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Summary

A  m a t e r i a l  s y n t h e s i s  s t u d y  i s  d e s c r i b e d
h e r e i n ,  w h j _ c h  h a s  h a d . t h e  g o a l  o f  p r o v i d i n g
gu i -dance to  the  exper imentá l  carbon/carbon-
mater j_a ls  deve lopment  p rograms fo r  cy l indr i_
ca l  weave in tegra l  th róa t  and encrance sec_
t l _ o n  c a r b o n / c a r b o n  n o z z L e s .

A w j_de range o f  weave geomet r ies  and
f iber  cho ices  were  eva lua teá  to  de termine
both  the  thermomechan ica l  p roper t ies  and
process ing-  and serv j_ce- ináucáa s t ress  lev_
e l s  f o r  c y l i n d r i c a l  w e a v e  m a t e r i a l s .  T h e
r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a c  w e a v e
geomet r ies  wh ich  favor  reduced ax ia l  and
rad i -a l  f iber  conten t  and i -ncreased hoop
f j -ber  conten t  resu l t  in  a  reduc t ion  o f  hoop
f i b e r  s t r e s s  1 e v e l s .

.  F o r  m a n y  i ^ ¡ e a v e s ,  t h e  b i l l e t  f  . D . / O . D .
ra t io  has  been shown to  have a  s ign i f i can t
e f f e c t  u p o n  t h e  p r o c e s s i n g  s t r e s s e s .  R a d i a l
f j -ber  pu l lou t  due to  f ree  sur face  e f fec ts
has  been shown to  s ign i f i can t ly  j -nc rease the
p r e d i c t e d  h o o p  f i b e r  s t r e s s e =  ó v " ,  c a s e s
where  the  rad ia l  f ibers  a re  assumed to  ac t
t o  t h e i r  f u l l e s t  c a p a b i l i t y .

D i  s c u s s i o n

Th is  s tudy  has  been res t r i c ted  to
c y l i n d r i c a l  w e a v e  m a t e r i a l s .  F o r  c y l i n d r i - _
ca l  weaves ,  i t  can  be  shown tha t  thé  thermal
s t r e s s  s t a t e s  d e v e l o p e d  i n  t h e  h o o p  f i b e r s
d u r i n g  p r o c e s s i n g  a r e  t h e  c r i t i c a l  o n e s .  f t
c a n  a l s o  b e  s h o w n  t h a t  t h e  t h e r m a l  s t r e s s e sj -n  serv ice ,  fo r  the  k inds  o f  geomet r i -es
b e i n g  c o n s i - d e r e d ,  a r e  r e l a t i v é 1 y  o f  s e c o n _
dary  impor tance.  However ,  a  sc ieen ing  fo r
serv ice- induced thermal_  s t resses  was made on
the  bas is  o f  a  very  s imp le  tempera ture  gra_
d ien t  to  be  sure  tha t  no  ser ioüs  d i -sc reóan_
c ies  among the  behav io r  o f  the  var ious  i l t "_
r i a l s  w e r e  b e i n g  o v e r l o o k e d .  A  t r u e  e v a l _ u a _
t ion  o f  serv ice  per fo rmance requ i_ res  cons i -d_
e r a t i o n  o f  a t  l e a s t  t w o - d i m e n s i o n a l  s t r e s s
s t a t e s ,  r a t h e r  t h a n  t h e  o n e - d i m e n s j _ o n a l  o n e s
cons j -dered  here in ,  so  tha t  the  shear  s t res_
s e s  c a n  b e  i n c l u d e d .  T h e  s h e a r  s t r e s s e s  a r e
a  p o s s i - b I e  s o u r c e  o f  w e a k n e s s  o f  t h e s e  m a t e _
r i a l s  d u r i n g  s e r v l c e .

-  T l "  .  a n a l y t i c a l  s c r e e n i n g  r e q u i r e d  f i r s t
C e t e r m i n i n g  t h e  a v a i l a b l e  f i b e r  p r o p e r t i e s
i o r  t h e  t e n  f i b e r s  t o  b e  c o n s i d e i e d .  T h e
: rnava i lab le  p roper t j_es  were  es t imated  and- -he  range o f  geomet r ies  and load ing  cond i__- - j -ons  were  de f j_ned.  Next ,  the  compos i te
oroper t ies  l re re  computed and combined w i th- -he  load ing  cond i t i_ons  and nozz1e geomerry
: o  d e f i n e  t h e  f i b e r  s t r e s s  l e v e l s .  C o m p o é i t e
s t r e n g t h s  w e r e  p r e d i c t e d ,  a n d  t h e  r e s u l t i n o
s t r e s s  r a t i o s  ( f i b e r  s t r e n g t h / f i b e r  s t r e s s ijo r  each load ing  cond j_ t ion- r { ¡e re  de termined.
? h e  m a t e r i a l s  w i t h  t h e  l e a s t  c h a n c e  o f  e x _
cer ienc ing  damage dur ing  process ing  and the

bes t  chance o f  surv iv ing  f i r i -ng  grad ien ts
cou l_d  thus  be  de f ined and ident i i iea  as  the
b e s t  c a n d i d a t e s  f o r  f u t u r e  e v a l u a t i o n .

F j -ber  p roper t ies

The f ibers  wh ich  were  cons idered fo r
n o z z l e  a p p l i c a t i o n  i n c l u d e d  s e v e r a l  c o m m e r _
c i a 1 1 y  a v a i l a b l e  f i b e r s ,  T 5 0 ,  T 3 0 0 ,  H M l 0 0 0 ,
P i t c h  f i b e r  ( V S 0 O 2 2 ) ,  a l o n g  w i t h  s e v e r a l  e x _
p e r i m e n t a l  f i b e r s .  A t  t h e  t i m e  o f  t h e  a n a l _
y s i s ,  s o m e  p r e l i m i n a r y  t e s t  d a t a  o n  t h e
a x i a l  p r o p e r t i e s  o f  a I l  o f  t h e s e  f j - b e r s  w e r e
ava i lab le ,  and those proper t ies  h rere  used in
t h e  a n a l y s e s .

The ava i lab le  p roper ty  da ta  fo r  most  o f
the  f ibers  cons i_dered inc luded ax ia l  modu l i
and dry  yarn  s t rength  versus  length  a t  room
tempera ture ,  modu lus  and s t rength  a t  severa l
e leva ted  tempera tures ,  and ax iá t  thermal  ex_
p a n s i o n  o f  t h e  y a r n s .  V a r i o u s  e s t i m a t i n q
procedures  \ ,vere  u t i l i zed  to  ob ta in  the  rá_
qu i red  f iber  p roper t ies  fo r  those cases  where
the  absence o f  good tes t  methods  or  tes t  da ta
or  bo th  resu l teá  j_n  f iber  p roper t ies  be ing
u n a v a i l a b l e .

Tes t  resu l ts  p rov ided ' ,as  rece ived ' ,  yarn
s t rength  versus  length  da ta  such tha t  the
room tempera ture  Weibu l l  s t rength  parameters
c o u l d  b e  d e f i n e d .  F o r  t h e  f i b é r s  w h e r e  n o
s t rength  da ta  a t  e leva ted  tempera tures  ex is_
ted ,  the  modu l i  and s t rengths  were  assumed
constan t  w i th  tempera ture ,  Th is  assumpt l_on
r -s  reasonab l_e  fo r  most  g raph i te  f ibers  fo r
t e m p e r a t u r e s  u p  t o  n e a r  4 0 0 0 F .  F o r  f i b e r s
where  some e leva ted  tempera ture  proper t ies
were  ava i lab le ,  the  e leva ted  tempera ture
modu l j -  and s t rengths  were  u t i l i zéd .

!{eave Geometries

Wi th  a1 l  mu l t id j_mens iona l  compos i tes ,
s i g n i f i c a n t  v a r i a t j - o n s  i n  p r o p e r t i e s  c a n  b e
obta ined th rough var ia t ions  in  weave seome_
t r ies .  l v i th  cy l indr ica l  weaves ,  the  , i . r r ' r_
fac tu rers  have a  reasonab le  degr ree  o f  la t i_
tude j -n  weav ing  the  pre forms.  There fore ,  a
study of the \^/eave geometry effeccs h¡as un_
der taken to  de f ine  the  fac lo rs  wh ich  are  most
d e s i r a b l e  f o r  a  c y l i n d r i c a l  w e a v e  r e l a t i v e
to  p rocess ing-  and serv ice- induced thermal
s t r e s s  1 e v e 1 s .

F iber  pack ing  w i th in  the  f iber  bund les
h¡as  assumed to  be  58S, .  Ax i_a l  p r ism vo lume
f r a c t i o n s  h ¡ e r e  c o n s i d e r e d  f r o m  2 5  L o  4 5 2 .
Rad ia l  p r ism vo lume f rac t ions  were  cons idered
f rom 5  to  358,  wh i le  the  hoop pr ism vo lume
f r a c t i o n  w a s  v a r i e d  b e t w e e n  1 5  a n d  4 5 g .  T h u s
a w ide  range o f  weave geomet r ies  were  con_
s idered to  ident i f y  the  t rends  apparent  due
to  vüeave conf  i -gura t  j -on .
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l ,oadj-ng Condj-tions

Two basic loading condi t ions \^¡ere con-
s idered:  processing- induced st resses due to
the graphi t izat ion cyc le and serv ice- induced
stresses due to temperature gradi -ents wi th in
t h e  n o z z l e .

Pr ior  to  the last  graphi t j -zat i_on cyc le
dur ing processing,  i t  is  assumed that  a h igh
pressure p i tch impregnat ion cyc le has resul -
t ed  i n  f i l l i ng  a l l  o f  t he  c racks  and  vo ids
w i th in  t he  un i t  ce l l .  Thus ,  no  c racks  ex i s t
at  the star t  o f  graphi t izat ion.  As the tem-
pe ra tu re  i s  i nc reased  to  1000F ,  t he  p i t ch
w i -11  ca rbon i ze ,  resu l t i ng  i n  some  c rack ing .
The amount  of  cracking at  1000F is  assumed to
be sma11,  such that  assuming an uncracked
un j - t  ce I1  a t  4000F  i s  s l i gh t l y  conse rva t i ve .

A r :ozzLe b i l1et  subjected to a uni form
temperature r ise develops thermal  s t resses
due to property  mismatches at  several  levels :
between the f iber  and matr ix  wi th in the f iber
bundle,  between the subcel l  regions wi th in
the  un i t  ce l1 ,  and  due  to  t he  cy l i nd r i ca l
an i so t ropy  o f  t he  nozz le  b i1 le t .

The serv ice- induced st resses occur  on a
processed mater ia l .  Hence,  subcel l  crackinq
wi l l  ex is t  and i t  is  appropr iate to use posÉ-
processing propert ies.  Serv ice st resses
ar ise f rom temperature gradients,  cy l indr ica l
anisotropy,  nozzLe geometry,  and inLernal
nazzle pressures.  For  screening purposes,
a s l ice of  the nozzLe was analy ieá.  

-  
rnter-

nal  pressures \^rere not  appl i_ed.  A l inear
temperature gradient was assumed.

Resul ts

The var iab les  addressed dur ing  th is
s tudy  have been a imed a t  de termin ing  the  bes t
po ten t ia l  f ibers  and weave conf igura t ions  fo r
a  cy l indr ica l  weave rocket  nozzLe mater ia l .
Each o f  the  major  a reas  cons idered is  d is -
c u s s e d  b e l o w .

Chang ing  rad ia l  and c i rcumferent ia l  vo l -
ume f rac t ions  wh i le  ho ld ing  the  ax ia l  p r ism
vo lume f rac t ion  a t  25 t  was  found to  resu l t  in
increas ing  s t ress  ra t ios  w i th  i_ncreas ing  hoop
f i b e r  c o n t e n t .

The e f fec ts  o f  geomet ry  changes and the
d i f f e r e n c e s  b e t w e e n  p r o c e s s i n g - i n d u c e d  s t r e s -
ses  and a  l inear  tempera ture  grad ien t  h rere
inves t iga ted  fo r  the  T50 pAN f iber  sys tem.
The hoop f iber  s t resses  decrease w i th  de-
c r e a s i n g  a x i a l  f i b e r  c o n t e n t  a n d  i n c r e a s i n g
h o o p  f i b e r  c o n t e n t .  T n  a l l  c a s e s ,  t h e  s t r e s s
ra t ios  resu l t j_ng  f rom a  tempera ture  grad ien t
o n  a  f u 1 1 y  p r o c e s s e d  m a t e r i a l  a r e  h i g h e r  t h a n
t h e  p r o c e s s i n g - i n d u c e d  s t r e s s  r a t i o s .  T h i s
ind i -ca tes  tha t  p rocess i -ng  induces  the  most
severe  thermal  env i ronment  fo r  a  cy l indr ica l
h /eave.  The l im i t ing  case is  an  a1 l  hoop wrap
mater j -a l  .  Ho\^ ¡ever ,  an  a l l  hoop wrap mater j_a1
may no t  be  des i rab le  due to  1ow res is tance
to  c rack j -ng  be tween hoop f j -bers  and poss ib le
p o o r  r e c e s s i o n  p e r f o r m a n c e .  f n  o t h e r  w o r d s ,
fa i -1ure  modes o ther  than hoop f iber  fa i lu re
wi l l  dominate  j - f  the  geomet ry  j -s  var ied  to
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