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Experimental study of the fragmentation of hard cores of wolfram carbide during
penetration in armour steel plates

1 INTRODUCTION

Numerical codes, e.g. Autodyn are widely used for simulations purposes during impact and
penetration of projectiles into targets. To validate the computer simulations, an experimental
study of fracturing of sintered wolfram carbide-cobalt penetrators have been carried out by
shooting inert 12.7 mm MP projectiles into armour steel plates of 22 mm. Also a witness plate
was inserted 37 cm from the rear part of the armour target plate. Thus the effect of the target
on the hard core could be more clearly observed.

The experimental results are delivered as a part of a research to study the penetration
capabilities of hard cores of ceramic materials. The material models are complicated and
unknown. The producing company typically gives some material parameters. But, in general
the delivered parameters are insufficient to construct material models.

We found that with an impact velocity of 950 m/s the hard core penetrated the 22 mm target
but fractured. The fracturing most likely took place late in the target or during exit of the
target. Thus, often the exit hole of the target was slightly expanded compared to the entrance
hole. For 820 m/s impact velocity, the hard core also penetrated the target. The fracturing at
this 820 m/s most likely took place during exit or very late in the target. The exit hole of the
target was of the same size as the entrance hole. Also, some shots (25 %) indicate undamaged
hard cores. By studying the fragmentation pattern in the witness plate behind the target, we
suggest that some of the hard cores were weakened due to the penetration through the target,
but most likely appear visually as intact.

In general the results indicate that the strength of the hard core is marginal. The different
penetration scenarios could indicate that the penetration capabilities can be reduced when
increasing the impact velocity above 950 m/s due to increased damaging of the hard core. Also
increased target strength could reduce the penetration capability significantly.



2 THE EXPERIMENTAL SETUP

Figure 2.1 shows the experimental setup. The firing range is about 6 m. The target and witness
plate is of armour steel and is placed ca. 37 cm behind the target plate of armour steel.

Figure 2.1: The experimental setup of target and witness plate.



3 RESULTS

Two different impact velocities were used to study the fragmentation pattern.

3.1 Shots with impact velocities of 950 m/s at 22 mm armour steel target

The figures below show the holes and the fragmentation pattern for the shots with impact
velocities of 950 m/s.

Shot no. 1

Target plate
Entry hole Exit hole Cross-section

Figure 3.1

Witness plate

Figure 3.2

Hypothesis: The indefinite mark in the witness plate indicates that hard core was fractured
before hitting the witness plate.
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Shot no. 2

Target plate

Entry hole Exit hole Cross-section

Figure 3.3

Witness plate

Figure 3.4

Hypothesis: Hard core was weakened after penetrating the target plate but most likely appears
as intact. The hard core fragmented completely when hitting the witness plate. Small fragments
from the hard core are stuck in the witness plate.
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Shot no. 3

Target plate
Entry hole Exit hole Cross-section

Figure 3.5

Witness plate

Figure 3.6

Hypothesis: Due to multiple marks in the witness plate, the hard core has been fractured before
impact with the witness plate.
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Shot no. 4

Target plate
Entry hole Exit hole Cross-section

Figre 3.

Witness plate

iure 38

Hypothesis: The slightly deformed exit hole indicates that the hard core was fractured before
leaving the target plate.
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Shot no. 5

Target plate
Entry hole Exit hole Cross-section

Figure 3.10

Hypothesis: The deformed exit hole indicates that the hard core was broken before leaving the
target plate.
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Shot no. 6

Target plate
Entry hole Exit hole Cross-section

Figure .11

Witness plate

Figure 3.12

Hypothesis: The indefinite mark in the witness plate indicates that hard core was fractured
before hitting the witness plate.
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Shot no. 7

Target plate
Entry hole Exit hole Cross-section

Figure 3.13

Witness plate

Figure 3.14

Hypothesis: The large and deformed exit hole indicates that the hard core was fractured before
exit of the target plate.
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Shot no. 8

Target plate
Entry hole Exit hole Cross-section

:"1; F .:"i.'- -
Figure 3.15

Witness plate

Hypothesis: The hard core was fractured before exiting the target plate, due to the large exit
hole. The only visible mark in the witness plate is the shape of a fragment from the hard core
with length ~1 cm.
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3.2 Shots with impact velocities of 820 m/s at 22 mm armour steel target

The figures below show the holes and the fragmentation pattern for the eight shots with impact
velocities of 820 m/s.

Shot no. 9

Target plate
Entry hole Exit hole Cross-section

Figure 3.17

Witness plate

Figure 3.18

Hypothesis: Based on the multiple marks in the witness plate, the hard core must have been
fragmented before impact with the witness plate.
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Shot no. 10

Target plate
Entry hole Exit hole Cross-section

Figure 3.19

Witness plate

Figure 3.20
Hypothesis: No indication in the witness plate that the hard core was damaged. The hard core

was found after the shot and the front part was absent. (Ca. 1,2 cm of the front part was
missing.) It is likely the hard core was not fractured before hitting the witness plate.
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Shot no. 11

Target plate
Entry hole Exit hole

Figure 3.21

Witness plate

Figure 3.22

Hypothesis: Fractured before impacting witness plate. By studying the witness plate we
observe the indentation of the front of the hard-core with some small marks around. Thus
suggesting that only the front part of the hard core was undamaged before hitting the witness
plate.
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Shot no. 12

Target plate
Entry hole Exit hole

Figure 3.23

Witness plate

Figure 3.24

Hypothesis: No indication that the hard core was fractured or damaged.
However some small fragments from the hard core was found after the shot. It is likely the
hard core was undamaged before hitting the witness plate.
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Shot no. 13

Target plate
Entry hole Exit hole

Figure 3.25

Witness plate

Figure 3.26

Hypothesis: Fractured before impacting the witness plate. The front part of the hard core has
been somewhat weakened but not fractured before impacting the witness plate. However, some
fragments, most likely from the rear part of the hard core, seem to have broken loose before
impact and made the small marks in the witness plate. After impact with the witness plate the
front part of the hard core fractured.
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Shot no. 14

Target plate
Entry hole Exit hole

Figure 3.27

Witness plate

Figure 328

Hypothesis: The hard core has not been fractured but weakened before hitting the witness
plate. At impact the rear part of the hard core fragmented, thus making the fine radial marks

around the impression. A larger fragment from the hard core has ripped off a flake from the
witness plate.
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Shot no. 15

Target plate
Entry hole Exit hole

Figure 3.9 o

Witness plate

-
(o
¥

Figure 3.30

Hypothesis: Fractured before impacting the witness plate. The indefinite mark in the witness
plate strongly suggests this interpretation.
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Shot no. 16

Target plate
Entry hole Exit hole

Figure 3.31

Witness plate

Figure 3.32

Hypothesis: Hard core was not fractured, but was weakened before impacting the witness
plate. At impact with the witness plate, the rear part fragmented and the fragments made the
small marks in the plate. The front part of the hard core fractured and was stuck in the plate.
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820 m/s: 8 shots, inert projectiles

25

Summary, 22 mm armour steel target

e 4 cases of a), 2 did not fracture, 2 fractured in witness plate
e 4 cases of b), fractured before witness plate
Suggestion: Fracturing after exit.

950 m/s: 8 shots, inert projectiles

1 case of a), fractured in witness plate (b?)
3 cases of b), fractured before witness plate
4 cases of c), fractured in target

0 cases of d)

Suggestion: Fracturing in target or during exit.

1 fragment
at the rear

Several
fragments
at the rear

Several
fragments
atthe rear

[y

Mo
d) penetration

The hard cores that supposedly fractured in the witness plate were most likely weakened before
impact. The hard cores that supposedly fractured before witness plate, fractured on exit of the
target plate or very late in the target plate.

Table 3.1 show calculated exit hole radii by assuming a constant entrance hole and an exit hole

corresponding to the frustum of a cone. Shots 11-16, at a velocity of 820 m/s, are not shown in the
table, but they give equal exit and entrance holes as shot 9 and 10. Exit holes with no deformation

have a diameter of 3.5 mm. Shot no. 8 has the largest exit hole which is approximately twice the
radius of the entrance hole. None of the shots at 820 m/s has deformed exit holes.

Date Shot no. |Velocity [m/s] |Volume of hole [mL]| Exit hole radius [mm]*
26-Nov-2003 1 950 1.12 35
2 950 112 35
3 950 112 35
4 950 1.6 4.7
5 950 2.2 6.0
27-Nov-2003 6 950 112 35
7 950 1.8 5.2
8 950 2.9 7.1
1-Dec-2003 9 820 1.12 35
10 820 112 35
11 820 112 35
12 820 1.12 3.5
13 820 1.12 35
14 820 1.12 3.5
15 820 112 35
16 820 1.12 3.5

Table 3.1: Cavity volume in target. (*Calculated from volume measurements and an entry hole
diameter set to 7 mm)
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Table 3.2 shows calculated radial expansion velocities of the fragments behind the target plate for
MP 12.7 mm projectiles and inert projectiles. The shots in table 3.2 are not a part of the shooting
series in chapter 3.1 and 3.2. The expansion velocity 1 correlate to distance 1 and so forth.

Expansion area 1* |Expansion area 2**| Residual | Expansion | Expansion | Expansion | Expansion
Distance | Distance | Distance | Distance | velocity | velocity 1 | velocity 2 | velocity 3 | velocity 4
Date Ammunition 1fcm] | 2[cm] | 3[cm] | 4[cm] [m/s] [m/s] [m/s] [m/s] [m/s]
11.11.2003 | MP (penthrite) 53 4.3 2,2 0,8 400 59 48 24 9
" MP (penthrite) 11,3 11,2 15 1,4 400 126 124 17 16
12.11.2003 |MP-T (penthrite) 10 8,4 1,4 15 400 111 93 16 17
MP-T (penthrite)| 6,5 10,7 1,3 1,7 400 72 119 14 19
MP-inert 5 84 0,6 18 400 56 93 7 20
MP-inert 5,6 4,1 1,1 1 400 62 46 12 11
MP-inert Malfunction, failed to hit target plate
MP-inert 6,4 8,5 2,7 2,3 400 71 94 30 26
MP-inert 6,2 4 2,6 2,6 400 69 44 29 29

Notes: *Expansion area 1: The whole area of fragment hits in the witness plate enclosed in a quadrangle area.
**Expansion area 2: The two largest penetration holes in the witness plate enclosed in a quadrangle area.

The distances are measured from the centre to each side of the quadrangle. All distances are in [cm]

Distance to witness plate 37 cm.

Table 3.2: Expansion of sintered WC-Co projectiles after penetration of armour steel plates
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3.4 Shots with impact velocities of ~970 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the four shots with impact
velocities of ~970 m/s against 40 mm armour steel targets (ARMOX 370).

Fiure 3.34
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Figure 3.35

-

Figure 3.36
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35 Shots with impact velocities of ~950 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the three shots with impact
velocities of ~950 m/s against 40 mm armour steel targets (ARMOX 370).

— -

Figure 3.38
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Figure 3.39
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3.6 Shots with impact velocities of ~940 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the eight shots with impact
velocities of ~940 m/s against 40 mm armour steel targets (ARMOX 370).

Figure 3.40
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Figure 3.44
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Figure 3.46
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Figure 3.47
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3.7 Shots with impact velocities of ~890 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the three shots with impact
velocities of ~890 m/s against 40 mm armour steel targets (ARMOX 370).

- = _—— =
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Figure 5.48
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3.8 Shots with impact velocities of ~870 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the two shots with impact
velocities of ~870 m/s against 40 mm armour steel targets (ARMOX 370).

Figure 3.51

Figure 3.52
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3.9 Shots with impact velocities of ~860 m/s at 40 mm armour steel targets

The figures below show the holes and the fragmentation pattern for the eight shots with impact
velocities of ~860 m/s against 40 mm armour steel targets (ARMOX 370).

Figure 3.53
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Figure 3.54

Figure 3.55



Figure 3.56

Figure 3.57
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Figure 3.59
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Figure 3.60

4 CONCLUSIONS

With an impact velocity of 950 m/s the hard core penetrated the 22 mm thick target, but it
fractured. The fracturing most likely took place late in the target or during exit of the target.
Thus, often the exit hole of the target where expanded compared to the entrance hole.

For an impact velocity of 820 m/s, the hard core also penetrated the target. The fracturing at
this velocity most likely took place during exit of the target. The exit hole of the target was of
the same size as the entrance hole. Also some shots (25 %) indicate undamaged hard cores. By
studying the fragmentation pattern in the witness plate behind the target, we suggest that some
of the hard cores were weakened due to the penetration through the target plate, but most likely
appears as intact.

Above 950 m/s the hard core showed large plastic flow and fracturing in the 40 mm target. By
comparing with the strength model of the hard core established from quasi-static compression
experiments, we conclude that the strain rate dependency is small and most likely negligible.

In general the results indicate that the strength of the hardcore is marginal. The different
penetrations scenarios could indicate that the penetration capabilities can be reduced when
increasing the impact velocity above 950 m/s due to increased damaging of the hard core. Also
increased target strength could reduce the penetration capability significantly.
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APPENDIX

The armour steel plate has the following material properties

DATA SHEET

ARMOX 370T

(ARMOX 3705 C 9540X0052, MIL-A-12550, ARMOX 816 MVEE 816, ARMOX 370 TL 2350-0000)

2000-06-06
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