
C H A P T E R  I

I N T R O D U C T I O N

1 .1  G e n e r a l  I n t r o d u c t i o n

T h ere  h a v e  b e e n  n u m erou s a ttem p ts to a n a ly z e  th e  d y n a m ic s  o f  b a llis t ic  
im p a ct o n  a  yarn  to  p r o v id e  a d e s ig n  g u id a n ce . T h ere  are tw o  m ajor  p u b lic a tio n s  that 
d ea l w ith  th e  b a llis t ic  re s is ta n c e  o f  so ft  b o d y  arm or. O n e  is  a  b o o k  b y  L y o n s  in  1963  
and o n e  b y  L a ib le  in  1 9 8 0 . T h e  first b oo k  p resen ted  e a r ly  w o r k  an d  th e o r ie s  in  the  
1 9 5 0 s  and  1 9 6 0 s . T h e  e a r ly  w o rk  w a s  en tire ly  re la ted  to  f ib e r s , w h ic h  im p lie d  that the  
b a llis t ic  b e h a v io r s  o f  fa b r ics  w er e  c o n tro lled  b y  f ib ers . T h e  s e c o n d  b o o k  r e v ie w e d  
w o rk  in  th e  1 9 7 0 s  o n  fib ro u s  arm or an d  p en etra tion  m e c h a n ic s . It la r g e ly  ig n o red  the  
p r e v io u s  f ib er  th e o r ie s . T h e  fib er-m atrix  in teraction  w a s  c o n s e q u e n t ly  c o n s id e r e d  to  
p la y  an  e s s e n t ia l r o le  in  th e  b a llis t ic  p ro tec tio n  as w e ll  (Y a n g , 1 9 9 3 ).

1 .1 .1  B a l l i s t ic  f ib e r s

T h e  h ig h  stren g th  o f  fib ers h as b een  d e v e lo p e d  rap id ly  for  arm or structure. 
F ib ers c o n v e n t io n a lly  u sed  in c lu d e  aram id s (K e v la r ™  or T w a r o n ™ ) . p o ly e th y le n e  
f ib er  (S p e c tr a ™  or  D y n e e m a ™ ) , n y lo n  fib er  , g la s s  f ib er  an d  th e  lik e  (J a c o b s  and  
D in g e n e n , 2 0 0 1 ) .  T h e  se le c t io n  o f  fib ers for a p p lic a tio n  d e p e n d s  h e a v ily  o n  its 
m e c h a n ic a l p rop erty . S ev e r a l factors m u st be c o n s id e r e d  i.e . s o n ic  v e lo c i ty  and  e n e r g y  
a b so rp tio n  o f  th e  s p e c im e n s . F ibers p rov id e  e x c e lle n t  im p a ct r e s is ta n c e  in that the  
fib ers h a v e  h ig h  s o n ic  v e lo c ity  and h igh  sp e c if ic  e n e r g y  a b so r p tio n  b e c a u se  o f  its 
d istr ib u tio n  o f  k in e t ic  e n e r g y  u p on  b a llis tic  im p act

S p e c if ic  e n e r g y  ab so rp tio n , Es■1,. d ep en d s o n  s o m e  p h y s ic a l p a ra m eters  w ith  the  

r e la tio n sh ip  sh o w n  b e lo w :
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W h ere (J ru p h  E ru p t and  P  are lib e r  s tress  at rupture, e lo n g a t io n  at rupture and its 

d e n s ity  r e s p e c t iv e ly . W h erea s so n ic  v e lo c ity  in f ib er , Vs, is  d e fin e d  as  

Vs =  y jE / p  w h e r e  E  is  f ib er  m o d u lu s .

T a b l e t . 1 M e c h a n ic a l p ro p er tie s  o f  im p ortan t h ig h  stren g th  f ib er  (J a c o b s  and  
D in g e n e n , 2 0 0 1 )

Fiber Strength Modulus Elongation at break (%)
(GPa) (GPa)

Aram id 2.8-3.2 60-115 I.5-4.5
HPPE 2.8-4.0 90-140 2.9-3.8
LCP 2.8 65 o •** J .J

PBO 5.5 280 2.5
ร glass 4.65 87 5.4

N o te : H P P E  is  h ig h  p er fo r m a n c e , L C D  is V ectra®  liq u id , and  P B O  is  p o ly  (p -
p h e n y le n e  b e n z o b is o x a z o le ) .

O n e  c la s s  o f  f ib ers  u se fu l for b a llis t ic  arm or a p p lic a tio n  is  p o ly a m id e  fib er  e .g . 
K e v la r 1 M b e c a u se  o f  its  e x c e lle n t  therm al p rop erties , h ig h ly  c r y s ta l lin e , and  h ig h ly  
o r ien ted  f in e  stru ctu re  a s  w e ll  a s  h ig h  te n s ile  p rop erties. Its h ig h ly  c r y s ta l l in e , h ig h ly  
o r ien ted  stru ctu re g iv e s  r ise  to  h igh  m o d u lu s  w h ich  is requ ired  for e n h a n c in g  so n ic  
v e lo c ity . T h e  h ig h  te n a c ity  and m od era te  e lo n g a tio n  o f  K e v la r 1 M fib er  p ro v id e  h igh  
to u g h n e ss  and  th u s  h ig h  w ork  to break for the tra n sv erse  d e fo r m a tio n . T h e se  
ch a ra c ter is tic s  a ttr ib u te  to the fa ir ly  e f fe c t iv e  a b so rp tio n  and d is tr ib u tio n  o f  th e  im p act  
force  a lo n g  th e lo n g itu d in a l a x is:  th erefore , u se fu l for b a llis t ic  a p p lic a t io n s . T h e  fib er  
is c o n se q u e n tly  c o n s id e r e d  a s  a m ajor re in fo rc in g  c o n stitu e n t for b a llis t ic  arm or in 
th is  w ork .



1.1.2 P o ly m e r  m a tr ix  fo r  b a llistic  co m p o sites

T h e ty p e s  o f  b in d ers  su ch  a s  th erm o p la stic  re s in s , th er m o se tt in g  res in s , and  
a llo y s  b e tw e e n  th e r m o p la s t ic s  and  th erm o se ts  h a v e  b e e n  u sed  as m a tr ices  for  b a llis t ic  
res is ta n ce . T h e  res in  fu n c t io n  is  to  h o ld  th e fib ers  f irm ly  in  a  th r e e -d im e n s io n a l array  
o f  c r o s s in g  la y ers . T h e  s e le c t io n  o f  a  resin  for th e  b a llis t ic  c o m p o s ite  d e p e n d s  o n  its  
required  c h a r a c te r is t ic s . S o m e  im p ortan t fac tors  sh o u ld  b e  c o n s id e r e d  in c lu d in g  
r ig id ity , e n v ir o n m e n ta l r e s is ta n c e , th erm al s ta b ility , w e a r  r e s is ta n c e , c o m b u s tib ility , 
p r o c e ss in g  a b ility , an d  s h e lf - l i f e .  T h e  resin  c o n te n t is  g e n e r a lly  c a r e fu lly  c o n tr o lle d  to  
a c h ie v e  a b a la n c e  o f  stru ctu re and  b a llis t ic  p rop erties. T h e  a m o u n t o f  resin  n e c e ssa r y  
to c o n so lid a te  th e  f ib e r s  c o m p r ise s  7 5 -8 0  p ercen t by w e ig h t  h a v in g  b e e n  rep orted  
(Park , 1 9 9 6 , 1 9 9 9 ). I f  th e  am o u n t o f  resin  su b sta n tia lly  in c r e a se s  a b o v e  th e d e s ir e d  
am o u n t the m a tr ix , it w ill  b e c o m e  a m ajor part o f  th e  arm or v o lu m e  w e a k e n in g  the  
m ateria ls . H o w e v e r , i f  th e  resin  is  su b sta n tia lly  le s s  than  that req u ired  to  w e t  all 
fib ers , th is  w i l l  r e su lt  in  th e  c o m p o s ite  m ateria l w h e r e in  th e fib ers  are n o t p rop er ly  
c o n so lid a te d  an d  h e ld  in  th e  proper p o s it io n  s o  that u p o n  im p a ct, th e  f ib er  ten d s  to  
sep ara te  r e la t iv e ly  e a s i ly  a l lo w in g  th e p ro jec tile  to  p a ss  th ro u gh  b e fo r e  the fib er  
ab so rb s im p a ct fo r c e s  (E p e l, 1 9 8 7 ).

In g e n e r a l, th e  r es in s  u sed  a s  a b in d er in b a llis t ic  arm or h a v e  an a d h e s iv e  
ch a ra cter is tic  w ith  r e sp e c t  to  the fib er  but w ith  the te n s ile  stren g th  le s s  than that o f  the  
fiber. T h at is , u p on  im p a ct, the fib er  w ill fu n ctio n  p re d o m in a n tly  to tran sm it im p act  
fo rce  a lo n g  its  lo n g itu d in a l a x is . In p r in c ip le , it is requ ired  that the resin  sh o u ld  not 
h old  th e f ib er  to o  r ig id ly  a lo n g  the su rfa ce  but a l lo w  s o m e  sm a ll am o u n t o f  m o v e m e n t  
o f  the fib er  su r fa c e  lo n g itu d in a lly  w ith in  the resin . O b v io u s ly , the c o m p o s ite  structure  
res is ts  and  p r o v id e s  a  lim ite d  fib er sp rea d in g  tr a n sv e r se ly  to the fib er  a x is  u p on  
p ro jec tile  im p a ct.

P h e n o lic  r e s in s  p r o v id e  o n e  future c la s s  o f  r e s in s  su ita b le  for a m atrix  o f  a 
c o m p o s ite  arm or. P h e n o lic  res in s  are in e x p e n s iv e , can  b e h an d led  u s in g  c o n v e n tio n a l  
p r o c e ss in g  te c h n o lo g y , and d o  not bond  to o  firm ly  to b a llis t ic  fib ers  e s p e c ia lly  
K e v la r 1 M. H o w e v e r , p h e n o lic s  d o require that m o istu re  be d r iv en  from  the resin s
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d u rin g  a  c u r in g  s ta g e  w h ic h  is  o n e  ad d itio n a l s tep  in th e  c o m p o s ite  fab rica tion  
p r o cess . O th er  b in d ers  w h ic h  h a v e  b een  rep orted  to b e  u se d  for K e v la r 1 M-re in fo rced  
c o m p o s ite s  c o n s is te d  o f  e p o x y  resin , s ty r e n e -iso p r e n e -s ty r e n e , an d  p h e n o lic  p o ly m e r  
a l lo y s  w ith  p o ly (v in y l  b u ty l e th er) e tc . (D e n o m m e e , 1 9 7 6 ; J o h n , 1992; Li et ah , 
1 9 9 6 ).

P o ly b e n z o x a z in e , a n o v e l c la s s  o f  p h e n o lic  r e s in s , h as a W'ide range o f  
m e c h a n ic a l an d  p h y s ic a l p ro p erties  that can  b e ta ilored  to  v a r io u s  n eed s . T h e p o ly m er  
ca n  b e  s y n th e s iz e d  b y  r in g -o p e n in g  p o ly m e r iz a tio n  o f  th e  a ro m a tic  o x a z in e s  w ith  no  
b y -p ro d u cts  r e le a se d  u p o n  c u r in g , n o c a ta ly s ts  n e e d e d , n o  s o lv e n t  e lim in a tio n , and n o  
n e e d  o f  m o n o m e r  p u r if ic a tio n  (Ish id a , 1 9 9 6 ). T h e  p rop erty  b a la n c e  o f  the m ateria l 
ren d ers th e  p o ly m e r  w ith  g o o d  th erm al, c h e m ic a l, e le c tr ic a l, m e c h a n ic a l, and  
p h y s ic a l p ro p er tie s  in c lu d in g  v e r y  lo w  A -s ta g e  v is c o s it y ,  n e a r -zero  sh r in k a g e , lo w  
w a ter  a b so rp tio n , h ig h  th erm al s ta b ility , g o o d  fire -r e s is ta n t ch a ra c te r is tic s , and fast  
d e v e lo p m e n t  o f  m e c h a n ic a l p rop erties  a s  a fu n c t io n  o f  c u r in g  c o n v e r s io n . (Ish id a  and  
A lle n , 1 9 9 6 ).

O n e  m ajor o u ts ta n d in g  p roperty  o f  b e n z o x a z in e  resin  is  its a b ility  to  form  
hyb rid  n etw o rk  w ith  se v e r a l o th er  resin s for ta ilo r -m a d e  b e h a v io r s  (Ish id a  and A lle n , 
1996; T a k e ich i e t a h , 2 0 0 0 ;  R im d u sit  and Ish id a , 2 0 0 0 ) .  In o u r  recen t w o rk , urethane  
e la s to m e r  w a s  u sed  to a l lo y  w ith  b e n z o x a z in e  resin  to im p r o v e  therm al and  
m e c h a n ic a l p ro p erties  o f  the re su lt in g  p o ly m e r  h y b r id s (R im d u s it  e t a l.. 2 0 0 5 ) . T h is  
o b se r v a tio n  a lso  m a k e s  it p o s s ib le  to f in e  tun e and  e n h a n c e  th e  property  o f  the  
o b ta in ed  b a llis t ic  arm or c o m p o s ite s . A s  a c o n s e q u e n c e , the sy s te m s  o f  
p o ly b e n z o x a z in e  a l lo y in g  w ith  ureth ane e la s to m e r  a s  b a llis t ic  c o m p o s ite  m atr ices w ill  
b e ev a lu a te d  in th is  s tu d y .

1 .1 .3  B a ll is t ic  p o ly m e r  c o m p o s ite s

T h e  d e v e lo p m e n t  o f  c o m p o s ite  te c h n o lo g y  h as im p ro v ed  p rop erties o f  the  
r esu ltin g  arm or stru ctu re. F ib ers are u su a lly  s e le c te d  as a m ajor  r e in fo rcem en t for the  
c o m p o s ite s . E v e n th o u g h  ea c h  parent m a ter ia ls  ca n n o t p r o v id e  su ff ic ie n t  b a llis tic
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p rop erties , a fter  c o m b in in g  the parent m a ter ia ls , th e  le v e l o f  p r o te c tio n  is  s o m e t im e s  
im p ro v ed  s ig n if ic a n tly . T h is  is b e c a u se  the resu ltin g  c o m p o s ite  is  a b le  to g en era te  
m ore e n e r g y  a b so rp tio n  m e c h a n ism s . H e n c e , there are m a n y  literatu re data  ab ou t the  
u sa g e  o f  th e  n orm a l f ib er  i.e . E -g la ss  f ib er  (N a ik  et a l., 2 0 0 5 ) .  carb o n  f ib er  (U lv e n  et  
a l., 2 0 0 3 ) ,  g ra p h ite  f ib er  (H o su r  et a l., 2 0 0 5 )  e tc . to  p r o d u ce  b a llis t ic  c o m p o s ite s .  
T h e se  fib e r s  are c a p a b le  o f  fo r m in g  e f fe c t iv e  arm or c o m p o s ite s  w ith  th e ir  su ita b le  
p o ly m e r  m a tr ices . A b so r p tio n  o f  k in e tic  e n e r g y  o f  c o m p o s ite  m a ter ia l c o m p o s e s  o f  
se v e r a l m e c h a n is m s , in c lu d in g  te n s i le  fa ilu re  o f  f ib ers , e la s t ic  d e fo r m a tio n  o f  a  
c o m p o s ite , in ter la y er  d e la m in a tio n , and  in ertia  e f fe c t  d u e  to  im p a ct. In gen era l, 
k in e tic  e n e r g y  c a n  b e  a b so rb ed  an d  d istr ib u ted  a c c o r d in g  to  b a s ic  fa c to rs  su ch  as 
m e c h a n ic a l p ro p erty  an d  d ir e c tio n  o f  f ib er  a rra n gem en t, m a tr ix  p ro p erties , and  
in ter fa c ia l s tren g th  (T h o rn to n , 2 0 0 1 ;  M o ry e  e t ah , 2 0 0 0 ) .

1 . 2  O b j e c t i v e s

1. T o  d e v e lo p  a  lig h t  w e ig h t  b a llis t ic  arm or b ased  o n  K e v la r ™ -r e in fo r c e d  c o m p o s ite s
u s in g  b e n z o x a z in e  a l lo y s  a s  m atr ices .

2 . T o  stu d y  su ita b le  c o m p o s it io n  ratios o f  th e  p o ly m e r ic  a l lo y s  b e tw e e n  b e n z o x a z in e
an d  u reth a n e r e s in s  an d  a  n u m b er o f  la y ers  o f  th e  K ev la r  c lo th  to  p ro d u ce  b a llis t ic  
c o m p o s ite s  o f  le v e l  1IA or  h igher.

1 .3  S c o p e  o f  t h e  s t u d y

1. S y n th e s is  o f  th e  p o ly m e r ic  a l lo y s  b e tw e e n  the b e n z o x a z in e  resin  ( B A )  and the  
f le x ib le  u reth an e e la s to m e r  b ased  on  IP D l-p o ly p r o p y le n e  o x id e  p o ly o ls  (P U ) at 
th e  m ix in g  ra tio s  o f  B A :P U  eq u al 1 0 0 :0 , 9 0 :1 0 , 8 0 :2 0 , 7 0 :3 0 . and 6 0 :4 0 .

2 . In v e s t ig a tio n  o f  th e  e f fe c t  o f  resin  c o m p o s it io n  ratio s o n  th e c u r in g  reac tio n  or  
c r o ss lin k in g  p r o c e s s  o f  th e  a l lo y s  in (1 ).

3 . F a b rica tion  o f  th e  c o m p o s ite  sa m p le s  b e tw e e n  the m a tr ic e s  in item  (2 )  and  
K e v la r 1 M fib er  at var ied  la yers o f  the K e v la r 1 M c lo th  i.e . 10 . 2 0 . 3 0  la yers. T h e
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res in  c o n te n t  is  k ep t at a b o u t 20 \v t% . S o m e  r e lev a n t m e c h a n ic a l p ro p er tie s  and  
p h y s ic a l p ro p e r tie s  are ev a lu a te d .

4 . F ire  te st  w ith  9  m m  hand  gu n  o f  fu ll m eta l ja c k e t , 1 2 4  g ra in  ( 8 .0  g )  p r o je c tile s  
(N IJ  le v e l  IIA ).

5 . E v a lu a tio n  o f  th e  in ter fa c ia l b o n d in g  b e tw e e n  th e a l lo y s  in  item  (3 )  an d  the  
K e v la r ™  f ib e r  b y  a n a ly s is  o f  fracture su r fa ce  u s in g  a  m ic r o s c o p e .
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