
C H A P T E R  II

T H E O R Y

2 .1  K e v l a r  A r a m i d  F i b e r

K evlar  aram id  fib er w a s invented  by S .L . K w o lek  o f  D u Pont in 1965 and w as  
co m m e r c ia liz e d  b y  th e co m p a n y  in 1972. T he w ord ‘ara m id ’ is a gen er ic  term  for a 
m anufactured  fib er  in w h ich  the fib er-form in g  su b stan ce  is a lo n g  ch ain  syn th e tic  
p o ly a m id e  w h ich  at least 85%  o f  the am id e lin k ages are a ttach ed  d irec tly  to tw o  arom atic  
rings. T h is  gen er ic  d e fin itio n  d istin g u ish es  aram ids from  the c o n v e n tio n a l p o ly a m id es, 
su ch  as n y lo n , w h ich  m o stly  con ta in  a lip h atic  and c y c lo a lip h a tic  un its in the p o lym ei 
m ain ch a in . B y  d e fin itio n , the aram id fam ily  e n c o m p a sse s  sev era l o th er com m erc ia l 
fib ers in c lu d in g  N o m e x ™ , T e ijin c o n e x ™ , T ech n ora ™ , and T w a ro n ™  (Y a n g , 1993 ).

2 .1 .1  M a n u fa c tu r in g

In 1 9 70 , B la d e s  and another Du Pont sc ien tis t  d isc o v e r e d  that a d ry-jet, w et 
sp in n in g  p ro cess  w a s  u n iq u e for the an iso trop ic  aram id p o ly m ers . It p rov id ed  fibers  
a lm ost tw ic e  as stro n g  as the earlier fibers.

2 .1 .1 .1  P r e p a r a tio n  o f  p o ly m e r

K evlar  aram id fiber is based on p o ly (p -p h e n y le n e  terep h th a la m id e) (P P D -  
T ), o n e  o f  the p ara-orien ted  arom atic  p o ly a m id es. T he P P D -T  sy n th e s is  in v o lv e s  the lo w  
tem perature p o ly c o n d e n sa tio n  o f  p -p h en y len e  d ia m in e  (P P D ) and terep h th a lo y l ch lo r id e  
(T C I) in a d ia lk y l a m id e  so lv en t.
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S c h e m e  1 ะ Preparation o f  K evlar™  fib er (Y a n g , 1993 )

In th is  p r o c e ss , th e  a m id e  so lv e n t in clu d in g  h ex a m eth y lp h o sp h o ra m id e , N -m e th y l 
p yrro lid o n e and d im eth y l aceta m id e  can be used . H ex a m eth y lp h o sp h o ra m id e  w a s  
su sp ec ted  to b e  c a r c in o g e n ic . It m ay  be used o n ly  w ith  critica l care  to av o id  sk in  con tact 
and in h alation . T h e  o th er so lv e n ts  are used  in s in g le  or m ix e d  sy s te m s , o ften  in the  
p resen ce  o f  an in o rg a n ic  salt. T h e p o lym er from  th is reaction  c o u ld  be iso la ted  by  
p recip itation  w ith  w ater , n eu tra lized , and su b seq u en tly  w a sh ed  and dried  (B a ir  and 
M organ , 1972 , 19 74 ).

P rob lem s o f  m ak in g  aram id fiber from  a p ara-orien ted  sym m etr ica l p o lym er  
m o le c u le s  are all th e  m o n o m ers  for the p o lym er preparation had to be sy n th e siz e d  and the 
p o ly m er  did not m elt, and had to be d isso lv e d  in a particu lar so lv e n t  so  that it cou ld  be 
extru d ed  through sp in n eret h o le s  to from a fiber (B air and M organ . 1 9 72 . 1974).

2 .1 .2  C o m m e r c ia l  K e v la r  a r a m id  f ib e r  p r o d u c ts

T h e m ajor ty p e s  o f  K ev lar™  filam ent yarns c o m m e r c ia liz e d  at present in clu d e  
the fo llo w in g :

G rade

K evlar  4 9

K evlar
K evlar  2 9

M ajor A p p lica tion  
Tire yarn 
A ll-p u rp o se  yarn 
H igh m od u lu s yarn
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K evlar 68  
K evlar  100  
K evlar  1 19  
K evlar  129  
K evlar  149

M oderate m od u lu s yarn  
C olored  yarn 
H igh e lo n g a tio n  yarn 
H igh ten a city  yarn 
U ltra-h igh  m od u lu s yarn

2 .1 .3  T y p ic a l  p r o p e r t ie s  o f  K e v la r  a r a m id  y a r n s  (Y a n g , 1993 )  

T a b le  2 .1  : P rop erties o f  v a r io u s grad es o f  K evlar™  fibers

Y am  properties K ev la r and 

K ev la r 29

K evla r 49 K evlar 68 K evlar 119 K evla r 129 K evlar 149

Tensile strength

gpd 23.0 23.0 23.0 24.0 26.5 18.0

Kpsi 420 420 420 440 485 340

In itia l modulus

gpd 550 950 780 430 750 1100

Mpsi 10.3 17.4 14.4 8.0 14.0 21.0

Elongation, % 3.6 2.8 3.0 4.4 a ->J.J 1.5

Density g /cn r 1.44 1.45 1.44 1.44 1.45 1.47

M oisture regain, %

25 ° c  . 65%  RH 6 4.3 4.3 - - 1.5

Note:Yarn properties determ ined on 10 inch tw isted yarns (A S T M  D-885)

เท gen era l. K ev lar  aram id fiber has a h igh b reak in g  ten a c ity  that is severa l t im es  
that o f  stee l w ire , n y lon  and p o ly ester  yarns. It has a m uch h ig h er  te n s ile  m od u lu s than  
stee l w ire , f ib erg la ss , n y lo n , and p o ly ester  fibers. T he fiber h as a lo w  e lo n g a tio n  at break, 
w h ich  is com p a rab le  to that o f  stee l. เท ad d ition , it has a re la tiv e ly  lo w  d en sity , w h ich  
m ak es m o st K e v la r 1 M- rein forced  structure a lighter w e ig h t for a g iv e n  strength and 
s t iffn e ss  (Y a n g . 19 93 ).
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2 . 2  B e n z o x a z i n e  R e s i n

B e n z o x a z in e  resin  is a n ovel kind o f  p h en o lic  resin  that can  be sy n th e sized  from  

p h en o l, fo rm a ld eh y d e , and am in es. S o lv en t m ay be used in its sy n th e s is  d ep en d in g  on

in itiator and h ea tin g  (Ish id a , 1996; N in g  and Ishida, 2 0 0 0 ). T h e resin  is d e v e lo p e d  to  
p rov id e op tim a l p rop erties in e lec tro n ic s  or other high therm al and m ech a n ica l stab ility  
a p p lica tion s.

B e n z o x a z in e  resin  can be c la ss if ie d  into a m on o fu n ction a l ty p e  and a b ifu n ctio n a l 
typ e d ep en d in g  on  a ty p e  o f  ph enol used  as sh ow n  in sc h e m e  2  and 3. T h e e x a m p le  for 
the m on o m er sy n th e s is  is

P h en o l F o rm a ld eh yd e A n ilin e  B e n z o x a z in e  m on o m er

S c h e m e  2 ะ S y n th e s is  o f  a m on o fu n ction a l b e n z o x a z in e  m on om er.

B isp h e n o l-A  F orm ald eh yd e A n ilin e

B e n zo x a z in e  m on om er
S c h e m e  3 : S y n th es is  o f  a b ifu n clion a l b e n z o x a z in e  m on o m er.



T h e b a lan ce  m aterial properties o f  b e n zo x a z in e  resin  su ch  as go od  therm al, 
c h e m ic a l, e le c tr ic a l, m ech a n ica l, and p h ysica l p roperties m ak e it h ig h ly  attractive for 
severa l ad v an ced  a p p lica tio n s . T h ese  n ew  m ateria ls p o s se s s  h igh  g la ss  transition  
tem peratu res, h igh  ch ar y ie ld , h igh m od u li, lo w  w ater ab sorp tion  d esp ite  the large 
am ou nt o f  h yd ro xy l grou p s in the b ack b on e structure, e x c e lle n t  resista n ce  to c h em ica ls  
and u v  ligh t, lo w  m elt v is c o s it ie s  com p ared  to co n v en tio n a l p h e n o lic s , near-zero  
v o lu m etr ic  sh rin k ag e  or ex p a n sio n  upon p o lym eriza tion  and re la tiv e ly  lo w  c o e f f ic ie n ts  o f  
therm al e x p a n sio n . F urtherm ore, b e n z o x a z in e  resin is ab le  to  be a llo y e d  w ith  severa l 
oth er p o ly m ers  or resin s; th erefore , ren d erin g broader u se fu l p rop erties in c lu d in g  the 
a llo y s  o f  p o ly b e n z o x a z in e  w ith  b isp h en o l A -ty p ed  e p o x y  (R im d u sit , 2 0 0 1 ) , w ith  to lu en e  
d iiso c y a n a te (T D I)/p o ly e th y le n e  ad ipate p o ly o l-ty p ed  ureth ane resin  (T ak e ich i et 
a l.,2 0 0 0 ) , f le x ib le  e p o x y ( E P 0 7 3 2 )  (R im d u sit  et a l., 2 0 0 5 ) ,  or  w ith  iso p h o ron e  
d iiso c y a n a te (IP D I)/p o ly e th e r  p o ly o l-ty p ed  urethane resin  (R im d u sit  e t a l., 2 0 0 5 ).

2 . 3  U r e t h a n e  E l a s t o m e r s

P o lyu reth a n e is c la s s  o f  p o lym er w h ich  co n ta in s  urethane grou p . T h e urethane  
group resu lts from  the interaction  o f  an iso cy a n a te  and a h yd ro xy l co m p o u n d . A  
d iiso cy a n a te  and a p o ly h y d r ic  com p o u n d  (p o ly o l)  react to g eth er  lea d in g  to a cro ss-lin k ed  
p olym er. T h u s d iiso c y a n a te s  and d io ls  (and p o ly o ls )  are the p rin cip a l raw  m ateria ls used  
in the m an u factu re o f  p o lyu reth an es.

- J - 0 -

F ig u r e  2.1 U rethane lin k age

T he fu n ctio n a lity  o f  the h y d ro x y l-co n ta in in g  reactant or the iso cy a n a te  can  bp 
varied; th erefore , a w id e  variety  o f  linear, branched and cro ss lin k e d  structures can be 
form ed . T h e  h y d ro x y l-c o n ta in in g  co m p o n en ts  co v e r  a w ide ran ge o f  m o lecu la r  w e ig h ts  
and typ es, in c lu d in g  p o ly e ste r  and p o lveth er p o ly o ls . T h e p o ly fu n ctio n a l iso cy a n a tes  can
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be arom atic  a lip h a tic , c y c lo a lip h a tic , or p o ly c y c lic  in structure and can  be used  d irectly  
as p roduced  or m o d ifie d . T h is f le x ib ility  in the se lec tio n  o f  urethane reactants leads to the 
w id e  range o f  the resu ltin g  p roperties.

O n e c o n v e n ie n t  preparation o f  a urethane e la s to m e r  in v o lv e s  reaction  o f  the 
co m p o n e n ts  w ith o u t so lv e n ts . T h e g ly c o l and triol, i f  d esired , are ad d ed  to the reactor and  
heated  w ith  stirring to  6 0 -9 0 °C . T h e acid  co m p o n en t is ad d ed  q u ic k ly  and the m ixture  
stirred and h eated  at su ch  a rate that the w ater d is t ills  ou t rap id ly . T h e  h yd roxy l and acid  
c o m p o n en ts  are u sed  in su ch  a ratio that nearly all ac id  grou p s react and the h yd roxyl 
grou p s are ad eq u ate  to con tro l the m o lecu lar  w e ig h t in the d esired  range. T h e e x c e lle n t  
p roperties o f  p o lyu reth a n e  acco u n t for the facts that their  u se  is e c o n o m ic a lly  fe a s ib le  and  
that their ran ge o f  a p p lica tio n s  is stea d ily  in creasin g . เท so m e  in sta n ce , they  are even  
irrep laceab le. A m o n g  th e se  properties are u n ique c o m b in a tio n  o f  a h igh  e la stic  m od u lu s, 
g o o d  f le x ib ility , ex c e p tio n a l tear and abrasion  resistan ce , resista n ce  to m ineral o i ls  and  
lubricants, re s is ta n ce  to u v  radiation , and fin a lly  p ro v id in g  fa ir ly  e a sy  and e ffic ie n t  
p ro cess in g  (W irp sza , 19 93 ).

2 . 4  A d v a n c e d  C o m p o s i t e s  M a t e r i a l s

C o m p o s ite  m ateria ls h ave  a lo n g  h istory o f  u sa g e . D e p e n d in g  on the typ es o f  
m atrices, c o m p o s ite s  can  be ca tego rized  as p o lym er m atrix  c o m p o s ite s , m etal m atrix  
c o m p o s ite s , cera m ic  m atrix c o m p o s ite s , carbon-carbon  c o m p o s ite s , in term eta llic  
c o m p o s ite s  or hybrid c o m p o s ite s  (S ch w artz . 1997). เท the o th er hand, based  on the form  
o f  the d isp ersed  p h ase , c o m p o s ite  m aterials can be c la s s if ie d  into three co m m o n ly  
accep ted  typ es, fib rou s c o m p o s ite s , lam inated  c o m p o s ite s , and particu late co m p o site s;  
r e sp ec tiv e ly  (J o n es , 19 75 ). F ib er-rein forced  c o m p o s ite s  c o n s is t  o f  c o n tin u o u s or 
d isco n tin u o u s fib ers in a m atrix , w h ile  lam inated  c o m p o s ite s  c o n s is t  o f  layers o f  various  
m ateria ls and p articu la te c o m p o s ite s  are co m p o sed  o f  p artic les d isp ersed  w ith in  a m atrix.

M odern  structural c o m p o s ite s  frequ en tly  referred to as a d v an ced  c o m p o s ite s . T he  
term 'a d v a n ced ' m ean s the c o m p o s ite s  m ateria ls based  on  p o ly m e r ic  m ateria ls w ith  
orien ted , h ig h -m o d u lu s  carbon , aram id, g la ss  or cera m ic  lib ers. C o m p o s ite  m ateria ls are



co m b in a tio n  o f  tw o  or  m ore m ateria ls that are m ix ed  on a m ic r o sc o p ic  sca le  to  form  a 
u sefu l m ateria l. A  r es in o u s  binder or m atrix w ill hold  the fib er in p la ce , d istr ib u te  or 
transfer load , p rotect the d isp ersed  phase either in the structure or b efo re  fab rication  and  
con tro l the ob ta in ed  ch e m ic a l and e lectr ica l properties. T h e strength  and s tiffn e ss  o f  the 
fib er are g en era lly  m u ch  greater or m u ltip les  o f  th ose  o f  the m atrix  m ateria l.

2 .4 .1  F ib e r -r e in fo r c e d  c o m p o s ite s

F ib er-rein forced  m ateria ls  c o n s ist  o f  fibers in a m atrix  b inder. T h ey  contain  
re in forcem en t h a v in g  len gth  m uch greater than its c r o ss -se c tio n a l d im e n s io n s . เท the 
oth er hand, a  c o m p o s ite  is con sid ered  to be a d isco n tin u o u s fib er  or sh ort fib er c o m p o s ite  
i f  its p rop erties vary  w ith  the fiber length . W hen the length  o f  the fib er  is su ch  that any  
further in crea se  in its len gth  d o se  not, for ex a m p le , further in crea se  th e  e la s tic  m od u lu s o f  
its c o m p o s ite , th e  c o m p o s ite  is con sid ered  to be co n tin u o u s  fib er  re in forced . M ost 
c o n tin u o u s fib er  c o m p o s ite s , in fact, con ta in  fibers that are co m p a ra b le  in length  to the  
ov era ll d im e n s io n s  o f  a c o m p o s ite  part.

2 . 5  C o m p o s i t e  D e n s i t y

T h e th eo retica l d en s ity  o f  co m p o s ite  is an im portant factor related to the am ou nt  
o f  f iller  and the v o id  con ten t in p o lym er c o m p o s ite s , e s p e c ia lly  w h en  a sig n ifica n t  
d ifferen ce  in d e n s it ie s  b etw een  filler  and m atrix are in v o lv e d . T h e  th eoretica l d en sity  
com p ared  to actual d e n s ity  w a s  ca lcu la ted  by a fo llo w in g  rela tion  sh ip  (P iy a w a n , 1998):

Pc= 1 (2.1)
W f ,0 - W r )

p f  pm

W here l iy = f iller  w e ig h t fraction
( I - b y )  = m atrix w eigh t fraction  
pf = filler  d en sity , g/'cirf
f \  = m atrix d en sity , g /c n r  .
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2 . 6  B a l l i s t i c  S t a n d a r d s  (th e  N ation a l Institute o f  Ju stice  [NLI], 1979 )

2 .6 .1  N IJ  b o d y  a r m o r  c la s s if ic a t io n

P erson al b o d y  arm ors co v ered  by this standard are c la ss if ie d  into se v e n  c la s s e s , or  
ty p es , by le v e l o f  b a llis t ic  p erform an ce. T he b a llis tic  threat p osed  b y a b u lle t d ep en d s, 
a m o n g  o th er th in g s , on  its c o m p o s itio n , sh ap e, ca lib er , m ass, a n g le  o f  in c id en ce , and  
im p act v e lo c ity . B e c a u se  o f  the w id e  variety  o f  b u lle ts  and cartr id ges a v a ila b le  in a g iv en  
ca lib er  and b e c a u se  o f  th e  e x is te n c e  o f  h andloaded  am m u n itio n , arm ors that w ill d e fea t a 
standard te st  round m ay  n ot d efea t other lo ad in g s in the sa m e  ca lib er . For e x a m p le , an 
arm or that p reven ts  c o m p le te  penetration  by a .4 0  s & w  test round m ay  or  m ay  not d efea t  
a .4 0  S & W  round w ith  h igh er v e lo c ity . เท gen era l, an arm or that d e fe a ts  a  g iv e n  lead  
b u llet m ay n ot resist c o m p le te  penetration  by other b u lle ts  o f  the sa m e  ca lib er  o f  d ifferen t  
con stru ctio n  or co n fig u ra tio n . T he test am m u n ition  sp e c if ie d  in th is  NIJ standard  
rep resen ts g en era l, c o m m o n  threats to law  en fo rcem en t o ffic e r s .

A s  o f  th e  year  2 0 0 0 , b a llistic  resistant b od y arm or su ita b le  for fu ll t im e  w ear  
throu gh ou t an en tire  sh ift  o f  d u ty  is av a ilab le  in c la ss if ic a t io n  T y p e s  1, IIA , II, and 111 A , 
w h ich  p rov id e  in crea sin g  le v e ls  o f  p rotection  from  handgun  threats. T y p e  I b o d y  arm or, 
w h ich  w a s  first issu ed  d u rin g  the NIJ d em on stration  project in 1 9 75 , is the m in im u m  
lev e l o f  p rotection  that an y  o ff ic e r  sh ou ld  have. O fficers  se e k in g  p rotection  from  low er  
v e lo c ity  9  m m  and .4 0  s & w  am m u n ition  ty p ica lly  w ea r  T y p e  IIA b od y  arm or. For 
p rotection  a g a in st h igh  v e lo c ity  .3 5 7  M agnum  and h igher v e lo c ity  9  m m  a m m u n itio n , 
o ff ic e r s  trad ition a lly  s e le c t  T y p e II b od y arm or. T y p e  111A b o d y  arm or p rov id es the 
h ig h est lev e l o f  p rotection  av a ilab le  iiv c o n cea la b le  b od y arm or and p ro v id es  protection  
from  high v e lo c ity  9  m m  and .4 4  M agnum  am m u n ition .

T y p e  I IIA arm or is su itab le  for routine w ea r  in m an y  situ ation s; h o w ev er , 
d ep artm ents located  in hot. hum id c lim a tes  m ay n eed  to ca r e fu lly  e v a lu a te  their u se o f  
T y p e  111A b o d y  arm or for their o ffic e r s . T y p e s  III and IV arm or, w h ich  protect against
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h ig h -p ow ered  r ifle  rou n d s, are c lea r ly  in tended  for Lise o n ly  in tactica l s itu a tio n s  w h en  the  
threat w arrants su ch  p rotection

In D e c e m b e r  1978 , th e  N ation a l Bureau o f  Standards and N a tio n a l Institute o f  
L aw  E n forcem en t and C rim in al Ju stice  (n o w  N ation a l Institute o f  J u stice )  first c la ss if ie d  
the b a llis tic  b o d y  arm ors in to severa l ca teg o r ie s  a cco rd in g  to p ro jec tile  s iz e  and v e lo c ity  
in its N 1L E /C J report. T h e current NIJ c la ss if ic a tio n  for p o lic e  b o d y  arm or is as fo llo w s:

T a b le  2 .2  ะ N IJ standard o f  b o d y  arm or sh o w in g  typ e o f  ca lib er  and b u lle t as w e ll as  
the p ro jec tile  v e lo c ity  in each  category .

Protection C a liber B u lle t Type, W eight V e loc ity (m /s) Accept H it

Level Per Panel

1 .38 Special Round Nose Lead, 158 grain (10.2 grams) 259 5

.22 Special Long R ifle  H igh V e loc ity  Lead, 40 gra in ,(2.6 g) 320 5

I I - A 9 mm Full Metal Jacke t, 124 grain,(8.0 g) 332 5

.40 s&w Full Metal Jacke t, 180 grain,( 1 1.7 g) 322 5

I I 9 mm Full Metal Jacke t, 124 gra in ,(8.0 g) 358 5

.357 Magnum Jacketed Soft point. 158 grain,) 10.2 g) 425 5

l l l - A 9 ทาทา Full Metal Jacke t. 124 grain.(8.0 g) 426 5

.44 M agnum Lead Sem i-W adcutter Gas Checked. 240grain, 426 5

(15.5 g)

I I I 7.62 X  51 mm Full Metal Jacke t. 150 grain,(9.7 g) 838 5

(.30 W inchester)

V I .30 caliber A rm o r Piercing, 166 grain,) 10.8 g) 868 1

(sou rce: T h ailand  M in istry  o f  D e fe n se . 2 0 0 4 )
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2 .6 .2 .1  B a ll is t ic  p a n e l

T h e p ro tec tiv e  co m p o n en t o f  an arm or sa m p le  or p an el, p rim arily  
c o n s ist in g  o f  b a llis t ic  resistan t m ateria ls, u su a lly  en c lo se d  in a n o n rem o v a b le  co v er . T he  
b a llistic  panel is n orm a lly  retained  w ith in  the arm or sa m p le  or panel by a separate fabric  
carrier, and m ay  b e rem o v a b le  from  the carrier.

2 .6 .2 .2  A r m o r  c a r r ie r

A  co m p o n e n t o f  the arm or sam p le  or arm or panel w h o s e  prim ary p u rpose  
is to  retain the b a llis t ic  p an el and p rov id e a m ean s o f  su p p o rtin g  and secu r in g  the arm or  
garm ent to the user. T h e se  carriers are not gen era lly  b a llis tic  resistant.

2 .6 .2 .3  A r m o r  sa m p le

O n e  c o m p le te  arm or garm ent com p rised  o f  a s in g le  w raparound sty le  
ja ck et, or a se t ( tw o )  o f  front and back arm or p an els.

2 .6 .2 .4  P e n e tr a t io n

C o m p le te  p en etration  (C P ): T he co m p le te  p erforation  o f  an arm or sam p le  
or panel by a test b u lle t or by a fragm ent o f  the b u llet or arm or sa m p le  itse lf , as 
ev id en ced  by th e  p resen ce  o f  that b u llet or fragm ent (arm or or b u lle t) in the b ack in g  
m aterial, or by a h o le  w h ich  p a sses  through the arm or an d /or b a ck in g  m ateria l.

Partial penetration  (P P ): A n y  im pact that is not a c o m p le te  penetration  is

2.6.2 Definition

co n sid ered  a partial p en etration .
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2.6.2.5 Angle of incidence

T h e a n g le  b etw een  the lin e  o f  flight o f  the b u lle t and the p erp en dicu lar  to 
the front su rfa ce  o f  th e  b a ck in g  m aterial fixture.

2 .6 .2 .6  F a ir  h it

A  b u lle t that im p acts the arm or sam p le  or p an el at an a n g le  o f  in c id en ce
o

n o greater than ±  5 from  th e intended a n g le  o f  in c id en ce , n o c lo s e r  to  the e d g e  o f  the  
b a llis tic  p an el than 7 6  m m  (3 .0  in) and no c lo se r  to a prior hit than 51 m m  (2 .0  in), at an 
im pact v e lo c ity  w ith in  ±  9.1 ทา/ร (3 0  ft/s) o f  the required re feren ce  te st  v e lo c ity .

2.6.2J F a i l  h it

A  b u lle t that im p acts the arm or sam p le  or p an el at an a n g le  o f  in c id en ce

n o greater than ±  5 from  th e in tended  a n g le  o f  in c id en ce , n o  c lo s e r  to the e d g e  o f  the  
b a llis tic  panel than 7 6  m m  (3 .0  in) and no c lo se r  to a prior hit than 51 m m  (2 .0  in), at an 
im p act v e lo c ity  le s s  than 9.1 m /s  (3 0  ft/s) b e lo w  the required  re feren c e  test v e lo c ity  
w h ich  p rod u ces a p en etration  or an e x c e s s iv e  b ack face sign atu re.

2 .6 .2 .8  A c c e p t  h it

A  b u llet that im p acts the arm or sa m p le  or panel at an a n g le  o f  in c id en ce
• O

no greater than ±  5 from  the intended' an g le  o f  in c id en ce , no c lo se r  to the ed g e  o f  the  
b a llistic  panel than 7 6  m m  (3 .0  in) and no c lo se r  to a prior hit than 51 ทาทา (2 .0  in), at an 
im pact v e lo c ity  m ore than 9.1 ทา/ร (3 0  ft/s) a b o ve  the required re feren ce  test v e lo c ity  
w h ich  d o e s  not p rod u ce a penetration  or an e x c e s s iv e  b a ck fa ce  s ign a tu re .
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2 .6 .2 .9  B a c k fa c e  s ig n a tu r e  (B F S )

T h e  d ep th  o f  the d ep ressio n  m ade in the b a ck in g  m ateria l, created  by a 
n on p en etra tin g  p ro jec tile  im p act, m easured  from  the p lan e d e fin ed  by the front ed g e  o f  
the b ack in g  m aterial fix tu re. For arm or tested  on built up or cu rved  b ack in g  m ateria l, the 
B F S  is m easu red  from  the p lane d efin ed  by the top  e d g e s  o f  the d ep ressio n  or crater 
form ed  b y th e im pact.

2 .6 .2 .1 0  B u lle t  ty p e

2 .6 .2 .1 0 .1  F u ll m e ta l ja c k e te d  b u lle t  (F M J )

A  b u lle t c o n s is t in g  o f  a lead co re  c o m p le te ly  co v ered , e x c e p t  for  
the b ase , w ith  co p p e r  a l lo y  (a p p ro x im a te ly  9 0  % co p p er  and 10 % z in c ) . “T ota l M etal 
Jacket (T M J ),” “T o ta lly  E n c lo sed  M etal C a se  (T E M C ),” and o th er com m erc ia l 
term in o lo g y  for b u lle ts  w ith  e lec tro  d ep osited  co p p er  and co p p er  a llo y  c o a tin g s  h ave  
b een  tested  and are co n sid ered  com p arab le  to Full M etal Jack eted  (F M J) b u lle ts  for this 
standard.

2 .6 .2 .1 0 .2  J a c k e te d  h o llo w  p o in t  b u lle t  (J H P )

A  b u lle t c o n s is t in g  o f  a lead core  w h ich  h as a h o llo w  c a v ity  or h o le  
located  in the n o se  o f  th e  b u llet and is c o m p le te ly  c o v ered  e x c e p t  for the h o llo w  point 
w ith  a cop p er  a llo y  (a p p ro x im a te ly  9 0  % cop p er and 10 % z in c )  ja c k e t.

2 .6 .2 .1 0 .3  J a c k e te d  s o f t  p o in t  b u lle t  (J S P )

A lead bullet, also known as a Semi Jacketed Soft Point (SJSP). 

completely covered, except for the point, with copper alloy (approximately 90 %  coppei- 

and 10 % zinc) jacket.
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A  b u lle t w ith  a blunt or rounded n o se . A  b u lle t w ith  a gen era lly  
blunt or rounded  n o se  or tip , w h ich  p o sse sse s  a sm all flat su rfa ce  at the tip  o f  the bu llet, 
shall a lso  be co n sid ered  a  round n o se  b u llet for th is standard.

. 2 .6 .2 .1 0 .5  S e m i ja c k e te d  h o llo w  p o in t  b u lle t  (S J H P )

A  b u lle t co n s ist in g  o f  a lead co r e  w ith  a co p p er  a llo y  
(a p p ro x im a te ly  9 0  % co p p er  and 10 % z in c) ja c k e t  c o v e r in g  the b a se  and bore rid ing  
su rface  (m ajor d ia m eter), w h ich  lea v es  so m e  portion  o f  the lead  co re  e x p o se d , thus 
form in g  a lead  n o se  or  tip , w h ich  has a h o llo w  cav ity  or  h o le  lo ca ted  in the n o se  or tip  o f  
the b u llet.

2.6.2.10.4 Round nose bullet (RN)

2 .6 .2 .1 0 .6  S e m i ja c k e te d  s o f t  p o in t  b u lle t  (S J S P )

A  b u lle t, a lso  k n ow n  as a Jack eted  S o ft  P o in t (JS P ), c o n s is t in g  o f  a 
lead core  w ith  a co p p er  a l lo y  (ap p rox im ate ly  9 0  % cop p er  and 10 % z in c )  ja c k e t  c o v er in g  
the b ase  and b ore r id in g  su rfa ce  (m ajor d iam eter), w h ich  le a v e s  so m e  portion  o f  the lead  
core  e x p o se d , th u s fo rm in g  a lead n ose  or tip.

2 .6 .3  T e s t  m e th o d

2 .6 .3 .1  T e s t  p r e p a r a tio n

S e le c t  the required test b u llet for the arm or ty p e  as sp e c if ie d  in table 2 . ®
B eg in n in g  w ith  threat round num ber on e . Are a m in im u m  o f  three pretest rounds to 
en su re that th e  first test round flred w ill strike the target as a im ed , u s in g  a su itab le  
targetin g  d e v ic e  (e .g .,  a p o in tin g  laser). T h ese  pretest rounds w ill a lso  serv e  to "warm " or



20

sta b ilize  the tem peratu re o f  the barrel b efore further testin g . S et up the test eq u ip m en t as 
sh o w n  in figu re  6 . U se  a test barrel appropriate for the am m u n itio n  required to test the  
arm or (tab le  1), m ou n ted  in an appropriate fixtu re w ith  the barrel h or izo n ta l. D im en sio n s  
A  and B sh all b e  d eterm in ed  from  the barrel m u zz le . T h e b a ck in g  m ateria l fix tu re w ill be  
r ig id ly  held  b y  a  su ita b le  (m eta l) test stand, w h ich  shall p erm it the en tire  arm or and  
b ack in g  m aterial a s se m b ly  to be sh ifted  v ertica lly  and h o r izo n ta lly  su ch  that the entire  
a sse m b ly  can  b e targeted  by the test barrel.

fo r Type เแ a n d  IV  a rm ors  

c - A p p ro x im a te ly  1.5 ±  6  m m

F ig u r e  2 .2  T est  range co n fig u r a tio n (S c ie n c e  and T e c h n o lo g y  o f  the N a tio n a l Institute  
o f  J u stice  [M J ], 1979)

2 .6 .4  R e q u ir e m e n ts

2 .6 .4 .1  W o r k m a n s h ip

Each armor sample shall be free from wrinkles, blisters, cracks or fabric 

tears, crazing, chipped or sharp corners and edges, or other evidence o f  inferior
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workmanship. Additionally, all samples shall be identical in appearance, size, and
manner o f  construction.

2.6A.2 Acceptance criteria for penetration and BFS compliance

(a) N o  perforation  through the panel, e ith er  by the b u lle t or by an y  
fragm en t o f  the b u llet or armor.

(b ) N o  m easu red  B F S  d ep ression  depth greater than 4 4  m m  ( 1 .73 in).

2.7 Theories on Ballistic Im pact

2 .7 .1  T h e  b a l l is t ic  r e s is ta n c e  o f  th e  fa b r ic  (Jacob s and D in g e n e n , 2 0 0 1 )

T h e b a llis t ic  resista n ce  o f  a te x tile  fabric to a p rojectile  is g en era lly  attributed to  
its absorption  o f  k in etic  en erg y  upon b a llis tic  im pact. T h is is a n a ly zed  by w a y  o f  s im p le  
b a llistic  im p act in the lon g itu d in a l (a x ia l)  and transverse d irec tio n s  o f  a fiber. T h e en ergy  
absorbed  b y the fabric is con v erted  into strain en ergy  d erived  from  stre tch in g  o f  the yarns  
and k in etic  e n erg y  d u e to tran sverse d e fle c tio n  o f  the fabric and inw ard m o v em en t o f  
yarn m aterial tow ard s th e  im pact point. A  portion o f  en ergy  is a lso  d iss ip a ted  through  
frictional lo s se s . W h en  a lon g itu d in a l im pact is app lied  to a fib er  at v e lo c ity  V, a 
lon gitu d in al w a v e  w ill be gen erated  a lo n g  the fiber at a v e lo c ity  c. T h e fiber m ateria1 

behind the w a v e  is su b jected  to a strain <2 o f

v/c (2 .3 )

พ ~p (2 .4 )

W here c is the v e lo c ity  o f  the lon gitu d in al. E is fiber m o d u lu s  and p  is fiber  
d en sity . T h u s, the v e lo c ity  o f  w a v e  propagation  in creases w ith  the square root o f  fiber  
m od u lu s and in v erse ly  w ith  the square root o f  fiber d en sity . T h e h igh er the fiber 
m od u lu s, the h igher the w a v e  v e lo c ity  and the greater the v o lu m e  o f  fiber cap a b le  o f  
in teracting w ith  the p rojectile .
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If  E is e x p r e sse d  in gram s per d en ier  and c in เท/ร . the a b o v e  eq u ation  can be 
w ritten  as

c = JkË  (2.5)

w h ere k  = 8 8 2 6 0  . T h e  stress  a sso c ia ted  w ith  the strain e is g iv e n  by

p  =  Ee= V ^ E / k  (2 .6 )

T he b a llistic  d y n a m ic s  is co n sid era b ly  m ore com p lica ted  w h en  a fib er is im p acted  
tran sverse ly  than lo n g itu d in a lly .

F ig u r e  2 .3  W av e p rop agation  in a tran sversely  im p acted  fiber (Jaco b s and D in g en en , 
2 0 0 1 )

T h e p icture rev e a ls  sch em a tica lly  a fiber in a h orizon ta l p o s itio n  w h ich  is 
im pacted  tran sverse ly  b y a p ro jectile  travelin g  d ow n w ard . T h e  b a llis tic  im p act ca u se s  the 
cen ter  portion  o f  the fib er  to d eform  b efore break in g . T w o  ty p e s  o f  w a v e  p rop agation s  
are gen erated  in the fib er  upon im pact. O ne is the lon g itu d in a l w a v e s  d isc u sse d  a b o ve  
and the o th er is the tran sverse  w a v e . T he longitudinal are p ropagated  outw ard a lo n g  the  
fiber from  the p o in t o f  im p act. T he transverse w a v e s  are a lso  p ropagated  outw ard from  
the p oint o f  im pact. A t the tran sverse w avefron t, tile inw ard m aterial for c h a n g es  abruptly
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to the p ro jectile  v e lo c ity  and d irection . B eh ind  the tran sverse  w a v efro n t, the fiber has a 

straight co n fig u ra tio n  at an a n g le  to the h orizonta l d irection  (J a co b s  and D in g en en , 2 0 0 1 ).

2 .7 .2  T h e  b a l l is t ic  r e s is ta n c e  o f  th e  c o m p o s ite

For resid u al v e lo c ity  testin g , b y m easu rin g  the v e lo c ity  o f  the p rojectile  en terin g  
and e x it in g  the sp e c im e n , the am ou nt o f  en ergy  absorbed  by the c o m p o s ite  Eabsorption is 
ca lcu la ted  as (Y a n g , 1993):

_ _  _ ") _  _ ๆ

Eabsorption ~ 0-5 Itlprojectiles( Vj,E — Vol,i~) (2 .7 )

w h ere  is th e  mprojectiles m ass o f  the p rojectile  and V 111 and V011, are the v e lo c it ie s  en terin g  
and e x it in g  the sp e c im e n , re sp ec tiv e ly . T h is typ e  o f  test m eth od  is ty p ica lly  used  for 
residual strength  te st in g  w h ere  penetration  resistan ce  is not required .

T h e term  ‘b a llis t ic  lim it v e lo c ity , Vi o’ is d efin ed  as the m in im u m  v e lo c ity  at 
w h ich  a particu lar p ro jec tile  is ex p ected  to c o n s iste n tly , c o m p le te ly  o f  sp ec im en  
penetration . T h e Vin is  the p rojectile  v e lo c ity  at w h ich  50%  o f  p ro jectile  w ill penetrate a 
g iv en  target, w h ile  50%  w ill be stop ped . T h e m ilitary  standard M IL -S T D -6 6 2 E  w as  
created  by the arm y to p rov id e  a s im p le  co st e f fe c t iv e  m eth od  for d eterm in in g  V 50 the 
b a llistic  lim it. It is d eterm in ed  by tak in g  the av era g e  o f  an eq u a l nu m ber o f  h ig h est partial 
penetration  v e lo c it ie s  and lo w e st  co m p le te  penetration  v e lo c it ie s  w h ich  occu r  w ith in  a 
sp e c if ic  v e lo c ity  range for a particular sp ec im en  co n fig u ra tio n . T h e v e lo c ity  range  
requirem ent is n ecessa ry  s in c e  an u n u su a lly  h igh  or lo w  data p oint cou ld  o ffse t  the 
average , ca u s in g  a m isrep resen ta tion  o f  the T50 b a llis t ic  lim it. A cc o rd in g  to standard  
reco m m en d a tio n s, f iv e  partial and fiv e  co m p le te  p en etration s w ith in  a 125 ft/sec  range  
w a s set as the criteria  for testin g .

T h e en erg y  ab sorbed  by the c o m p o s ite  w a s taken as the m etric for im pact 
penetration  resistan ce . From  the Via b a llistic  lim it, the am ou n t o f  en erg y  E absorbed w as  
ca lcu la ted  as:
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E = 0 .5  * nip* Vso2 (2 .8 )

w h ere  mp is the m a ss o f  the p rojectile .

2 .7 .3  M e c h a n is m s  fo r  d is s ip a t in g  b a llis t ic  im p a c t

U p on  b a llis t ic  im p act, p o ly m er  c o m p o s ite s  retard the p ro jec tile  b y red u cin g  its 
k in etic  en erg y . D ifferen t m ech a n ism s su ch  as the te n s ile  fa ilu re  o f  fib res, the e la stic  
d efo rm ation  o f  th e  c o m p o s ite , in terlayer d e la m in ation , b a c k -fa ce  d efo rm a tio n , shear  
b etw een  layers in the c o m p o s ite , and the inertia o f  the c o m p o s ite  are resp o n sib le  for the  
ab sorption  o f  e n e r g y  to d ifferen t ex ten ts . A m o n g st th e  factors w h ich  con tro l the en ergy  
ab sorption  are the te n s ile  properties o f  the fibre, the p rop erties o f  the m atrix , the  
arrangem ent o f  the fib res in the c o m p o s ite  and the in terfacial strength . T o  be ab le to 
d esig n  c o m p o s ite  m ateria ls for b a llistic  p rotection  e f f ic ie n t ly , it is n ecessa ry  to 
understand and q u a n tify  the en ergy  absorbed  by each  o f  th ese  m e c h a n ism s (M o rv e  et 
a l.,2000).

2 .7 .4  Q u a n t if ic a t io n  o f  th e  e n e r g y  a b s o r p t io n  b y  p o ly m e r  c o m p o s ite s  u p o n  
b a llis t ic  im p a c t  (M o r y e  e t a l .,2 0 0 0 ).

T h e m ath em atica l m od el has been d erived  to predict the en erg y  ab sorbed  by the  
c o m p o s ite  during b a llis tic  im pacts. It g iv e s  a va lu e o f  the b a llis tic  lim it, Vo. d efin ed  as the  
estim ated  h ig h est v e lo c ity  at w h ich  the p rojectile  is stop p ed .
เท d e v e lo p in g  the m od el the fo llo w in g  a ssu m p tio n s had been  m ade:

1. T he p ro jectile  is rigid and rem ains u n deform ed  during the im pact:, th is w as  
con firm ed  by ex p er im en ts  w h ich  revealed  that the p ro jec tile s  used in the  
ex p er im en t retained their sh ap e and m ass after im pact.

2 . T he en e r g y  lost in o v e r c o m in g  the friction al force b e tw een  a p ro jectile  and
a c o m p o s ite  is n e g lig ib le  and the heat gen erated  during the p ro jec tile /c o m p o s ite  
in teraction  is n e g lig ib le .

3. T he m ech an ism  o f  failure o f  the c o m p o s ite  is un iform  acro ss  its th ick n ess . T his
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has b een  c o n firm ed  su b seq u en tly  by high sp eed  p h otograp h y . 
4 . T h e e n e r g y  ab sorb ed  in d elam in ation  is n eg lected .

T he k in etic  e n e r g y  o f  a p rojectile  o f  m ass, เท, m o v in g  w ith  a v e lo c ity , V is g iv e n  by

K.E. = J_ โ /2— mV 
2

the b a llis tic  lim it

E l =

(2 .9 )

( 2 .1 0 )

w h ere V() is th e  lim itin g  v e lo c ity .

A s  d isc u sse d  earlier , the im pact o f  the p rojectile  resu lts  in the form ation  o f  a c o n e  
on  a back  s id e  o f  the c o m p o s ite  through the p ropagation  o f  a tran sverse  w a v e  sh ow n  
sch e m a tic a lly  in F igu re 2 .4 .

A

K
A . Y

>< i

' ' Ù

(b>

F ig u r e . 2 .4  D efo rm a tio n  o f  a c o m p o s ite  during b a llistic  im pact by a stee l sp h ere

13 re e d  o n  o f  tra v e l c f  p ro je c t ile — >
P o in t d 'im p a c t  o f  s le d  sp lie re  
a t  ÜK-co m p o site

Primary yams strained to their 
^ .. tensile failure

(ะ»)
E las tic  d d o m a t io n  o f  
seco n d ary  y a m s
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เท a d d itio n  to th ese  tw o  m ajor en ergy  ab sorb in g  m ech a n ism s, du e to d eform ation  

o f  the prim ary and seco n d a ry  yarns, there is a third con tr ib u tion , the k in etic  en erg y  o f  the  
m o v in g  portion  o f  the c o m p o s ite  panel. E lem en ts o f  the c o m p o s ite  panel w h ich  are at rest 
b efore the im p act are put in to m otion  by the p rojectile  on im p act and. th erefore , absorb  
en erg y  through  the k in e tic  en erg y  o f  the m o v in g  co n e .

T h u s Efoiai =  Etf+ Eed+ Eke (2 .1 1 )

I. E n ergy  ab sorb ed  in the te n s ile  failure o f  prim ary yarn s ( £ t f )

I f  the e n e r g y  ab sorb ed  at the p oint o f  te n s ile  fa ilure o f  th e  c o m p o s ite  per unit 
v o lu m e  is Ec, then  th e total en erg y  absorbed by te n s ile  fa ilure, £ t f . is  g iv e n  by:

Etf = EcV (2 .1 2 )

w h ere  D is the p ro jec tile  d iam eter , r i s  the c o m p o s ite  th ick n ess  and Rc is the radius o f  the  
c o n e  form ed  on  th e  b ack  fa ce  o f  the c o m p o site .

Ejf =  4ECRCDT (2 .1 3 )

II. E n ergy  ab sorb ed  in the e la stic  d eform ation  o f  seco n d a ry  yarns ( £ e d )

T h e en e r g y  ab sorb ed  in e la stic  d eform ation  o f  the c o m p o s ite  at a strain £ can be 
ob ta in ed  from  the area under the stress/strain  cu rve  o f  the c o m p o s ite  and b eca u se  the 
stress/stra in  cu rve  for the c o m p o s ite  is linear, it is g iv en  by

E = ~ M fr  (2 .1 4 )

w h ere  A4 is the te n s ile  m o d u lu s  o f  the co m p o site .

T h e yarns w ith in  the d eform ed  zo n e , w h ich  are not d irect!}  im p acted  b y the 
p rojectile , e x p e r ie n c e  a d ifferen t strain d ep en d in g  on their p o s it io n . T h o se  that are c lo se s t
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to the p oint o f  im p act e x p e r ie n c e  a strain ju st low er than the failure strain , w h ile  th o se  
that are farthest from  the im p act p oint d o not se e  any strain. T h is im p o se s  the fo llo w in g  
boundary c o n d it io n s  for the variation  in strain £, w ith  d ista n ce  from  the im pact p oint £=£() 
at r=D!2 and £ = 0  at r=Rc, w h ere  £o is the failure strain o f  the c o m p o s ite .

Eed -
n M s ] T  R* D 2R ;  D X  ° 4 

(2 R  1. - D ) 2 [3 2 ~  4 2 ไ 6
(2 .1 5 )

III. K in etic  en e r g y  o f  the c o n e  form ed on the back fa ce  o f  the c o m p o s ite  upon  
b a llistic  im p act ( £ k e )

T h e k in etic  en e r g y  o f  the m o v in g  co n e  is g iv en  by

Eke -  '-m V ; (2 .1 6 )

w h ere mc is the m a ss o f  the m o v in g  c o n e  and vc is the v e lo c ity  o f  the m o v in g  c o n e . 

T h e k in e tic  e n erg y  o f  the m o v in g  co n e  at the p oint o f  im p act.

Eke TpV 1- (2 .1 7 )

IV. C a lcu la tio n  o f  F,|

A c c o r d in g  to the m o d e l, the en erg y  lost b y the p ro jec tile  is equal to the total 
en ergy  ab sorbed  by the c o m p o s ite

El. =  Ej011,1 (2 .1 8 )

U sin g  E q .(9 ).
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(2 .1 9 )

(2 .2 0 )

T h e d eterm in ation  o f  a theoretical pred iction  o f  Vo from  E q .(2 .2 0 )req u ires  the
m easu rem en t o f  all the v a r io u s  param eters sh ow n  in ( 2 . 13 ), ( 2 . 15) and ( 2 . 17).
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