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ABSTRACT

This study aims to evaluate WC-8Co as a substitution material in a standard steel core projectile commercially
produced by PT Pindad (Persero). The enhanced performance of 5.56 x 45-millimeter ammunition after the addition of
WC-8Co hard metal was evaluated in terms of penetration into a silicon carbide (SiC) target. Numerical simulations
and analysis of the ballistic impact of WC-8Co on ceramic targets were verified by experimental data. The results
show that front core substitution in SS109 bullets from steel (Pindad standard) to WC-8Co resulted in 1.5 times
greater DoP. Although projectiles with steel (Pindad standard) as the front core have a muzzle velocity higher than
those using WC-8Co, they have a lower kinetic energy than the latter. In addition, WC-8Co cemented carbides also
displayed higher crater and residual velocity on SiC targets; around 1.8 and 1.3 times higher, respectively. These
findings demonstrate the potential use of WC-8Co for development as front core material to improve the penetration
of projectiles into ceramic armour.
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core. Tungsten-based materials are those mainly used as

Ceramic materials have been widely used in recent years in
armour applications due to their properties, having a relatively
low density, a high level of hardness, and great compressive
strength!. These ceramic characteristics play a principal role
in increasing ballistic performance, since they potentially
crush the projectiles, thus leading to inefficiency in projectile
penetration®. Despite their advantages, ceramics demonstrate
low tensile strength and high sensitivity toward mechanical
defects. Therefore, many studies have been conducted to
improve ceramic strength and lower its susceptibility to failure
to improve the quality of ceramic armour technology. Several
ceramic materials, including Silicon Carbide (SiC), Silicon
Nitride (Si,N,), Aluminum Oxide (Al0,), and Boron Carbide
(B,O), are widely used in armour applications and have been
employed by the US military. Among these, B,C is considered
the best ceramic armour since it is lighter and harder, but
unfortunately more expensive than other materials®. SiC, on
the other hand, possesses reasonable ballistic performance* at
an affordable price®. Currently, SiC with 99.2 per cent of purity
is employed as a material in armour technology.

Improving the penetration effect of ammunition is often
associated with the choice of material used in the projectile
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core materials in projectiles to change steel material. Some
research on tungsten-based penetrators of silicon carbide has
already been conducted, such as that of Holmquist, Johnson,
and Gooch’, who used WC-6Co as a core material in ARL
BS41 14.5 mm calibre projectiles. WC-6Co was located in the
back position of this position, surrounded by lead and steel.
Lundberg and Lundberg® used tungsten alloy with a diameter
and length of 2 mm and 80 mm as a penetrator, while Behner,
Heine, and Wickert® used tungsten heavy alloy (WHA) (W-Ni-
Fe) with a length of 90 mm and a diameter of 6 mm, and Luo
et al.'’ a length of 40 mm and diameter of 16 mm. Yuan, Tan,
and Goh!! used pure tungsten with a length and diameter of 60
mm and 5 mm as a long rod penetrator. All these penetrators
can perforate SiC targets because material based on tungsten
has a superior density and is very hard. For the same penetrator
dimensions and design, these properties play a major role in
creating a deep depth of penetration (DoP)*.

However, amongst these various tungsten-based
penetrators, the penetration effect of WC-8Co on SiC targets
has yet to be established, especially for an actual small caliber.
Therefore, this research uses the standard 5.56 x 45 mm NATO
projectile design, which is one of the most common types of
bullets used and demanded by the military. In addition, the
NATO 5.56 x 45 mm bullet calibre has been employed by
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the PT. Pindad (Persero) factory in locally-produced weapon
versions known as SS1 and SS2, standing for Assault Rifle-1
and -2 respectively. The original core of this projectile consists
of lead and steel (Pindad standard).

To increase the penetration effect of such ammunition,
material based on WC-Co was chosen to change the position
of the steel (Pindad standard), as this is already known as
a material with an excellent combination of mechanical
and density (around 14 g/cm?®) properties'>'*. Although its
density is lower than WHA (between 17 to 19 g/em?)>17, its
hardness (around is 1600 Hv) is higher than that of WHA,
which is around 250 — 570 Hv'¢?°, while the hardness of steel
(Pindad standard) is around 600 Hv. There also exist tungsten
intermetallic materials (XW,) such as ZrW, and HfW,, which
also have great density and hardness, at around 14 g/cm? and
17 g/cm? 2! respectively. However, their hardness (around 700
and 970 Hv)*'> is lower than WC-Co-based material.

Furthermore, the mechanical property data demonstrate
that WC-Co is approximately twice as hard as steel and
with double the density?*. In addition, WC-Co has a higher
melting point and Young’s modulus than steel, at 2870 °C and

19.6 mm

5.7mm

R 0.5 mm

approximately 530-700 GPa respectively®. In this study, WC-
8Co was chosen rather than WC-6Co because the enhanced
Co percentage can increase the density, fracture toughness, and
bending strength properties?*2*. Therefore, the DoP produced
by this material is expected to be optimum. Moreover, it is
expected that the material could be potentially developed as a
replacement for steel (Pindad standard) core projectiles.

This study was initiated to develop ammunition capability
domestically within Indonesia. In it, the front core standard
5.56 x 45mm projectile ammunition was replaced by WC-8Co,
which was designed to analyse the quantitative and qualitative
damage performance parameters caused by a projectile on a
target material. The performance of WC-8Co cemented carbides
and steel (Pindad standard) as the front core of projectiles
penetrating ceramic targets was comparatively analysed through
experiments. Additionally, a numerical simulation model using
ANSYS Explicit Dynamic software was developed to predict
residual velocity and for further potential use as a reference for
similar materials in terminal ballistics. No previous research
has investigated the residual velocity effect of penetrators
based on tungsten on SiC targets.
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Figure 1. Design and schematic of: (a) the projectile, (b) the main - backing target, and (c) the ballistic test setup.

Table 1. Material specifications of the projectile parts

Projectile component  Mass (g)  Material type

2 (£0.1)
1.1 (x0.1) WC-8Co
0.6 (0.1)  Steel (Pindad standard)

Brass (Cu (90%) - Zn
(10%))

Projectile back core Lead antimony
Projectile front core 1

Projectile front core 2

Projectile jacket 1.3 (£0.1)
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2. METHODOLOGY
2.1 Materials

5.56 x 45mm calibre ammunition, M855/SS109 NATO
standard (STANAG 4172) and SS109 ammunition were
provided by PT. Pindad (Persero). Other projectile components,
such as propellant, primer, casing, projectile back core, and
projectile ammunition jacket were equivalent to those employed
in SS109 PT. Pindad (Persero) ammunition.
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2.2 Projectile Structure

The projectile consisted of three parts: the back core,
front core, and projectile jacket Fig. 1(a). Further, the material
specification of these all parts are shown in Table 1.

2.3 Ballistic Measurements

The ballistic test was performed at PT. Pindad (Persero),
in line with the Standard NATO Agreement (STANAG) 42417,
The ballistic perforation test was performed on an SiC target
using 5.56 X 45 mm armour-piercing WC-8Co cored projectiles.
The experimental setup was created according to the schemee,
as shown in Figure 1(c). To evaluate the penetration of the
projectile, WC-8Co and steel (Pindad standard) used as front
core were tested. The main target was SiC with a thickness of
10 mm; the material employed in this research was equivalent
to the ceramic material used for body armour application-levels

I and IV*, according to Qingdao Newthink New Materials
Co. Ltd. an SiC manufacturing company. The thickness range
of the ceramic layer used in body armour is around 7 mm - 10
mm?!.

The main targets were backed by ballistic plasticine/clay
with a thickness of 150 mm, with a 100 mm air gap behind
them Fig. 1(b). This distance was set to prevent damage to
the backing target, due to the energy distribution from the
fragmentation of projectile and target material. A large air gap
was not used, as it can reduce the penetrating capability of
projectiles®.

The ballistic test experimental procedure consisted of
three main steps: preparation, execution, and evaluation. For
the preparation, the most suitable type of test barrel and sensor
were selected, followed by determination of the firing distance
between the gun barrel muzzle and target. For this study, the

Table 2. Technical WC — 6Co’, tungsten (W) alloy, steel*, lead and brass*, and SiC*” data

Parameter Unit WC-6Co W Alloy Steel Lead Brass SiC
Density kg.m? 14800 17680 7830 10660 8490 3160
Specific Heat JTkg! K! 250 134 477 124 385 0.000
Melting Temperature (Tm) K 1768 1730 1793 760 1189 -
Reference Strain Rate Sec! 1 1 1 0.0001 0.0005 -
Young’s Modulus (E) GPa 620 343 200 55 97 420
Poisson’s Ratio (v) - 0.215 0.28 0.290 0.42 0.310 0.160
Shear Modulus (G) GPa 255 134 77 20 37 193
Bulk Modulus (K) GPa 362 159 41 100 220
Johnson - Cook Strength (JCS) Mode

Initial Yield Stress (A) MPa 3000 1197 600 24 206 -
Hardening Coefficient (B) MPa 89000 580 510 300 505 -
Hardening Exponent (n) - 0.650 0.05 0.260 1 0.42 -
Strain Rate Coefficient (C) - 0.000 0.025 0.014 0.1 0.01 -
Thermal Softening Exponent (m) - 1.000 1.9 1.030 1 1.68 -
Johnson - Cook Failure (JCF) Mode

Failure Model Constant (D1) - 0.000 0.000 0.050 0.250 0.540 -
Failure Model Constant (D2) - 0.002 0.002 3.440 0.000 4.890 -
Failure Model Constant (D3) - -3.000 -3.000 -2.120 0.000 3.030 -
Failure Model Constant (D4) - 0.000 0.000 0.002 0.000 0.014 -
Failure Model Constant (D5) - 0.000 0.000 0.610 0.000 1.120 -
Johnson - Holmquist Strength and Failure Mode

Hugoniat Elastic Limit MPa - - - - - 11700
Intact Strength (A) - - - - - - 0.860
Intact Strength Exponent (n) - - - - - - 0.500
Strain Rate Constant (C) - - - - - - 0.009
Fracture Strength Constant (B) - - - - - - 0.400
Fracture Strength Exponent (m) - - - - - - 1.000
Maximum Fracture Strength Ratio (SFMAX) - - - - - - 0.132
Damage Constant (D1) - - - - - - 0.0612
Damage Constant (D2) - - - - - - 1.000
Bulking Constant (B) - - - - - - 1.000
Hydrodynamics Tensile Limit (T) - - - - - - -750
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distance between the gun muzzle and main target was set at
50 meters. The firing test was performed using three times
for each different projectile type. The impact velocity, muzzle
kinetic energy, and DoP value were measured after the test.
Based on STANAG 4172, the muzzle kinetic energy of 5.56 x
45 mm ammunition is around 1500 J*.

2.4 Numerical Simulation

The numerical simulation analysis was performed with the
aid of the ANSYS Explicit Dynamic Interface. The simulation
consisted of three main steps, which involved drawing the
geometry of the projectile and target; inputting the projectile and
target technical data, and analysing the numerical simulation
model. The geometric figures were generated using CATIA™
V5 software. The technical data included the strength and failure
modes for the projectile and target material, with reference to
the Johnson-Cook and Johnson-Holmquist models respectively
(Table 2). The parameters related to tungsten carbide-cobalt,
steel, and silicon carbide were further investigated.

Furthermore, the complex geometries of the projectiles
and target were created using tetrahedron and multi-zone
meshing with the size of 0.8 — 1 mm, and the initial velocity
for the simulation analysis was determined by the ballistic
test results. The residual velocity, deformation form, and DoP
value were evaluated.

3. RESULTS AND DISCUSSION
3.1 Numerical Simulation Result

The numerical simulation utilised a mesh size of 0.8-1.1
mm with the multizone and tetrahedron methods, involving
35,167 and 39,579 mesh elements for WC — 8Co and steel
(Pindad standard) as the front core of the projectile respectively.
DoP, RV, the volume of the residual projectile, and the impact
phenomenon were obtained from the numerical simulation. The
DoP results obtained were used as validators of the numerical
simulation, and were further compared with the experimental
DoP results from the ballistic test.

Based on the penetration in the numerical simulation, the
DoP was calculated using equation (1). The DoP results relating
to the penetration by WC-8Co and steel (Pindad standard) as
the front core of the projectile can be seen in equations (2) and
(3) respectively.

LBT NS
LDnPiNS = I3 —X PDoPﬁP (N
BT P
e = 0mm 33 > = 34.53mm @)
- 144.526mm
1
g = 0mm 4. 892mm = 24.18mm ()
- 154.432mm
Where
L,psns= DoP obtained from the numerical
- simulation
Lo s = length of backing target from the numerical
simulation

208

Table 3. Comparison between the DoP data from the experiment
and numerical simulation of a projectile with a front
core of WC — 8Co and steel (Pindad standard)

DoP average (mm)

Projectile type (Front core) Experiment Numerical
simulation

WC -8Co 36.65 34.53

Steel (Pindad standard) 24.24 24.18

Table 4. WC-8Co technical data for the numerical

simulation

Parameter Unit Front Core
of WC - 8Co

Density kg.m? 14800
Specific Heat Jkg!' K 250
Melting Temperature (Tm) K 1768
Reference Strain Rate Sec’! 1
Young Modulus (E) GPa 620
Poisson’s Ratio (v) - 0.215
Shear Modulus (G) GPa 255
Bulk Modulus (K) GPa 362
Johnson - Cook Strength (JCS) Mode
Initial Yield Stress (A) MPa 1020
Hardening Coefficient (B) MPa 867
Hardening Exponent (n) - 0.440
Strain Rate Coefficient (C) - 0.020
Thermal Softening Exponent (m) - 1.750
Johnson - Cook Failure (JCF) Mode
Failure Model Constant (D1) - 0.030
Failure Model Constant (D2) - 1.720
Failure Model Constant (D3) - -1.100
Failure Model Constant (D4) - 0.000
Failure Model Constant (D5) - 0.310
Damage Constant (D1) - -
Damage Constant (D2) - -
Bulking Constant (B) - -

Hydrodynamic Tensile Limit (T) - -

DoP obtained from the picture capture
length of backing target from the picture
capture

Table 3 shows a comparison of the DoP data from the
numerical simulation and experimental results. It indicates that
the simulation is very close to the experimental results, so can
be utilised for further study.

The numerical simulation used technical data based on
Table 2 for the steel (Pindad standard) as front core, lead
as back core, brass as jacket, and SiC as target, but not for
the WC-8Co as front core. The WC-6Co and W alloy data
presented in Table 2 were not suitable for producing a DoP

DoP P

LBT_P
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similar to that of the experimental test for the penetration of
WC-8Co as front core projectile. Therefore, the technical data
in Table 2 were optimised for the WC-8Co; these optimisation
results can be seen in Table 4. The data were optimised using
the iteration process. Because the point of interest of the
numerical simulation was the residual velocity parameter.
In which this parameter has a linear relation with impact
energy***°, which itself has a linear relation with DoP?*.
Therefore, to obtain the best value of this parameter, the DoP
generated from the numerical simulation must be close to the
DoP value from the ballistic test. The simulation used the
basic properties of WC-8Co from its experimental data. In
addition, the values of the JCS and JCF mode for WC-8Co
used modified values of JCS and JCF from steel by Johnson
and Cook®, because in this numerical simulation the JCS and
JCF values for steel can generate a DoP that is similar to that
of the experiment, which was produced by a projectile with a
steel (Pindad standard) core. Theoretically, the strength values
have a linear relation with the DoP, while the failure values
are inversely proportional to the DoP. Therefore, JCS and JCF
values from steel were multiplied and divided by the DoP ratio
from the ballistic test.

3.2 Residual Velocity Effect on DoP at the Backing

Target

Two projectile types were used for the study, with the
difference between them only being the material type at the front
of the projectile core. WC-8Co was employed for the front core
of projectile A, while in projectile B steel (Pindad standard)
was used. WC-8Co possesses a superior density (14.80 g/cm?)
and hardness (1675.29 Hv) to steel (Pindad standard), with the
density and hardness of steel (Pindad standard) being 7.83 g/
cm® and 656.43 Hv. In addition, the target SiC material has
the highest hardness, at arond 2550 Hv. On the other hand,
WC-8Co demonstrated the highest density, followed by steel
(Pindad standard) and SiC*.

The density of WC-8Co is 1.89 times higher than that of
steel (Pindad standard). Consequently, although the volume
size of the front core of both projectiles was the same, their

masses were different. Therefore, the mass of the WC-8Co
core projectile was 1.125 times higher than that with a steel
(Pindad standard), at 4.5 and 4.0 grams respectively. Since the
kinetic energy equation shows the linear correlation between
mass and kinetic energy, higher mass results in higher energy
kinetic, and vice versa. Even though a higher mass can reduce
the projectile velocity, in this case the velocity gap has no great
effect on the kinetic energy produced. Therefore, the projectile
with WC-8Co as the front core still had greater kinetic energy
than that with steel (Pindad standard). Indirectly, the higher
mass projectile will thus also generate a greater DoP. The
experimental data show that the kinetic energy has a linear
relation with the DoP, with a high kinetic energy generating
a greater DoP, and vice versa. In the experiment, the WC-
8Co and steel (Pindad standard) core projectiles produced an
average kinetic energy of 1733.57 joules and 1576.20 joules
respectively, and an average DoP of 39.45 mm and 21.88 mm.
Based on the data, the projectile with a front core of WC-
8Co generated a DoP 1.5 times greater than the steel (Pindad
standard) projectile, in terms of the main SiC target.

Figure 2 shows that based on the numerical simulation,
the residual velocity for the WC-8Co projectile jacket was
lower than that of the steel (Pindad standard) core projectile,

1200 -

626.35

Residual Velocity (m/s)

400 - 364998 . o, -
s T e 12076
0 - .----—---I--------'.69.25
WC-8Co Core Projectile Steel (Pindad Standard) Core
Projectile

= @=Jacket Projectile =+ Front Core Projectile ===Back Core Projectile

Figure 2. Residual velocity (RV) from the numerical simulation
method for each component from projectile with front
core of WC — 8Co and steel (Pindad standard).

Table 5. DoP and crater diameter data of WC-8Co and steel (Pindad standard) front core projectiles on penetration of the backing

target, plasticine clay

DoP of plasticine (150 mm)

Diameter (mm)

Projectile Sample

type number 1 2 3 Average X y Average
1 35.14 35.96 37.01 36.04 38.10 40.77 39.44
2 35.39 35.54 37.24 36.06 41.43 43.39 42.41

WC - 8Co
3 37.31 37.86 38.41 37.86 35.23 37.76 36.50
Average 35.95 36.45 37.55 36.65 38.25 40.64 39.45
1 28.72 29.01 29.23 28.99 30.61 32.14 31.38

Steel (Pindad 2 24.08 24.62 24.71 24.47 18.29 20.07 19.18

standard) 3 18.11 19.05 20.64 19.27 14.83 1532 15.08
Average 23.64 24.23 24.86 24.24 21.24 22.51 21.88
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while the residual velocity of the front and back core of the
WC-8Co projectile was higher than the corresponding steel
(Pindad standard) projectile. The average residual velocity of
the WC-8Co and steel (Pindad standard) core projectiles was
339.28 and 266.94 m/s respectively. These findings indicate
that the penetration of the projectile with a front core of WC-
8Co generated a residual velocity 1.3 times higher than that of
the projectile with a steel front core.

The extent of the residual velocity is influenced by the
level of impact kinetic energy, with a higher energy generating
a higher residual velocity. Moreover, the residual velocity
affects the size of the DoP results; a higher residual velocity
generates a higher DoP, and vice versa. This can be explained
by the fact that after the projectile has perforated the target, one
with a higher residual velocity can penetrate deeper than one
with a lower residual velocity. In addition, the difference in the
level of residual velocity in each projectile component (jacket,
front core, and back core) is dependent on the hardness of the
material of each projectile component. More details of this will
be given in the following section.

3.3 Hardness Effect on the Diameter Crater at Backing
Target
From three firings, the WC-8Co and steel (Pindad standard)
core projectiles generated average crater diameters of 39.45 mm
and 21.88 mm respectively (Table 5). Based on these data, the
projectile with a front core of WC-8Co created a crater diameter

1.8 times larger than that with a steel (Pindad standard) front
core. This was caused by the quantity of residual projectile,
with the numerical simulation results showing that the residual
from the WC-8Co core projectile was greater than that of the
steel (Pindad standard) core projectile (Fig. 3). Figure 3 also
illustrates that after perforation of the SiC target, the WC-8Co
core projectile had a front core residual greater than that of the
steel (Pindad standard) equivalent. Additionally, the volume of
the residual jacket of both projectiles was smaller than that of
the front and back core. This possibly occurred as the jacket
was the first projectile component to hit the target material in
the penetration process. Moreover, the hardness of the jacket
is considerably lower than that of the other components, at
around 52 BHN*!. The residual back core of both projectiles
demonstrates the highest residual velocity, since it was the last
component to hit the target material (SiC). In addition, the loss
mass of the jacket and front core after perforation of the SiC
was converted into energy.

In addition, based on Figure 3, after both projectiles had
perforated the SiC target, that with the front core of WC-8Co
generated a smaller volume of residual jacket than that with a
front core of steel (Pindad standard), with most of WC-8Co
jacket left on the surface of the backing target. This can be
explained by the fact that the experiment data demonstrate that
a large quantity of jacket projectile was found on the surface
of the backing material from the perforation by the WC-8Co
core projectile, while only a small quantity was found after

(d)

()

(H

Figure 3. Residual projectile from the front core (a, d); the back core (b, e); and (¢, f) the jacket for the projectile with a front core

of WC-8Co (a-c) and steel (Pindad standard) (d-f).
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the perforation of the steel (Pindad standard) core projectile
(Fig. 4). This was because WC-8Co is harder than steel (Pindad
standard). When the jacket of the front core of the WC-8Co
projectile hit the SiC surface, it experienced significant erosion
in two directions, from the front (SiC) and back (WC-8Co) of
the jacket projectile. As a result, the jacket was highly eroded
and left a mess on the surface of the backing target. It was
different when the jacket of the front core of steel (Pindad
standard) hit the SiC surface, as it experienced notable erosion
in one direction only, from the SiC at the front of the jacket
projectile. Therefore, the projectile jacket did not greatly erode,
and was only broken up into multiple smaller fragments during
the perforation process. These findings are also supported by
the research of Behner et al.’, in that the particular erosion that
occurred on the projectile was caused by the ceramic target,
even though the target did not have a lateral stockade.

Figure 5 shows the crater on the backing target, indicating
that the penetration of the projectile with front core of WC-
8Co generated a circular crater. In contrast, the penetration

of the projectile with a front core of steel (Pindad standard)
produced an irregular crater with small holes on the surface
of the backing target. These holes were probably caused by
penetration of small fragments from a projectile component,
such as the projectile jacket. Since this has insignificant
hardness, the resulting fragment size is relatively small.

The size of the residual projectile was influenced by the
hardness of the front core of the projectile. During the perforation
process of the WC-8Co front core of the SiC main target, the
projectile was eroded due to its hardness. In addition, SiC is
harder than both projectiles; Crouch** and Bracamonte et al.*
state that the hardness of the main target material plays a role
in enhanced ballistic resistance. However, since the projectile
material is also very hard and strong, the major erosion and
deformation effect on the SiC could be minimised.

Moreover, as the front core, WC-8Co can protect the back
core better than steel (Pindad standard). As result, the back
core of the projectile with WC-8Co produced a higher residual
velocity than the steel equivalent. The impact velocity of the

Figure 4. Fragment of the residual projectile (red circle) from WC-8Co (a-¢) and steel (Pindad standard) (d-f) as the front core of

the projectile on the surface of the backing target.

projectile with a steel front core was higher than that of WC-
8Co; on the contrary, the WC-8Co residual velocity was higher
than the projectile with front core of steel (Pindad standard).
This shows that the hardness of WC-8Co plays an important
role (besides the impact of kinetic energy) in minimising the
erosion effect of SiC as the target material.

In addition, after perforating the SiC target, the projectile
with the front core of WC-8Co experienced lower stress than
that with a steel (Pindad standard) front core (Fig. 6a and Fig.
6¢). The highest strain on the steel projectile was 688.51 MPa.
As the value of yield stress of this steel is 600 MPa, the stress
experienced by the projectile was over the elastic area, so this
projectile got permanent deformation. On the other hand, the
projectile with WC-8Co as the front core had the highest stress

of 1118 MPa, which is lower than the yield stress of WC-8Co,
with the initial yield of WC-8Co in the simulation being 1020
MPa.

From the strain data, it can be seen that the projectile
jacket and rest of the front core area of the projectile using
steel (Pindad standard) experienced the highest strain, while its
back core only experienced minor strain as it was covered by
the steel (Pindad standard) used in the front core. Such plastic
strain takes place in almost all areas of this projectile. On the
other hand, for the projectile with the WC-8Co front core, the
greatest strain was experienced in at the front of the front core
and in the area between the front and back cores. However, the
plastic strain on this projectile was smaller than on the steel
projectile (Fig. 6b and Fig. 6d).

211



DEF. SCI. J., VOL. 72, NO. 2, MARCH 2022

(d)

Figure 5. Crater diameter generated by WC-8Co (a-c) and steel (Pindad standard) (d-f) as the front core of the projectile on the
backing target (plasticine clay).

: 0o 5,000 10,000 {men)
22 —EEaaaaa—— Saaaaaaa—

(2)

Figure 6. Equivalent (Von-Mises) stress and strain for steel (Pindad standard) (a-b) and WC-8Co (c-d) as the front core of the
projectile.
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Figure 6. Equivalent (Von-Mises) stress and strain for steel (Pindad standard) (a-b) and WC-8Co (c-d) as the front core of the

projectile.

4. CONCLUSION

In summary, our study has demonstrated that the projectile
using WC-8Co for its front core in terms of 5.56 x 45 mm calibre
ammunition showed greater performance in penetrating the SiC
target compared to the steel (Pindad standard) core projectile.
This projectile also was capable of respectively generating
1.5 and 1.8 times greater DoP and craters than the projectile
with front core of steel (Pindad standard). Additionally, the
projectile with WC-8Co as its front core also produced 1.3
times higher residual velocity than the steel (Pindad standard)
core projectile. The kinetic energy impact of the projectile had
a linear correlation with DoP and residual velocity, while the
hardness of the projectile core exhibited an inverse relation with
the volume of the residual projectile. The greater the hardness
of the projectile, therefore, the lower the volume of the residual
projectile residual and the bigger the crater generated. These
findings indicate the potential development of WC-8Co as front
bullet core material to improve the penetration of projectiles
into ceramic armour.
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