aerospace, 
traffic and energy technology since in an inert environment the carbon 
fibers can tackle application temperatures exceeding 1600 �C such as in 
rocket motors or re-entry conditions from space to earth [1�8]. How
ever, the lack of study of its detailed temperature-dependent mechanical 
behavior and failure mechanism, especially at high temperatures, limits 
the commercial exploitation of its potential and further use in new 
application areas. 

The mechanical properties of CMCs are determined by the micro
structure of the materials, which in turn might be affected by temper
ature. In the case of oxide ceramic matrix composites (O-CMC), since the 
dwelling time by sintering at 1200 �C and ageing by thermal treatment 
at 1100 �C for several hours had no influence on the mechanical 
behavior of the prepreg based O-CMC plates [9], tensile strength and 
stiffness of Nextel 610 fiber reinforced O-CMCs decreased at 1000 �C and 
1200 �C because of the degradation of fiber properties beyond 1000 �C 

[10]. By comparison, according to some recent studies, the internal re
sidual stress and interface bonding might play an important role in the 
relationship between temperature and mechanical properties for the 
Chemical Vapour Infiltration (CVI) based CMCs. For the SiBC modified 
C/SiC composites, interface bonding strength and elastic modulus in
crease at HT due to the release of residual thermal stress (RTS) [11]. The 
tensile behavior of coated C/SiC was influenced by RTS, so that the 
Young�s modulus and strength increase continuously with increasing 
temperature till approx. 1000 �C [12]. Similar phenomenon and results 
have been reported and discussed in references [13�15]. With the 
further increase of temperature up to 1800 �C or 2300 �C, since the 
Young�s modulus increases up to 1000 �C and then decreases, the 
strength fluctuated till the fracture [16,17]. 

The first experiment of liquid silicon infiltration to porous C/C 
composites was carried out in the early 1970s [18]. The investigation of 
liquid siliconization in German Aerospace Center Stuttgart began in the 
late 1980s. Three-step process for the manufacturing of C/C-SiC material 
was successfully developed [19]. In the first step, starting with a highly 
carbonaceous, but costly precursor XP-60, a dense carbon fiber rein
forced polymer (CFRP) is achieved using resin transfer moulding (RTM) 
technique. After that, the CFRP is pyrolyzed at HT to obtain a porous 
C/C composite with a distinct crack pattern. In the last step, the porous 
C/C composite was infiltrated with liquid silicon whereby the silicon 
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r e a ct s wit h c ar b o n t o f or m d e n s e Si C. T h e d e n s e c ar b o n fi b er b u n dl e s ar e 

l o a d- b e ari n g a s w ell a s pr o vi di n g d a m a g e t ol er a n c e a n d ar e s urr o u n d e d 

b y a pr ot e cti n g Si C- m atri x h el pi n g t o e n h a n c e b ot h t h e o xi d ati o n st a -

bilit y a n d t h e w e ar r e si st a n c e. 

Alt h o u g h  t h e  L SI- pr o c e s s  i s  a  f a st  a n d  c o st- eff e cti v e  pr o c e s s 

c o m p ar e d t o ot h er C M C m a n uf a ct uri n g pr o c e s s e s e. g. p ol y m er i n filtr a -

ti o n  a n d  p yr ol y si s  ( PI P)  a n d  c h e mi c al  v a p o ur  i n filtr ati o n  ( C VI),  t h e 

m a n uf a ct uri n g of C / C- Si C w a s str o n gl y li mit e d t o R T M- pr o c e s si n g i n t h e 

e arl y d a y s. I n or d er t o h a v e a m or e v er s atil e pr o c e s s, s u c h a s a ut o cl a v e 

pr o c e s si n g a n d w ar m pr e s si n g t e c h ni q u e, a s w ell a s c h e a p c ar b o n s o ur c e 

p h e n oli c r e si n s, w er e h e a vil y i n v e sti g at e d a n d fi n all y t e st e d s u c c e s sf ull y 

i n t h e l a st d e c a d e. O n e of t h e m o st i m p ort a nt eff ort s w a s t h e i n v e sti-

g ati o n a n d o pti mi z ati o n of s p e ci al pr o c e s s p ar a m et er s d uri n g c uri n g a n d 

p yr ol y si s  wit h  s u b st a nti al  a m o u nt s  of  c o n d e n s ati o n  r e a cti o n s.  T hi s 

s u c c e s sf ul  d e v el o p m e nt  r e v e al s  t h at  m a n y  pr o c e s s  p ar a m et er s  ar e 

i m p ort a nt  f or  t h e  f urt h er  i m pr o v e m e nt  of  m at eri al  wit h  e n h a n c e d 

pr o p erti e s o n t h e o n e h a n d, a n d r e ali z ati o n of a st a bl e pr o c e s s f or s eri e s 

pr o d u cti o n o n t h e ot h er h a n d [ 2 0 ]. T h er ef or e, t hi s m at eri al i s s u bj e ct t o 

t h e  a p p ar e nt  st u d y  a n d  s o m e  pr o p erti e s  w er e  c h ar a ct eri z e d  at  r o o m 

t e m p er at ur e.  T h e  r ati o  of  b e n di n g  t o  t e n sil e  str e n gt h  of  C / C- Si C  w a s 

a b o ut  1. 7 – 2  d e p e n di n g  o n  diff er e nt  l o a di n g  dir e cti o n s  r el ati v e  t o  t h e 

0 / 9 0 ◦ w o v e n c a r b o n fi b er s [ 2 1 ]. T h e str e s s- d e p e n d e nt d a m a g e m e c h a -

ni s m s  of  C / C – Si C  wit h  diff er e nt  fi b er  ar c hit e ct ur e s  w er e  i n v e sti g at e d 

t hr o u g h  m o d al  a c o u sti c  e mi s si o n  ( A E)  t e c h ni q u e  a n d  a  si g ni fi c a nt 

d a m a g e-r el at e d i n cr e a s e i n A E e n er g y w a s o b s er v e d cl o s e t o t h e t e n sil e 

str e n gt h  [ 2 2 ].  T h e  i n fl u e n c e  of  c o u p o n s  n u m b er s  o n  t h e  m e c h a ni c al 

pr o p erti e s at R T w a s i d e nti fi e d a n d diff er e nt st ati sti c al di stri b uti o n of 

str e n gt h v al u e s w er e f o u n d t o b e r e s ult a nt of v ari o u s f ail ur e m e c h a ni s m s 

[ 2 3 ]. N e v ert h el e s s, t h e eff e ct of t e m p er at ur e, e s p e ci all y cl o s e t o t h e m a x 

m a n uf a ct uri n g t e m p er at ur e, o n t h e m e c h a ni c al b e h a vi or a n d t h e a s s o -

ci at e d fr a ct ur e m e c h a ni s m s h a v e hit h ert o n ot b e e n i n v e sti g at e d i n d et ail 

y et. T h er ef or e, t h e m ai n o bj e cti v e of t hi s p a p er i s t o d et er mi n e t h e eff e ct 

of t e m p er at ur e o n t h e m e c h a ni c al pr o p erti e s of L SI b a s e d C / C- Si C m a -

t eri al. I n v e sti g ati o n s at R T a n d H T ar e c arri e d o ut u n d er q u a si- st ati c a n d 

c o m pli a n c e  t e n sil e  l o a di n g s.  T h e  c h a n g e  of  R T S  a n d  di stri b uti o n  of 

cr a c k s u n d er v ari o u s st at e s ar e di s c u s s e d. 

F urt h er m or e, b a s e d o n t h e w or k s of E v a n s et al., [ 2 4 ,2 5 ] t h e r e si d u al 

str e s s of Si C fi b er r ei nf or c e d c o m p o sit e w er e m e a s ur e d b y i nt err o g ati o n 

of i nt er s e cti o n p oi nt of u nl o a di n g – r el o a di n g c y cl e s [ 2 6 ,2 7 ]. D e n g et al. 

h a v e m o d ell e d t h e eff e ct of R T S o v er t h e hi g h t e m p er at ur e str e n gt h of 

C / Si C  m at eri al  b a s e d  o n  t h e or eti c al  m o d el s  b ut  t h e  u n d erl yi n g  p h e -

n o m e n o n  b e hi n d  t h e  r el ati o n s hi p  b et w e e n  t h e  str e n gt h  at  r o o m  t e m -

p er at ur e  a n d  hi g h  t e m p er at ur e  w a s  n ot  st u di e d  [ 2 8 ].  M or e o v er,  t h e 

m o d el  r eli e s  o n  t e m p er at ur e  d e p e n d e nt  pr o p erti e s  li k e  Y o u n g ’s 

M o d ul u s, r el e a s e c o ef fi ci e nt of R T S, et c. f or i n di vi d u al c o n stit u e nt s of 

t h e c o m p o sit e. A m o d el b a s e d o n e n er g y b al a n c e a p pr o a c h i s pr e s e nt e d 

b y  Li  [ 2 9 ],  w h er e  c o n stit u e nt  pr o p erti e s  li k e  el a sti c  pr o p erti e s,  fi br e 

v ol u m e c o nt e nt a n d fi br e / m atri x i nt erf a c e pr o p erti e s ar e u s e d i n or d er 

t o  e v al u at e  t h e  t e m p er at ur e  d e p e n d e nt  pr o p orti o n al  li mit  str e s s  of 

Si C / Si C.  Alt h o u g h  t h e s e  pr o p erti e s  mi g ht  b e  a v ail a bl e  f or  si n gl e  c o n -

stit u e nt m atri x s y st e m ( Si C) i n t h e lit er at ur e b ut ar e dif fi c ult t o e v al u at e 

f or a r el ati v el y c o m pli c at e d m ulti p h a s e m atri x s y st e m li k e C- Si C, w hi c h 

c o n si st s of t hr e e diff er e nt c h e mi c al p h a s e s: C, Si a n d Si C. A s f ar a s t h e 

fi br e / m atri x  i nt erf a c e  pr o p erti e s  of  C / C  ar e  c o n c er n e d,  t h e  pr e c ur s or 

u s e d t o f or m t h e c ar b o n m atri x i n a n i nt er m e di at e st e p pl a y s a m aj or r ol e 

i n t h e i nt erf a c e str e n gt h [3 0 ,3 1 ]. T h e s e fi br e / m atri x i nt erf a c e pr o p er -

ti e s, i n t ur n, d e ci d e t h e f ail ur e b e h a vi or of t h e m at eri al b ut ar e p o orl y 

r e p ort e d i n t h e lit er at ur e. T h e l a c k of t e m p er at ur e d e p e n d e nt c o n stit u -

e nt  d at a m a k e s it  dif fi c ult t o e v al u at e hi g h t e m p er at ur e pr o p erti e s of 

C / C- Si C.  O n  c o ntr ar y  t o  t h e  a b o v e  m e nti o n e d  m o d el s,  t h e  pr o p o s e d 

m o d el  u s e s  a n  a n al yti c al  a p pr o a c h  b a s e d  o n  t h e  h y st er e si s  m e a s ur e -

m e nt s at R T f or t h e pr e di cti o n of m at eri al b e h a vi or of C / C- Si C at H T. 

2.  E x p e ri m e nt al

2. 1.  M at eri al C / C- Si C 

T h e i n v e sti g at e d m at eri al C / C- Si C i s a c o nti n u o u s fi b er r ei nf or c e d 

c er a mi c c o m p o sit e wit h c ar b o n a n d sili c o n c ar bi d e m atri x, d eri v e d fr o m 

a w ell st a n d ar di z e d w o v e n pr ef or m a n d a pr e-i n filtr ati o n pr o c e s s ( pr e -

pr e g). B a s e s ar e 3 K H T A fi b er s of T eiji n C ar b o n E ur o p e G m b H, w o v e n t o 

a 2 / 2 t will a n d a p h e n oli c r e si n a s pr e c ur s or. T h e p h e n oli c r e si n i s ri c h i n 

c ar b o n  ( ~ 6 0  m a s s  %)  a n d  pr o vi d e s  a  di m e n si o n all y  st a bl e  str u ct ur e 

e v e n  aft er  p yr ol yti c  pr o c e s s e s.  Gr e e n  pl at e s  wit h  di m e n si o n  3 0 0 * 3 0 0 

m m 2 w e r e  p r o d u c e d  b y  st a c ki n g  of  s e v er al  n u m b er  of  w o v e n  c ar b o n 

f a bri c pr e-i n filtr at e d wit h p h e n oli c r e si n. I n or d er t o g et a s y m m etri c al 

str u ct ur e, e a c h si n gl e l a y er w a s r ot at e d b y 9 0 ◦ d u ri n g t h e pl y st a c ki n g. 

T h e n,  C / C- Si C  pl at e  w a s  m a n uf a ct ur e d  vi a  Li q ui d  Sili c o n  I n filtr ati o n 

( L SI) pr o c e s s. T h e L SI pr o c e s s i s a r el ati v el y l o w- c o st pr o d u cti o n m et h o d 

f or C M C m a n uf a ct uri n g wit h r eli a bl e pr o d u cti o n r e s ult s. T h e m a n uf a c-

t ur e pr o c e s s c a n b e s u m m ari z e d i n t hr e e st e p s: gr e e n b o d y s h a pi n g, p y -

r ol y si s  a n d  sili c o ni z ati o n  [ 3 2 ].  T h e  c o n s oli d ati o n  t o o k  pl a c e  i n  a n 

a ut o cl a v e u n d er m a x pr e s s ur e of 2 0 b ar a n d at 1 9 0 ◦ C. T h e n, t h e s a m pl e 

w a s p yr ol y z e d u n d er i n ert g a s at m o s p h er e ( nitr o g e n) a n d at m a x t e m -

p er at ur e  of  1 6 5 0 ◦ C.  D u ri n g  p yr ol y si s,  v ol atil e  c o m p o n e nt s  fr o m  t h e 

p h e n oli c m atri x e v a p or at e a w a y a n d r e s ult s i n a n a m or p h o u s a n d p or o u s 

c ar b o n m atri x. T hi s pr o c e s s i s a c c o m p a ni e d b y a p pr o x. 1 0 % s hri n k a g e 

of t h e m at eri al i n t h e t hi c k n e s s dir e cti o n c a u s e d b y t h e m a s s l o s e s. T h e 

c ar b o n fi b er s ar e d e n s el y p a c k e d a n d e m b e d d e d i n t h e c ar b o n m atri x 

a n d a cr a c k p att er n ( s o c all e d “ bl o c k str u ct ur e ” ) e v ol v e s i n a C / C b o d y, 

w hi c h i s e s s e nti al f or sili c o n m elt i n filtr ati o n a n d pr e v e nt s t h e r e a cti o n 

of  t h e  ut m o st  c ar b o n  fi b er s  i n  C / C  bl o c k  wit h  li q ui d  sili c o n.  Fi n all y, 

d uri n g t h e sili c o ni z ati o n st e p sili c o n wit h a p urit y of 9 9. 9 % i s m elt e d at 

t e m p er at ur e s a b o v e 1 4 2 0 ◦ C ( m a x t e m p e r at ur e of sili c o ni z ati o n st e p i s 

1 6 5 0 ◦ C f o r a p p r o x. 6 0 mi n) a n d li q ui d sili c o n i n filtr at e s vi a c a pill ar y 

f or c e s i nt o t h e p or o u s c ar b o n b o d y. T h e cr a c k p att er n i s fill e d wit h sil-

i c o n  w hi c h  r e a ct s  wit h  t h e  c ar b o n ( m atri x  a n d  fi b er)  t o  gi v e n  sili c o n 

c ar bi d e. D u e t o t h e l o w er d e n sit y of t h e c ar b o n m atri x, it s c o n v er si o n t o 

sili c o n c ar bi d e i s str o n g er k e e pi n g m o st of t h e c ar b o n fi b er s i nt a ct. A s 

m e nti o n e d  i n  t h e  S e cti o n 1 ,  t h e  st a n d ar d  p ar a m et er s  of  t hi s 

m a n uf a ct uri n g pr o c e s s h a d b e e n e st a bli s h e d i n t h e l a st d e c a d e a n d t h e 

fi ni s h e d C / C- Si C m at eri al i s s h o w n i n Fi g. 1 . T h e dir e cti o n s x- a n d y- a xi s 

r e pr e s e nt t h e fi b er r ei nf or c e m e nt ori e nt ati o n 0 ◦ a n d 9 0 ◦ , r e s p e cti v el y, 

a n d t h e z- a xi s i s t h e o ut- of- pl a n e dir e cti o n. 

Fi g. 1. C / C- Si C pl at e wit h fi b er ori e nt ati o n of 0 / 9 0 ◦ a n d c o o r di n at e s y st e m i n 

a c c or d a n c e wit h t h e m e c h a ni c al l o a di n g dir e cti o n s. 

Y. S hi et al.



2. 2.  M at eri al c h ar a ct eri z ati o n 

T h e  mi cr o str u ct ur e  of  s a m pl e s  at  diff er e nt  pr o c e s s  st e p s  w a s 

a n al y z e d b y s c a n ni n g el e ctr o n mi cr o s c o p y ( S E M, G e mi ni ultr a pl u s fr o m 

Z ei s s Gr o u p). F or t h e a n al y si s of t h e mi cr o str u ct ur e, s m all s a m pl e s w er e 

c ut fr o m t h e c o m p o sit e pl at e a n d e m b e d d e d i n a c o n d u cti v e r e si n. F or 

t h e mi cr o str u ct ur e i m a g e s, a n A s B d et e ct or ( A n gl e s el e cti v e B a c k s c att er) 

w a s u s e d a n d t h e p h a s e c o m p o siti o n w a s a n al y z e d wit h t h e o p e n s o ur c e 

s oft w ar e I m a g e J ( V er si o n I m a g e J 1. 5 2 p, J a v a 1. 8. 0_ 1 7 2, 6 4- bit). 

P h a s e a n al y si s w a s p erf or m e d b y X-r a y diffr a cti o n ( X R D) u si n g a 2 θ - 

g o ni o m et er ( D 8 A d v a n c e, Br u k er A X S, G er m a n y) wit h C u K α r a di ati o n 

( 1 5 4. 0 6 0 p m) wit h a st e p si z e of 0. 0 2 ◦ a n d 1 0 s ti m e / st e p i n t h e r a n g e of 

1 0 ◦ < 2 θ < 9 0 ◦ . 

T h e  fi b e r  v ol u m e  c o nt e nt  of  C / C- Si C  w a s  c al c ul at e d  b y  t h e  m e a -

s ur e m e nt of t h e i niti al w ei g ht of t h e c ar b o n fi b er s a n d t h e t ot al v ol u m e 

of  t h e  fi ni s h e d  c o m p o n e nt.  T h e  d e n sit y  a n d  p or o sit y  of  t h e 

m a n uf a ct ur e d  pl at e  m at eri al  w er e  m e a s ur e d  u si n g  t h e  Ar c hi m e d e s 

m et h o d [ 3 3 ]. It w a s c arri e d o ut o n t h e c o m p o n e nt b ef or e s a m pl e c utti n g. 

T h e c o ef fi ci e nt of t h er m al e x p a n si o n ( C T E) of C / C- Si C w a s m e a s ur e d 

vi a dil at o m etr y ( N et z s c h G m b H) a c c or di n g t o DI N E N 1 1 5 9- 1: 2 0 0 3. T h e 

s a m pl e s w er e pr e p ar e d i n t w o diff er e nt ori e nt ati o n s: i n x - or y - dir e c-

ti o n t o d et er mi n e t h e i n- pl a n e C T E v al u e; i n z – dir e cti o n f or t h e o ut- of- 

pl a n e v al u e. T h e di m e n si o n of i n- pl a n e s a m pl e s i s 4 × 5 × 2 5 m m 3 a n d 

d u e  t o  t h e  li mit  of  t h e  pl at e  t hi c k n e s s  t h e  l e n gt h  of  t h e  o ut- of- pl a n e 

s a m pl e  i s  1 5  m m.  Fi v e  s a m pl e s  of  e a c h  ori e nt ati o n  w er e  t e st e d. 

T e sti n g  c o n diti o n s  w er e  u n d er  i n ert  at m o s p h er e  ( ar g o n)  a n d  a  st art 

t e m p er at ur e of 2 5 ◦ C u p t o a m a x. of 1 3 0 0 ◦ C. T h e h e ati n g r at e w a s k e pt 

c o n st a nt at 5 K / mi n. 

T h e  s p e ci fi c  h e at  c a p a cit y  ( C p )  a n d  t h e r m al  c o n d u cti vit y  ( λ )  w er e 

m e a s ur e d b et w e e n r o o m t e m p er at ur e ( 2 5 ◦ C) a n d 1 0 0 0 ◦ C wit h l a s er 

fi a s h a n al y s e s ( L F A) m et h o d [ 3 4 ] wit h a L F A 4 5 7 ( N et z s c h G m b H). T h e 

s a m pl e di m e n si o n s ar e 1 2. 6 m m i n di a m et er a n d h ei g ht of 2. 5 m m. F or 

T a bl e 1 

S p e ci m e n g e o m etr y wit h di m e n si o n s, l o a di n g dir e cti o n f or diff er e nt m e c h a ni c al t e st s at R T, i n- pl a n e t e n sil e t e st at H T a n d t h e a s s o ci at e d DI N E N st a n d ar d s.  

T e st St a n d ar d S p e ci m e n g e o m etri e s, di m e n si o n s a n d l o a di n g dir e cti o n 

I n- pl a n e t e n sil e 

wit h tz of 5 m m 

( Q u a si st ati c a n d c y cli c l o a di n g- u nl o a di n g at R T)  

DI N E N 6 5 8- 1: 1 9 9 9 

O ut- of- pl a n e t e n sil e 

wit h ty of 2 0 m m  

– 

I n- pl a n e c o m pr e s si o n 

wit h tz of 5 m m  

DI N E N 6 5 8- 2: 2 0 0 3 

O ut- of- pl a n e c o m pr e s si o n 

wit h ty of 5 m m  

– 

I n- pl a n e s h e ar 

(I o si p e s c u) 

wit h tz of 3 m m  

DI N E N 1 2 2 8 9: 2 0 0 5 

O ut- of- pl a n e s h e ar 

(I o si p e s c u) 

wit h ty of 3 m m  

– 

I n- pl a n e 3 P B wit h ty of 1 0 m m  DI N E N 6 5 8- 3: 2 0 0 2 

I nt erl a mi n ar s h e ar of n ot c h e d s a m pl e s wit h ty of 1 0 m m  DI N E N 6 5 8- 4: 2 0 0 3 

I n- pl a n e t e n sil e at H T 

wit h tz of 4 m m  

DI N E N 1 8 9 2: 2 0 0 5 
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statistical confirmation at least three samples per specimen orientation 
were tested. 

For a better understanding of material behavior, the RT mechanical 
properties of the investigated C/C-SiC material with fiber orientation 0/ 
90�, including Young�s modulus, strength and fracture strain, were 
completely evaluated with in-plane and out-of-plane experimental tests. 
The samples for the experiments were cut from flat plates with different 
thicknesses. Table 1 gives an overview of the performed mechanical 
tests with the associated DIN EN standards, specimen size and the 
loading direction relative to the specimen geometries, where tn (n �
y or z) is the thickness of specimen, which is not shown in the schematic 
images. The axis x and y represent the fiber directions (see Fig. 1). To the 
best knowledge of the authors, there are no available DIN or EN stan
dards for the tensile, compression and shear tests in out-of-plane di
rection. Therefore, these three tests were conducted and evaluated 
according to the internal developed procedures at the institute. For the 
out-of-plane tension test, the both surface areas (x�y plane) of C/C-SiC 
sample were bonded to 2 metal adapters with epoxy adhesive. After 
the hardening of adhesive, the adapters were clamped by the normal 
grip system of testing machine. 

The experiments were performed in air under quasi-static loading 
and up to failure of sample on a universal testing machine (Zwick 1494) 
at a controlled cross head speed of 1 mm/min. The failure stress was 
calculated from the maximum load and the initial cross-section of the 
samples. For statistical confirmation at least five samples per series were 
tested. In-plane tensile specimens with the dimensions of 120*10(8)*5 
mm3 (Table 1) were produced with a reduced cross section in their 
gauge areas. For the tensile and compression tests, the longitudinal and 
the transverse strains relative to the loading direction were measured 
with strain gauges. During shear tests, the strains were evaluated using 
strain gauges in the �45� and in the -45� directions relative to the shear 
loading direction and the strain gauges were glued on both sides of the 
sample in the area between the notches. The bending properties of the 
C/C-SiC materials were determined by three-point-bending (3PB) test 
according to DIN-EN 658-3 with a span-to thickness ratio of 20. The 
longitudinal strains were measured with strain gauges on the tensile site 
of bending specimens. In order to determine the interlaminar shear 
strength, compression-shear test was performed according to DIN-EN 
658-4 with a notch distance of 8 mm.

2.3. Compliance tensile test at RT 

In this work, identical in-plane tensile specimen (Table 1 first row) 
was employed to do the cyclic loading-unloading test (compliance test) 
with a loading rate of 1 mm/min at RT. Similar to quasi static tests, 
strain gauges were glued on the opposite sides of each specimen to 
monitor the strains. The first cycle of loading-unloading was at 30 MPa 
and unloaded at the same crosshead speed to near zero force, then an 
incremental step loading of 20 MPa per cycle up to final rupture of 
specimen was carried out. Three samples at RT were investigated. 

2.4. Tensile test at HT 

In order to determine the influence of high temperature on the me
chanical properties of the C/C-SiC material, in-plane tensile specimens 
with the shape in Table 1 (last row) were investigated at HT in argon. In 
order to avoid the melting of residual silicon in C/C-SiC, the test tem
perature should be set at a lower temperature than the melting point of 
Si (about 1420 �C). On the other hand, for the test setup used in this 
work, it is still possible to record relatively good stress-strain curves at 
the max temperature of 1400 �C and due to the fact that the mechanical 
test at HT is very complex and time-consuming, especially cyclic 
loading-unloading test, one sample was loaded quasi-static and two 
others were tested with loading-unloading cycles (compliance test) as 
defined for the RT tensile tests (Section 2.3) for 1400 �C. Furthermore, 
according to the authors own knowledge and experience, 1200 �C is a 

typical application temperature of C/C-SiC in aerospace and civil engi
neering field, five samples were tested at 1200 �C under quasi-static 
loading until ultimate failure. All high temperature tests were per
formed with a loading rate of 0.5 mm/min on a universal testing ma
chine Zwick/Roell 1465 equipped with a vacuum chamber and an 
induction unit EMA HG1-DS, EMA Indutec GmbH, Germany. The lon
gitudinal strain at HT was measured using a laser extensometer P-50, 
Fiedler Optoelektronik, Germany. 

3. Results

3.1. Microstructure and phase evolution 

SEM pictures of Fig. 2 shows the microstructure of samples at 
different process steps. The polished samples have a cross section of the
plate material with fiber orientation in x -direction horizontal in the
image and y -orientation perpendicular to the image-plane. As
mentioned before, the x- and y-axis represent the fiber orientation
0� and 90�, respectively. The microstructure of the resulting carbon fiber
reinforced polymer body (CFRP) can be seen in Fig. 2a. Filament bundles
(rovings) oriented in 0� and 90� and the staking of layers are clearly 
visible. In addition, the image shows that in the green body state small 
quantities of porosity and matrix enclosures are always present. The 
porosity in this state is approx. 1.5 %. 

After the pyrolysis process, a crack pattern evolves in the C/C body, 
as can be seen in Fig. 2b, which is typical for C/C-SiC via LSI process. It 
has macro cracks inside, which propagate through the structure. Lon
gitudinal or transverse channels result in an open porosity of approx. 20 
%. This crack pattern is essential for the resulting material properties, 
since the block like structure, defines the porosity and channels for 
liquid silicon penetration during melt infiltration. Apart from the guid
ance for the melt, the block structure ensures the fiber integrity by 
restricting the reactive areas only inside the cavities. The fibers inside 
the blocks are well protected from reaction with the silicon and can 
provide the desired damage tolerance to the material. 

In Fig. 2c the microstructure after the liquid silicon infiltration is 
shown, when the cavities of the crack pattern are filled with SiC, after 
the reaction of carbon and silicon. An analysis of the material phase 
composition via ImageJ (analyzed number of samples is five and the 
area of each image is 3.5 mm2) gave a share of the carbon (81�86 vol. % 
carbon fibers and amorphous carbon matrix), silicon carbide (11�15 vol. 
%) and residual silicon (1�4 vol. %) distribution. 

Phase evolution of C/C-SiC was performed by XRD measurement as 
shown in Fig. 3. Only �-SiC, C and residual Si from the liquid silicon 
infiltration process can be detected and no formation of �-SiC was 
observed. It should be noted that the carbon peaks are due to the carbon 
fibers and not to the carbon matrix since the same X-ray analysis of 
previous work for SiC fiber reinforced carbon (SiC/C) or SiC fiber 
reinforced SiC (SiC/SiC) do not show this carbon peak (to be published). 

3.2. Material properties 

The fiber volume content, the porosity and the density of the man
ufactured C/C-SiC material are 60 %, 1.2 % and 2.0 g/cm3, respectively. 

The thermal expansion behavior of C/C-SiC material was measured 
from room temperature to 1300 �C and the length change in in-plane (x- 
and y-orientation) and out-of-plane (z-orientation) directions was 
recorded. As shown in Fig. 4, the CTE values in in-plane direction are 
very low, or even negative below 300 �C, while the values in z-orien
tation (out-of-plane) are considerable higher. The CTE values at RT are 
-1.50 10 6 K-1 in x- and y-orientation, and 5.22 10 6 K-1 in z-orientation.
Then, the CTE values increased with rising temperature and reached
2.27 10 6 K-1 (x- and y-orientation) and 6.05 10 6 K-1 (z-orientation) at
1300 �C, respectively. The results show that the difference in fiber
orientation affects the material properties drastically: the CTE values for
x- and y-orientation are mainly influenced by the CTE of fiber (e.g. 1.6
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1 0 − 6 K - 1 at  R T  [ 3 5 ]),  w hil e  t h e  C T E  v al u e  of  t h e  z-  ori e nt ati o n  ar e 

str o n gl y d e p e n d e nt o n t h e C T E of m atri x ( e. g. 3. 5 1 0 − 6 K - 1 at R T [ 3 6 ]). 

T h e c h ar a ct eri z ati o n of t h e t h er m al c o n d u cti vit y ( λ ) a n d t h e s p e ci fi c 

h e at  c a p a cit y  ( c p )  of  C / C- Si C  i n  i n- pl a n e  a n d  o ut- of- pl a n e  dir e cti o n s 

w er e m e a s ur e d fr o m R T t o 1 0 0 0 ◦ C wit h e a c h st e p of 1 0 0 K vi a L F A 

m et h o d. T h e r e s ult s of λ a s s h o w n i n Fi g. 5 a r e v e al s t h at t h e h e at c o n -

d u cti o n al o n g t h e fi b er dir e cti o n ( x- / y- ori e nt ati o n) i s si g ni fi c a ntl y f a st er 

t h a n i n t h e p er p e n di c ul ar dir e cti o n ( z- ori e nt ati o n). T h o u g h t h e c p v al u e 

s h o ul d b e t h e or eti c all y i n d e p e n d e nt o n t h e dir e cti o n of m e a s ur e m e nt or 

fi b er ori e nt ati o n f or c o m p o sit e m at eri al, a sli g ht off s et b et w e e n i n- pl a n e 

( x- / y- ori e nt ati o n)  a n d  o ut- of- pl a n e  ( z- ori e nt ati o n)  dir e cti o n s  c a n  b e 

o b s er v e d  i n Fi g.  5 b,  w hi c h  c o ul d  b e  e x pl ai n e d  b y  t h e  f a ct  t h at  t h e 

m e a s ur e m e nt of c p w a s i n fi u e n c e d b y t h e diff er e nt v al u e s of λ of C / C- Si C. 

T h e  m e a n  v al u e  a n d  st a n d ar d  d e vi ati o n  of  C / C- Si C  m at eri al  wit h 

fi b er ori e nt ati o n 0 / 9 0 ◦ u n d e r t e n sil e, c o m pr e s si v e a n d s h e ar l o a d ar e 

s u m m ari z e d i n T a bl e 2 . At fir st, t h e d et er mi n ati o n of t h e el a sti c c o n-

st a nt s w a s c o n d u ct e d u si n g a li n e ar flt of t h e i niti al li n e ar r e gi o n of t h e 

str e s s- str ai n c ur v e s. E i s t h e Y o u n g’s m o d ul u s, ν i s t h e P oi s s o n’s r ati o a n d 

G t h e  s h e ar  m o d ul u s.  A s  m e nti o n e d  b ef or e,  t h e  i n di c e s x , y a n d z 

c orr e s p o n d t o t h e i n di c ati o n s i n Fi g. 1 a n d T a bl e 1 . T h e x- a n d y- a xi s 

r e pr e s e nt t h e fi b er ori e nt ati o n 0 ◦ a n d 9 0 ◦ , r e s p e cti v el y, a n d t h e z- a xi s i s 

t h e o ut- of- pl a n e dir e cti o n. T h e i n d e x T d e n ot e s t h e t e n sil e t e st a n d C t h e 

c o m pr e s si o n t e st. A s m e nti o n e d i n S e cti o n 2. 1 , t h e gr e e n pl at e s of C / C- 

Si C w er e pr o d u c e d b y st a c ki n g of s e v er al l a y er s a n d e a c h si n gl e l a y er 

w a s r ot at e d b y 9 0 ◦ d u ri n g t h e pl y st a c ki n g i n or d er t o g et a s y m m etri c al 

str u ct ur e. D u e t o t hi s s y m m etr y of fi b er ori e nt ati o n 0 / 9 0 ◦ t h e Y o u n g’s 

m o d ul u s E x i s e q u al t o E y , a n d t h e v al u e s of t h e P oi s s o n’s r ati o ν z x a n d 

ν z y , s h e a r m o d ul u s G x z a n d G z y a r e t h e o r eti c all y i d e nti c al, r e s p e cti v el y. 

T h e  s a m e  m at eri al  pr o p erti e s  of  C / C- Si C  i n  x-  a n d  y- dir e cti o n  w er e 

v eri fi e d t hr o u g h s a m pl e s, w hi c h w er e pr e p ar e d a n d i n v e sti g at e d i n b ot h 

i n- pl a n e  dir e cti o n s  i n  s e v er al  i nt er n al  pr oj e ct s.  F urt h er m or e,  t h e 

str e n gt h v al u e s u n d er diff er e nt l o a di n g dir e cti o n s w er e c al c ul at e d fr o m 

t h e m a xi m u m f or c e u si n g t h e f or m ul a s f or t h e r el at e d t e st s. T h e d et er -

mi n e d  t e n sil e  a n d  c o m pr e s si o n  str e n gt h s σ a n d  s h e ar  str e n gt h s τ ar e 

li st e d i n T a bl e 2 . F or ori e nt ati o n 0◦ / 9 0 ◦ t h e st r e n gt h v al u e s σ x a n d σ y , τ z x 

a n d τ z y a r e a s s u m e d t o b e i d e nti c al, r e s p e cti v el y. I n a d diti o n, t h e fr a c -

t ur e str ai n ε u n d er t e n sil e or c o m pr e s si o n l o a di n g a n d γ of s h e ar t e st w a s 

d e fi n e d a s t h e str ai n v al u e at t h e r el at e d m a xi m u m str e n gt h, w hi c h ar e 

li st e d i n T a bl e 2 t o o. Si mil ar t o el a sti c c o n st a nt s a n d str e n gt h, t h e ulti-

m at e str ai n ε x i s e q u al t o ε y , a n d γ z x e q u al t o γ z y . It s h o ul d b e n ot e d t h at 

t h e m e c h a ni c al pr o p erti e s u n d er o ut- of- pl a n e c o m pr e s si o n l o a di n g h a v e 

b e e n p u bli s h e d i n t h e pr e vi o u s w or k [ 3 7 ]. T h e el a sti c c o n st a nt s, str e n gt h 

v al u e s a n d fr a ct ur e str ai n o bt ai n e d fr o m i n- pl a n e 3 P B a n d i nt erl a mi n ar 

s h e ar t e st ar e s u m m ari z e d i n T a bl e 2 . Si n c e t h e Y o u n g’s m o d ul u s u n d er 

t e n sil e a n d fi e x ur e l o a di n g ar e c o m p ar a bl e, t h e str e n gt h a n d ulti m at e 

str ai n of 3 P B t e st ar e si g ni fi c a ntl y hi g h er t h a n t h e v al u e s of t e n sil e t e st. 

3. 3.  R es ults of c o m pli a n c e t est at R T 

T h e  i n- pl a n e  t e n sil e  str e s s- str ai n  c ur v e s  (i n x or y dir e cti o n)  wit h 

l o a di n g- u nl o a di n g c y cl e s of C / C- Si C o bt ai n e d at R T ar e s h o w n i n Fi g. 6 . 

A b o v e a gi v e n a p pli e d str e s s, t h e c ur v e s d o n ot s u p eri m p o s e a n d gi v e 

ri s e t o t h e f or m ati o n of a sli g ht h y st er e si s l o o p. T h e p er m a n e nt str ai n 

i n cr e a s e d wit h gr o wt h of c y cl e s. T h e Y o u n g’s m o d ul u s w a s e v al u at e d 

u si n g a li n e ar fit of t h e i niti al li n e ar r e gi o n b ef or e t h e fir st c y cl e. T h e 

e v al u at e d  m e c h a ni c al  pr o p erti e s  ar e  s u m m ari z e d  i n T a bl e  3 a n d 

c o m p ar e d wit h t h e q u a si st ati c r e s ult s at R T. Wit h c o n si d er ati o n of t h e 

st a n d ar d d e vi ati o n, t h e v al u e s of t h e q u a si st ati c (fr o m T a bl e 2 ) a n d t h e 

c y cli c l o a di n g- u nl o a di n g t e st s at R T ar e hi g hl y c o m p ar a bl e. T h er ef or e, it 

i s r e a s o n a bl e t o c o n cl u d e t h at c y cli c l o a di n g- u nl o a di n g f or l o w n u m b er 

of c y cl e s h a s al m o st n o i n fi u e n c e o n t h e m e c h a ni c al pr o p erti e s of C / C- 

Si C. 

3. 4.  R es ults of t e nsil e t est at H T 

T h e t y pi c al t e n sil e str e s s- str ai n c ur v e s u n d er c o m pli a n c e a n d q u a si 

st ati c l o a di n g at 1 4 0 0 ◦ C, a n d u n d e r q u a si st ati c l o a di n g at 1 2 0 0 ◦ C a r e 

s h o w n i n Fi g. 7 . I n or d er t o pr e s e nt a b ett er c o m p ari s o n wit h t h e c ur v e s 

t h e  str ai n  a xi s  i s  off s et  wit h  1‰ a n d  2 ‰ f or  1 4 0 0- T  a n d  1 2 0 0- T, 

r e s p e cti v el y.  T h e  str e s s- str ai n  r e s p o n s e s  at  b ot h  t e m p er at ur e s  ar e 

Fi g. 2. Mi cr o str u ct ur e of s a m pl e s wit h 0 / 9 0 ◦ fi b e r o ri e nt ati o n at diff er e nt pr o c e s s st e p: a) C F R P st at e aft er c o n s oli d ati o n; b) C / C st at e aft er p yr ol y si s a n d c) C / C- Si C 

aft er sili c o ni z ati o n. 

Fi g. 3. X R D p att er n of C / C- Si C c o m p o sit e.  

Fi g. 4. R el ati o n s hi p b et w e e n C T E a n d t e m p er at ur e of C / C- Si C m at eri al i n x- ( y- 

) a n d z- dir e cti o n s. 
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si mil ar. I n c o ntr a st t o t h e b e h a vi or wit h c o m pli a n c e c y cl e s at R T ( Fi g. 6 ), 

t h e l o a di n g a n d u nl o a di n g l o o p s at diff er e nt str e s s e s at 1 4 0 0 ◦ C al m o st 

o v e rl a p e a c h ot h er, n o si g ni fi c a nt h y st er e si s l o o p a n d p er m a n e nt str ai n 

c a n b e o b s er v e d. T h e e v al u at e d m e c h a ni c al pr o p erti e s at b ot h t e m p er -

at ur e s  ar e c o m p ar a bl e a n d  s u m m ari z e d i n T a bl e 3 .  I n c o ntr a st t o t h e 

r e s ult s of R T, t h e Y o u n g ’s m o d ul u s i s al m o st c o n st a nt wit h i n cr e a si n g 

t e st  t e m p er at ur e.  D e s pit e  t h e  l ar g e  st a n d ar d  d e vi ati o n,  a  d e cr e a si n g 

t e n d e n c y of t h e m e a n v al u e of t h e fr a ct ur e str ai n c a n b e r e c o g ni z e d wit h 

i n cr e a si n g t e m p er at ur e (T a bl e 3 a n d Fi g. 1 0 b). 

4. Di s c u s si o n

4. 1. I n fi u e n c e of t e m p er at ur e o n m e c h a ni c al pr o p erti es 

A s m e nti o n e d a b o v e, a n o nli n e ar str e s s- str ai n b e h a vi or wit h si g nif -

i c a nt p er m a n e nt str ai n a n d c h a n g e of stiff n e s s c a n b e o b s er v e d u n d er 

t e n sil e l o a di n g at R T (Fi g. 6 ). Fi g. 8 s h o w s t h e d e p e n d e n c e of t h e stiff -

n e s s  a n d  t h e  p er m a n e nt  str ai n  of  e a c h  c y cl e  o n  t h e  l o a di n g  str e s s  of 

c o m pli a n c e t e st. T h e Y o u n g ’s m o d ul u s of 7 2. 2 G P a c o nti n u o u sl y r e d u c e s 

t o  t h e  stiff n e s s  of  a p pr o x.  5 7. 5  G P a  b y  t h e  l a st  c y cl e.  I n  c o m p ari s o n, 

p er m a n e nt str ai n gr o w s pr o p orti o n all y wit h t h e n u m b er of t h e l o a di n g- 

u nl o a di n g c y cl e s i. e. wit h t h e i n cr e m e nt al i n cr e a s e i n l o a di n g str e s s. 

O n  t h e  c o ntr ar y,  t h e  c ur v e s  of  l o a di n g- u nl o a di n g  t e st  at  1 4 0 0 ◦ C 

( 1 4 0 0- C o m pl i n Fi g. 7 ) al m o st s u p eri m p o s e o n e a c h ot h er wit h o ut p er -

m a n e nt  str ai n  a n d  r e d u cti o n  of  stiff n e s s  d uri n g  e a c h  c y cl e.  A s  t h e 

Fi g. 5. a) T h er m al c o n d u cti vit y a n d b) s p e ci fi c h e at c a p a cit y of C / C- Si C m at eri al i n x- ( y-) a n d z- dir e cti o n s.  

T a bl e 2 

S u m m ar y of el a sti c c o n st a nt s, str e n gt h v al u e s a n d fr a ct ur e str ai n of m at eri al C / 

C- Si C  ( 0 / 9 0 ◦ )  i n  di r e cti o n s x , y a n d z o bt ai n e d  fr o m  t e n sil e,  c o m pr e s si o n,

I o si p e s c u- s h e ar,  3 P B  a n d  i nt erl a mi n ar  s h e ar  t e st s.  T h e  i n d e x T d e n ot e s  t h e

t e n sil e t e st a n d C t h e c o m pr e s si o n t e st.

El a sti c c o n st a nt s i n dir e cti o n s x , y a n d z o bt ai n e d f r o m t e n sil e a n d I o si p e s c u- s h e ar t e st s  

E T
x = E T

y 

[ G P a ]  

E T
z [ G P a ]  ν T

x y [- ]  ν T
z x = ν T

z y [- ]  G x y 

[ G P a ]  

G z x = G z y 

[ G P a ]  

7 2. 8 ± 2. 1  2 8. 7 ± 0. 7  0. 0 2 ±

0. 0 1 

0. 0 4 ± 0. 0 1  9. 5 ±

1. 7 

2 0. 3 ± 1. 2 

El a sti c c o n st a nt s i n dir e cti o n s x , y a n d z o bt ai n e d f r o m c o m pr e s si o n t e st  

E C
x = E C

y 

[ G P a ]  

E C
z [ G P a ]  ν C

x y [- ]  ν C
z x = ν C

z y [- ]    

8 4. 2 ±

1 1. 6 

2 8. 3 ± 1. 9 – 0. 0 6 ± 0. 0 1   

Str e n gt h v al u e s i n dir e cti o n s x , y a n d z o bt ai n e d f r o m t e n sil e, c o m pr e s si o n a n d 

I o si p e s c u- s h e ar t e st s  

σ T
x = σ T

y 

[ M P a ]  

σ T
z [ M P a ]  σ C

x = σ C
y 

[ M P a ]  

σ C
z [ M P a ]  τ x y 

[ M P a ]  

τ z x = τ z y 

[ M P a ]  

1 2 5. 7 ±

1 3. 1 

1 1. 9 ± 0. 5  3 2 9. 9 ±

1 5. 4 

3 6 0. 8 ±

3 2. 4 

7 1. 7 ±

0. 9 

5 5. 1 ± 6. 4 

Fr a ct ur e str ai n v al u e s i n dir e cti o n s x , y a n d z o bt ai n e d fr o m t e n sil e, c o m pr e s si o n a n d 

I o si p e s c u- s h e ar t e st s  

ε T
x = ε T

y 

[ % ]  

ε T
z [ % ]  ε C

x = ε C
y [ % ]  ε C

z [ % ]  γ x y [ % ]  γ z x = γ z y 

[ % ]  

0. 2 5 ±

0. 0 3 

0. 0 4 ±

0. 0 1 

– 1. 1 4 ±

0. 1 6 

3. 0 9 ±

0. 1 3 

0. 9 5 ± 0. 2 8 

M e c h a ni c al pr o p erti e s o bt ai n e d fr o m 3 P B 

t e st  

I nt erl a mi n ar s h e ar 

str e n gt h 

E B
x = E B

y 

[ G P a ]  

σ B
x = σ B

y 

[ M P a ]  

ε B
x = ε B

y [ % ]   σ I L S S
x = σ I L S S

y [ M P a ]  

6 9. 3 ± 2. 2  2 0 9. 1 ±

1 3. 8 

0. 4 1 ± 0. 0 4  2 4. 8 ± 3. 8  

Fi g.  6. St r e s s- str ai n  b e h a vi or s  of  C / C- Si C  m at eri al  u n d er  t e n sil e  l o a di n g- 

u nl o a di n g c y cl e s at R T. 

T a bl e 3 

M e c h a ni c al pr o p erti e s of C / C- Si C u n d er t e n sil e l o a di n g at R T, 1 2 0 0 ◦ C a n d 1 4 0 0 
◦ C.

T e m p er at ur e  L o a di n g E T
x = E T

y 

[ G P a ]  

σ T
x = σ T

y 

[ M P a ]  

ε T
x = ε T

y 

[ % ]  

R T 

Q u a si st ati c (fr o m  

T a bl e 2 ) 
7 2. 8 ± 2. 1 

1 2 5. 7 ±

1 3. 1 

0. 2 5 ±

0. 0 3 

C y cli c l o a di n g- 

u nl o a di n g 
7 2. 3 ± 4. 3  1 1 9. 2 ± 5. 0 

0. 2 5 ±

0. 0 2 

1 2 0 0 ◦ C  Q u a si st ati c 7 2. 3 ± 1 5. 7  1 4 3. 1 ± 8. 9 
0. 2 2 ±

0. 0 2 

1 4 0 0 ◦ C 

Q u a si st ati c a n d 

c y cli c 

l o a di n g- u nl o a di n g 

7 6. 2 ± 1 0. 4 
1 3 7. 7 ±

1 6. 8 

0. 2 0 ±

0. 0 3  
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t e m p er at ur e r a n g e of t h e H T-i n v e sti g ati o n i s l o w er t h a n t h e m a xi m u m 

pr o c e s si n g t e m p er at ur e of C / C- Si C ( p yr ol y si s a n d sili c o ni z ati o n at 1 6 5 0 
◦ C), b ot h t h e  fi b er a n d m atri x ar e  r efr a ct or y a n d t h er ef or e, t h eir m e -

c h a ni c al  pr o p erti e s  ar e  a s s u m e d  t o  r e m ai n  u n c h a n g e d  d uri n g  t h e  H T

t e n sil e t e st. I n t hi s c a s e, t h e diff er e n c e i n t e n sil e b e h a vi or at R T a n d 1 4 0 0
◦ C c a n b e e x pl ai n e d e x cl u si v el y b y t h e r e si d u al t h er m al str e s s e s ( R T S) i n

t h e  fi b er  a n d  t h e  m atri x.  B e c a u s e  of  t h e  mi s m at c h  of  c o ef fi ci e nt  of

t h er m al e x p a n si o n ( C T E) v al u e of c ar b o n fi b er a n d Si C m atri x, t h e R T S

g e n er at e s  i n  C / C- Si C  aft er  t h e  l a st  st e p  of  H T  m a n uf a ct uri n g  pr o c e s s

( sili c o ni z ati o n at 1 6 5 0 ◦ C). T h o u g h t h e C T E v al u e of - 0. 1 [ 1 0 − 6 / K ] f o r

H T A 4 0 c ar b o n fi b er i n t h e l o n git u di n al dir e cti o n c a n b e f o u n d i n t h e

m a n uf a ct ur e  d at a s h e et  [ 3 8 ],  t h e  C T E  m e a s ur e m e nt  of  p ur e  m atri x  of

C / C- Si C  p o s e s  a  c h all e n g e  b e c a u s e  of  it s  m ulti p h a s e  ( C,  Si  a n d  Si C)

m atri x s y st e m. H o w e v er, t h e c o m p o siti o n of m at eri al Mi C a Si C ® , w hi c h

w a s d e v el o p e d at D L R a n d m a n uf a ct ur e d t hr o u g h s a m e L SI pr o c e s s a s

C / C- Si C, i s w ell c o m p ar a bl e t o t h e m atri x of C / C- Si C. T h e C T E v al u e of

Mi C a Si C ® h a s b e e n m e a s ur e d a n d i s a p pr o x. 3. 9 [ 1 0 − 6 / K ] [ 3 9 ], w hi c h i s

si g ni fi c a ntl y hi g h er t h a n t h e v al u e of fi b er. T h er ef or e, t h e hi g h pr o c e s s

t e m p er at ur e a n d t h e C T E mi s m at c h b et w e e n fl b er a n d m atri x l e a d s t o

d e v el o p m e nt of R T S w h e n c o oli n g d o w n t h e C / C- Si C c o m p o sit e t o R T.

A s  a  r e s ult,  t e n sil e  str e s s  e xi st s  i n  t h e  m atri x  a n d  t h e  fi b er  i s  u n d er

c o m pr e s si v e str e s s at R T. Si mil ar p h e n o m e n o n h a s b e e n r e p ort e d i n t h e

c a s e of ot h er C M C s li k e Ultr a Hi g h- T e m p er at ur e C M C s w h er e t h er e i s a

diff er e n c e b et w e e n t h e C T E s of fi b er a n d m atri x [ 4 0 ].

I n or d er t o e x pl ai n t h e diff er e nt m at eri al b e h a vi or of C / C- Si C at R T 

a n d H T cl o s e t o t h e t e m p er at ur e at t h e l a st pr o c e s si n g st e p, a s c h e m ati c 

r e pr e s e nt ati o n f or t h e c h a n g e of R T S (r e d arr o w s) a n d cr a c k s di stri b u -

ti o n of C / C- Si C u n d er diff er e nt t e n sil e l o a di n g st at e s a n d t e m p er at ur e 

c o n diti o n s  i s  s h o w n  i n Fi g.  9 .  A s  alr e a d y  di s c u s s e d,  t e n si o n  a n d 

c o m pr e s si o n R T S ar e pr e s e nt i n m atri x a n d fi b er of C / C- Si C r e s p e cti v el y. 

U n d er  t e n sil e  l o a di n g  at  R T  ( Fi g.  9 ,  l eft),  d u e  t o  t h e  r el ati v el y  s m all 

t e n sil e  f or c e  (F 0 t o F 1 ),  n o  m at ri x  cr a c k  d e v el o p s  a n d  t h e  Y o u n g ’s 

m o d ul u s c a n b e e v al u at e d i n t hi s i niti al li n e ar r e gi o n. A s t h e f or c e i n -

cr e a s e s  a b o v e  a  gi v e n  a p pli e d  str e s s,  cr a c k s  will  a p p e ar  a n d  d e v el o p 

Fi g.  7. T e n sil e  str e s s- str ai n  b e h a vi or s  of  C / C- Si C  m at eri al  u n d er  c o m pli a n c e 

l o a di n g at 1 4 0 0 ◦ C ( 1 4 0 0- C o m p), u n d er q u a si st ati c l o a di n g at 1 4 0 0 ◦ C ( 1 4 0 0- 

T) a n d u n d er q u a si st ati c l o a di n g at 1 2 0 0 ◦ C ( 1 2 0 0- T). Off s et of str ai n a xi s wit h

1 ‰ a n d 2 ‰ f or 1 4 0 0- T a n d 1 2 0 0- T, r e s p e cti v el y.

Fi g. 8. Eff e ct of t h e l o a di n g str e s s of c o m pli a n c e t e st o n t h e stiff n e s s a n d t h e 

p er m a n e nt str ai n of e a c h c y cl e at R T. 

Fi g. 9. S c h e m ati c r e pr e s e nt ati o n f or t h e c h a n g e of r e si d u al t h er m al st r e s s e s ( R T S r e d arr o w s) a n d cr a c k d e v el o p m e nt- di stri b uti o n of C / C- Si C u n d er t e n sil e l o a di n g at 

R T a n d at H T cl o s e t o t h e t e m p er at ur e at t h e l a st pr o c e s si n g st e p ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol o ur i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e w e b 

v er si o n of t hi s arti cl e). 
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t hr o u g h o ut t h e m atri x (fr o m F 2 t o F i). D u e t o t h e d a m a g e of t h e m atri x, a 

si g ni fi c a nt  d e gr a d ati o n  of  c o m p o sit e ’s  stiff n e s s  a n d  i n cr e a s e d  p er m a -

n e nt str ai n at R T w a s o b s er v e d, a s s h o w n i n Fi g. 8 . T h e p er m a n e nt str ai n 

i s d u e t o t h e i n c o m pl et e cr a c k cl o s ur e aft er t h e u nl o a di n g. 

O n t h e ot h er h a n d, gr a d u al cr a c k f or m ati o n i n t h e m atri x l e a d s t o 

c o nti n u o u s d e cr e a s e i n R T S. Wit h i n cr e a s e i n t e n sil e l o a di n g a n d f urt h er 

cr a c k d e v el o p m e nt, t h e R T S r e d u c e s t o z er o a n d o n c e t h e l o a di n g e x -

c e e d s t h e f ail ur e str ai n of fi b er ( F n ), t h e c o m p o sit e fi n all y r u pt ur e s. 

C o ntr aril y, i n t h e c a s e of H T t e st, a s s h o w n i n Fi g. 9 ri g ht, R T S fr o m 

fi b er a n d m atri x ar e r el e a s e d d uri n g t h e H T ( cl o s e t o t h e m a n uf a ct uri n g 

t e m p er at ur e of C / C- Si C), e s p e ci all y i n t h e t e st at 1 4 0 0 ◦ C. A s a r e s ult, n o 

m atri x  cr a c k  d e v el o p m e nt  i s  o b s er v e d  fr o m F 0 t o F i.  B e c a u s e  of  t hi s 

p h e n o m e n o n, al m o st n o p er m a n e nt str ai n c o ul d b e o b s er v e d d uri n g t h e 

t e n sil e l o a di n g- u nl o a di n g t e st at H T. C o m p ar e d t o t h e t e n sil e t e st at R T, 

t h e el a sti c li mit at H T, w hi c h i s r el at e d t o t h e o n s et of cr a c ki n g of t h e 

m atri x, i s c o n si d er a bl y br o a d er b e c a u s e t h e m atri x i s n ot pr el o a d e d i n 

t e n si o n. Si mil ar t o t h e t e st at R T, C / C- Si C c o m p o sit e will f ail a s s o o n a s 

t h e f ail ur e str ai n of fi b er i s a c hi e v e d. 

It s h o ul d b e n oti c e d t h at d et er mi n ati o n of t h e a c c ur at e str e s s v al u e at 

w hi c h cr a c k s b e gi n t o a p p e ar i n t h e m atri x m a y b e f e a si bl e t hr o u g h i n- 

sit u S E M, c o m p ut er t o m o gr a p h y ( C T) or A c o u sti c E mi s si o n ( A E) e x a m -

i n ati o n  at  diff er e nt  t e m p er at ur e s,  w hi c h  ar e  v er y  c o m pl e x  a n d  ti m e- 

c o n s u mi n g. H o w e v er, i n t hi s st u d y t h e m atri x d o mi n at e d pr o p erti e s of 

C / C- Si C at R T w a s i n v e sti g at e d u n d er t h e t e n sil e l o a di n g i n o ut- of- pl a n 

dir e cti o n a n d t h e str e n gt h v al u e i s a p pr o x. 1 1. 9 M P a ( T a bl e 2 ), a n d it i s 

r e a s o n a bl e  t o  a s s u m e  t h at  t h e  str e s s  v al u e s  of  cr a c k  i niti ati o n  i n  t h e 

m atri x at R T s h o ul d b e s m all er t h a n it. O n t h e ot h er h a n d, a c c or di n g t o 

t h e  d e v el o p e d  m o d eli n g  a p pr o a c h  i n  t hi s  w or k,  t h e  diff er e n c e  i n  t h e 

c orr e s p o n di n g  str e s s e s  a n d  str ai n s  at  R T  a n d  H T  c a n  b e  e x pl ai n e d 

t hr o u g h t h e r el a x ati o n of t h er m al r e si d u al str e s s a n d t h e el a sti c li mit at 

H T c a n b e e xt e n d e d fr o m t h e c o m m o n i nt er s e cti o n of t h e R T c o m pli a n c e 

sl o p e s t o t h e a p p e ari n g of m atri x cr a c k s at R T ( d et ail e d e x pl a n ati o n i n 

S e cti o n 4. 3 ). I n t hi s c a s e, t h e mi ni m u m str e s s of cr a c k i niti ati o n at H T 

n e ar t o t h e m a x m a n uf a ct uri n g t e m p er at ur e s h o ul d b e l o w er t h a n 1 0 0 

M P a. 

I n t hi s w a y, t h e eff e ct of t e m p er at ur e o n m e c h a ni c al pr o p erti e s of C / 

C- Si C  c a n  b e  e x pl ai n e d  t hr o u g h  diff er e nt  cr a c k  d e v el o p m e nt u n d er

t e n sil e l o a di n g i n Fi g. 9 . Fi g. 1 0 s h o w s t h e eff e ct of t e st t e m p er at ur e o n

t h e Y o u n g’s m o d ul u s, t h e str e n gt h a n d t h e fr a ct ur e str ai n of C / C- Si C.

T h e Y o u n g ’s m o d ul u s r e m ai n s c o n st a nt i n t h e w h ol e r a n g e fr o m R T t o

H T, b e c a u s e t h e el a sti c pr o p ert y i s e v al u at e d fr o m i niti al li n e ar r e gi o n

wit h o ut d e v el o p m e nt of m atri x cr a c k s ( F 1 i n Fi g. 9 ). O n t h e ot h er h a n d,

d u e t o t h e r el e a s e of t h e c o m pr e s si v e R T S i n t h e fi b er s a n d al m o st n o

e v ol uti o n of p er m a n e nt str ai n d uri n g t h e t e n sil e t e st at H T ( 1 4 0 0 ◦ C), t h e

f r a ct u r e str ai n d e cr e a s e s wit h i n cr e a si n g t e st t e m p er at ur e. Si n c e t h e t e st

t e m p er at ur e at 1 4 0 0 ◦ C i s cl o s e t o t h e t e m p er at ur e of t h e l a st st e p of

m a n uf a ct uri n g  pr o c e s s,  t h e  R T S  ar e  r el e a s e d  t o  a  hi g h er  e xt e nt

c o m p ar e d  t o  t h e  R T  a n d  1 2 0 0 ◦ C,  w hi c h  l e a d s  t o  t h e  l o w e st  fr a ct ur e

str ai n i n t h e t e st t e m p er at ur e r a n g e ( Fi g. 1 0 b). F urt h er m or e, a c c or di n g

t o t h e c o n c e pt s h o w n i n Fi g. 9 , t h e w h ol e a m o u nt of m atri x cr a c k at H T

s h o ul d  b e  l e s s er  t h a n  t h e  st at e  at  R T,  w hi c h  e x pl ai n s  t h e  dir e ct  pr o -

p orti o n alit y  b et w e e n  t e n sil e  str e n gt h  a n d  t e sti n g  t e m p er at ur e.  T h e

i n c o n si st e nt  t e n d e n c y  b et w e e n  b ot h  t h e  H T  t e st s  c a n  b e  e x pl ai n e d

t hr o u g h t h e r el ati v el y hi g h st a n d ar d d e vi ati o n of r e s ult s o bt ai n e d fr o m

t h e t e st s at 1 4 0 0 ◦ C.

4. 2.  A n al ysis of fr a ct ur e s urf a c e 

I n or d er  t o  c o n fir m  t h e  c o n c e pt  of  cr a c k  d e v el o p m e nt  of  C / C- Si C 

u n d er diff er e nt t e m p er at ur e c o n diti o n s ( Fi g. 9 ), t h e fr a ct ur e s urf a c e of 

t h e f ail e d s a m pl e s t hr o u g h t e n sil e t e st at R T a n d 1 4 0 0 ◦ C w a s a n al y z e d 

b y  m e a n s  of  S E M.  At  flr st  si g ht,  n o  c o n si d er a bl e  diff er e n c e  c a n  b e 

o b s er v e d i n t h e fr a ct ur e s urf a c e s of s a m pl e s t e st e d at R T a n d 1 4 0 0 ◦ C 

(Fi g. 1 1 a a n d b), a s b ot h t h e i m a g e s s h o w si g ni fi c a nt fi b er a n d fi b er- 

b u n dl e  p ull- o ut  eff e ct.  H o w e v er,  e nl ar g e m e nt  of  s e v er al  p o siti o n s  of 

R T t e st s a m pl e s i n Fi g. 1 1 c a n d e i n di c at e l ar g e n u m b er s of cr a c k s i n 

m atri x ar e a (r e d arr o w s). O n t h e c o ntr ar y, o nl y f e w m atri x cr a c k s c a n b e 

o b s er v e d i n Fi g. 1 1 d a n d f f or t h e f ail e d s a m pl e of t e n sil e t e st at 1 4 0 0 ◦ C. 

T h e s e diff er e nt fr a ct ur e m e c h a ni s m s c orr el at e str o n gl y wit h t h e c h a n g e 

of stiff n e s s a n d p er m a n e nt str ai n at R T i n Fi g. 8 , t h e c o n c e pt of cr a c k 

d e v el o p m e nt a n d di stri b uti o n i n Fi g. 9 a n d t h e r e s ult s of d e p e n d e n c e of 

t h e m e c h a ni c al pr o p erti e s o n t h e t e m p er at ur e (Fi g. 1 0 ). 

4. 3.  M o d eli n g of m e c h a ni c al b e h a vi or at H T 

F or  t h e  m o d eli n g  of  t h e  m e c h a ni c al  pr o p erti e s  of  C / C- Si C  u n d er 

t e n sil e l o a di n g at 1 4 0 0 ◦ C, w hi c h i s n e ar t h e m a x t e m p er at ur e d uri n g t h e 

sili c o ni z ati o n st e p, a n a p pr o a c h w a s d e v el o p e d b a s e d o n t h e a n al y si s of 

h y st er e si s m e a s ur e m e nt s at R T ( Fi g. 6 ) a n d i ntr o d u c e d i n t hi s s e cti o n. 

Fr o m t h e str e s s- str ai n b e h a vi or of l o a di n g- u nl o a di n g t e st, a c o m m o n 

i nt er s e cti o n p oi nt w a s f o u n d [4 1 ,4 2 ], a s s h o w n i n Fi g. 1 2 , b y e xtr a p o-

l ati o n of t h e c o m pli a n c e sl o p e s of t h e  t o p li n e ar p orti o n  of e a c h h y s-

t er e si s l o o p at R T. D u e t o t h e f a ct t h at t h e R T S fr o m fi b er a n d m atri x 

w er e r el e a s e d at H T ( Fi g. 9 ), e s p e ci all y at 1 4 0 0 ◦ C, t h e c o m m o n i nt er -

s e cti o n i s t h e ori gi n fr e e wit h R T S of C / C- Si C. I n t hi s w a y a n e w c o or -

di n at e s y st e m wit h t h e i nt er s e cti o n p oi nt P 0 0 a s o ri gi n al p oi nt c a n b e 

d e fi n e d f or t h e m e c h a ni c al b e h a vi or of C / C- Si C u n d er t e n sil e l o a di n g at 

1 4 0 0 ◦ C. T h e st r ai n ( ε i) a n d st r e s s (σ i) v al u e of t h e t o p li n e ar p orti o n of 

e a c h h y st er e si s l o o p at R T w er e r e c or d e d a n d t h e p o siti o n of t h e p oi nt 

P 0 0 (σ 0 0 a n d ε 0 0 ) c a n b e c al c ul at e d a s: 

σ i
0 0 − σ i = k i(ε

i
0 0 − ε i) ( 1)  

σ 0 0 =

∑ i
1 σ i

0 0

i
( 2)  

ε 0 0 =

∑ i
1 ε i

0 0

i
( 3)  

w h e r e k i i s t h e sl o p e of e a c h h y st er e si s l o o p, σ 0 0 a n d ε 0 0 a r e t h e m e a n 

v al u e of σ i
0 0 a n d ε i

0 0 , w hi c h a r e t h e p o siti o n of t h e i nt er s e cti o n p oi nt of 

e a c h l o o p. A c c or di n g t o t h e E q. 1 t o 3, t h e v al u e of σ 0 0 a n d ε 0 0 f o r t h e 

Fi g. 1 0. D e p e n d e n c e of a) t h e Y o u n g ’s m o d ul u s, t h e str e n gt h a n d b) t h e fr a c -

t ur e str ai n of C / C- Si C o n t h e t e st t e m p er at ur e. 

Y. S hi et al.



p oi nt P 0 0 h a s  b e e n  c al c ul at e d  a s  a p pr o x. − 8 4  M P a  a n d- 1. 1 ‰ , 

r e s p e cti v el y. 

T h e n, b a s e d o n t h e a s s u m pti o n t h at t h e t e m p er at ur e r a n g e of 1 4 0 0 
◦ C d u ri n g t h e H T-i n v e sti g ati o n h a s n o i n fi u e n c e o n t h e m at eri al pr o p -

erti e s of fi b er a n d m atri x, a li n e ar str e s s- str ai n r el ati o n s hi p fr o m i nt er -

s e cti o n p oi nt P 0 0 t o t h e st r ai n of m atri x cr a c ki n g at R T i s e x p e ct e d a n d

t h e el a sti c str ai n v al u e ε M C H T wit h t h e a s s o ci at e d str e s s v al u e ( σ M C H T ) at

H T c a n b e c al c ul at e d s e p ar at el y a s:

ε M C H T = A bs (ε 0 0 )  + ε M C R T ( 4)  

σ M C H T = A bs (σ 0 0 )  + σ M C R T ( 5) 

A s di s c u s s e d i n S e cti o n 4. 1 , t h e str e s s v al u e s of cr a c k i niti ati o n i n t h e 

m atri x at R T s h o ul d b e s m all er t h a n t h e t e n sil e str e n gt h i n o ut- of- pl a n e 

dir e cti o n.  F or  t h e  f urt h er  v eri fi c ati o n  of  t h e  m o d eli n g  a p pr o a c h,  t h e 

str e s s v al u e σ M C H T of t h e el a sti c r a n g e of C / C- Si C w a s di fi n e d a s 1 0 M P a. 

F urt h er m or e, t h e str e s s- str ai n c ur v e i n Fi g. 1 2 s h o w s a c c u m ul ati o n of 

p er m a n e nt str ai n ε P aft e r u nl o a di n g u ntil f ail ur e of c o m p o sit e s at R T. 

D u e t o t h e r el a x ati o n of R T S at t e m p er at ur e of 1 4 0 0 ◦ C, t h e v al u e of 

ulti m at e str ai n at H T ( ε U H T ) of C / C- Si C m at eri al c o ul d b e c o n si d er e d a s 

t h e  diff er e n c e  b et w e e n  t h e  ulti m at e  str ai n  at  R T  (ε U R T )  a n d  t h e  m a x 

p er m a n e nt str ai n ε P at R T: 

ε U H T = ε U R T − ε P ( 6)  

w h e r e t h e ε P c a n b e i d e nti fi e d t hr o u g h t h e cr o s s p oi nt b et w e e n t h e str ai n 

a xi s ( x- a xi s) a n d t h e li n e fr o m i nt er s e cti o n p oi nt P 0 0 t o ulti m at e p oi nt of 

str e s s- str ai n c ur v e Fi g. 1 2 . 

B y  u si n g  t h e  m o d eli n g  a p pr o a c h  a s  e x pl ai n e d  a b o v e,  t h e  m at eri al 

pr o p erti e s  of  C / C- Si C  u n d er  i n- pl a n e  t e n sil e  l o a di n g  at  1 4 0 0 ◦ C  a r e 

c al c ul at e d  a n d  c o m p ar e d  wit h  t h e  e x p eri m e nt al  r e s ult s  at  diff er e nt 

t e m p er at ur e s i n Fi g. 1 3 . D u e t o t h e f a ct t h at t h e m o d eli n g a p pr o a c h w a s 

d e v el o p e d f or t h e pr e di cti o n of t e n sil e pr o p erti e s at H T cl o s e t o t h e m a x 

m a n uf a ct uri n g t e m p er at ur e of C / C- Si C, a str o n g er a gr e e m e nt b et w e e n 

c al c ul at e d a n d t e st r e s ult s at 1 4 0 0 ◦ C c a n b e o b s e r v e d c o m p ar e d t o t h e 

R T a n d 1 2 0 0 ◦ C, e s p e ci all y f or t h e fr a ct ur e str ai n. 

Fi g. 1 1. S E M i m a g e s f or t h e fr a ct ur e s urf a c e of t h e s a m pl e s aft er t e n sil e t e st at a), c), e) R T a n d b), d) f) 1 4 0 0 ◦ C.  

Fi g. 1 2. C o m m o n i nt er s e cti o n p oi nt P 0 0 of t h e C / C- Si C c o m pli a n c e sl o p e s at R T 

wit h t h e a s s o ci at e d σ 0 0 a n d ε 0 0 t o t h e o ri gi n al c o or di n at e s y st e m; ε i a n d σ i a r e 

t h e  st r ai n  a n d  str e s s  v al u e  of  t h e  t o p  li n e ar  p orti o n  of  e a c h  h y st er e si s  l o o p. 

Diff er e nt v al u e s ar e d e fi n e d a s: ε U R T : ulti m at e st r ai n at R T; ε U H T : ulti m at e str ai n 

at  H T; ε P :  p e r m a n e nt  str ai n  at  R T; ε M C R T :  el a sti c  str ai n  v al u e  at  R T  wit h  t h e 

a s s o ci at e d str e s s v al u e σ M C R T ; ε M C H T : el a sti c st r ai n v al u e at H T. 
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It i s i m p ort a nt t o m e nti o n t h at, a p oi nt- b y- p oi nt m o d eli n g of m at eri al 

b e h a vi or u p t o it s ulti m at e f ail ur e i s n ot t h e ai m of t hi s st u d y. N e v er -

t h el e s s,  a bili n e ar m o d el wit h t h e  c al c ul at e d v al u e s fr o m Fi g. 1 3 w a s 

u s e d  t o  d e s cri b e  t h e  c o m p o sit e  b e h a vi or  at  1 4 0 0 ◦ C  u n d e r  t e n sil e 

l o a di n g. T h e str e s s- str ai n c o m p ari s o n di a gr a m s wit h t e st a n d c al c ul at e d 

r e s ult s ar e s u m m ari z e d i n Fi g. 1 4 a n d a v er y cl o s e c orr el ati o n c a n b e 

o b s er v e d. T hi s m o d eli n g a p pr o a c h b a s e d o n t h e a n al y si s of h y st er e si s 

m e a s ur e m e nt s  at  R T  m a y  b e  a p pli c a bl e  f or  t h e  pr e di cti o n  of  t h e  m e -

c h a ni c al pr o p erti e s at H T of C / C- Si C wit h ot h er fi b er ori e nt ati o n s ( e. g. ±

4 5 ◦ ) a n d t h e e x p eri m e nt al v eri fi c ati o n will b e c o n d u ct e d i n o ur f ut ur e 

w or k. 

5. C o n cl u si o n s

I n t hi s w or k, t h e eff e ct of t e m p er at ur e o n t h e m at eri al b e h a vi or of L SI

b a s e d  C / C- Si C  w a s  i n v e sti g at e d  a n d  a  m o d eli n g  a p pr o a c h  h a s  b e e n 

d e v el o p e d f or t h e pr e di cti o n of t e n sil e pr o p erti e s at 1 4 0 0 ◦ C. 

T h e m ai n c o n cl u si o n s of t hi s w or k ar e: 

A c o m pl et e m at eri al d at a b a s e of C / C- Si C w a s e st a bli s h e d wit h el a sti c 

c o n st a nt s, str e n gt h, fr a ct ur e str ai n u n d er v ari o u s l o a di n g s, s p e ci fi c h e at 

c a p a cit y a s w ell a s c o ef fi ci e nt of t h er m al e x p a n si o n a n d t h er m al c o n -

d u cti vit y i n i n- pl a n e a n d o ut- of- pl a n e dir e cti o n s. T h e s e v al u e s ar e t h e 

fir st d e si g n p ar a m et er s, w hi c h e n a bl e t h e m at eri al- a p pr o pri at e d e si g n of 

c o m p o n e nt s m a d e of C / C- Si C c o m p o sit e. 

T h e i n fi u e n c e of t h e t e m p er at ur e o n t h e m e c h a ni c al b e h a vi or w a s 

d et er mi n e d t hr o u g h t e n sil e t e st c o n d u ct e d at R T, 1 2 0 0 ◦ C a n d 1 4 0 0 ◦ C. 

Si n c e t h e Y o u n g ’s m o d ul u s r e m ai n s c o n st a nt i n t h e w h ol e r a n g e fr o m R T 

t o H T, t h e t e n sil e str e n gt h i n cr e a s e d sli g htl y. D e s pit e t h e l ar g e st a n d ar d 

d e vi ati o n, a d e cr e a si n g t e n d e n c y of t h e m e a n v al u e of t h e fr a ct ur e str ai n 

c a n b e r e c o g ni z e d wit h i n cr e a si n g t e m p er at ur e. 

B a s e d o n t h e a n al y s e s of diff er e nt C T E of fi b er a n d m atri x, a c o n c e pt 

f o c u si n g o n t h e c h a n g e of R T S a n d cr a c k s di stri b uti o n of C / C- Si C u n d er 

t e n sil e  l o a di n g  at  v ari o u s  t e m p er at ur e s  w a s  d e v el o p e d,  w hi c h  c a n 

e x pl ai n t h e diff er e nt m at eri al b e h a vi or of C / C- Si C at R T a n d H T cl o s e t o 

t h e m a x m a n uf a ct uri n g t e m p er at ur e. T hi s c o n c e pt h a s b e e n c o n flr m e d 

t hr o u g h  t h e  t e m p er at ur e  d e p e n d e nt  t e st  r e s ult s  a n d  t h e  a n al y si s  of 

fr a ct ur e s urf a c e b y S E M. 

B a s e d  o n  t h e  a n al y si s  of  t e n sil e  h y st er e si s  m e a s ur e m e nt s  at  R T,  a 

m o d eli n g a p pr o a c h wit h bili n e ar m o d el h a s b e e n d e v el o p e d i n t hi s w or k 

f or t h e d e s cri pti o n of t h e m at eri al b e h a vi or of C / C- Si C at 1 4 0 0 ◦ C. T h e 

c al c ul at e d v al u e s a n d str e s s- str ai n c ur v e s h o w a v er y cl o s e c orr el ati o n t o 

t h e t e st r e s ult s. 

T h e  r e s ult s  i n  t hi s  w or k  s h o w  t h at  C / C- Si C  m at eri al  h a s  e x c ell e nt 

hi g h-t e m p er at ur e t e n sil e pr o p erti e s. I n g e n er al, it s p o s si bl e a p pli c ati o n 

r a n g e  e xt e n d s  w ell  o v er  1 4 0 0 ◦ C,  t h o u g h  t h e  fr a ct ur e  str ai n  r e d u c e d 

sli g htl y, t h e Y o u n g ’s m o d ul u s r e m ai n s c o n st a nt a n d t h e str e n gt h v al u e 

i n cr e a s e s wit h H T. 

D e cl a r ati o n of C o m p eti n g I nt e r e st 

T h e a ut h or s d e cl ar e t h at t h e y h a v e n o k n o w n c o m p eti n g fi n a n ci al 

i nt er e st s or p er s o n al r el ati o n s hi p s t h at c o ul d h a v e a p p e ar e d t o i n fi u e n c e 

t h e w or k r e p ort e d i n t hi s p a p er. 

A c k n o wl e d g m e nt s 

W e  w a nt  t o  t h a n k  D a ni el  C e pli  a n d  R a o uf  J e m m ali  at  t h e  D L R- 

I n stit ut e  of  Str u ct ur e s  a n d  D e si g n  a n d  J ür g e n  H or v at h  at  t h e 

A d v a n c e d C er a mi c s of U ni v er sit y of Br e m e n f or t h e c oll a b or ati o n a n d 

s u p p ort f or t hi s w or k. T hi s r e s e ar c h di d n ot r e c ei v e a n y s p e ci fi c gr a nt 

fr o m  f u n di n g  a g e n ci e s  i n  t h e  p u bli c,  c o m m er ci al,  or  n ot-f or- pr o fit 

s e ct or s. 
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