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Summary- -A series of experiments was carried out wherein spinning armour piercing projechles 
of core diameter 6.2 mm were fired on mild steel plates of thicknesses varying from 10 to 25 mm. 
The projectile velocity in all the tests was about 820 m s-~ in both normal and oblique impacts. 
In successive tests on plates of each thickness, the angle of obliquity was increased from 0 ° (normal 
impact) until richochet occurred. The impact velocities in all tests and the residual velocities in 
tests wherein the plates were perforated, were measured. Velocity drop versus angle of obliquity 
curves are presented for plates of different thicknesses. The target damage is examined and the 
conditions at ballistic limit and ricochet are discussed. 
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I N T R O D U C T I O N  

At ordnance velocities, the normal impact of rigid or deformable projectiles of different 
shapes and sizes on plates of different materials and thicknesses has received considerable 
attention I-1-9] in the past. There are, however, not many studies t-9] which deal with 
the phenomenon of oblique impact. 

Perforation of thin plates in oblique impact of truncated conical projectiles was treated 
by Paul and Zaid I-10-1 using momentum considerations. Recht and Ipson 1-11 ] developed 
a model for the plate perforation by blunt projectiles using energy equations. Awerbuch 
and Bodner [12] performed experiments on oblique perforation of aluminium plates of 
thickness 2 and 6 mm by the impact of 0.22 caliber lead bullets at a speed of about 400 m s- 1 
and at an angle of obliquity of up to 50 °. They employed a three stage model for the 
analysis. Goldsmith and Finnegan I-9] studied the phenomena of normal and oblique 
impact of cylindro-conical and blunt cylindrical projectiles of hard steel and aluminium 
on plates of aluminium and two grade steels. In normal impact studies, the plate thicknesses 
were 0.8-19.05mm in the case of aluminium and 12.7 or 19.05mm in the case of mild 
steel. In oblique impact, the thicknesses of the plates employed were 3.175 and 6.35 mm. 
The ratio of their plate thickness, t, to projectile diameter, d, was nearly 1/4 and 1/2. 
Initial velocities of projectiles in these experiments were 90-900 m s-1 and maximum 
angle of obliquity was limited to 50 ° to avoid ricochet. 

In this paper we present results of normal and oblique impact of a spinning armour 
piercing projectile on mild steel plates of thicknesses varying from 10 to 25 mm. The 
projectiles were fired using a standard rifle and their impact velocity was about 820 m s- 
in all the tests. In successive tests on plates of each thickness, the angle of obliquity was 
increased from 0 ° (normal impact) until richochet occurred. The incidence and residual 
velocities were measured. The velocity drop versus angle of obliquity curves are presented 
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and influence thereon of the plate thickness is considered. Typical deformed shapes of the 
plates are examined and the influence of plate thickness and the angle of obliquity of the 
projectile impact on both ballistic limit and ricochet is discussed. 

E X P E R I M E N T A L  

The testing arrangement is shown in Fig. 1. Hard core armour piercing projectiles were 
fired using a standard rifle which gave it a velocity of impact of about 820 m s-  1. The 
diameter, weight and length of the projectile core was 6.2mm, 5.2g and 22.6mm, 
respectively. Its Vickers hardness was 790. 

The target plates employed in these tests were in square shapes of about 150 mm side 
length and their thicknesses were 10, 12, 16, 20 and 25 mm. The ratio of the target thickness, 
t, and the projectile diameter, d, thus varied from about 1.6 to 4. 

The material of the plates was mild steel the composition of which was, carbon = 0.15%, 
silicon = 0.025%, phosphorus = 0.020% and manganese = 0.970%. The Vickers hardness 
of these plates was 142 and the yield stress was 327 MPa. 

A target plate was held at a distance of 10 m from the rifle muzzle in a long test range, 
see Fig. 1. To ensure stability of the projectile, the gun used for firing, along with its receiver 
and firing mechanism, was secured to a gun mount with holding devices and adaptors. 
The gun was secured on a level plane and aligned with the target at a working height of 
1.5 m above the ground level. The firing mechanism, of the gun receives the cartridge, locks 
it in place and fires it. The rifling of the gun imparts a spin to the projectile moving through 
the bore and thus permitting the projectile to move foward with a minimum of wobble. 

The target holding fixture was made of slotted iron angles and it could be adjusted 
horizontally or vertically and rotated to allow the angle of impact obliquity to vary from 
0 to 70 °. In present experiments, the angle of obliquity was increased gradually from the 
normal impact until the richochet occurred in each plate thickness. For  the velocity 
measurement, both before and after the perforation, four velocity probes were connected 
to a multi-channel electronic timer as shown in Fig. 1. The velocity probes were made of 
aluminium foils attached to cardboard and fixed on a wooden frame stand. The first two 
probes were placed at 6 and 8 m distances from the muzzle of the gun barrel. The first 
probe started the timer and the second one stopped it. A number of experiments were 
performed to study the drop in velocity of the projectile during its flight and suitable 
correction was incorporated to obtain the impact velocity on the plate which was held at 
10 m distance from the muzzle. Similarly two more velocity probes were placed at 0.2 and 
0.4m behind the target in order to obtain the residual velocity of the projectile after 
complete perforation of the target plate had taken place. The data of the impact velocity, 
Vi, and residual velocity, VR, was thus obtained for mild steel plates of thicknesses 10, 12, 
16, 20 and 25 mm. 

In these experiments, the projectiles were recovered to consider their significant plastic 
deformation or disfiguring, if any, during the impact process. The recovered shot does not 
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FIG. 1. Experimental arrangement for normal  and oblique impact tests. 
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show any significant plastic deformation. The deformed shape of the targets was examined 
and photographed after each test. 

In normal firing, plates of all thicknesses employed in the present tests were perforated 
by the projectiles. In oblique impact, the angle of obliquity for both the ballistic limit and 
ricochet decreased with the increase in the thickness of the target. 

RESULTS AND DISCUSSIONS 

Normal impact 
In normal impact, for the present impact velocity of about 820 m s-~, the employed 

target plates of thicknesses 10 to 25 mm were all perforated. Figures 2(a) and (b) show 
typical frontal and distal damages in a 12 mm thick target plate in a normal impact wherein 
the petals formed on the front face and the area affected by the perforation process as well 
as the bulge at the distal face are clearly seen. For  comparison, the impacted side of a 
damaged plate of thickness 20 mm is also shown in Fig. 2(c). Residual velocity in these 
plates was 661 and 405 m s-  1, respectively. 

The holes formed in the plates of all thicknesses were almost circular, their diameter 
being larger at the entry point than at the exit point. These diameters were measured, both 
at the frontal and distal faces and are plotted against the plate thickness in Fig. 3. The 
results reveal that the hole diameter on front face is much larger than the projectile diameter 
and is quite sensitive to the plate thickness. It is at a minimum for a 12 mm thick plate 
and it begins to increase as the thickness of the plate is increased or decreased. The value 
of this diameter for a 12 mm plate is 1.54 x d, and for a 25 mm thick plate, it is 1.88 x d, 
where d is projectile diameter. 

The diameter of the hole at the rear side, however, has the maximum value of 1.45 × d 
for a 12 mm thick plate, and it reduces to a value almost equal to the projectile diameter 
for the plate of thickness 16 mm or above. 

The reason for these results is that the projectile has a copper jacket, which itself has 
momentum. For  a thin target, the jacket itself can perforate, although it may be stripped 
from the core in the process. For  a thick target the jacket is easily stripped, with far less 
deformation of the target. For  intermediate plate thickness the jacket can be jammed in, 
causing extrusion of the target. 

The impact and residual velocities in the normal tests are tabulated in Table 1. The 
residual velocities are plotted against the plate thickness in Fig. 4. 

From these results, the residual velocity V R in normal impact can be written as 

V R = - k l  t2 + l~i. (1)  

In the present case, for the impact velocity ~ = 820 m s - t ,  and if t is in mm, k 1 = 1.05. 
Equation (1) then becomes, 

V R = - - 1 . 0 5 t  2 + 820. (2) 

From Eqn (2), the thickness of the plate t* for which V~ = 820 m s-1 is the ballistic limit 
is found as 28 mm. 

Equation (1) can alternatively be written as 

v. 
- [1 -- (t/t*)2]. (3) 

Equation (3) is useful in determining the residual velocity V R for a thickness, t, for which 
perforation takes place when the impact velocity, Vi, and the plate thickness, t*, for which 
V i is the ballistic limit, are known. 

Oblique impact 
In oblique impacts, the holes, formed during the perforation are elliptical. A typical 

frontal hole formed in the case of 10 mm thick plate impacted at an angle of obliquity of 



336 N . K .  GUPTA and V. MADHU 

J ~ 

" " ~ .  . . . .  ' " . . . .  , '~'- ' ,~I 

~ i ~ .  ~ " ~ ,, .__ 
, ~1~  "~ : 

,~r ; ~-5~, ~ 

\ 

i . :  ~ • , , ~ ~ ,~"  

• > ~  , ~. • 411~ . -  - ' ~  " , IP"  ~,~ , ,  "~. 

_-  ? ~ ~ 1 ~  "~' 

© 
© 

E 

Ii 

" 0  

o 

(--I 

¢j II 

oO 

Z 

II 

cu0 

E 

,o 
L~ 

. O  c~ 

0 

0j 

oo 

r , .  



Normal and oblique projectile impact 337 

13 - 

12 

E 11 
E 

v 

E 
"10 

~ 8 
o 

7 

_ / e ~ e  Front 

B e'~e / 

/ I 
6 i 

- -  I 
I 
! 

- -  I 

~'o-- -o-  - -  o Rear 
m 

I I I 
10 20 30 

Th i ckness  of  target (mm) 

FIG. 3. Front and rear side crater diameter versus thickness of deformed mild steel plates m normal 
impact. 

TABLE 1. M E A S U R E D  IMPACT AND 

RESIDUAL VELOCITIES IN NORMAL 

IMPACT EXPERIMENTS 

Target Impact Residual 
thickness velocity velocity 

(mm) (ms -1) (ms -1) 

10 827.5 702.2 
12 818.0 661.5 
16 819.7 562.0 
20 820.6 404.8 
25 842.3 107.6 
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FIG. 4. Residual velocity versus target plate thickness in normal impact. 

60 ° is shown in Fig. 5. The impact velocity in this case was 820 m s-1 and the residual 
velocity was 494 m s-  1. From the deformed plates, the major and minor axis of the elliptical 
openings on the frontal face were measured, and their mean is plotted against the plate 
thickness in Fig. 6 for various values of the angles of obliquity. Here also, it is seen that 
the mean value of the lengths of the two axes is minimum for a 12 mm thick plate for all 
angles, and it increases with the increase or decrease in thickness. The higher the angle of 
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FIG. 6. A curve  of mean crater diameter versus thickness of mild steel plate in oblique impact .  

obliquity, the higher this mean value is. The measured values of impact velocity V~ and the 
residual velocity I/R are given in Table 2 for various plate thicknesses and angles of obliquity. 
The residual velocity is plotted against plate thickness for the normal impact as well as 
for the angles of obliquity of 15 and 30 ° in Fig. 7. 
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TABLE 2. MEASURED IMPACT AND RESIDUAL 
VELOCITIES IN OBLIQUE IMPACT EXPERIMENTS 

Target Angle of Impact Residual 
thickness obhquity velocity velocity 

(mm) (~) (ms -l ) (ms -I) 

10 00 827.5 702.2 
10 15 815.0 690.4 
10 30 825.7 654.0 
10 45 790.0 500.0 
10 60 819.9 493.7 
10 61.5 827.9 293.6 
10 62* 821.4 ml 
10 63t  828.9 nil 

12 00 818.0 661.5 
12 15 842.7 671.6 
12 30 801.8 598.0 
12 45 808.0 555.3 
12 57 809.0 368.9 
12 59* 815.3 ml 
12 60t  811.7 nil 

16 00 819.7 562.0 
16 15 817.3 544.4 
16 30 817.7 496.3 
16 45~ 806.1 nil 
16 51" 819.2 nil 
16 55 840.2 nil 

20 00 820.6 404.8 
20 15 779.2 295.6 
20 30 817.5 151.9 
20 45~ 797.3 nil 
20 51" 812.8 nil 

25 00 842.3 107.6 
25 15~ 799.5 nil 
25 50* 819.0 nil 

* Critical ricochet. 
t Ricochet. 
:~ Shot embedded. 
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For k I = 1.05 and V~ = 8 2 0 m s  -1 

F r o m  these values, as given in Table 2, the percentage non-dimensional  velocity d rop  
[ 9 ]  in each case was computed  as 

v i - v .  
V d - - -  × 100. (4) v~ 

The plots of  V d versus the angle of  impact  for various plate thicknesses are shown in Fig. 8. 
F rom these plots, the non-dimensional  velocity drop  V d, can be written as 

V d = exp (k20) + k 3 (5) 

where 0 is the angle of obliquity and k2 and k 3 are functions of  plate thickness t. 
The value of  k 3 is determined by considering that  for normal  impact,  /9 = 0 °, Eqn (5) 

becomes 

(Vd) o = 1 + k 3 (6) 

or k3 = ( Va)o - 1 (7) 

where (Vd) o is the velocity drop  in the normal  impact. 
Now,  from Eqn ( I )  we get 

Vi - VR = k i t  2 (8) 

Vi - VR x 100 = - -  kl t 2 × 100. (9) 
Vi V~ 

Substituting in Eqn (7), we get 

(Vd) o = 0.128 X t 2. (10) 

k 3 = 0.128 x t 2 - 1. (11) 

The points in Fig. 8, which correspond to the 100% velocity drop,  give the ballistic limit 
for each plate thickness. Angles corresponding to the ballistic limit for different plates were 
plotted against the thickness of  the target, as shown in Fig. 9. Fo r  the present projectile 
velocities of  about  820 m s -  1, the angle in degrees, 0 b, for the ballistic limit to occur  in 
plate of  thickness t, is written as, 

0 b = k 4 × (1 - t / t * )  1/2. (12) 

Here t* is the thickness for which the impact  velocity V i is the ballistic limit in the normal  
impact, i.e. for 0 b -- 0 °. Equat ion  (12) fitted the results well for k 4 = 70 °. Substituting for 
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FIG. 10. Photograph showing mild steel plate damage due to critical ricochet of projectile. 

k 3 from Eqn ( 11 ) and for 0 b, the obliquity at ballistic limit for each thickness (for V d = 100% ) 
from Eqn (12), the value of k 2 for each thickness is obtained as 

k2 _ In (100 - -  k3)  (13) 

0b 

With the help of Eqns (11), (12) and (13), Eqn (5) was solved to give the non-dimensional 
velocity drop for any given thickness for which perforation takes place. The equations are 
valid up to the thickness for which the impact velocity V~ becomes the ballistic limit. 
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FIG. 12. Front damage  of mdd steel plate at obhquity  greater than the angle for critical ricochet. 

The results thus computed for the velocity drop compared very well with the experimental 
results as is shown in Fig. 8. 

When fired at an angle, greater than the angle for ballistic limit 0 b, a stage comes when 
the projectile penetrates the plate and comes out of it from the front side itself. In what 
follows, the minimum angle at which this happens is called critical ricochet angle 0c. A 
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typical deformed target, impacted at critical ricochet angle is shown in Fig. 10. The plate 
thickness in this case is 12 mm and the impact angle is 59 °. 

Critical ricochet angle 0c is plotted against plate thickness in Fig. 11; and it can be 
written in degrees as 

0c = 90 - 13 x In(t). (14) 

A comparison of 0 b and 0c reveals that the difference between the angles, for the ballistic 
limit and critical ricochet, increases as the thickness of the plate increases. 

When the target plate is impacted at an angle of obliquity greater than 0c, the projectile 
ricochet occurs without the above (Fig. 10) penetration taking place. Figure 12 shows the 
typical damage due to such ricochet in a plate of thickness 16 mm when impacted at an 
angle of 55 °, which is greater than the corresponding 0~ which was 45 °. 

C O N C L U S I O N S  

Experiments were performed wherein spinning hard core projectiles were fired at a 
velocity of about 820m s -1 at mild steel plates of thicknesses 10-25 mm. In normal 
impact, all these plates were perforated. The diameter of the hole on the front face was 
found to be minimum for the 12mm thick plate and it increased with the increase or 
decrease in the plate thickness, while at distal face the diameter was maximum for 12 mm 
thick plate and for plate of thickness 16 mm or above it was nearly the same as that of 
the projectile. 

Obliquity of impact was increased for each plate thickness until ricochet occurred. 
Incidence and residual velocities were measured. Velocity drop curves are presented and 
relations valid up to the ballistic limit are developed between the velocity drop, thickness 
of plate and angle of obliquity; these match the experimental results well. It is seen that 
the difference between the angles of obliquity for the ballistic limit and the critical ricochet 
increase with the increase in plate thickness. 
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