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P r o c e s si n g i n d u c e d r e si d u al str e s s e s ar e oft e n r e s p o n si bl e f or c a u si n g w ar pi n g, u n d e sir e d di st orti o n, di m e n si o n al 

i n st a bilit y, a n d d el a mi n ati o n s i n c o m p o sit e str u ct ur e s. M o nit ori n g t h e e v ol uti o n of r e si d u al str e s s e s t hr o u g h o ut 

t h e c ur e i s e s s e nti al t o u n d er st a n d t h eir eff e ct o n t h e m e c h a ni c al b e h a vi or of t h e c o m p o sit e s. I n t h e pr e s e nt w or k, 

a n o v el i n- sit u e x p eri m e nt al a p pr o a c h i s u s e d t o m e a s ur e t h e di m e n si o n al c h a n g e s i n t h e l a mi n at e s d uri n g c ur e 

a n d  c o m bi n e d  wit h  t e m p er at ur e- d e p e n d e nt  m o d uli  o bt ai n e d  fr o m  D y n a mi c  M e c h a ni c al  A n al y si s  ( D M A)  t o 

c al c ul at e t h e c o nti n u o u s e v ol uti o n of r e si d u al str e s s e s d uri n g c o m p o sit e pr o c e s si n g. Fi v e s y m m etri c a n d a s y m -

m etri c l a y u p c o n fi g ur ati o n s ar e a n al y z e d t o i n v e sti g at e t h e eff e ct of pl y ori e nt ati o n o n t h e r e si d u al str e s s e v o -

l uti o n. T h e m a xi m u m a v er a g e r e si d u al str e s s of 1 1 0 M P a i n t h e l o n git u di n al dir e cti o n i s o b s er v e d f or s y m m etri c 

cr o s s- pl y [ 0 / 9 0 ] s c o n fi g u r ati o n a n d t h e m a xi m u m a v er a g e w ar p a g e of  1. 4 6 m m i s o b s er v e d f or b al a n c e d u n- 

s y m m etri c [ 3 0 / − 3 0 / 6 0 / − 6 0 ] l a y u p c o n fi g ur ati o n.   

1. I nt r o d u cti o n 

R e si d u al  str e s s e s  w hi c h  ari s e  d uri n g  c o m p o sit e  m a n uf a ct uri n g  ar e 

s elf- b al a n c e d str e s s e s t h at e xi st i n t h e a b s e n c e of e xt er n al l o a d s. T h e y 

t y pi c all y r e d u c e t h e m e c h a ni c al pr o p erti e s of t h e c o m p o sit e a n d l e a d t o 

d ef e ct s  li k e  w ar p a g e.  Pr o c e s si n g  i n d u c e d  r e si d u al  str e s s e s  ar e  c a u s e d 

b e c a u s e  of  t h e  dir e cti o n al  pr o p erti e s  of  pli e s [ 1 ] ,  p ol y m eri z ati o n 

s hri n k a g e of t h e m atri x d uri n g c uri n g, a n d d u e t o t h e di s si mil ar t h er -

m o m e c h a ni c al r e s p o n s e of m atri x a n d fi b er s d uri n g t h er m al c y cli n g [ 2 ] . 

T h e  m a g nit u d e  of  r e si d u al  str e s s e s  i s  a n  i m p ort a nt  c o n si d er ati o n  i n 

d e si g ni n g l o a d- b e ari n g str u ct ur e s a s t h e y c a u s e w ar pi n g [ 3 ] , u n d e sir e d 

di st orti o n [ 4 ] , a n d di m e n si o n al i n st a bilit y [ 5 ] . T h e y c a n pr e str e s s t h e 

str u ct ur e a n d aff e ct t h e o v er all str e n gt h b y c a u si n g mi cr o cr a c k s i n t h e 

m atri x [ 6 ] , w hi c h c a n l e a d t o f urt h er e n vir o n m e nt al d e gr a d ati o n. It i s, 

t h er ef or e, n e c e s s ar y t o f a ct or i n t h e r e si d u al str e s s e s i n t h e pr o c e s si n g 

a n d d e si g n of c o m p o sit e str u ct ur e s. 

R e s e ar c h er s h a v e d e v el o p e d a wi d e r a n g e of a p pr o a c h e s t o m e a s ur e 

t h e  r e si d u al  str e s s e s  t hr o u g h  d e str u cti v e  a n d  n o n- d e str u cti v e  e x p eri -

m e nt al m et h o d s, a s w ell a s m o d eli n g t e c h ni q u e s. C h a p m a n et al. u s e d 

t h e l a y er r e m o v al m et h o d b y pl a ci n g s e p ar ati o n fil m s wit hi n a l a mi n at e 

d uri n g  c ur e [ 7 ] .  C o wl e y  et  al.  cr e at e d  u n s y m m etri c  or  u n b al a n c e d 

l a y u p s  b y  milli n g  o ut er  pli e s  of  t h e  l a mi n at e  a n d  t h e n  m e a s ur e  t h e 

r e s ulti n g c h a n g e s i n c ur v at ur e [ 8 ] . T h e o pti c al m et h o d s s u c h a s M oiré 

i nt e rf e r o m et r y [ 9 ] a n d fi b er- o pti c Br a g g gr ati n g s [ 1 0 ] h a v e b e e n u s e d 

f or  m e a s uri n g  r e si d u al  str e s s e s  i n  a  c o m p o sit e  l a mi n at e  b y  u si n g  a 

m o di fi e d h ol e drilli n g m et h o d. Tr a n s v er s e r e si d u al str e s s e s i n cr o s s- pl y 

l a mi n at e s h a v e b e e n e sti m at e d u si n g t h e fir st pl y f ail ur e m et h o d [ 1 1 ] . 

I n  a d diti o n  t o  t h e s e  d e str u cti v e  t e c h ni q u e s,  n o n- d e str u cti v e  m et h o d s 

li k e  X-r a y  diffr a cti o n [ 1 2 ] ,  n e utr o n  diffr a cti o n [ 1 3 ] ,  p h ot o el a sti cit y 

[ 1 4 ] , a c o u sti c w a v e s [ 1 5 ] , a n d R a m a n s p e ctr o s c o p y [ 1 6 ] h a v e al s o b e e n 

u s e d  f or  m e a s uri n g  t h e  r e si d u al  str e s s e s.  H o w e v er,  r e q uir e m e nt s  li k e 

cr y st alli nit y  li mit  t h e  a p pli c ati o n  of  x-r a y  diffr a cti o n  a n d  n e utr o n 

diffr a cti o n m et h o d s f or c ar b o n fi b er c o m p o sit e s [ 1 7 ] . Ifj u et al. u s e d t h e 

c ur e  r ef er e n ci n g  m et h o d  ( C R M)  t o  m e a s ur e  t h e  pr o c e s si n g  i n d u c e d 

str ai n s i n l a mi n at e d c o m p o sit e s b y i n c or p or ati n g m oir é i nt e rf e r o m etr y 

a n d  r e pli c ati o n  of  diffr a cti o n  gr ati n g  o n  t h e  s urf a c e  of  t h e  l a mi n at e 

d uri n g  a ut o cl a v e  c ur e [ 1 8 ] .  T h e  r e si d u al  str e s s e s  ar e  t h e n  c al c ul at e d 

u si n g t h e l a mi n at e t h e or y a n d str ai n s m e a s ur e d b y t h e M oir é i nt e rf e r -

o m etr y aft er c ur e. Cr o o m et al. u s e d di git al i m a g e c orr el ati o n ( DI C) a s a 

m et h o d f or i n- sit u pr o bi n g of t h e r e si d u al str e s s e s i n air pl a s m a s pr a y 

( A P S) c o ati n g s t hr o u g h c ur v at ur e m e a s ur e m e nt s [ 1 9 ] . DI C h a s al s o b e e n 

u s e d i n a d diti v e m a n uf a ct uri n g t o e v al u at e t h e eff e ct of b uil d dir e cti o n 

o n r e si d u al str e s s e s i n st ai nl e s s st e el s p e ci m e n s [ 2 0 ] . I n a d diti o n, s e v er al 

m o d eli n g  m et h o d s  i n cl u di n g  e n er g y  m et h o d s [ 2 1 ] ,  el a sti cit y  s ol uti o n 

[ 2 2 ] ,  C L T  b a s e d  m a cr o- m e c h a ni c s a p pr o a c h e s [ 8 ] a n d  u nit  c ell fi nit e 

el e m e nt m o d el s [ 2 3 ] h a v e b e e n u s e d t o m o d el a n d pr e di ct t h e r e si d u al 

*  C orr e s p o n di n g a ut h or. 
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str e s s e s. 

M o nit ori n g  t h e  e v ol uti o n  of  r e si d u al  str e s s e s  t hr o u g h o ut  t h e  c ur e 

c y cl e  will  h el p  i n  d e v el o pi n g  a  d e e p er  u n d er st a n di n g  of  t h e 

m a n uf a ct uri n g pr o c e s s. T hi s c a n l e a d t o c h a n g e s i n t h e m a n uf a ct uri n g 

pr o c e s s t h at l o w er t h e r e si d u al str e s s e s a n d t h er e b y miti g at e t h e a s s o -

ci at e d  pr o c e s si n g  d ef e ct s  a n d  str e n gt h-r e d u cti o n.  M o st  of  t h e  st u di e s 

t h at  m e a s ur e d  t h e  r e si d u al  str e s s e s  fr o m  t h e  lit er at ur e  ar e  li mit e d  t o 

p o st- c ur e  m e a s ur e m e nt s.  I n- sit u  a p pr o a c h e s  t h at  u s e  s e n s or s  li k e 

e m b e d d e d str ai n g a u g e s a n d fi b er o pti c s i ntr o d u c e a f or ei g n b o d y i nt o 

t h e l a mi n at e w hi c h c h a n g e s t h e m at eri al pr o p erti e s. A p pr o a c h e s f or t h e 

e v al u ati o n of r e si d u al str e s s e s c o nti n u o u sl y d uri n g c ur e ar e li mit e d d u e 

t o t h e e x p eri m e nt al r e q uir e m e nt s of i n c or p or ati n g t h e m o nit ori n g s et u p 

i n si d e a n a ut o cl a v e. T h e o bj e cti v e of t hi s st u d y i s t o a d dr e s s t h e s e c o n-

str ai nt s a n d d e v el o p a n e x p eri m e nt al a p pr o a c h t o c o nti n u o u sl y e v al u at e 

t h e pr o c e s si n g i n d u c e d r e si d u al str e s s e s i n c o m p o sit e l a mi n at e s. A n o n- 

d e str u cti v e  i n- sit u  m et h o d  f or  m o nit ori n g  pr o c e s si n g  i n d u c e d  str ai n s 

w a s d e v el o p e d b y t h e a ut h or s a n d utili z e d t o st u d y wri n kl e f or m ati o n 

[ 2 4 ] .  T h at  a p pr o a c h  i s  a d a pt e d  t o  m e a s ur e  t h e  di m e n si o n al  c h a n g e s 

d uri n g c uri n g i n t hi s st u d y a n d i s c o m bi n e d wit h t e m p er at ur e- d e p e n d e nt 

m o d uli o bt ai n e d fr o m D y n a mi c M e c h a ni c al A n al y si s ( D M A) t o c al c ul at e 

t h e  c o nti n u o u s  e v ol uti o n  of  r e si d u al  str e s s e s  d uri n g  c o m p o sit e  pr o -

c e s si n g. F urt h er, t h e eff e ct of l a y u p c o n fi g ur ati o n o n t h e r e si d u al str e s s 

e v al u ati o n i s e x a mi n e d b y a n al y zi n g a n d c o m p ari n g s e v er al s y m m etri c 

a n d a s y m m etri c l a y u p c o n fi g ur ati o n s. 

2. I n- sit u e x p e ri m e nt al p r o c e d u r e & c h a r a ct e ri z ati o n 

U ni dir e cti o n al c ar b o n fi b er pr e pr e g pr o c ur e d fr o m Fi br e Gl a st C or -

p or ati o n c o nt ai ni n g 1 2 K t o w r a w m at eri al i s pr e-i m pr e g n at e d wit h a n 

e p o x y r e si n s y st e m of d e n sit y 1. 2 g / c c a n d h a s a f a bri c ar e al w ei g ht of 

1 3 9  g / m 2 .  T hi s  p r e p r e g  i s  c ur e d  at  t h e  m a n uf a ct ur er  r e c o m m e n d e d 

c uri n g t e m p er at ur e of 1 2 0 ◦ C ( 2 4 8 F) wit h a o n e h o ur h ol d ti m e. T h e 

s p e ci m e n t e m p er at ur e i s m e a s ur e d u si n g a J-t y p e t h er m o c o u pl e i n si d e 

t h e  a ut o cl a v e.  T h e  s p e ci all y  d e si g n e d  a ut o cl a v e  fr o m  A S C  S y st e m s  i s 

i n str u m e nt e d wit h a 3 D di git al i m a g e c orr el ati o n ( DI C) s et u p a s s h o w n 

i n Fi g.  1 .  T hi s  a ut o cl a v e  i s  al s o  e q ui p p e d  wit h  a  b or o sili c at e  gl a s s 

vi e w p ort a n d a n i nt eri or li g ht w hi c h e n a bl e s t h e DI C m e a s ur e m e nt a s 

s e e n i n Fi g. 1 ( b). T h e c a m er a s of t h e DI C s y st e m ar e s et u p p oi nti n g at 

t h e c o m p o sit e l a y u p t hr o u g h t h e vi e w p ort of t h e a ut o cl a v e. T h e VI C- 3 D 

R e al- Ti m e DI C S y st e m fr o m C orr el at e d S ol uti o n s m e a s ur e s t h e s urf a c e 

pl y  d ef or m ati o n s  a n d  str ai n s  d uri n g  t h e  c o m p o sit e  pr o c e s si n g  b y 

e xtr a cti n g f ull- fi el d i nf or m ati o n fr o m t h e hi g h c o ntr a st r a n d o m s p e c kl e 

p att er n  s pr a y e d  o n  t h e  s urf a c e  pl y  a s  s e e n  i n Fi g.  2 u si n g  hi g h- 

t e m p er at ur e  s pr a y  p ai nt.  C o m p o sit e  s p e ci m e n s  of  di m e n si o n s  1 0 1. 6 

m m × 1 5 2. 4 m m ( 4-i n c h × 6-i n c h) ar e pr e p ar e d f or f a bri c ati o n u si n g 

f o ur pli e s of u ni dir e cti o n al c ar b o n fi b er pr e pr e g i n t w o s y m m etri c ori-

e nt ati o n s of [ 0 / 9 0 ] s, [ 0 / 4 5 ]s, a n d t w o u n s y m m etri c ori e nt ati o n s of [ 3 0 / 

− 3 0 / 6 0 / − 6 0 ],  [ 0 / 3 0 / 4 5 / 9 0 ]  a n d  o n e  a nti- s y m m etri c  ori e nt ati o n  of 

[ 4 5 / − 4 5 / 4 5 / − 4 5 ]. 

D y n a mi c m e c h a ni c al a n al y si s ( D M A) u si n g P er ki n El m er - D M A 8 0 0 0 

i s  p erf or m e d  t o  c h ar a ct eri z e  t e m p er at ur e- d e p e n d e nt  d y n a mi c  vi s c o-

el a sti c pr o p erti e s of t h e c o m p o sit e m at eri al u s e d i n t hi s r e s e ar c h. A s m all 

u ni dir e cti o n al  f o ur- pl y  s a m pl e  of  di m e n si o n s  5 0  m m × 7. 5  m m  w a s 

m o u nt e d u si n g a t hr e e- p oi nt b e n di n g s et u p t o o bt ai n b ot h t e m p er at ur e 

d e p e n d e nt l o n git u di n al a n d tr a n s v er s e m o d ul u s of t h e m at eri al. Diff er -

e nti al s c a n ni n g c al ori m etr y ( D S C) u si n g D S C- 3 fr o m M ettl er T ol e d o i s 

p erf or m e d t o m e a s ur e t h e d e gr e e of c ur e f or t h e pr e pr e g r e si n u s e d i n 

t hi s  r e s e ar c h.  R e si n  s a m pl e s  of  w ei g ht  2 5  m g  t o  3 5  m g  e xtr a ct e d  b y 

s cr a pi n g fr o m t h e pr e pr e g w er e pl a c e d a n d s e al e d i n 4 0 µ L al u mi n u m 

cr u ci bl e s. T h e e x p eri m e nt al pr o c e d ur e i s c arri e d o ut i n t w o st e p s, d y -

n a mi c a n d i s ot h er m al. Fir st, t h e s a m pl e s ar e h e at e d at a c o n st a nt r at e of 

1 0 ◦ C / mi n b et w e e n − 2 5 ◦ C t o 2 5 0 ◦ C ( d y n a mi c) a n d t h e t e m p er at ur e 

w a s h el d c o n st a nt at 1 2 0 ◦ C (i s ot h e r m al) f or a ti m e of 0 mi n t o 6 0 mi n 

wit h 1 0 mi n i nt er v al s. T h e d e gr e e of c ur e of t h e s a m pl e at t h e s e 1 0 mi n 

i nt er v al s w a s c al c ul at e d a n d pl ott e d b y c o m p ari n g t h e i s ot h er m al h e at of 

r e a cti o n t o t h e t ot al h e at of r e a cti o n u ntil c o m pl et e c ur e. 

3.  R e s ult s a n d di s c u s si o n 

3. 1.  T e m p er at ur e- D e p e n d e nt el asti c pr o p erti es 

T h e r e s ult s fr o m t h e D M A ar e a n al y z e d d uri n g t h e h ol d a n d c o ol- 

d o w n  p h a s e s  of  t h e  c ur e  c y cl e.  T e m p er at ur e- d e p e n d e nt  Y o u n g ’s 

m o d ul u s ( E L ( T ) & E T ( T ) ) v al u e s ar e e x p eri m e nt all y e xtr a ct e d t hr o u g h 

t h e D M A of t h e s a m pl e a n d ar e pl ott e d a g ai n st t e m p er at ur e. T h e a v er a g e 

c h a n g e i n m o d ul u s d uri n g t h e c o ol- d o w n p h a s e f or f o ur diff er e nt s a m -

pl e s c a n b e s e e n i n Fi g. 3 . T h e r at e of c h a n g e i n l o n git u di n al m o d ul u s i s 

l o w er  d uri n g  t h e  i niti al  c o ol- d o w n  p h a s e  a n d  t h e n  i n cr e a s e s  t o  a n 

a v er a g e  of  2 7 2  G P a  at  r o o m  t e m p er at ur e.  O n  t h e  ot h er  h a n d,  t h e 

tr a n s v er s e m o d ul u s i n cr e a s e s s h ar pl y a n d t h e n gr a d u all y l e v el s off t o -

w ar d s t h e e n d t o 7. 9 G P a at r o o m t e m p er at ur e. T h e m a n uf a ct ur er pr o -

vi d e d t e n sil e m o d ul u s f or t h e pr e pr e g i s 2 7 5. 8 G P a [ 2 5 ] . A si mil ar tr e n d 

of c h a n g e i n m o d ul u s i s al s o o b s er v e d b y Li et al. i n t h eir t h e or eti c al 

m o d el [ 2 6 ] a n d t h e e x p eri m e nt al m e a s ur e m e nt s of Ki m et al. [ 2 7 ] . T h e 

err or b ar s d e n ot e t h e st a n d ar d d e vi ati o n fr o m f o ur diff er e nt s a m pl e s. 

3. 2.  C ur e ki n eti cs 

T h e c ur e ki n eti c s of t h e r e si n w a s a n al y z e d u si n g t h e D S C a n d t h e 

d e gr e e of c ur e ( D O C) ( α ) i s c al c ul at e d a s t h e r ati o of c h a n g e i n h e at of 

r e a cti o n ( Δ H t) a n d t ot al h e at of r e a cti o n ( Δ H t ot al) a s s h o w n i n E q. ( 1) 

[ 2 8 ] . 

α (t)  =
Δ H t

Δ H t ot al

=
Δ H t ot al − Δ H R

Δ H t ot al

( 1) 

W h e r e, Δ H R i s t h e r e si d u al h e at of r e a cti o n f or t h e i s ot h er m all y c ur e d 

s a m pl e  at  1 2 0 ◦ C  f o r  ti m e (t ) .  T h e t ot al  h e at of  r e a cti o n  i s  m e a s ur e d 

t hr o u g h d y n a mi c s c a n ni n g t e st f or m − 2 5 ◦ C t o 2 5 0 ◦ C at a p r e d e fi n e d 

h e ati n g r at e of 1 0 ◦ C / mi n a s t h e r e si n i s c o m pl et el y c ur e d. T h e d e gr e e of 

Fi g. 1. ( a) S c h e m ati c of t h e a ut o cl a v e wit h vi e w p ort s; ( b) DI C m o nit ori n g s et u p.  

S. C h a v a a n d S. N a mil a e                                                                                                                                                                                                                      
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c ur e f or t h e h ol d- p h a s e a n d c o ol- d o w n p h a s e of t h e c ur e c y cl e c a n b e 

s e e n i n Fi g. 4 . T h e Δ H R aft e r t h e r a m p- u p wit h z er o i s ot h er m al h ol d ti m e 

c orr e s p o n d s t o a d e gr e e of c ur e of 2 0 %. T h er ef or e, t h e B- st a g e r e si n i n 

t h e pr e pr e g i s 2 0 % cr o s s-li n k e d a s- pr o c ur e d. T h e e p o x y r e a c h e s vitri fi -

c ati o n, t h e p oi nt at w hi c h r e si n i s c o n v ert e d fr o m a r u b b er y st at e t o a 

gl a s s y  st at e  at  7 0  mi n.  C o m p ari n g  t h e  m o bilit y  i n  t h e  vitri fi e d  st at e 

b ef or e  a n d  aft er  7 0  mi n,  t h e  m o bilit y  aft er  7 0  mi n  i s  m u c h  l o w er  t o 

p er mit f urt h er r e a cti o n, h e n c e t hi s p oi nt i s c o n si d er e d a s vitri fi c ati o n 

p oi nt [ 2 9 ] . T hi s c orr e s p o n d s t o 9 4 % cr o s s-li n ki n g a s s e e n i n Fi g. 4 . T h e 

r e si n i s 9 7 % c ur e d at t h e e n d of t h e c ur e. 

3. 3. I n-sit u str ai n d at a a n d a n al ysis 

DI C  i s  e m pl o y e d  t o  m e a s ur e  t h e  s urf a c e  str ai n s  of  all  t h e  l a y u p 

c o n fi g ur ati o n s u s e d i n t hi s r e s e ar c h. T h e DI C s y st e m u s e d i n t hi s w or k 

h a s  a  mi ni m u m  i n- pl a n e  str ai n  m e a s ur e m e nt  c a p a bilit y  of  0. 0 0 5 % 

( 5 0 E− 6),  wit h  a  r e s ol uti o n  of  1 0 E − 6 [ 3 0 ] .  T h e  u n c ert ai nt y  i n  t h e 

di s pl a c e m e nt  a n d  str ai n  m e a s ur e m e nt  d e p e n d s  o n  s e v er al  f a ct or s 

i n cl u di n g  f o c u s,  li g hti n g,  gl ar e,  F- st o p,  s u b s et  si z e,  a n d  t h e  s p e c kl e 

p att er n  q u alit y [ 3 1 ] .  F or  t h e  t y pi c al  e x p eri m e nt al  c o n diti o n s  a n d  t h e 

s p e c kl e  p att er n  u s e d  h er e,  VI C  3 D  s oft w ar e  c o m p ut e s  a  m e a n  u n c er -

t ai nt y of a b o ut 0. 0 0 0 4 9 pi x el s f or e v er y pi x el a s s h o w n i n Fi g. 2 ( c). F or 

t h e str ai n m e a s ur e m e nt s i n t h e r a n g e of 5 E− 3, t y pi c all y o b s er v e d i n t hi s 

w or k, t hi s l e a d s t o a p o s si bl e m e a s ur e m e nt err or of ar o u n d ± 1 %. 

F or a u ni dir e cti o n al si n gl e- pl y l a mi n at e, t h e a v er a g e s urf a c e str ai n s 

(ε u ni dir e cti o n al )  a r e  c o r r el at e d  wit h  t h e  c ur e  c y cl e  of  t h e  c o m p o sit e  a s 

s h o w n i n Fi g. 5 ( a). D uri n g t h e r a m p- u p p h a s e of t h e c ur e, t h e c o m p o sit e 

e x p a n d s i n b ot h l o n git u di n al a n d tr a n s v er s e dir e cti o n s, pri m aril y d u e t o 

t h e t h er m al e x p a n si o n of t h e m atri x a n d fi b er s. At t hi s st a g e, t h er e i s n o 

c o ntri b uti o n of c ur e s hri n k a g e. T hi s e x p a n si o n i s hi g h er f or tr a n s v er s e 

t h a n  l o n git u di n al  dir e cti o n  ( 3 E− 3  f or  T  v s  1. 7 E − 3  f or  L).  I n  t h e 

i s ot h er m al st a g e, c ur e s hri n k a g e a n d t h er m al eff e ct s ar e b ot h r e s p o n-

si bl e f or  t h e str ai n. A m a xi m u m str ai n of  3. 7 6 E − 3 i s  o b s er v e d i n t h e 

tr a n s v er s e dir e cti o n d uri n g t h e h ol d- p h a s e at 5 0 mi n i nt o t h e c ur e. Aft er 

vitri fi c ati o n  a n d  d uri n g  c o ol  d o w n,  t h e  o b s er v e d  c o ntr a cti o n  i s  a g ai n 

pri m aril y d u e t o t h er m al eff e ct s. At t h e e n d of t h e c ur e, it c a n b e s e e n 

t h at t h e l o n git u di n al str ai n ( 1. 2 E− 3) i s hi g h er t h a n t h e tr a n s v er s e str ai n 

( 2 E− 4) b e c a u s e t h e t h er m al eff e ct s ar e m or e pr o mi n e nt i n t h e tr a n s v er s e 

dir e cti o n  b ot h  d uri n g  r a m p- u p  a n d  c o ol- d o w n. Fi g.  5 ( b)  s h o w s  t h e 

c o nt o ur pl ot of t h e s p ati al di stri b uti o n of t h e tr a n s v er s e str ai n at t h e e n d 

of t h e c ur e. 

T h e m e a s ur e d s urf a c e str ai n s ( ε l a mi n at e) f o r t h e ot h er pl y c o n fi g ur a -

ti o n s i n l o n git u di n al a n d tr a n s v er s e dir e cti o n s ar e s h o w n i n Fi g s. 6 a n d 7 

r e s p e cti v el y. Alt h o u g h str ai n m e a s ur e m e nt s u si n g DI C ar e al w a y s o n t h e 

t o p pl y, t h e a bilit y of t h e i n n er pli e s t o r e stri ct t h e m oti o n of t h e t o p pl y 

c a n b e o b s er v e d i n t h e s e fi g ur e s. P arti c ul arl y t hr e e o ut of t h e fi v e l a y u p 

c o n fi g ur ati o n s a d o pt e d i n t hi s r e s e ar c h h a v e 0 ◦ pl y a s t o p pl y b ut t h e 

diff er e n c e i n t h e e v ol uti o n of str ai n t hr o u g h o ut t h e h ol d p h a s e a n d c o ol- 

d o w n p h a s e a m o n g t h e s e f o ur l a y u p s i s e vi d e nt. Si n c e t hi s p a p er ’s f o c u s 

i s o n r e si d u al str e s s e s, t h e s e fi g ur e s ar e pl ott e d fr o m t h e 2 0 mi n p oi nt t o 

f o c u s o n str ai n a n d str e s s b uil d- u p fr o m t h e str e s s-fr e e p oi nt. Al s o, t h e 

r ef er e n c e st at e of t h e str ai n ( z er o str ai n) i s s hift e d fr o m t h e i niti al st at e 

t o t h e str e s s-fr e e p oi nt a s t h e l o a d tr a n sf er g o e s t o z er o at t h e str e s s-fr e e 

p oi nt at t h e b e gi n ni n g of t h e i s ot h er m al st a g e a n d st art s a g ai n a s t h e 

cr o s s-li n ki n g of t h e r e si n b e gi n s d uri n g t h e i s ot h er m al st a g e a n d c o n -

ti n u e s t hr o u g h t h e c o ol- d o w n. 

I n t h e l o n git u di n al dir e cti o n, t h e str ai n i n [ 0 / 9 0 ]s l a y u p i n c r e a s e s 

c o nti n u o u sl y t hr o u g h o ut t h e c ur e t o 0. 9 1 E − 3 b y t h e e n d of t h e c ur e. A 

m a xi m u m str ai n of 0. 1 7 E − 3 i s o b s er v e d f or [ 0 / 4 5 ] s l a y u p d u e t o t h e 

eff e ct of 4 5 ◦ pl y i n t h e l a y u p. T h e str ai n d e cr e a s e s t o − 1. 0 E − 3 at t h e e n d 

of  t h e  c ur e.  T h e  l o n git u di n al  str ai n  d e v el o p m e nt  i n  t h e  u n s y m m etri c 

l a y u p s i s s h o w n i n t h e l o w er h alf of Fi g. 6 . A m a xi m u m str ai n of 0. 3 8 E− 3 

Fi g. 2. [ 4 5 / − 4 5 / 4 5 / − 4 5 ] l a mi n at e: ( a) u n d er v a c u u m b a g gi n g; ( b) s p e c kl e p att er n aft er c ur e; ( c) DI C u n c ert ai nt y of s p e c kl e p att er n.  

Fi g. 3. C h a n g e i n Y o u n g ’s M o d ul u s ( E L a n d E T ) t o t e m p e r at ur e.  

Fi g. 4. D e gr e e of c ur e c ur v e c orr el at e d wit h a ut o cl a v e c ur e pr o fil e.  
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i s o b s er v e d f or t h e [ 3 0 /- 3 0 / 6 0 /- 6 0 ] l a y u p a n d gr a d u all y d e cr e a s e s t o 

− 0. 9 6 E − 3 at t h e e n d of t h e c ur e d u e t o t h e b al a n c e d n at ur e of t h e l a y u p. 

F or  t h e  u n s y m m etri c  [ 0 / 3 0 / 4 5 / 9 0 ]  l a y u p,  t h e  str ai n  i n cr e a s e s  t o  a 

m a xi m u m d uri n g t h e h ol d p h a s e a n d t h e n sli g htl y d e cr e a s e s t o 0. 0 5 E − 3 

at t h e e n d. 

I n t h e tr a n s v er s e dir e cti o n, a s s e e n i n Fi g. 7 , f or [ 0 / 9 0 ]s c o n fi g u r a -

ti o n,  a  m a xi m u m  str ai n  of  0. 7 1 E− 3  i s  o b s er v e d  a n d  t h e n  r e d u c e s  t o 

− 0. 1 3 E − 3  at  t h e  e n d  of  t h e  c ur e.  D u e  t o  t h e  cr o s s- pl y  n at ur e  of  t hi s 

c o n fi g ur ati o n, t h e c h a n g e i n str ai n d uri n g c o oli n g i s r el ati v el y l o w. I n 

t h e c a s e of [ 0 / 4 5 ]s l a y u p, a m a xi m u m str ai n i s o b s er v e d at t h e st art of 

t h e h ol d- p h a s e a n d gr a d u all y t h e str ai n d e cr e a s e s t o − 1. 5 3 E − 3 at t h e 

e n d  of  t h e  c ur e.  F or  a s y m m etri c  l a y u p s,  [ 4 5 / − 4 5 / 4 5 / − 4 5 ] e x hi bit e d 

n e gli gi bl e c h a n g e s t hr o u g h o ut h ol d a n d aft er c o ol- d o w n, it r e d u c e d t o 

− 0. 4 5 E − 3. I niti all y, a m a xi m u m str ai n of 0. 8 1 E − 3 i s o b s er v e d f or t h e 

[ 3 0 / − 3 0 / 6 0 / − 6 0 ] l a y u p a n d t h e str ai n gr a d u all y d e cr e a s e t o − 1. 3 9 E − 3 

at t h e e n d of t h e c ur e d u e t o t h e b al a n c e d n at ur e of t h e l a y u p. F or [ 0 / 3 0 / 

4 5 / 9 0 ]  l a y u p  wit h  str ai n  gr a d u all y  d e cr e a si n g  fr o m  1. 0 5 E − 3  t o 

− 1. 6 8 E − 3  d uri n g  t h e  h ol d  a n d  c o ol- d o w n  p h a s e s  of  t h e  c ur e  d u e  t o 

di sti n ct pl y ori e nt ati o n s. 

Alt h o u g h  t h e s e  ar e  s urf a c e  str ai n  m e a s ur e m e nt s,  a n y  si g ni fi c a nt 

m o v e m e nt i n t h e i nt eri or pli e s d u e t o t h er m o m e c h a ni c al l o a d s d uri n g 

c ur e a s w ell a s r e si d u al str e s s e s g e n er at e d d u e t o t h e cr o s sli n ki n g of t h e 

p ol y m er b o n d s will b e r e fi e ct e d o n t h e s urf a c e d u e t o t h e r el ati v el y l o w 

t hi c k n e s s of t h e s a m pl e. 

3. 4.  R esi d u al str ess c al c ul ati o n 

R e si d u al str e s s e s wit hi n a pl y ar e c al c ul at e d b y u si n g t h e li b er at e d 

str ai n  a p pr o a c h.  T hi s  i s  t h e  str ai n  diff er e n c e  b et w e e n  w h at  a  pl y  i s 

e x p eri e n ci n g d uri n g t h e c ur e a n d w h at t h e pl y w o ul d e x p eri e n c e if it i s 

n ot c o n str ai n e d b y t h e n ei g h b ori n g pli e s. T h e li b er at e d str ai n i s c al c u -

l at e d  b a s e d  o n  t h e  a s s u m pti o n  t h at  str ai n  m e a s ur e d  at  t h e  s urf a c e 

Fi g. 5. ( a) U ni dir e cti o n al si n gl e- pl y a v er a g e str ai n s; ( b) L o n git u di n al si n gl e- pl y str ai n c o nt o ur at t h e e n d of t h e c ur e.  

Fi g. 6. L a mi n at e str ai n s i n t h e l o n git u di n al dir e cti o n.  
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through DIC matches the strain at any point in the interior of a thin 
plate. The four-ply laminate configuration adopted in this research is 
considered to be a thin structure. The residual strain for each ply was 
calculated as a difference between a ply s unidirectional strain and the 
strain within a laminate transformed by the transformation matrix k as 
shown in Eq. (2). The angle ‘ in Eq. (3) is the angle between the global 
coordinate x-axis and the direction of the fiber in the considered ply. 
This residual strain is a function of ply orientation and includes the 
thermal expansion/contraction as well as cure shrinkage. 

(2) 

Here, k

c2 s2 2cs
s2 c2 2cs
cs cs c2 s2

, c cos and s sin (3) 

The temperature-dependent elastic compliance matrix S T , which 
is the inverse of the stiffness matrix, can be calculated using the 
temperature-dependent material properties EL T ET T obtained from 
DMA, the manufacturer provided Poisson s ratio of 0.35 and in-plane 
shear modulus of 5 GPa through Eq. (4). While the material is ex
pected to exhibit linear-elasticity for small strains after vitrification, this 
behavior is also assumed before vitrification from the stress-free point. 
This assumption enables the computation of a rough magnitude of re
sidual stress during the hold phase. From the compliance matrix, the 
stiffness matrix is simply calculated as Q S 1. 

(4) 

The residual stress for each ply is calculated using the residual strain 
determined from Eq. (2) and the temperature-dependent stiffness matrix 
[Q] of the composite panel as shown in Eq. (5). The continuous 

evolution of this residual stress in each ply for all sample configurations 
can be seen in Figs. 8-13. 

(5) 

The residual stresses are calculated using Eq. (5) for all the layup 
configurations used in this research and are plotted in Figs. 8-13. For [0/ 
90]s configuration, the change in residual stress is less during the hold- 
phase until the vitrification point and then rapidly increases to a 
maximum of 110 MPa and 24.21 MPa in longitudinal and transverse 
directions for 0 ply as seen in Fig. 8. This is the highest residual stress 
observed among the current ply configurations in the longitudinal di
rection due to the cross-ply nature of the layup. It can also be observed 
that the highest residual stress for 0 ply is in the longitudinal direction 
and for 90 ply it is observed in the transverse direction as the fibers in 
these respective (parallel-to-the-fibers) directions have high modulus 
and low thermal expansion coefficient giving rise to the macro stresses 
during the cool-down [8]. 

The residual stresses in [0/45]s along with the rest of the layup 
configurations follow a similar trend to [0/90]s changing rapidly after 
vitrification during the cool-down phase. In the longitudinal direction, 
0 ply exhibited compressive stress of 47 MPa, and 45 ply has residual 
stress of 138 MPa at the end of the cure. In the transverse direction, 
they exhibit 6.5 MPa and 14.5 MPa respectively. The rate of change in 
longitudinal residual stress is higher in 45 ply at vitrification compared 
to 0 ply. This particular difference can only be observed through the 
continuous evolution of residual stresses as shown in Fig. 9. In the case 
of anti-symmetric angle-ply [45/ 45/45/ 45] configuration, as seen in 
Fig. 10, 45 ply and 45 ply exhibit similar stresses in both longitudinal 
and transverse direction. The coordinate transformation in the stress 
calculations for this layup resulted in a wider range for the error bars. 
Note that the error bars for the corresponding longitudinal strain mea
surements in Fig. 6 are relatively low. 

For balanced unsymmetrical [30/ 30/60/ 60] layup configura
tion, it can be observed from Fig. 11 that in the longitudinal direction 
the plies exhibited compressive stresses and in the transverse direction, 

Fig. 7. Laminate strains in the transverse direction.  
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they are in tension. The rate of evolution of stresses in the longitudinal 
direction during the hold phase is higher for 60 ply followed by 30 ply, 

30 ply, and 60 ply. The ability of 60 to relax stresses during the 
cool-down phase is restricted by the 30 ply and 60 ply on top and 
bottom respectively. The in-situ ability of the current research approach 
to calculate the residual stress evolution of the internal plies can be 
clearly observed here. At the end of the cure, 30 ply has maximum 
longitudinal compressive stress of 71 MPa followed by 60 ply and 

30 ply at 65 MPa and 44.5 MPa respectively. The lowest stress is 
exhibited by 60 ply. In the transverse direction, relatively smaller 
changes in the evolution of stresses are observed in all four plies in 
tension. The highest stress of 13.7 MPa was observed for the 60 ply and 

the lowest stress of 9.7 MPa for the 60 ply. 
In the unsymmetrical [0/30/45/90] layup, while the 0 top ply 

exhibited 41 MPa stress in tension, both 45 ply and 30 ply exhibit an 
increase in the rate of compressive residual stress during the hold phase 
and reached maximum longitudinal compressive stress of 53 MPa and 

41 MPa respectively at the end of the cure. The highest longitudinal 
compressive stress of 132 MPa is observed in 90 ply. This ply also 
exhibits the highest stress of 17.9 MPa in the transverse direction. As 
seen in Fig. 12, the rate of change in residual stresses is low during the 
hold phase until vitrification followed by a rapid increase after vitrifi
cation. A similar trend can be observed for all the layups adopted in this 
research except some plies are in tension and others are in compression. 

Fig. 8. Ply stresses in [0/90]s laminate for the plies oriented in 0 and 90 : (a) plotted against time; (b) plotted against temperature.  

Fig. 9. Ply stresses in [0/45]s laminate for the plies oriented in 0 and 45o.  
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Fig. 10. Ply stresses in [45/ 45/45/ 45] laminate for the plies oriented in 45 and 45o.  

Fig. 11. Ply stresses in [30/ 30/60/ 60] laminate for the plies in respective orientation.  
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Fig. 12. Ply stresses in [0/30/45/90] laminate for the plies in respective orientation.  

Fig. 13. Laminate normal forces (Nxx).  
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The cross-ply [0/90]s layup exhibits the highest residual stress, followed 
by the rest of the layup configurations. The amount of stress buildup 
during the hold and cool-down phase directly corresponds to the strain 
evolution of that particular layup and associated ply stiffness. For 
example, in the case of [0/90]s laminate, there is stress buildup in both 
0 and 90 plies in the longitudinal direction but not in the transverse 
direction. This is because the strain during the isothermal stage in the 
longitudinal direction is higher than in the transverse direction for [0/ 
90]s laminate (as seen in Figs. 6 and 7). 

It is to be noted that the DIC surface strain measurements are made in 
autoclave conditions i.e. under continuous vacuum and pressure. Hence 
the stresses measured are also under the same autoclave conditions. 
When the laminates are removed from the autoclave after cure, residual 
stresses in certain asymmetric layups are relaxed by developing the 
warpage. The effect of the warpage is discussed in section 3.6. 

3.5. Laminate normal forces and moments 

In this section, the evolution of laminate forces and moments are 
calculated using the laminate strains obtained from DIC and the 
temperature-dependent stiffness matrix [Q]. The Classical Lamination 
Theory (CLT) approach [32] based on the ABD matrix as shown in Eq. 
(6) is used for calculating the forces and moments. Here, the strains are 
under autoclave conditions of vacuum and pressure, and the laminate 
does not exhibit curvature ( ) under these conditions. Once the laminate 
is removed from the autoclave, the residual moments at the end of the 
cure cause warpage in the asymmetric layups. 

 (6) 

The continuous evolution of normal forces Nxx and Nyy in the lami
nate are plotted for all sample configurations in Figs. 13 and 14 
respectively. The evolution of moments for asymmetric layups are 
plotted in Fig. 15. While residual stresses in a laminate are per ply, these 

normal forces and moments provide an overall effect of those residual 
stresses on the specimen. Comparing the evolution of residual stresses 
and laminate normal forces, both follow similar trends for a given layup. 
It can be seen in Fig. 13 that the normal force (Nxx) for cross-ply [0/90]s 
layup is in tension and the rest of the layup configurations are in 
compression. Similarly from Fig. 14, it can be observed that a maximum 
compressive normal force (Nyy) of 55 KN/m is observed for balanced 
[30/ 30/60/ 60] layup and the lowest compressive normal force of 
approx. 0 KN/m is observed for unidirectional single-ply lamina. 

The evolution of moments for asymmetric layups can be seen in 
Fig. 15. It can be observed that the maximum overall moment at the end 
of the cure is observed for balanced unsymmetric [30/ 30/60/ 60] 
layup followed by [45/ 45/45/ 45] layup and [0/30/45/90]. This 
agrees with the warpage calculations performed on the laminate after 
removing it from the autoclave vacuum and pressure as seen in Table 1. 

3.6. Discussion 

Residual stresses in carbon fiber composites arise during the 
manufacturing process due to the thermal and chemical properties of the 
material. Thermal residual stresses are primarily due to differential CTE 
when the material is heated and the chemical stresses are due to the 
matrix shrinkage during cure. The matrix is viscous until it reaches the 
gel point which is ~ 120 C for the prepreg used in this research and 
becomes rubbery after gelation [24]. This is also the point of stress-free 
temperature where the internal stresses present in the material are 
liberated [33]. For the manufacturer specified cure cycle, this stress-free 
point is achieved at 20 min into the cure, and the vitrification point 
occurs at 70 min into the cure as shown in Fig. 4. The combination of the 
glassy matrix after vitrification and the thermal relaxation of the matrix 
and fibers during the cool-down phase creates residual stresses when the 
laminate is cooled to ambient temperatures. This can be observed in the 
continuous evolution of stresses analyzed in this research. 

Unbalanced residual stresses in asymmetric layups are relaxed by 

Fig. 14. Laminate normal forces (Nyy).  
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creating a warpage in the laminate after processing. Numerous re
searchers calculated the residual stresses using the warpage developed 
in asymmetrical laminates at the end of the cure using CLT. Wisnom 
et al. measured temperature-related change in curvature to study re
sidual stresses in asymmetric laminates [4]. They observed that curva
ture due to the residual stresses develop during cool-down after 
vitrification. Jain et al. analyzed the curvature of structural components 
to estimate residual stresses using modified shell theory [34]. These 
methods of calculating residual stresses cannot be applied to symmetric 
laminates due to their inability to develop curvature or warpage. A 

destructive method is adopted to calculate residual stresses in symmetric 
laminates by milling layers from one side of the laminate to relieve the 
residual stresses, thus producing a warped laminate [8]. The measured 
curvature after milling and CLT are used to calculate the residual 
stresses. The current method of calculating residual stresses is not only 
non-destructive but also gives the evolution of the residual stresses 
throughout the cure for both symmetric and asymmetric laminates. The 
DIC strain measurements obtained in this research are under autoclave 
conditions of vacuum and pressure, hence the residual stresses calcu
lated in this research are the actual stresses in the laminates under 
vacuum bagging. In asymmetric laminates, some of these residual 
stresses will be relaxed to create a warpage after processing. 

Warpage in flat laminates is calculated as a combination of cup, bow, 
and twist deviations from its initial flatness as shown in Fig. 16. The 
angle ply nature of [45/ 45/45/ 45] layup contributes only to twist 
without any cup or bow warp. In the case of balanced [30/ 30/60/ 

60] layup, while the difference in alternating orientations of 30
and 60 plies creates bow, the angled ply layup leads to the twist 
deformation. The combination of both bow and twist in this balanced 

Fig. 15. Laminate moments for all asymmetric layups.  

Table 1 
Average cup, bow, and twist measurements for asymmetric layups.  

Configurations Cup (mm) Bow (mm) Twist (mm) Total Warp (mm) 

[45/ 45/45/ 
45] 

0 0 0.83 0.83 

[30/ 30/60/ 
60] 

0.23 0.6 0.63 1.46 

[0/30/45/90] 0.53 0 0.18 0.71  
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