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Rgsumg - La rgponse de cibles en verres differents h l'impact 
des projectiles en carbide de tungsthe a 6t6 ktudige avec des 
moyens expgrimentaux et numgriques. Dans la plupart des cas les 
projectiles ont perfor6 les cibles sans dommage importants pour 
les projectiles. Pour cette raison les recherches ont kt6 con- 
centrges sur l'analyse du comportement balistique du verre, en 
considgrant les proprigtgs matkrielles des cibles. Les verres 
utilisgs diffgraient en densitk, rgsistance et vitesse du son. 
Les rgsultats des recherches expgrimentales et numgriques 
dgmonstr6rent que les proprigtgs mgcaniques des matgriaux de 
verre standard n'ont aucune influence significative sur leur 
rgsistance balistique. C'htait l'kpaisseur des cibles en verre 
qui gtait dgterminante pour leur rgsistance protective. 

Abstract - Experimental and numerical simulations were performed 
to study the response of different glass targets to impact 
loading by tungsten carbide projectiles. In most cases the pro- 
jectiles perforated the targets without significant damage to 
the projectile. Therefore the investigation concentrated on 
taking into account the material properties of the targets to 
analyse the ballistic behavior of glass. Accordingly, the 
glasses used as target material had very different densities, 
strengths and speed of sound. The results from experimental and 
numerical investigations showed that the mechanical properties 
exhibited by standard glass materials have no significant influ- 
ence on the ballistic resistance. It was the thickness of the 
glass targets which in general determined its protective 
strength. 

INTRODUCTION 

Glass materials are of actual interest for ballistic protection. 
However, for high dynamic loading the mechanical behavior of glass is 
not well understood. Therefore, in this dynamic range experiments are 
Performed which are supported by numerical simulations. Homogeneous 
and layered glass targets of circular shape and 150 mrn diameter with 
thicknesses varying from 10 mm to 250 mm are centrally impacted by 
tungsten carbide projectiles (L = 41 mm, D = 13 mm, m = 68.9 g). 
A radial confinement (20 mm steel, Figure 1) of the glass proves to be 
without influence on the results. In most cases the projectiles per- 
forate the target without significant damage to the projectile. This 
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Steel 

F i g .  1 - S t r u c t u r a l  p l o t s  o f  p r o j e c t i l e  and o f  t a r g e t s  w i t h o u t  and 
w i t h  a c o n f i n i n g  steel c a s e .  

q u a s i - r i g i d  b e h a v i o r  o f  t h e  p r o j e c t i l e  a l l o w s  t o  r e s t r i c t  t h e  i n v e s t i -  
g a t i o n  t o  c o n s i d e r i n g  o n l y  t h e  t a r g e t  m a t e r i a l .  T h e r e f o r e ,  g l a s s e s  
w i t h  d i f f e r e n t  mechanical  p r o p e r t i e s  a r e  i n v e s t i g a t e d .  The d e n s i t i e s  
v a r y  from 2.5 t o  5.18 g/cm3,  t h e  s p e e d s  of  sound have v a l u e s  from 
3595 t o  6051 m / s ,  and t h e  VICKERS h a r d n e s s  i s  i n  t h e  r a n g e  o f  4 0 7  t o  
710. The b a l l i s t i c  r e s i s t a n c e  of  t h e  g l a s s  t a r g e t s  i s  c h a r a c t e r i z e d  
by t h e  normal ized  r e s i d u a l  v e l o c i t y  o f  t h e  p r o j e c t i l e  behind t h e  
t a r g e t .  

EXPERIMENT 

The k i n e m a t i c s  o f  t h e  p e r f o r a t i o n  p r o c e s s  i s  obse rved  by m u l t i p l e  
s p a r k  f l a s h  and x-ray c inematography.  The i n v e s t i g a t i o n s  a r e  i n  
g e n e r a l  performed a t  a  s t r i k i n g  v e l o c i t y  a s  c l o s e  a s  p o s s i b l e  t o  
1060  m / s .  I n  some s p e c i a l  c a s e s  t h e  impact  v e l o c i t y  i s  v a r i e d  between 
800 and 1250 m / s .  

NUMERICAL SIMULATION 

The p e n e t r a t i o n  and p e r f o r a t i o n  mechanism i s  ana lyzed  by numer ica l  
s i m u l a t i o n  u s i n g  t h e  2D/3D LAGRANGE c ~ d e  DYSMAS/L. The m a t e r i a l  
b e h a v i o r  o f  g l a s s  i s  d e s c r i b e d  by a  continuum model. D i l a t a t o r i c  
stresses a r e  c a l c u l a t e d  by t h e  e q u a t i o n  o f  s t a t e  f o r  g l a s s  and t h e  
d e v i a t o r i c  s t r e s s e s  a r e  de te rmined  by t h e  HENCKY f l o w  r u l e  i n  r a t e  
t y p e  f o r m u l a t i o n  w i t h  t h e  DRUCKER-PRAGER y i e l d  c o n d i t i o n .  The m a t e r i a l  
p a r a m e t e r s  a r e  t h e  Y O U N G ' S  modulus, POISSON r a t i o ,  d e n s i t y ,  t e c h n i c a l  
cohes ion  and a n g l e  o f  i n t e r i o r  f r i c t i o n .  The m a t e r i a l  f a i l u r e  i s  . 
i n i t i a t e d  by e q u i v a l e n t  s t r a i n  c r i t e r i o n s  under  t e n s i o n  and compres- 
s i o n .  Because o f  t h e  q u a s i - r i g i d  b e h a v i o r  o f  t h e  p r o j e c t i l e ,  observed 
i n  t h e  e x p e r i m e n t s ,  t h e  p r o j e c t i l e  i s  d e s c r i b e d  w i t h  l i n e a r  e l a s t i c  
p r o p e r t i e s  [ 1  ] . 
TYPES OF GLASS TARGETS 

G l a s s e s  used f o r  impact  l o a d i n g  a r e  f l o a t  g l a s s ,  s e v e r a l  o p t i c a l  
g l a s s e s  manufactured by SCHOTT Company, and ZERODUR a  SCHOTT g l a s s  
ceramic.  The chemica l  p r o p e r t i e s  o f  t h e  d i f f e r e n t  t y p e s  of  g l a s s e s  
a r e  l i s t e d  i n  t h e  f o l l o w i n g  T a b l e  1 .  For  o u r  purposes  t h e  c l a s s i f i -  
c a t i o n  o f  t h e  g l a s s e s  a c c o r d i n g  t o  t h e i r  chemica l  compos i t ion  i s  of  
r e l e v a n c e .  The S i 0 2 - g l a s s e s  which c o n t a i n  PbO a r e  c a l l e d  f l i n t  g l a s s e s ,  
S i 0 2 - g l a s s e s  w i t h o u t  PbO a r e  c a l l e d  crown g l a s s e s .  The phospha te  
crown g l a s s e s  PK d o  n o t  c o n t a i n  P205, t h e y  a r e  b o r o s i l i c a t e  g l a s s e s  [?.I. 
ZERODUR i s  a  g l a s s  ce ramic  w i t h  an ex t remely  s m a l l  the rmal  expans ion  



Table 1 :  Composition of glass target material [ 3 ]  

coefficient and contains a glass and a crystal phase which consists of 
high quartz solid solution crystals [ 4 , 5 1 .  The physical properties of 
these glasses are shown in Table 2. 

Table 2: Physical properties [ 6 , 7 ]  

Types 

Float 

SF6 

~ ~ 1 4  

F 6 

SKN18 

K5 

PK 3 

B203  

15  

2 5  

15  

S i 0 2  

7 0  

2 5  

30 

4  0 

30 

6 5  

6 5  

In addition, important features of optical glass in contrast to float 
glass specimens are homogeneity, optical and mechanical isotropic 
behavior and absence of bubbles, striae and strain. The mechanical 
parameters of importance for our study are density, velocity of sound, 
and hardness (Figs. 2  and 3 ) .  The glasses we selected for our investi- 
gations in such a way that specimen with nearly corresponding values 
for two of their parameters and large difference in the third para- 
meter are available. 

Types 

Float 

SF6 

SF1 4  

F 6  

SKNI 8  

FNl 1  

K5 

PK 3  

Zerodur 

RESULTS 

NaZO 

15* 

S 1  

6 1  

6 5  

2 5  

8  

In Figure 4  the ratio of residual to impact velocity is plotted versus 
target thickness d. The residual velocity decreases nearly linearly 
with increasing glass thickness. The densities of the several glass 
types vary between 2 . 5  and 5 . 1 8  g/cm3, and the hardnesses, longitu- 
dinal wave velocities, and the other physical properties are very 
different (Table 2 ) .  Nevertheless, all results scatter in a small 
domain only. 

Density 

[g/cm3 I 

2 . 5  

5 . 1 8  

4 . 5 4  

3 . 7 6  

3.64 

2 . 6 6  

2 . 5 9  

2 . 5 9  

2 . 5 3  

Some targets are layered and pasted (all float glass targets and the 
one K5/3 target consist of 10  mm plates). The experimental points 

K20 

S 1  

S 1  

< 5  

15  

8  

E-Modul 

[ 1  O 3  N/mm2 I 

- 
5  6  

6  5  

5  7  

8  8  

8  4 

7  1  

8  4  

9  1  

A1203 

1 

2 5  

2  1  

CaO 

12** 

6 5  

2 5  

Wavespeed 

[m/sl 

5 8 6 0  

3 5 9 5  

4091 

41 96  

5 6 7 3  

6051  

5624  

6 0 3 0  

651 1  

Poisson 
Ratio 

- 
. 2 4 8  

. 2 3 5  

.231  

.296  

. 2 3  

. 2 2 7  

. 2 0 7  

. 2 4  

HV 

6 8 0  

407  

4 6 5  

4 5 5  

6 8  9  

71 0  

5 8 4  

6 8 0  

750  

BaO 

5 5  

4 5  

5 5  

ZnO 

6 5  

8  

La203 

5 5  

Zr02 

1  

T i 0 2  

5 5  

6 1  

S 1  

5 1 

PbO 

7 0 

6 0  

4 5  

6 1  
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Figs. 2 and 3 - Longitudinal wave velocity c~ and Vickers hardness HV 
of float and SCHOTT glasses versus the material density p 

Figs. 4 and 5 - Ratio of residual velocity to impact velocity versus 
the thickness d and areal density pF of the target material 

marked by K5/1 indicate that these experiments are performed using 
homogeneous glass blocks. If the glass blocks are laterally cased by 
very thick steel rings (wall thickness 20 mm) then the points are 
marked by concentric circles (float glass) or by K5/2. All other 
experiments are performed using homogeneous blocks. From these test 
series can be derived that a glass block with 150 mm diameter has 
about the same strong eigenstrength as a cased block or a semi- 
infinite target and that the ballistic resistance is not significantly 



inf luenced by t h e  t y p e  o f  s t r u c t u r e  (homogeneous and /or  l a m i n a t e d ) .  
These s t a t e m e n t s  a r e  v e r i f i e d  by numer ica l  s i m u l a t i o n .  

p l o t t i n g  normal ized  r e s i d u a l  v e l o c i t i e s  v e r s u s  a r e a l  d e n s i t y  t h e  
s p r e a d  o u t  ( F i g .  5 ) .  Now it c a n  b e  s e e n  t h a t  t a r g e t s  w i t h  low 

d e n s i t i e s  p r e s e n t  a  b e t t e r  b a l l i s t i c  r e s i s t a n c e .  I n  o r d e r  t o  a n a l y z e  
the dependence on d e n s i t y ,  i n  F i g u r e  6 t h e  f o r e g o i n g  r e s u l t s  a r e  
depicted f o r  an a r e a l  d e n s i t y  of  PF = 3 6 0  kg/m2 and a  t a r g e t  t h i c k n e s s  
of d  = 150 rnm (marked by c r o s s e s  and by dark  d o t s )  , , r e s p e c t i v e l y .  
These s p e c i a l  v a l u e s  a r e  chosen  a s  r e p r e s e n t a t i v e s  f o r  c a s e s  where t h e  
p r o j e c t i l e  p e r f o r a t e s  t h e  t a r g e t  w i t h o u t  f a i l u r e .  

Figure 6 shows t h a t  f o r  t h e s e  v a l u e s  a t  d e n s i t i e s  g r e a t e r  t h a n  
3.5 g/cm3 t h e  b a l l i s t i c  r e s i s t a n c e  i s  independen t  of  d e n s i t y .  Hence, 
t a r g e t  t h i c k n e s s  i s  t h e  i m p o r t a n t  b a l l i s t i c  pa ramete r .  T h e r e f o r e ,  i f  
minimum p r o t e c t i v e  mass is  i m p o r t a n t  a  g l a s s  o f  low d e n s i t y  i s  t o  b e  
p re fe r red  a s  l o n g  a s  d e n s i t i e s  above 2 . 5  g/cm3 a r e  used. Below, 
r e s i s t a n c e  may d e c r e a s e  w i t h  d e n s i t y .  The r e s i d u a l  v e l o c i t y  i s  p l o t t e d  
versus speed of  sound ( F i g .  7 )  and h a r d n e s s  ( F i g .  8 ) .  Though t h e  
measurement o f  h a r d n e s s  p r e s e n t s  many d i f f i c u l t i e s  and d a t a  depend 

Figs. 6 and  7 - Normalized r e s i d u a l  v e l o c i t y  v e r s u s  m a t e r i a l  d e n s i t y  
of t h e  t a r g e t s  and l o n g i t u d i n a l  wave v e l o c i t y  (x: c o n s t a n t  areal 
dens i ty ;  l : c o n s t a n t  p l a t e  t h i c k n e s s )  . 

550 LOO 5W 600 703 HV 

Figs.  8  and 9 - Normalized r e s i d u a l  v e l o c i t y  v e r s u s  V i c k e r s  h a r d n e s s  
and v e r s u s  t h e  r a t i o  o f  V i c k e r s  h a r d n e s s ,  d e n s i t y  and wave v e l o c i t y  
(x: c o n s t a n t  a r e a l  d e n s i t y  and 0 :  c o n s t a n t  p l a t e  t h i c k n e s s ) .  
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l a r g e l y  on t h e  measur ing t e c h n i q u e  a p p l i e d  it i s  p o s s i b l e  t o  u s e  them 
t o  c h a r a c t e r i z e  t h e  r e s i s t a n c e  b e h a v i o r  o f  t h e  m a t e r i a l  a g a i n s t  
mechan ica l  l o a d i n g .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  b a l l i s t i c  r e s i s t a n c e  i n c r e a s e s  w i t h  in -  
c r e a s i n g  speed  o f  sound and i n c r e a s i n g  h a r d n e s s .  T h i s  l e a d s  t o  Figure9 
where r e s i d u a l  v e l o c i t y  i s  p l o t t e d  v e r s u s  t h e  r a t i o  o f  h a r d n e s s  t o  
mechan ica l  impedance. I f  h a r d n e s s  v a l u e s  are g i v e n  a s  s t r e n g t h  values ,  
i . e . ,  i n  N/mm2, t h i s  r a t i o  o b t a i n s  t h e  dimension o f  v e l o c i t y .  For  
c o n s t a n t  a r e a l  d e n s i t y  a l l  r e s u l t s  c a n  b e  f i t t e d  by a  c u r v e .  T h i s  
F i g u r e  e n a b l e s  t h e  d e s i g n  e n g i n e e r  t o  choose  t h e  b e s t  t y p e  o f  g l a s s  
when a r e a l  d e n s i t y  i s  g i v e n .  On t h e  o t h e r  hand,  F i g u r e  9 shows t h a t  
g l a s s  t a r g e t s  o f  a  g i v e n  t h i c k n e s s  have t h e  same r e s i s t a n c e  i f  t h e  
v a l u e  o f  HV/pcL i s  less t h a n  350 m / s .  I n  f u r t h e r  t e s t  series t h e  
r e s i d u a l  v e l o c i t y  was de te rmined  a s  f u n c t i o n  of  impact  v e l o c i t y  
( F i g .  1 0 ) .  A l l  t a r g e t s  had same a r e a l  d e n s i t i e s  t h a t  means d i f f e r e n t  
t h i c k n e s s e s .  Wi th in  t h i s  v e l o c i t y  r a n g e  between 800 m / s  and 1250 m / s  
t h e  r e s i d u a l  v e l o c i t y  i n c r e a s e s  n e a r l y  l i n e a r l y  w i t h  impact  v e l o c i t y  
and behaves  s i m i l a r  t o  m e t a l l i c  m a t e r i a l s .  

The r e s p o n s e  o f  two g l a s s  t a r g e t s  w i t h  e x t r e m e l y  d i f f e r e n t  d e n s i t i e s  
( f l o a t :  p = 2.5 g/cm3; SF6: 5.18 a /cm3) i s  i n v e s t i g a t e d  u s i n g  numeri- 
ca l  s i m u l a t i o n .  The m a t e r i a l  d a t a  o f  T a b l e  1 a r e  u s e d .  A good agree-  
ment w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  ( F i g .  11 ) i s  ach ieved  [ I  ] . Varying 
t h e  t e c h n i c a l  c o h e s i o n  from 10 MPa t o  60 MPa r e s u l t s  i n  5  8 d i f f e r e n c e  
i n  t h e  r e s i d u a l  v e l o c i t y  f o r  a  SF6-glass  w i t h  75 mm t h i c k n e s s  ( a r e a l  
d e n s i t y  p~ = 388.5 k g / m 2 ) .  C a l c u l a t i o n s  w i t h  a n  a r e a l  d e n s i t y  of  
p~ = 518 kg/m2 g i v e  t h e  r e s u l t  t h a t  t h e  r e s i d u a l  v e l o c i . t y  s t i l l  de- 
c r e a s e s  l i n e a r  w i t h  t h e  a r e a l  d e n s i t y  a t  a  t h i c k n e s s  of  100 mm. I n  a l l  
c a l c u l a t i o n s  t h e  a n g l e  o f  i n t e r i o r  f r i c t i o n  i s  l o 0 .  

F i g .  1 0  - Normalized r e s i d u a l  
v e l o c i t y  v e r s u s  impac t  
v e l o c i t y  v p  

as- 
"@ 

05. 

QL- 

0.2- 

F i g .  11 - Normalized r e s i d u a l  velo-  
c i t y  v e r s u s  a r e a l  d e n s i t y ,  compari- 
son of  e x p e r i m e n t a l  and numer ica l  
r e s u l t s .  

pF=360kglm1 

/ - "P 



calculation and experiment show that the ballistic resistance of all 
investigated glasses is determined mainly by the thickness of the 
target. However, from numerical simulation it can be shown that this 
result cannot be generalized for all glasses. For example, if a hypo- 
thetical brittle material is assumed which combines the density of 
the SF6-glass with the technical cohesion (hardness) and the YOUNG'S 
modulus of the FN11-glass. The calculated perforation process through 
a 75 mm target leads to the residual velocity of vR/vp = 0.14. This 
value differs largely from those of all investigated glasses of same 
thickness. It represents a resistance similar to ceramic materials. 

CONCLUSION -- 
The numerical results show that the penetration of glass targets can 
be calculated very well. Especially the numerical calculation of hypo- 
thetical glasses points out the direction of glass development due to 
ballistic applications. A simple relation between residual velocity 
and HV/pcL helps the designer to compare protective glasses of equi- 
valent areal density. In general, it is important to note that for 
glasses of medium and high densities it was found that only the target 
thickness determines the ballistic resistance. 
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