
C H A P T E R  I I I

L I T E R A T U R E  R E V I E W S

P r o te c tiv e  arm o rs w e r e  tra d itio n a lly  m a d e  o f  m e ta ls  in  th e  o ld  d ay . W ith  the  
d e v e lo p m e n t  o f  th e  th e r m o p la st ic  p o ly m e r s  and sy n th e tic  f ib e r s  in  recen t y e a r s , hard 
arm or s y s te m s  o f  lig h ter  w e ig h t  h a v e  b een  p ro d u ced  that c o m b in e  th e u se  o f  m e ta ls ,  
an d /or  c e r a m ic s  w ith  p o ly m e r ic  fa b r ics  a s  w e ll  a s  f ib e r -r e in fo r c e d  p o ly m e r  
c o m p o s ite s . S o ft  arm ors p repared  from  fab rics o f  f ib er  g la s s  an d  N y lo n  an d  u sed  for  
b a llis t ic  p ro te c tio n  d u r in g  th e V ie tn a m  W ar had b een  rep orted . (Y a n g , 1 9 9 3 )

J a co b s  an d  D in g e n e n  in  2 0 0 1  su g g e s te d  h ig h  p e r fo r m a n c e  fib ers  u sed  in  
b a llis t ic  p ro d u cts  a s  b e in g  ch a ra cter ized  by: th e ir  lo w  d e n s ity , h ig h  stren g th , h ig h  
e n e r g y  a b so r p tio n  an d  h ig h  s o n ic  v e lo c ity  b e c a u se  o f  its  d is tr ib u tio n  o f  k in e t ic  en erg y  
u p on  b a llis t ic  im p a ct. In b a llis t ic  p rod u cts , th e  m ajor  fib ers  u se d  in c lu d e  g la s s  fib ers , 
aram id (K e v la r ™ ), h ig h  p erfo rm a n ce  p o ly e th y le n e  (U H M P E )  f ib ers . R e c e n tly  
b a llis t ic  p ro d u cts  b a sed  o n  P B O  fib er  h a v e  b een  in trod u ced  in  th e  m ark et.
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Kevlar™ was reported to be well suited to ballistic armor applications because 
it combines a high specific strength and modulus with high thermal resistance and fire 
resistance. In the early 1970s, ballistic standards for body armor of aramid fiber have 
been established and improved over the years (Yang, 1993). In addition Park, 2003 
patented a light weight soft armor product comprising at least one ballistic panel 
including of an assembly of 50 piles woven aramid fade, weighing between 600 and 
850 deniers. Its areal density was no greater than 0.66 g/cm2 and can protect a .22 
caliber, 17 grains FSP (NIJ Level I)

The development of composite technology has improved armor structure and 
properties because it can decrease or absorb kinetic energy more than the 
unimpregnated one. Gerard, 1980 proposed that the fibers encapsulated in relatively 
rigid matrix provided ballistic protection higher than unimpregnated fabrics of equal 
weight. The selection of resin for ballistic composite depends on its required 
characteristics. Some important parameters needed to be considered include rigidity, 
process ability, its viscosity, curing temperature, and shelf-life.

In the Tables 3.1, the types of resins used as matrices for ballistic resistance 
have been summarized. Matrix polymers that have high modulus and strength will be 
more brittle and crack notch sensitive. These properties lead to decreasing of energy 
absorption capability. On the other hand, elastomeric matrices will decrease 
penetration resistance per unit area of the composite armor but with great potential ot 
energy absorption capacity. Therefore, the appropriate ductile matrix should be 
chosen and reinforced with strong fibers to achieve the effective composite armor.



Table 3.1: R eview  on U nited States patents o f  polym er com posite  ballistic arm or

F i b e r M a t r i x M a t r i x  P r o p e r t i e s R e f e r e n c e

1. S p e c t r a 1 M T h e r m o s e t t i n g
e p o x y - e l a s t o m e r P a t e n t  N o .  4 . 7 4 8 . 0 6 4

- m o d u l u s  5 0 0 . 0 0 0  p s i D a t e :  M a y  3 1 .  1 9 8 8
~ s t r e n g t h  3 . 0 0 0  p s i  a t  

h i g h  t e m p . P a t e n t  N o .  4 , 4 0 3 . 1 0 2
b e l o w  t h e  m e l t i n g  p o i n t  
o f  f i b e r

D a t e :  S e p  6 ,  1 9 8 3

T h e r m o p l a s t i c  e l a s t o m e r
t h e r m o p l a s t i c  e l a s t o m e r “ a r e a l  d e n s i t y  4 . 5  o z / y d . P a t e n t  N o .  5 , 7 2 4 . 6 7 0  

D a t e :  M a r  1 0 . 1 9 9 8
u r e t h a n e s - T g  =  - 7 0  t o  0 ‘ C P a t e n t  N o .  5 , 5 3 4 . 3 4 3

- l o w  m o d u l u s D a t e :  .๒ 1 9 .  1 9 9 6
- b e l o w  t h e  m e l t i n g  p o i n t P a t e n t  N o .  4 ,4 0 3 ,  1 0 2

o f  f i b e r D a t e :  S e p  6 .  I ° 8 3
s t y r e n e - i s o p r e n e - s t y r e n e  ( S I S ) - T g  =  - 5 5 ' C P a t e n t  N o .  5 , 4 8 0 . 7 0 6
d i s s o l v e d  in  m e t h y l e n e  c h l o r i d e - m e l t  i n d e x  =  9  g / m i n D a t e :  J a n  2 .  1 9 9 6

u s i n g P a t e n t  N o .  5 . 0 9 3 . 1 5 8
- m o d u l u s  1 0 0  p s i  a t D a t e :  M a r  3 .  1 9 9 2

3 0 0 %  e l o n g a t i o n P a t e n t  N o .  4 . 7 4 8 . 0 6 4  
D a t e :  M a y  3 1 .  1 9 8 8

2 .  K e v l a r 1 M T h e r m o s e t t i n g
p h e n o l i c  r e s i n - i m p a c t  s t r e n g t h  I 7 . l / m . P a t e n t  N o .  5 . 1 9 0 . 8 0 2

3 2  m m  t h i c k D a t e :  M a r  2 ,  1 9 9 3
Tg =  I 7 0 " C

P a t e n t  N o .  4 , 7 4 8 . 0 6 4  
D a t e :  M a y  3 1 ,  1 9 8 8  
P a t e n t  N o .  4 , 6 7 9 . 3 8 7  
D a t e :  J a n  2 7 ,  1 9 8 7

p o l y e s t e r P a t e n t  N o .  4 . 5 5 0 . 0 4 4  
D a t e :  O c t  2 9 .  1 9 8 5

e p o x v - e l a s t o m e r P a t e n t  N o .  5 . 1 0 2 . 7 2 3
- m o d u l u s  5 0 0 . 0 0 0  p s i D a t e :  A p r  7 .  1 9 9 2
- s t r e n g t h  3 . 0 0 0  p s i  a t P a t e n t  N o .  3 . 9 5 6 . 4 4 7

h i g h  t e m p D a t e :  M a y  1 1 . 1 9 7 6

T h e r m o p l a s t i c
u r e t h a n e s - T g  =  - 7 0  t o  0  c P a t e n t  N o .  4 . 6 3 9 . 3 8 7

- l o w  m o d u l u s D a t e :  J a n  2 7 .  1 9 8 7

-  s t y r e n e - i s o p r e n e - s t y r e n e  ( S I S ) _ 1 „ =  - 5 5  c P a t e n t  N o .  5 . 4 8 0 . 7 0 6
- m e l t  i n d e x  =  9  g / m i n D a te :  J a n  2 .  1 9 9 6

u s i n g
m o d u l u s  l o t )  p s i  a t  3 0 0 %  
e l o n g a t i o n



F i b e r M a t r i x M a t r i x  P r o p e r t i e s R e f e r e n c e
3 .  G l a s s  F i b e r T h e r m o s e t t i n g

p h e n o l i c

p o l y e s t e r

m o l d a b l e

-  M W .  R a n g e  8 0 0  t o  5 . 0 0 0  
o r  m o r e

P a t e n t  N o .  5 . 2 1 5 . 8 1 3  
D a t e :  J a i l  1. 1 9 9 3  
P a t e n t  N o .  4 . 6 3 9 . 3 8 7  
D a t e :  J a n  2 7 .  1 9 8 7  
P a t e n t  N o .  4 . 5 5 0 . 0 4 4  
D a t e :  O c t  2 9 .  1 9 8 5

T h e r m o p l a s t i c  
-  u r e t h a n e f l e x i b i l i t y

r e s i s t a n c e  t o  d e g r a d t i o n
P a t e n t  N o .  4 . 6 3 9 . 3 8 7  
D a t e :  J a r  2 7 .  1 9 8 7

- s t y r e n e - i s o p r e n e - s t y r e n e  ( S I S ) T S =  - 5 5 C
m e l t  i n d e x  =  9  g / m i n
u s i n g
m o d u l u s  1 0 0  p s i  a t  3 0 0 %  

e l o n g a t i o n

P a t e n t  N o .  4 . 8 2 2 . 4 3 9  
D a l e :  A p r  1 8 . 1 9 8 9

4 .  P o l y b e n z o x a z o l e  
a n d

P o l y b e n z o t h i a z o e

a r e  n o t  l i m i t e d  to  
t h e r m o p l a s t i c  o r  

t h e r m o s e t t i n g

P a t e n t  N o .  6 ,2 6 8 . 3 0 1  
B l
D a t e :  lu i  3 1 .  2 0 0 1

T h e r m o p l a s t i c s
p o l y b e n z o x a z o l e  o r  
p o l y b e n z o t h i a z o e

l o w  f l a m m a b i l i t y  
l o w  s m o k e
h i g h  t e m p e r a t u r e  s t a b i l i t y  
h i g h  c h e m i c a l  a n d  s o l v e n t  
r e s i s t a n c e
h i g h  s t r e n g t h  a n d  m o d u l u s

P a t e n t  N o .  5 . 1 9 6 . 2 5 9  
D a t e :  M a r  2 3 .  1 9 9 3

5 . M i x e d  F i b e r s  
- a r a m i d  a n d c a r b o n
- a r a m i d  a n d  g l a s s
-  c a r b o n  a n d  g l a s s
-  c a r b o n ,  g l a s s  a n d  

s p e c l r a

e t h y l e n e - a c r y l a t e ,  
m e t h a c r y l a t e  c o p o l y m e r ,  
v i n y l  e s t e r  p h e n i l i c  
p o l y i m i d e .  p o l y c a r b o n a t e  o r  
t h e  l i k e

h i g h  m o d u l u s
h i g h e r  in  i m p a c t  r e s i s t a n c e

P a t e n t  N o .  4 . 7 3 2 . 8 0 3  
D a t e :  M a r  2 2 .  1 9 8 8

T h e  res in  c o n te n t  is n e e d e d  to b e  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 ce  o f  
structure an d  b a llis t ic  p rop erties . S u ch  a fabric is  im p reg n a ted  w ith  resin  a p p lied  to  
e x te n t  o f  a b o u t 2 0 -2 5  p ercen t b y  w e ig h t  h a v in g  b een  rep orted  ( D e n o m m e e  et ah , 
1976; Epeh 1 9 8 7 ; Park, 1 9 9 6 , 19 99 ). Park, 1 9 9 6 , 1 9 9 9  rep orted , i f  the a m o u n t o f  resin  
su b sta n tia lly  in cr e a se d  a b o v e  the d e s ired  am o u n t the m atr ix , it w o u ld  b e c o m e  a m ajor  
part o f  the arm or v o lu m e  and w ea k en  the m ater ia ls . H o w e v e r  i f  the resin  am o u n ts  
su b sta n tia lly  le s s  than  that required  to w et all lib ers, th is  wi l l  resu lt in the m aterial 
c o m p o s it io n  w h e r e in  the fib ers are not property  c o n so lid a te d  and  h eld  in the proper  
p o s it io n  so  that u p o n  im p a ct, the fiber 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  the  
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 rces .
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S o m e  b in d ers  h a v e  b e e n  reported  to be u sed  w ith  K e v la r ™  fib er  to p rod u ce  
b a llis t ic  c o m p o s ite s  su ch  a s  5 0 :5 0  m ix tu re  o f  p h en o l fo r m a ld e h y d e  resin  and  
p o ly v in y l b u tyral re s in  (M o r y e  e t a l., 2 0 0 0 ) . T h e  K ev la r™  c o m p o s ite s  o f  th is  resin  
m ix tu re  w e r e  2 7  la y ers  o f  K ev la r  y ie ld in g  5 .9  m m  in th ic k n e ss . It w a s  c a p a b le  to  
p rotect a  p r o je c tile  o f  0.68 g  s te e l sp h ere  at 6 1 2  m /s  strik e v e lo c ity .

C o p p a g e  e t  a h , 2 0 0 0  p a ten ted  c o m p o s ite  fab ric  c o m p r ise d  o f  aram id  fiber  
c o m b in e d  w ith  P B O  fib er  an d  at lea s t  o n e  f le x ib le , ru b b ery  r e s in  u se d  in  m a k in g  
b a llis t ic  arm or. Its c o m p o s ite  w a s  a b le  to  p a ss  th e  N IJ III-A  ( .4 4  m a g n u m ). T h e  
p rod u cts p o s s e s s e d  a n  a rea  d e n s ity  o f  0 .4 8  g /c m 2.

P h e n o lic  r e s in s  p r o v id e  a future c la s s  o f  preferred  r e s in s  fo r  a  c o m p o s ite  arm or  
(D e n o m m e e  e t a h , 1 9 7 6 ; P ila to , 19 93 ; H artran e t ah , 1 9 9 3 ). P h e n o lic  r e s in s  are 
in e x p e n s iv e , c a n  b e  h a n d led  u s in g  c o n v e n tio n a l te c h n o lo g y , an d  d o  n o t b on d  to o  
f irm ly  to  b a llis t ic  f ib er  e s p e c ia l ly  K e v la r ™ . H o w e v e r , p h e n o lic s  d o  req u ire that 
m o istu re  b e  d r iv e n  fro m  th e  r es in s  d u rin g  cu r in g  s ta g e  w h ic h  is  o n e  a d d itio n a l s tep  in  
th e  c o m p o s ite  fa b r ic a tio n  p r o c e ss  th u s th e  p r o c e s s in g  co st.

In th is  w o rk , p o ly b e n z o x a z in e  a l lo y s  as a  b a llis t ic  c o m p o s ite  w ill  b e  s e le c te d .  
It is a n e w  c la s s  o f  p h e n o lic  res in s  d e s ig n e d  m o le c u la r ly  to o v e r c o m e  m o st  p ro b lem s  
e n co u n ter ed  in tra d itio n a l p h e n o lic s . N in g  and Ish id a , 1 9 9 4  in v e s t ig a te d  th e sy n th e s is  
o f  b ifu n c tio n a l b e n z o x a z in e  p recu rsors. T h e se  p o ly fu n c t io n a l b e n z o x a z in e  w ere  fou n d  
to e x h ib it  e x c e lle n t  m e c h a n ic a l and therm al p rop erties w ith  g o o d  h a n d lin g  c a p a b ility  
for m ateria l p r o c e s s in g  and c o m p o s ite  m an u factu rin g , e .g . ,  the g la s s  tran sition  
tem p era tu re o f  190°c, te n s i le  m o d u lu s  o f  3 .2  G P a, and te n s ile  stren g th  o f  58  M P a. In 
ad d itio n , th ey  o f fe r e d  grea ter  f le x ib ility  than c o n v e n tio n a l p h e n o lic  resin s in term s o f  
m o le c u la r  d e s ig n . T h e y  d o  n ot re lea se  b y -p rod u ct d u rin g  r e a c tio n s  and th ere  are no  
so lv e n t  o th er  th an  for th e  s o lv e n c y  w h ic h  the reactan ts m ay  h a v e  for ea c h  oth er. T h e  
oth er  o u ts ta n d in g  p rop erty  o f  b e n z o x a z in e  resin  is  its a b ility  to  u n d ergo  hybrid  
n etw ork  fo rm a tio n  w ith  sev era l o th er  resin s for ta ilo r -m a d e  p ro p erties  (Ish id a  and  
A lle n . 19 96 ; T a k e ic h i et a l., 2 0 0 0 ; R im d u sit  et a l.. 2 0 0 0 , 2 0 0 5 ) .  T h is  m a k es  it p o s s ib le  
to fin e  tu b e  and  e n h a n c e  th e p rop erties o f  the b a llis t ic  arm our.
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Ish id a  an d  A lle n , 1 9 9 6  rep orted  that h yb rid s o f  b e n z o x a z in e  resin  (B A -a )  and  
b isp h e n o l a -ty p e d  e p o x y  e x h ib ite d  a su b stan tia l in crea se  in  th e ir  c r o s s - lin k e d  d e n s ity , 
thu s ra is in g  th e ir  g la s s  tr a n sitio n  tem p era tu re, f lex u ra l s tr e ss , an d  f lex u ra l stra in  at 
break  o v e r  th o se  o f  th e  B A -a  h o m o p o ly m e r . T a k e ic h i e t a h , 2 0 0 0  had s u c c e s s fu lly  
d e v e lo p e d  c le a r  p o ly (u r e th a n e  b e n z o x a z in e )  f i lm s  b a se d  o n  B A -a  resin  and  
T D I /p o ly e th y le n e  a d ip a te  p o ly o l- ty p e d  u reth ane resin . T h e  o b ta in e d  f i lm s  sh o w e d  a  
s in g le  g la s s  tra n s it io n  tem p era tu re , im p ly in g  no p h a se  se p a r a tio n  o ccu rred  in  the  
resu ltin g  a l lo y s . T h e  p ro p er tie s  o f  th e  f ilm s  ran ged  fro m  e la s to m e r s  to p la st ic ,  
d e p e n d in g  o n  th e  c o n te n t  o f  th e  b e n z o x a z in e  fraction  in  th e  a l lo y s .

R e c e n t ly , R im d u s it  e t  a h , 2 0 0 5  im p ro v ed  the to u g h n e ss  o f  p o ly b e n z o x a z in e  by  
a llo y in g  w ith  iso p h o r o n e  d iiso c y a n a te  (IP D I) b a sed  u reth an e p r e p o ly m e r s  (P U )  or  
w ith  f le x ib le  e p o x y . T h e  to u g h n e ss  o f  a l lo y s  o f  r ig id  p o ly b e n z o x a z in e  an d  th e P U  or  
e p o x y  s y s te m a t ic a l ly  in c r e a se s  w ith  th e  a m o u n t o f  e ith e r  to u g h e n e r s  d u e  to  th e  
a d d itio n  o f  m o re  f le x ib le  m o le c u la r  s e g m e n ts  in  th e  p o ly m e r  a l lo y s , In teres t in g ly  
g la ss  tra n sitio n  tem p era tu res  (T g) o f  B A -a /P U  a l lo y s  w a s  fo u n d  to b e  h ig h er  than  
th o se  o f  th e  p aren t r e s in s , i.e . 1 6 5 ° c  for  B A -a  an d  - 7 0 ° c  for  P U  w h ile  Tg o f  the B A -  
a /P U  a l lo y s  at 7 0 /3 0  m a s s  ratio w a s  fou n d  to b e  2 2 0 ° c .  H o w e v e r , th is  ch a ra c ter is tic s  
w a s n o t o b se r v e d  in  th e  B A -a /f le x ib le  e p o x y  a l lo y s  sy s te m s . B A -a /P U  a l lo y s  th u s  
m ay be su ita b le  for  an  a p p lic a tio n  as a c o m p o s ite  m atrix  to p ro d u ce  a b a llis t ic  arm or  
d u e  to the a b o v e  o b se r v e d  therm al s ta b ility  as w e ll as the broad ran ge o f  th e  m o d u lu s  
o f  the re su lt in g  a l lo y s . In th is  stu d y , the su ita b le  c o m p o s it io n  ra tio s  o f  the p o ly m e r ic  
a llo y s  b e tw e e n  b e n z o x a z in e  and u reth an e res in s  and  th e n u m b er  o f  th e  la y ers  o f  the  
K evlar  c lo th  to  p r o d u ce  b a llis t ic  c o m p o s ite  o f  le v e l IIA  or h ig h e r  w ill  b e  e x p lo r e d .
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