
C H A R A C T E R I Z A T I O N  O F  C H O P P E D  G L A S S  F I B E R  R E IN F O R C E D  
P O L Y B E N Z O X A Z IN E  F O A M  C O M P O S I T E

CHAPTER VII

7.1 A b s t r a c t

B e c a u se  o f  th e  lim ited  u n d e rs ta n d in g  o f  th e  b e h a v io rs  o f  fib e r re in fo rced  
p o ly b e n z o x a z in e  fo am  d u e  to  th e  sh o rtag e  o f  in v o lv in g  re se a rch e s , th is  w o rk  
p re sen ts  th e  in flu en ce  o f  g la ss  re in fo rc in g  fib e r o n  m e c h a n ic a l, p h y s ica l, an d  th e rm o  
m ech an ica l p ro p e rtie s  o f  p o ly b e n z o x a z in e  fo am  c o m p o s ite . T h e  s tu d y  sh o w s th a t th e  
co m p re ss iv e  m o d u lu s  an d  s tren g th  in c rea sed  by  7 5 .2 %  an d  5 2 .5 % , re sp ec tiv e ly , 
w h en  th e  a m o u n t o f  re in fo rc in g  f ib e r w as  5 w t% . D y n am ic  m e c h a n ic a l an a ly sis  
(D M A ) in d ic a te d  th a t th e  T g  o f  th e  fo am  c o m p o s ite  w as  sy s te m a tic a lly  in c reased  
from  184 °C  o f  th e  n ea t fo am  to  190 °C  o f  5 w t%  g la ss  f ib e r  re in fo rced  fo am  
co m p o site . F u rth e rm o re , th e  ru b b e ry  p la te a u  m o d u lu s  a lso  in c re a se d  as  th e  fib e r 
co n ten t. H o w ev e r, w h e n  th e  a m o u n t o f  th e  fib e r w as  h ig h e r  th a n  3 w t% , in ev itab le  
m ass iv e  v o id  d u e  to  m ech an ica l m ix in g  w as  a p p ea red  in  th e  re su ltin g  foam .

(K ey -w o rd s: B e n z o x a z in e ; B en z o x a z in e  fo am ; G la ss  f ib e r  re in fo rc ed )
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7 .2  I n t r o d u c t io n

P h e n o lic  fo am s g en e ra lly  e x h ib it ex ce llen t fire  p ro p e rtie s , su ch  as low  
flam m ab ility , lo w  p e a k  h ea t re lease  ra te  (P H R R ), no  d rip p in g  d u rin g  co m b u stio n , 
an d  lo w  sm o k e  d en s ity  [1 -4 ], H o w ev er, th e  trad itio n a l p h en o lic  re s in s  still su ffe r 
fro m  so m e  d isa d v a n ta g e s , su c h  as  re lease  o f  an y  b y -p ro d u c ts  d u rin g  th e  cu rin g  
reac tio n s , n e e d  o f  s tro n g  ac id  ca ta ly sts , to x ic  raw  m a te ria ls , fo rm a tio n  o f  v o id s, an d  
lim ited  s h e lf  life  [2, 5 ] . .O n  th e  o th e r han d , p o ly b e n z o x a z in e  can  b e  ab le  to  n o t o n ly  
o v e rco m e  th e se  sh o rtco m in g s , b u t a lso  p re sen ts  m an y  c h a ra c te r is tic s  n o t fo u n d  in  
tra d itio n a l p h e n o lic  re s in s , su ch  as h ig h  th e rm a l s tab ility , e x c e lle n t m ech an ica l 
p ro p e rtie s , e a sy  p ro cess ib ility , lo w  w a te r  ab so rp tio n , n ea r ze ro  sh rin k ag e  a fte r 
p o ly m e riz a tio n , and  m o le c u la r  d es ig n  flex ib ility  [6 , 7], T h u s, p o ly b e n z o x a z in e  
b e c o m e s  an  e x c e lle n t c a n d id a te  re s in  to  rep lace  tra d itio n a l re a c tan ts  fo r th e  fo am  
m a n u fa c tu rin g . G en era lly , to  ach iev e  h ig h e r  m ech an ica l p e rfo rm a n c e  an d  th erm al 
s tab ility  o f  fo a m  m ate ria ls , th ey  are freq u en tly  m a n u fa c tu re d  in  th e  fo rm  o f  fib e r 
re in fo rc ed  co m p o site . A m o n g  m an y  ty p es  o f  re in fo rc in g  fib e rs  u su a lly  u sed  in 
p h e n o lic  fo am s, g la ss  fib e r is  o n e  o f  th e  m o s t fav o rite s  [3, 5, 8], S in ce  th e re  are  very  
fe w  re se a rch e s  in v o lv in g  in  p o ly b en zo x az in e  fo am , th e  u n d e rs ta n d in g  o f  th e  
b e h a v io r  o f  th e  fib e r re in fo rc ed  p o ly b en zo x az in e  fo am  is lim ited . T h e re fo re , s tu d y  o f  
th e  in flu en ce  o f  g la ss  re in fo rc ed  f ib e r o n  p o ly b e n z o x a z in e  fo am  is ab so lu te ly  
a ttra c tiv e . A c c o rd in g  to  o u r p rev io u s  re se a rch  [2], it w a s  fo u n d  th a t th e  re su ltin g  
p o ly b e n z o x a z in e  fo am  u s in g  azo d ic a rb o n am id e  (A Z D ) as a  b lo w in g  ag en t 
d e m o n s tra te d  a  u n ifo rm  fo am ed  s tru c tu re , and  at ab o u t 3 w t%  A Z D  it p ro v id ed  a 
g o o d  b a lan ce  b e tw e e n  m ech an ica l p ro p e rtie s  an d  w e ig h t o f  th e  p o ly b e n z o x a z in e  
fo am . In  th is  w o rk , in v e s tig a tio n  o n  th e  in flu en ce  o f  re in fo rc in g  fib e r on  th e  
m a n u fa c tu r in g , p h y sica l, an d  m ech an ica l p ro p e rtie s  o f  th e  fo am  w a s  p erfo rm ed . 
O p tim u m  f ib e r  co n ten t, d e m o n s tra tin g  th e  m o s t a p p ro p ria te  e q u a lity  b e tw een  
p ro p e rtie s  o f  th e  fo am  an d  c o n tro lla b ility  o f  th e  fo a m in g  p ro cess , is a lso  rep o rted  and  
d iscu ssed .



7.3. Experimental

7.3.1 M a te ria ls
T h e  b e n z o x a z in e  re s in  u sed  in  th is  re se a rch  is  b a se d  on  b isp h en o l-A , 

an ilin e , and  fo rm a ld eh y d e . B isp h e n o l-A  (9 7 % ) and  p a ra -fo rm a ld e h y d e  (9 5 % ) w ere  
p u rc h a se d  from  S ig m a-A ld rich  C o m p an y . A n ilin e  (9 9 % ) w a s  p u rc h a se d  from  
P an reac  Q u im ic a  S A  C o m p an y , and  a z o d ic a rb o n a m id e  (A Z D , S u p e rce ll-V R 2 0 7 ) 
u sed  as a  b lo w in g  ag en t w as  p ro v id ed  by  A . F. S u p e rc e ll C o ., L td . U n trea ted  
c h o p p e d  g lass  f ib e r (Ju sh i g ro u p  L td .) w ith  av e rag e  len g th  o f  3 m m  w as se lec ted  fo r 
re in fo rcem en t.

7 .3 .2  F o am  C o m p o s ite  P rep a ra tio n
T h e  b e n z o x a z in e  m o n o m e r sy n th es is  is  fo llo w e d  o u r  p re v io u s  w o rk

[2], T h e  b e n z o x a z in e  m o n o m e r w as  g ro u n d e d  in to  f in e  p o w d e r  and  m ix e d  w ith  3 
w t%  A Z D  b e fo re  a d d in g  g lass  f ib e r  w ith  d iffe re n t w e ig h t ra tio s , i.e. 1, 3 , an d  5 w t% . 
T h e  m ix tu re  w as m e lt-m ix e d  at ab o u t 110 ๐c  u n til a  h o m o g e n e o u s  m ix tu re  w as 
o b ta in ed ; fo llo w ed  b y  tra n sfe rrin g  in to  an  a lu m in u m  m o ld  an d  h e a tin g  fro m  30° to  
2 1 0  °c u sin g  a  h e a tin g  ra t o f  1 ° c /m in .

7 .3 .3  C h a ra c te riz a tio n  o f  F o am  C o m p o s ite
T h e  d e n s itie s  o f  th e  fo am  sa m p le s  w e re  d e te rm in e d  by  w e ig h in g  the  

g e o m e tric a lly  sh ap ed  fo am  an d  d iv id in g  th e  w e ig h t by  m e a su re d  v o lu m e . T h e  
m ic ro s tru c tu re s  o f  th e  fo am s w ere  o b se rv ed  o n  JE O L -JS  5 8 0 0 L V  sc a n n in g  e lec tro n  
m ic ro sc o p y  (S E M ) an d  O ly m p u s  S Z -4 0 4 5 -T R  o p tica l m ic ro sc o p e . A n  IN S T R O  
u n iv e rsa l te s tin g  in s tru m e n t (M o d e l 4 5 0 2 ) w ith  a  150 k N  s ta tic  lo ad  ce ll w a s  u sed  to  
d e te rm in e  u n iax ia l co m p re ss io n  p ro p e rtie s  o f  th e  re su ltin g  fo a m s . C y lin d rica l fo am s 
sp e c im e n s  w ere  c o m p re sse d  w ith  a  c ro ssh e a d  sp eed  o f  2 .5  m m /m in . C o m p re ss iv e  
m o d u lu s  w ere  c a lc u la te d  a t th e  s te ep est s lo p e  o f  th e  s tre s s - s tra in  cu rv e , and  
co m p re ss iv e  s tre n g th  w as d e te rm in e d  a t th e  fra c tu re  fa ilu re  o f  th e  sp ec im en . D M A  
(N E T Z S C H  D M A  2 4 2 )  w as u se d  to  c h a ra c te r iz e  th e  th e rm o m e c h a n ic a l p ro p e rtie s  o f  
th e  fo am s. T h e  th e rm o g ra m s  w ere  o b ta in e d  w ith  a  h e a tin g  ra te  o f  5 ๐c /m in .  S to rage  
m o d u lu s  ( E ’) and  lo ss  ta n g e n t ( tan  5) w e re  re p o rte d  in  th e  th e rm o g ra m s . T h e  g lass
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tra n s itio n  te m p e ra tu re  o f  th e  fo a m s w as d e te rm in e d  at th e  m a x im u m  p o in t o f  loss 
tan g en t cu rve .

7 .4 . R e s u l ts  a n d  D isc u ss io n

T h e  th eo re tic a l and  m e a su re d  d en s itie s  o f  th e  re su ltin g  fo a m s a t v a rio u s  
fib e r c o n te n ts  a re  su m m a riz e d  in  T ab le  7 .1 . It is c le a r  th a t th e  fo a m  d e n s ity  in c reases 
w ith  f ib e r  co n ten t, an d  th e  m e a su re d  v a lu e s  a re  h ig h e r th a n  th e  th e o re tic a l ones, 
ex cep t a t 5w t%  f ib e r  co n ten t. It im p lie s  th a t th e  re in fo rc in g  f ib e r in h ib ite d  foam  
e x p a n s io n  in  th e  fo a m in g  p ro cess . H o w ev er, a t th e  h ig h  f ib e r  co n ten t, th e  n eg a tiv e  
d e v ia tio n  fro m  th e  th eo re tic a l v a lu e  w as cau sed  b y  th e  p re se n c e  o f  u n av o id ab le  
d e fe c t d u e  to  th e  h ig h  v isc o s ity  o f  fib e r m e lt-m ix e d  p re c u rso r , w h ic h  w as  crea ted  
d u rin g  th e  m e c h a n ic a l m ix in g  p ro cess . F u rth e rm o re , th is  re su lt s tro n g ly  ag rees  w ith  
th e  m o rp h o lo g y  o f  th e  fo am s w h ic h  w ill b e  d isc u sse d  fu rth e r. T h is  o u tc o m e  also  
co rre sp o n d s  to  th e  o th e r ty p es o f  fib e r re in fo rc ed  fo am  c o m p o s ite s  [9 , 10]. T he 
c e llu la r  s tru c tu re s  o f  th e  re su ltin g  fo am s w ere  o b ta in e d  by  u s in g  3 tim es 
m a g n if ic a tio n  o f  an  o p tica l m ic ro sco p e . F ig u re  7 .1 a  d e m o n s tra te s  th e  m o rp h o lo g ie s  
o f  th e  ce ll s tru c tu re s  a ffec ted  by  th e  p re sen ce  o f  th e  sh o rt f ib e r  w ith  d iffe re n t fib e r 
co n ten ts . F ro m  th e  e x a m in a tio n , th e  n ea t p o ly b e n z o x a z in e  fo a m  re v e a le d  u n ifo rm  
fo am  s tru c tu re  w ith  an  o ran g e  co lo r, b u t fib e r re in fo rc ed  p o ly b e n z o x a z in e  foam s 
sh o w ed  d e n se r  p o ro u s  s tru c tu re  co m b in ed  w ith  m a ss iv e  v o id s . In  a d d itio n , it co u ld  
be fo u n d  th a t th e  d e n se n e ss  an d  la rg e  v o id  co n te n t te n d e d  to  in c re a se  a s  m o re  fib e r 
w as ad d ed , w h ic h  co n fo rm s to  th e ir  d en sities .

S E M  w as  u sed  to  ex a m in e  th e  d is tr ib u tio n  an d  b o n d in g  a sp ec ts  o f  
re in fo rc in g  f ib e r in  th e  fo am  m a trix . F ig u re  7 .1 b  re v e a ls  a  ra z o r  c u t su rfa c e  o f  3w t%  
o f  f ib e r  re in fo rc ed  foam . A s se e n  in  th e  figu re , th e  re in fo rc in g  fib e rs  a re  ran d o m ly  
d is tr ib u te d  an d  a p p e a r  e m b e d d e d  o n ly  in  th e  ce ll w a lls , an d  th e re  is no  fib er 
p e n e tra tin g  th ro u g h  th e  fo am  ce lls . T h e  e n la rg e m e n t sh o w n  w ith in  th e  f ig u re  rev ea ls  
th a t th e  re in fo rc in g  f ib e r  is n o t su rro u n d ed  w ith  th e  a ir  g ap s, w h ic h  re p re se n ts  very  
g o o d  w e ttin g  an d  ad h e s io n  b e tw e e n  g lass  fib e r a n d  p o ly b e n z o x a z in e  m a tr ix  even  
w h en  f ib e r  su rface  tre a tm e n t w a s  n o t u sed  in  th is  s tudy . T h is  re su lt a lso  illu s tra te s  
g o o d  m a tc h in g  b e tw e e n  th e  g la ss  fib e r an d  p o ly b e n z o x a z in e  m a trix .
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F ig u re  7 .2  sh o w s  th e  co m p re ss iv e  s tren g th  and  m o d u lu s  o f  th e  fo am s as a 
fu n c tio n  o f  fib e r co n ten t. A s o b se rv ed  in  the  fig u re , b o th  av e rag e  v a lu e  o f  foam  
s tren g th  an d  m o d u lu s  c o n tin u a lly  in c rea se  as a fu n c tio n  o f  f ib e r co n ten t. In  ad d itio n , 
w ith  sm a ll a m o u n t o f  re in fo rc in g  fib e r (up  to  3 w t% . fib e r co n ten t) , th e  c o m p ress iv e  
m o d u lu s  an d  s tre n g th  o f  the  fo am s w ere  in c reased  rap id ly  by  5 3 .8 %  and  45 .6 % , 
re sp ec tiv e ly . T h e  sh a rp  in crease  o f  th e  s tren g th  an d  m o d u lu s  is d u e  to  th e  fib e r 
re in fo rc in g  e ffec t w h ic h  lead s to  th e  en h an c e m e n t o f  the  co m p re ss iv e  p ro p e rtie s  o f  
th e  re su ltin g  fo am s. T h is  p h e n o m e n o n  is a  good  a g reem en t w ith  th e  ru le  o f  m ix tu re , 
w h ich  th e  p ro p e rtie s  o f  th e  re su ltin g  fo am  co m p o s ite s  d ep en d  o n  th e  v o lu m e  frac tio n  
o f  p o ly m e r m a trix  a n d  re in fo rc in g  fib er. M o reo v er, th e re  are  o th e r  reaso n s  p ro p o sed  
fo r s tre n g th  im p ro v in g  o f  fo am  co m p o site s , i.e . fo rm a tio n  o f  m u ltip le  c rack  site  
an d /o r m u ltip le  c ra c k  b ran ch in g , b e tte r  ad h es io n  b e tw e e n  re in fo rc in g  fib e r and  
m a trix , w h ic h  a re  ab le  to  d e lay  the  frac tu re  p ro c e sse s  o f  fo am  c o m p o s ite s  [11 , 12], 
H o w ev er, a t th e  h ig h e r  fib e r co n ten t, th e  m o d u lu s  an d  s tren g th  w e re  in c rea sed  m o re  
s lo w ly  w ith  in c rea sed  fib e r co n ten t. E sp ec ia lly , d u e  to  th e  in s ig n if ic a n tly  ch an g e  o f  
th e  s tren g th , o p tim a l f ib e r  co n ten t is fo u n d  a t a ro u n d  3 w t% . T h is  re su lt c o m p lie s  
w ith  th e  m o rp h o lo g y  o f  th e  re su ltin g  fo am s, w h ic h  s tru c tu ra l d e fec t p lay s an  
im p o rtan t ro le  in  th e  d e te r io ra tio n  o f  th e  co m p re ss iv e  p ro p e rtie s  at th e  h ig h  fib e r 
co n ten t. T h is  b e h a v io r  is a lso  n o ticed  in  o th e r re la te d  w o rk s  [5, 10].

F ig u re  7 .3 a  sh o w s  th e  e ffec t o f  th e  fib e r c o n te n t on  th e  s to rag e  m o d u lu s  ( E ’) 
o f  th e  fo a m  c o m p o s ite s  w ith  d iffe re n t g lass  f ib e r  co n ten ts . In  o rd e r to  ach iev e  
re liab le  D M A  d a ta , th e  se lec ted  sp ec im en s  w ith o u t s tru c tu ra l d e fe c t w e re  em p lo y ed  
in  th is  te s t to  av o id  u n c e rta in ty  o f  th e  th e rm o m e c h a n ic a l re sp o n se . A s a s im ila r  tren d  
w ith  th e  o b se rv a tio n  fo r c o m p ress iv e  m o d u lu s , th e  g la ssy  s tag e  p la te a u  m o d u lu s  o f  
th e  re su ltin g  fo a m s  sy s tem a tica lly  in c rea sed  w ith  th e  g la ss  f ib e r  co n ten t. 
F u rth e rm o re , th e  ru b b e ry  p la teau  m o d u lu s  o f  th e  fo am s w a s  a lso  sy s tem a tica lly  
in c reased , w h ic h  re v e a ls  th e  s tu rd in e ss  o f  th e  fo a m s a fte r  th e ir  g la ss  tra n s itio n  stage. 
A s d isc u sse d  by  M . A b d a lla  et a l ,  th e  in c rease  in  th e  ru b b e ry  p la te a u  m o d u lu s  is due  
to  th e  d iffe re n ce  b e tw e e n  th e  m o d u lu s  o f  re in fo rc in g  fib e r an d  th e  ru b b e ry  re s in  and  
th e  lim ita tio n  o f  p o ly m e r m o b ility  c au sed  by  p o ly m e r an d  re in fo rc in g  fib e r 
in te ra c tio n  [13], F ig u re  7 .3 b  sh o w s ta n  6 v e rsu s  te m p e ra tu re  cu rv e  o f  th e  fo am  
c o m p o s ite s  a t v a r io u s  fib e r co n ten ts . A lth o u g h , th e  fa llin g  o f  th e  s to rag e  m o d u lu s
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d o es  no t sh o w  a  d is tin c t in c re a s in g  tren d , th e  g lass  tra n s itio n  te m p e ra tu re  o b se rv ed  
b a sed  on  th e  re la x a tio n  p eak  o f  tan  Ô in c rea se s  c o n s id e ra b ly  w ith  th e  f ib e r  co n ten t 
fro m  184° to  190 ° c  o f  p la in  and  5 w t%  fib e r co n te n t re sp e c tiv e ly , as  su m m a riz e d  in  
T a b le  7.1. T h e  in c re m e n t o f  th e  g la ss  tra n s itio n  te m p e ra tu re  an d  ru b b e ry  p la teau  
m o d u lu s  o f  fo am  c o m p o site s  w as  due  to  th e  fib e r re in fo rc in g  e ffec t a n a lo g o u s  to  
o th e r  re la ted  w o rk s  [13 -15 ],

7 .5  C o n c lu s io n s

A  n e w  ty p e  o f  g la ss  fibe r re in fo rc ed  p h e n o lic  fo am  c o m p o s ite  w as 
su ccessfu lly  p re p a re d  w ith  o u r  n o n c o m p le x  and  e c o n o m ic a l fo a m in g  m e th o d . T he 
S E M  m ic ro g ra p h  sh o w s a ra n d o m  d is tr ib u tio n  o f  th e  f ib e r  in  th e  fo am  m a trix , and  
v e ry  g o o d  ad h e s io n  b e tw e e n  th e  fib e r an d  th e  m a trix  can  be  o b se rv e d . F ro m  th e  
D M A  th e rm o g ra m , th e  g la ss  tra n s itio n  te m p e ra tu re  o f  th e  fo am  c o m p o s ite s  sh o w s an  
im p ro v e m e n t o f  6 ° c  a t 5 w t%  fib e r lo a d in g  c o m p a re d  w ith  th e  n ea t one. 
A p p ro x im a te ly  3 w t%  o f  fib e r c o n te n t is  th e  m o s t a p p ro p ria te  c o n te n t, p ro v id in g  a 
g o o d  b a lan ce  b e tw e e n  th e  m e c h a n ic a l p ro p e rtie s  o f  th e  fo a m s an d  c o n tro lla b ility  o f  
th e  fo am in g  p ro cess .

7 .6  A c k n o w le d g e m e n ts
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F ig u r e  7.1 M ic ro sc o p e  im ag es  o f  p o ly b e n z o x a z in e  fo a m  c o m p o s ite s  w ith  d iffe ren t 
f ib e r  co n ten ts  (a ) S E M  m ic ro g ra p h  o f  3 w t%  o f  f ib e r re in fo rc e d  fo am  c o m p o s ite  (b).
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F ig u r e  7.2 C o m p re ss iv e  s tren g th  an d  m o d u lu s  o f  p o ly b e n z o x a z in e  fo am  c o m p o site s  
as a  fu n c tio n  o f  fib e r co n ten t.

C
om

pressive strength (M
Pa)
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Temperature (°c )

F ig u r e  7.3 S to rag e  m o d u lu s  (a ) loss ta n g e n t (b ) o f  p o ly b e n z o x a z in e  foam  
c o m p o s ite s  w ith  d if fe re n t f ib e r co n ten ts .
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T a b le  7.1 P h y sica l, c o m p re ss iv e , and  th erm al p ro p e rtie s  o f  p o ly b e n z o x a z in e  foam  
co m p o s ite s  w ith  d iffe ren t fib e r co n ten ts

G la ss  fib er  
C o n ten t

S p e c if ic
c o m p r e ss iv e

strength

S p e c if ic
c o m p r e ss iv e

m o d u lu s

C o m p r e ss iv e
strength

in crem en t

C o m p r e ss iv e
m o d u lu s

in crem en t

G la ss
tran sition

tem p eratu re

(w t% ) (M P a /g /c m 3) (M P a /g /c m 3) (% ) (% ) ( ๐๑

0% 32.1  ± 0 . 5 1 1 8 5 .9  ±  88.1 0 .0 0 .0 184

1% 3 5 .4  ± 2 . 5 1 4 1 3 .8  ± 4 6 .4 19.4 2 8 .6 187

3% 3 8 .7  ±  1.9 1 5 1 3 .5  ± 7 5 . 6 4 5 .6 5 3 .8 188

5% 3 8 .3  ± 0 . 6 1 6 2 9 .6  ± 3 1 . 5 5 2 .5 7 5 .2 1 9 0
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