
C H A P T E R  I V

E X P E R I M E N T

4.1 M aterials

T h e m a te r ia ls  u se d  in th is  research  are b e n z o x a z in e  res in , u reth an e resin  and  
K ev la r ™  fib er  fr o m  D u P o n t. B e n z o x a z in e  resin  is  b a sed  o n  b is p h e n o l, a n ilin e  and  
p a ra fo rm a ld eh y d e . T h e  b isp h e n o l A  w a s  su p p lie d  b y  T h a ip o ly c a r b o n a te  C o .,L td  
(T P C C ). P a r a -fo r m a ld e h y d e  w a s  p u rch ased  from  M erck  C o m p a n y , and  a n ilin e  w a s  
p u rch ased  from  P an rea c  Q u im ic a  S A  C o m p a n y . U re th a n e  p r e p o ly m e r  w a s  p repared  
from  iso p h o r o n e  d iis o c y a n a te  and  p o ly e th e r  p o ly o l . T h e  iso p h o r o n e  d iiso c y a n a te  w a s  
o b ta in ed  from  D e g u s s a -H u ls  A G  and the p o ly e th e r  p o ly o l  w a s  su p p o rted  b y TPI  
P o ly o l C O ., L T D .

4.2 P reparation  of Resins

4 .2 .1  B e n z o x a z in e  r e s in  p r e p a r a t io n

B e n z o x a z in e  m o n o m e r  w a s sy n th e s iz e d  u s in g  b isp h e n o l A , a n ilin e  and  
p a ra fo rm a ld eh y d e  at a  1:2:4  m o lar  ratio. T h e  reactan t m ix tu r e  w a s  c o n s ta n tly  stirred  
at 110°c for a p p r o x im a te ly  30 m in u tes. T h is  resin  w a s  p rep ared  b a sed  o n  a p aten ted  
s o lv e n t le s s  m eth o d  (Ish id a . 1 9 9 6 ). T h e  b e n z o x a z in e  m o n o m e r  w a s  o b ta in ed  a s  c lea r-  
y e l lo w is h  so l id  p o w d e r  at room  tem peratu re. T h e p rod u ct w a s  th en  grou n d  into fin e  
p o w d e r  and can  b e k ep t in a refrigerator for fu tu re-u se .

4 .2 .2  U r e th a n e  r e s in  p r e p a r a t io n

The urethane prepolym er was prepared using isophorone diisocyanate with
diol o f  M W  2000 at a 1:2 m olar ratio. Isophorone d iisocyanate and diol were m ixed in
a distillation flask and the m ixture was stirred under nitrogen stream  at 9 0 °c  for two
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h ou rs. In th e  rea c tio n , 0 .4  g  o f  d ib u ty ltin  d ilau rate  w a s  u sed  a s  a  ca ta ly st . A fte r  that, 
the m ix tu re  (u reth a n e  p rep o ly m er) w a s  c o o le d  to room  tem p era tu re  and w a s  k ep t in a 
refrigerator.

4.3 Benzoxazine/U rethane B inary M ixture P reparation

T h e  b e n z o x a z in e  m o n o m e r  w a s  m ix e d  w ith  th e u reth an e p r e p o ly m e r  to  
p ro v id e  B a /P U  m ix tu re  at th e  d es ira b le  m a ss  fraction . T h e  m ix tu re  w a s  h ea ted  to 
ab o u t 80°c in  an  a lu m in u m  co n ta in er  and w a s  th o r o u g h ly  m ix e d  b y  hand  for ab ou t  
1 5 -3 0  m in u te s  u n til a  h o m o g e n e o u s  m ix tu re  w a s  o b ta in ed . T h e  w e ig h t  ra tio s o f  the  
b e n z o x a z in e  ( B A )  an d  u reth an e (P U ) b in ary  m ix tu res  at 9 0 /1 0  (B A /P U  9 0 /1 0 ) .  8 0 /2 0  
(B A /P U  80/20), 7 0 /3 0  (B A /P U  7 0 /3 0 )  and 6 0 /4 0  (B A /P U  6 0 /4 0 ) ,  w e r e  ev a lu a te d  as  
p o ten tia l m a tr ic e s  for  K e la r ™ -r e in fo r c e d  c o m p o s ite s  for  a  b a llis t ic  arm or.

4.4 Processing M ethod of Composites

T h e K e v la r ™  fa b r ic s  w er e  p re-im p reg n a ted  w ith  th e b in ary  m ix tu re  resin s  
u s in g  th e h a n d -la y  up  p roced u re  at 8 0 ° c .  T h e w e ig h t  fra ctio n  o f  th e  f ib er  w a s  kept  
co n sta n t at a p p r o x im a te ly  7 0 -8 0 %  b y  w e ig h t . T h e  m o ld in g  c o m p o u n d  w a s  
c o m p r e s s io n -m o ld e d  u s in g  a c o m p r e ss io n  m o ld er  at 1 6 0 ° c  and  at a h y d ra u lic  p ressu re  
o f  150  k g /c m 2 for 120  m in u tes . T h e sa m p le s  w er e  th en  re m o v e d  from  the  
c o m p r e ss io n  m o ld e r  to  an o v e n  for p o st-cu r in g  at 1 7 0 ° c ,  1 8 0 ° c .  and 2 0 0 ° c  for 120  
m in u tes . T h e  sp e c im e n s  w er e  fin a lly  le ft to  c o o l d o w n  to roo m  tem p era tu re  and  w ere  
read y for c h a ra c ter iza tio n s .

4.5 C haracterization  M ethods

4 .5 .1  P o ly m e r iz a t io n  c o n d it io n s  a n d  t h e r m a l p r o p e r t y  a s s e s s m e n t
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T h e p o ly m e r iz a t io n  b eh a v io r s  o f  the b e n z o x a z in e  r e s in /u re th a n e  p r ep o ly m er ,  
m ix tu res  and  th e ir  p rep reg s  w e r e  e x a m in e d  u s in g  a d iffe r e n tia l s c a n n in g  ca lo r im e te r  
(D S C )  m o d e l 2 9 1 0  fro m  T A  In stru m en ts. A l l  sa m p le s  w e r e  p la c e d  in  a  n o n -h e r m e tic  
a lu m in u m  p an  w ith  lid . T h e  m a ss  o f  the sa m p le  is in ran ge o f  3 -5  m g . T h e  e x p e r im e n t  
w a s  p erfo rm ed  at a  h e a t in g  rate o f  1 0 ° c /m in  under n itro g en  p u rg in g . T h e  g la s s  
tra n sitio n  o f  th e  a l lo y s  an d  th eir  c o m p o s ite s  w er e  o b ta in ed  u s in g  th e D S C  sc a n  in  the  
ran ge o f  5 0 -3 0 0 ° C  u s in g  h e a tin g  rate o f  1 0 ° c /m in  under N 2 p u rg in g .

4 .5 .2  F o u r ie r  t r a n s f o r m  in fr a r e d  s p e c tr o s c o p y  ( F T -I R )

F T -IR  sp e c tr a  o f  a ll sa m p le s  under v a r io u s c u r in g  m e th o d s  w e r e  a cq u ired  b y  
u s in g  a  S p e c tr u m  G X  F T -IR  sp e c to m e te r  from  P erk in  E lm er . T h e  ap p aratu s is  
e q u ip p e d  w ith  a  K B r b ea m  sp litter  and a  d eu tera ted  tr ig ly c in e  su lfa te  (D T G S )  
d etecto r . A  s m a ll a m o u n t o f  a so lid  sa m p le , p refera b ly  0 .5 - 1 .0  m g , w a s  gro u n d  and  
c a s te d  o n  a  p o ta s s iu m  b ro m id e  (K B r) d isk . T h e  sa m p le  w a s  s u ff ic ie n t ly  th in  w ith  
o p tic a l th ic k n e ss  o f  a  fraction  o f  a m illim e te r  in c o m p lia n c e  w ith  the th ic k n e ss  
s p e c if ie d  u n d er th e  B e e r -L a m b e r f  s law . T h e sa m p le  w a s  th en  m o u n ted  o n  a  sa m p le  
h o ld er . A l l  sp ec tra  w e r e  tak en  w ith  3 2  sc a n s  at a r e so lu tio n  o f  4  c m ' 1 an d  a sp ectra l 
ran ge o f  4 0 0 0 - 4 0 0  cm "1.

4 .5 .3 T h e r m a l  d e g r a d a t io n  e v a lu a t io n

T h erm al s ta b ility  and  th erm al d e c o m p o s it io n  o f  the cu red  p o ly m e r  a l lo y s  w er e  
stu d ied  u s in g  a P erk in  E lm er’s  T G /D T A  th erm o g ra v im etr ic  a n a ly z e r  m o d e l SII 
D ia m o n d . T h e  e x p e r im e n t  w a s  d o n e  u s in g  a h e a tin g  rate o f  2 0 ° c /m in  u n der n itrog en  
a tm o sp h ere . T h e  tem p era tu re  w a s  ram ped  from  30°c to 900°c u s in g  a sa m p le  m a ss  o f  
ab o u t 1 5 -2 0  m g . T h e  d eg ra d a tio n  tem peratu re at 5%  w e ig h t  lo s s  and  the ch ar y ie ld  at 
9 0 0 ° c  w er e  reco rd ed  for ea c h  sp e c im e n .
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4 .5 .4  D e n s i ty  m e a s u r e m e n t

T h e  d e n s ity  o f  th e  p o ly m e r  a l lo y s  and the K e v la r 1 M f ib e r  c o m p o s ite s  w ere  
m easu red  b y  w a te r  d isp la c e m e n t  m eth o d  a c c o r d in g  to A S T M  D 7 9 2 -9 1  (M e th o d  A ). 
A ll s p e c im e n s  w e r e  p rep ared  in  a rectan gu lar sh a p e  o f  5 0  m m x 2 5  m m x l  m m  and  
w e ig h te d  b o th  in  air  an d  in  w ater .

T h e  d e n s ity  w a s  c a lc u la te d  u s in g  the fo l lo w in g  e q u a tio n :

w h ere  p  =  D e n s ity  o f  th e  sp e c im e n  (g /c m 3)
A  =  W e ig h t  o f  th e  sp e c im e n  in air (g )
B  =  W e ig h t  o f  th e  sp e c im e n  in liq u id  (g )
Po =  D e n s ity  o f  th e  liq u id  at th e  g iv e n  tem p era tu re  ( g /c m 3)

4 .5 .5  F le x u r a l  p r o p e r t y  m e a s u r e m e n t

A  u n iv e r sa l te s t in g  m a c h in e  (m o d e l 5 5 6 7 )  fro m  In stron  C o ., Ltd. w a s
u sed  to d e te r m in e  f lex u ra l p rop erties  o f  c o m p o s ite  s p e c im e n s . T h e  te st  m eth o d  u sed  
w a s  a  th r e e -p o in t  b e n d in g  m o d e  w ith  a su p port sp an  o f  3 2  m m  at a c o n sta n t c r o ss  
h ead  sp e e d  o f  0 .8 5  m m /m in . T h e  d im e n s io n  w a s  25  m m  in w id th . 5 0  m m  in  len g th , 
and  2  m m  in th ic k n e ss . T h e  flexu ra l p rop erties w er e  d e te r m in e d  u s in g  A S T M  D

7 9 0 M -9 3  a c c o r d in g  to the fo l lo w in g  eq u ation s:

p  =  ( ^ 7 ร ิ)  X p o (4 .2 )

(4 .3 )

ร  =  - J P L
2bcF

(4 .4 )

w h ere  E [}=  F lex u ra l m o d u lu s  (M P a)
ร  =  F lex u ra l stren g th  (M P a )
p =  L oad  at a  g iv e n  p o in t on  the lo a d -d e f le c t io n  c u r v e  (N )  
L =  S u p p o rt sp an  (m m )
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b =  W id th  o f  b ea m  te sted  (m m )  
d =  D e p th  o f  b ea m  tested  (m m )
m  =  S lo p e  o f  th e  ta n gen t to the in itia l s tra ig h t-lin e  p ortio n  o f  the lo ad -  

d e f le c t io n  c u r v e  (N /m m )

4 .5 .6  D y n a m ic  m e c h a n ic a l  a n a ly s is

A  d y n a m ic  m e c h a n ic a l a n a ly zer  (D M A ) m o d e l D M A 2 4 2  from  N E T Z S C H  
w a s  u sed  to  in v e s t ig a te  s p e c im e n s ’ d y n a m ic  m e ch a n ica l p ro p erties . T h e  d im e n s io n  o f  
ea c h  sp e c im e n  w a s  50 mmxio m m x 2  m m . T h e strain  w a s  a p p lie d  s in u so id a lly  w ith  a 
freq u en cy  o f  1 H z  an d  th e sp e c im e n  w a s  h ea ted  at a  rate o f  5°c/min fro m  room  
tem p era tu re to  2 7 0 ° c .  T h e  s to ra g e  m o d u lu s  (G '), lo s s  m o d u lu s  (G " ), an d  lo s s  ta n gen t  
(tan  5 )  w e r e  th en  o b ta in e d . T h e  g la s s  tran sition  tem p era tu re  w a s  ta k en  a s  the  
m a x im u m  p o in t  o n  th e  lo s s  m o d u lu s  c u rv e  in th e  tem p era tu re  s w e e p  test.

4 .5 .7  F ir e  t e s t

T h e  b a llis t ic  te s ts  w er e  m a d e  u s in g  3 d ifferen t c la s s e s  o f  a m m u n itio n s . T h e  
tested  c o m p o s ite  p an el w a s  a p p r o x im a te ly  12.5 c m x 12 .5  c m  w ith  varied  th ic k n e ss  
d e p e n d in g  o n  th e n u m b er  o f  la yers o f  K e v la r 1 M c lo th  u sed . E ach  p la te  w a s  im p a cted  
w ith  o n ly  o n e  p r o je c tile . T h e  K e v la r 1 M-r e in fo r c e d  p o ly b e n z o x a z in e  a l lo y  p la te s  w ere  
ab o u t 1.5 m m  th ick  c o r r e sp o n d in g  to 1 0 -p lie s  o f  the la m in a ted  c o m p o s ite . T h e  
la m in ates  w e r e  te s te d  u s in g  a 9  m m  h an d gu n  a s s h o w n  in  F ig u re  4 .2  and  w ere  
im p a cted  b y  a stan d ard  g ra in  o f  a round  lead p ro je c tile  w ith  lead  o u ter  c o a tin g . T h e  
first e x p e r im e n t w a s  a im e d  to e v a lu a te  the m o st  su ita b le  c o m p o s it io n  o f  the m atric  
a llo y s  for b a llis t ic  p r o tec tio n .

F ig u r e  4 .1  T h e  9  m m  h an d gu n  for th e  fire test
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T h e la m in a tes  w ith  a  c o m b in e d  th ic k n e ss  o f  2 0  and  3 0  p l ie s  w e r e  tested  w ith  a 
standard  1 2 4  g ra in  o f  a rou n d  lead  p ro je c tile  w ith  c o p p e r  o u ter  c o a t in g  ( i .e .  fu ll m etal 
ja c k e t  a m m u n it io n )  a s  sh o w n  in  F igu re 4 .1 . T h e im p a ct v e lo c i ty  o b ta in e d  from  th is  
p ro jec tile  w a s  c o m p lie d  by the N IJ standard o f  le v e l II-A .

T h e  la m in a te s  w ith  a  c o m b in e d  th ic k n e ss  o f  4 0 ,  5 0  an d  6 0  p lie s  w er e  te sted  
w ith  a  te st  w e a p o n  h a v in g  an  im p a ct v e lo c ity  f o l lo w in g  N IJ  stan d ard  o f  le v e l  III-A . 
T h e v e lo c i ty  o f  e a c h  sh o t  w a s  reco rd ed  u s in g  a  tr ig g ered  t im e r  s y s te m , a s  sh o w n  in  
F ig u re  4 .2 .  F or th e s e  la m in a te s , th e  a v e r a g e  v e lo c i ty  m e a su r e d  w a s  4 2 6  m /s .

15cm ,1,

F ig u r e  4 .2  T e s t in g  s c h e m e  u sed  for th e  N IJ stan d ard  b a llis t ic  test
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T a b ic  4 .1 : C o m p le te  d e sc r ip tio n s  o f  a ll c o m p o s ite  la m in a tes  u sed  in the fire  tests

F ire test N u m b e r T y p e  o f  m atrix N u m b e r  o f  p ile s
1 la e p o x y 10+10

lb 1 0 0 /0  B A /P U 10+10
l c 9 0 /1 0  B A /P U 10+10
Id 8 0 /2 0  B A /P U 10+10
l e 7 0 /3 0  B A /P U 10+10
I f 6 0 /4 0  B A /P U 10+10

2 2a 8 0 /2 0  B A /P U 10+10
II-A 2b 8 0 /2 0  B A /P U 20

2c 8 0 /2 0  B A /P U 10+ 10+10
2d 8 0 /2 0  B A /P U 20+10
2e 8 0 /2 0  B A /P U 3 0

'ๆว 3 a 8 0 /2 0  B A /P U 20+ 10+10
III-A 3b 8 0 /2 0  B A /P U 3 0 + 2 0

3 c 8 0 /2 0  B A /P U 1 0 + 1 0 + 3 0
3d 8 0 /2 0  B A /P U 3 0 + 2 0 + 1 0
3 e 8 0 /2 0  B A /P U 3 0 + 1 0 + 1 0 + 1 0

4 .5 .8  I n te r f a c ia l  b o n d in g  e x a m in a t io n

In terfac ia l b o n d in g  o f  the b a llis t ic  c o m p o s ite  w a s  in v e s t ig a te d  u s in g  a 
sca n n in g  e le c tr o n  m ic r o s c o p e  (S E M ) at an a c c e le r a tio n  v o lta g e  o f  15 k v .  A ll  
sp e c im e n s  w er e  c o a te d  w ith  th in  g o ld  film  u sin g  a JE O L  io n  sp u tter in g  d e v ic e  (m o d e l 
J F C -1 1 0 0 E ) for 4  m in  to ob ta in  a th ic k n e ss  o f  a p p r o x im a te ly  3 0 Â  and  the 
m icro g ra p h s o f  th e  s p e c im e n 's  fracture su rfa ce  w er e  tak en . T h e  o b ta in e d  m icro gra p h s  
w ere u sed  to q u alita tive!}, e v a lu a te  the in terfac ia l in tera ctio n  b e tw e e n  the B A /P U  
m atrix  resin  and  th e K e v la r 1 M fiber.
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