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Abstract

This paper numerically investigates the ballistic performance of rigid and coated projectiles impacting
aluminum targets, with an emphasis on the effect of friction between the projectile components and the
target. Simulations were conducted using Abaqus/Explicit to model vertical and oblique impacts on
aluminum targets with thicknesses of 25 and 76 mm. The results were validated against experimental
data and analytical models. The findings indicate that in vertical impacts, increased friction between the
coating and the target enhances residual velocity and penetration depth, while increased friction between
the core and the coating reduces these parameters. In oblique impacts, higher friction leads to reduced
penetration and an increased likelihood of ricochet. The results include residual velocities, penetration
depths, crater diameters, and energy analyses, providing insights for optimizing anti-armor designs.

Keywords: Coated projectile, vertical impact, oblique impact, friction effects, aluminum targets, Abaqus
simulation.

1- Introduction
The penetration of anti-armor (AP)

projectiles into metallic targets is a critical
and widely applied area in the field of

characteristics, such as protecting the
weapon barrel from wear and enhancing
penetration performance in targets [2,3].
The coating of these projectiles interacts

ballistics, playing a significant role in the
design and development of military and
civilian armor [1]. These projectiles, due to
their ability to penetrate hard and resistant
materials, hold particular importance in
defensive and offensive applications.
Coated projectiles, consisting of a hard core
(e.g., tungsten or hardened steel) and a soft
coating (e.g., brass or copper), offer
significant  advantages over simple
projectiles due to their unique

with the target surface during the initial
stages of penetration, facilitating core
separation through friction and
deformation, which contributes to deeper
penetration of the core into the target [4].
This feature enables coated projectiles to
exhibit superior performance against
metallic targets, such as aluminum or steel.
Previous studies have shown that multiple
factors, including the target material, its
thickness, the projectile’s nose shape, initial
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velocity, and impact angle, influence the
penetration process and ballistic behavior
[5,6]. In aluminum targets, particularly
alloys like AL6061-T6, which are widely
used in military and aerospace industries
due to their lightweight and adequate
strength, phenomena such as petalling
(formation of metal petals at the penetration
site) and plugging (detachment of a portion
of the target) have been extensively
observed [7,8].

These phenomena are highly dependent on
the mechanical properties of the target and
the impact conditions. However, the role of
friction as a key parameter in the interaction
between the projectile’s coating and the
target, or between the core and the coating,
has received less attention [9]. Studies by
Gupta et al. have focused on vertical and
oblique impacts of projectiles on metallic
targets, but comprehensive parametric
analyses regarding the effect of friction in
coated projectiles remain limited [1,10].
This gap in prior research highlights the
need for a more detailed investigation of
friction effects [11,12].

This study aims to address this research gap
by numerically investigating the effects of
friction on the ballistic performance of
coated projectiles at an initial velocity of
742 m/s. Simulations conducted using
Abaqus/Explicit software enable a detailed
analysis of the projectile’s behavior during
vertical and oblique impacts on aluminum
targets. The results of these simulations
have been compared with experimental data
and existing analytical models to ensure
their accuracy and validity [12,13]. The
primary objective of this research is to
provide deeper insights into improving the
design of anti-armor projectiles by fine-
tuning the friction coefficients between the
coating and the target and between the core
and the coating. Such adjustments can

optimize ballistic performance, enhance
penetration or target destruction, and reduce
the likelihood of ricochet at oblique impact
angles [14,15].

In recent years, numerous studies have
investigated projectile impact on targets
under various numerical and experimental
conditions, highlighting the importance of
modeling parameters such as projectile—
target interaction, contact models, and
frictional conditions. For example, Cao and
Fan [16] presented a numerical model for
the penetration process of a deformable
projectile into a metal plate, which more
accurately captures the interaction between
the projectile and the target. In addition, Wu
etal. [17] analyzed penetration performance
and residual velocity prediction in reactive
powder concrete by integrating mesoscopic
simulations with experimental tests. Other
studies, such as the work by Tao et al. [18],
examined projectile penetration into thin
concrete targets at different impact angles,
demonstrating the influence of impact
direction on  penetration  outcomes.
Furthermore, Mohammadi et al. [19]
analyzed the dynamic behavior of nano-
alumina—reinforced targets under projectile
impact, providing guidance for improving
target resistance. Moreover, Xiaodong et al.
[20] investigated the penetration depth of
projectiles into  ultra-high-performance
concrete targets through both simulations
and experiments.

The findings of this study are expected to
assist designers and engineers in developing
advanced munitions and more resilient
armor. The main novelty of this study lies
in a comprehensive numerical investigation
of friction effects in coated projectiles by
independently considering coating—target
and core—coating friction under both
vertical and oblique impact conditions. The
results reveal opposite roles of friction in
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normal and oblique impacts and provide
clear design guidelines for optimizing
penetration performance and target damage.

2- Simulation modeling

Simulations  were conducted  using
Abaqus/Explicit. Rigid projectiles (steel
core) and coated projectiles (tungsten core
with brass coating) were modeled.
Aluminum targets with thicknesses of 25
and 76 mm and AL6061-T6 properties were
considered. The Johnson-Cook model was
applied for the target and coating [21].
Friction coefficients between the coating
and target (0 to 0.4) and between the core
and coating (0 to 0.3) were varied. Meshing
was optimized with 0.5 mm elements at the
impact site.

Two anti-armor projectiles with hard cores
were used in this study, as shown in Fig. 1
One projectile has a steel core with a copper
jacket, and the other has a tungsten core
with a brass jacket. According to the
laboratory tests reported in reference [22],
no significant deformation was observed in
the steel-core projectile; therefore, this
projectile was modeled as a rigid and
integral body. In addition, ballistic tests
conducted with the tungsten-core projectile
showed that its core remained unchanged
compared to its pre-impact condition.
Consequently, this projectile was modeled
with a rigid core and a deformable jacket. In
this study, the term rigid projectile refers to
the steel-core projectile, while the term
jacketed projectile refers to the tungsten-
core projectile [22].

= e

Fig. 1 Real images of the steel-core projectile (left)
and the tungsten-core projectile (right) [22].

The length of the rigid projectile is 34.55
mm, its diameter is 7.84 mm, and its mass
is 9.28 g. The exact dimensions of the
projectile and the geometry modeled in the
software are shown in Fig. 2. To reduce
computational time and cost, and
considering the symmetry of the projectiles
and targets under normal (vertical) impact
conditions, only one quarter of the
geometries was modeled.
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Fig. 2 Exact dimensions and the rigid projectile
model used in the simulation [22].

The jacketed projectile has a conical-shaped
core. The total mass of the projectile is 11.6
g, and the mass of the tungsten—carbide core
is 5.1 g. The geometry and dimensions of
the different parts of the projectile, as well
as the modeled geometry of the jacket and
core in the simulation, are shown in Fig. 3.

-1 10.50 ~
-—27.00—

CORE

i ¢ 1 -—20.00—~
Fig 3. Exact dimensions of the jacketed projectile,
showing the jacket and core separately and in the
assembled configuration in the simulation [22].

The entire steel-core projectile was
modeled as a rigid body; therefore, no
material properties were assigned to it.
Similarly, the core of the tungsten-core
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projectile was modeled as rigid, while the
brass jacket of the projectile, made of
ZnCu30 alloy, was modeled as deformable.
The Johnson—-Cook material model was
employed to define the strength and failure
behavior of the jacket.

The target material was aluminum alloy
Al6061-T6, and its physical and mechanical
properties were extracted from reference
[22] and assigned accordingly. The
Johnson—-Cook constitutive model was
selected to simulate the strength behavior of
the target material. To model the failure of
the aluminum target, which is a relatively
soft metal, the Bao—Wierzbicki fracture
criterion was used.

An initial velocity condition v, was applied
to both projectiles in the negative y-
direction. Based on the experimental test
observations reported in [22], initial
velocities of 770 m/s and 742 m/s were
assigned to the rigid projectile and the
jacketed projectile, respectively.

For the 25-mm-thick target, residual
stresses remained due to the rolling process
applied during manufacturing. These
stresses were incorporated into the
simulation as initial pre-stresses. The
residual stresses were applied to the target
in both the rolling direction and the
longitudinal direction. The magnitudes and
locations of the applied residual stresses are
shown in Figs. 4 and 5 [22].

According to the figures above, the stresses
in the middle layer of the target are positive
(tensile), while the stresses in the top and
bottom layers of the target are negative
(compressive). To apply boundary
conditions to the targets, an encastre
boundary condition was applied along the
entire perimeter of the target so that it is
fully constrained and cannot move at its
edges.

y)
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+2 910e+01 +6.130e40
W s0e - l

Fig. 4 Magnitude and location of residual stresses in
the 25 mm target caused by the rolling process of the
piece [22].
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Fig. 5 Graph of residual stress values through the
thickness of the 25 mm target resulting from the
rolling process of the piece [22].

In the vertical impacts, since only one-
quarter of the projectiles and targets were
modeled, a symmetry boundary condition
was applied to the cut surfaces of the
projectile and the target. For the rigid
projectile, since it is modeled as a single
solid piece, only the contact between the
projectile and the target was defined.
Because the projectile penetrates the target
and the target undergoes complete failure
and destruction, surface contact alone is
insufficient, and the definition of internal
contact is required. The contact is of the
general contact type, and for the rigid
projectile, due to its solid nature, it is
defined as frictionless.

For the jacketed projectile, in addition to
defining internal contact between the core
and the jacket with the target, contact
between the projectile core and its jacket is
also defined. This contact is of the surface-
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to-surface type with a penalty feature,
allowing the friction coefficients between
the outer surfaces of the core and the inner
surfaces of the jacket to be applied and
adjusted.

In the present simulation, structured,
Hexahedral, nonlinear elements were used.
Figs. 6 and 7 show the final meshed models
of the jacketed projectile and the 25 mm and
76 mm targets for vertical and oblique

impacts.

Fig. 6 Final meshed model for vertical impact of the
jacketed projectile on the 25 mm target.

Fig. 7 Final meshed model for oblique impact of the
jacketed projectile on the 76 mm target.

The residual velocity of the projectile after
completely passing through the target, when
a friction coefficient of 0.05 between the
core and the jacket and 0.2 between the
jacket and the target was considered, was
obtained as 398 m/s. Considering that this
value in reference [22] is 395 m/s, it differs
by only 0.7% from the reference result.

Based on the 395 m/s velocity reported in
reference [22], it is concluded that an
element size of 0.5 mm is the best choice for
meshing in this project.

Table 1: Summary of mesh sensitivity results for the
impact of the tungsten-core projectile on the 25 mm
target.

Element 15| 1.0 [ 075 | 05 0.3
Size (mm)
Residual 196 | 283 | 325 | 398 | Diverged
Velocity Solution
(m/s)
3- Results

3.1 Vertical impacts

3.1.1 Effect of friction between coating and
target

For the 25 mm target, increasing the

friction coefficient between the coating and
target (from 0.1 to 0.4) increased the
residual velocity of the core from 391.8 to
over 406.5 m/s, as the coating stopped
earlier, facilitating core penetration (Table
2, Figure 8) [1,10]. For the 76 mm target,
penetration depth varies from 32.3 to 35.5
mm (Table 3, Fig. 9) [7]. Figure 10 shows
that with a friction coefficient of 0.4, the
coating stopped at the target's initial
surface, unlike the frictionless case [12].
Energy analysis indicates the conversion of
Kinetic energy to target strain energy [4,14].

Table 2: Residual velocity of tungsten core in coated
projectile for 25 mm target with varying coating-
target friction coefficients

Friction
Coefficient 0 01| 02 |03| 04
Res_ldual 512.5/391.8|396.8|401 |406.5
Velocity (m/s)

Table 3: Penetration depth of tungsten core in coated
projectile for 76 mm target with varying coating-
target friction coefficients

Friction Coefficient 0 |01/02]03|04

Penetration Depth  |35.5| 29 [31.1|31.5/32.3
(mm)
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Fig. 8 Velocity-Time graph of the coated projectile
with different friction coefficients for a 25 mm
target.
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Fig. 9 Displacement-Time graph of the coated
projectile core with different friction coefficients
between the coating and the 76 mm target from the
moment of launch to stoppage in the target.

Fig. 10 Penetration and damage mechanism of the
tungsten-core coated projectile ina 76 mm target. the
friction coefficient between the coating and the
target is O in the top figure and 0.4 in the bottom
figure.

3-1-2 Effect of friction between core and
coating

Increasing the friction coefficient between
the core and coating (from 0 to 0.3) reduced
the residual velocity in the 25 mm target
from 432 to 309 m/s (Table 4, Fig. 11) [3,9].
In the 76 mm target, the penetration depth
decreased from 35.3 to 28.6 mm (Table 5,
Fig. 12) [11]. With a friction coefficient of
0.05, separation of the core and coating
occurred earlier (Fig. 13) [15].

Table 4: Residual velocities of tungsten core in
coated projectile after passing through a 25 mm
target with varying core-coating friction coefficients

Friction 0 |[005|01|02]|03
Coefficient

Residual 432 | 398 | 385 | 339 | 309
Velocity (m/s)
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Fig. 11 Velocity-Time graph of the coated projectile
core with different friction coefficients between the
core and coating during impact on a 25 mm target.

Table 5: Penetration depth values of tungsten core
in coated projectile for a 76 mm target with varying
core-coating friction coefficients
Friction 0 |005| 01| 02] 03
Coefficient

Penetration 353 (31.130.2|29.5| 28.6

Depth (mm)

0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012 000014 0.00016
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Fig. 12 Displacement-Time Graph of the Coated
Projectile Core with Different Friction Coefficients
Between the Core and Coating During Impact on a
76 mm Target.

Fig. 13 Penetration Mechanism of the Tungsten-
Core Projectile in a 76 mm Target Along with
Displacement Contours. The Friction Coefficient
Between the Core and Coating is 0.05 in the Top
Figure and 0.3 in the Bottom Figure.

3-1-3 Crater entry and exit diameters
Increasing the friction coefficient between
the coating and the target increased the
crater diameters in both targets (Table 6,
Fig. 14) [8,12]. The crater diameters in the
simulations (10-15 mm) are consistent with
experimental data [13]. The friction
between the core and the coating had a
negligible effect on the crater diameters
(Table 7) [21].

3-2 Oblique impacts

3-2-1 Effect of friction between coating and
target

For the 25 mm target, increasing the impact
angle (30°, 45) and friction coefficient
reduced the residual velocity from 462 m/s
to 176 m/s (Table 8). Figures 15-17 show

the Kinetic energy graphs for impact angles
of 30°, 45°, and 60° [1,5]. For the 76 mm
target, penetration depth decreased from 41
mm to 10 mm (Table 9) [10]. Ata 60° angle
with zero friction, the coating ricocheted,
but the core penetrated (Fig. 18) [12].
Energy analysis indicates the retention of
Kinetic energy at higher angles (Figs. 19—
21) [4, 23].

Table 6: Entry and Exit Crater Diameters After
Impact of Tungsten-Core Projectile on 25 mm and
76 mm Targets with Varying Coating-Target
Friction Coefficients

Friction Coefficient 0 |0.1/0.2|03|0.4

Entry Crater Diameter 12 (9.7(10.2|10.4(10.5
(mm) - 25 mm Target
Exit Crater Diameter (mm) (4.2 |4.1|4.3 (4.5 |4.6
- 25 mm Target
Entry Crater Diameter 10.3]10 |10.5(10.7|10.8
(mm) - 76 mm Target

e
(SRS

=
=)

hole diameters{mm)

oMM &2 o ®

friction cofficient

------- enter(25mm) === «exit(25mm) enter(76mm)

Fig. 14 Entry and Exit Crater Diameters Formed
During the Impact of a Coated Projectile on 25 mm
and 76 mm Targets.

Table 7: Entry and Exit Crater Diameters After
Impact of Tungsten-Core Projectile on 25 mm and
76 mm Targets with Varying Core-Coating Friction
Coefficients
Friction Coefficient
(Core-Coating)
Entry Crater
Diameter (mm) - 25|10.4|10.2|10.2|10.1{10.1
mm Target
Exit Crater
Diameter (mm) -25| 49 | 50|52 | 53| 5.2
mm Target
Entry Crater
Diameter (mm) -76| 95|95 |95 | 9.7 | 9.6
mm Target

0 (0.05/01]02]|03
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Table 8: Residual Velocity Values of the Coated
Projectile in Oblique Impacts on a 25 mm Target with
Varying Coating-Target Friction Coefficients (m/s)

Friction 30° Impact 45° Impact
Coefficient Angle Angle
0 462 340
0.1 371 252
0.2 360 212
0.3 352 199
0.4 348 176

0o 0.00003 0.00006 0.00009 0.00012 0.00015
Time(s)

kinetic energy =~ ===== internal energy

Fig. 15 Graph of Changes in Kinetic Energy of the
Coated Projectile and Strain Energy of the Target
Over Time During Oblique Impact on a 25 mm
Target at a 30° Angle.

Energy{l)

o L < > £
0 000003 000006 000009 000012 000015  0.00018

Time(s)

kinetic energy = ==--- internal energy

Fig. 16 Graph of Changes in Kinetic Energy of the
Coated Projectile and Strain Energy of the Target
Over Time During Oblique Impact on a 25 mm
Target at a 45° Angle.

Energy (1)

1} 000003 000006 000009 000012 0.00015 0.00018 0.00021
Time(s)

kinetic energy ===~ internal energy

Fig. 17 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 25-mm-
thick target at an angle of 60 degrees.

Fig. 18 Core penetration and coating ricochet in the
oblique impact (60 degrees) of a coated projectile on
a 76-mm-thick target in the case of no friction
between the coating and the target.

Table 9: Values of the vertical penetration depth of
the coated projectile in the oblique impact on a 76-
mme-thick target with different friction coefficients
between the coating and the target (values in
millimeters).

impact| Friction | Friction | Friction | Friction | Friction
Angle | Coefficient| Coefficient|Coefficient| Coefficient|Coefficient
©) 0 01 0.2 03 04
30 41 335 274 20.8 17
45 30 225 175 14.0 11.3
21 stopped at | stopped at
60 | (coating 12.5 10 target target
ricochet) entry entry
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Fig. 19 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 76-mm-
thick target at an angle of 30 degrees.

Energy {J)
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Fig. 20 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 76-mm-
thick target at an angle of 45 degrees.

0 0.00005 0.0001 0.00015 0.0002 0.00025
Time(s)

kinetic energy ~ ====- internal energy

Fig. 21 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 76-mm-
thick target at an angle of 60 degrees.

3-2-2 Effect of friction between the core and
the coating

Increasing the friction between the core and
the coating reduced the residual velocity in
the 25-mm target (Table 10, Figs. 22-24)
[3,9]. In the 76-mm target, the penetration
depth decreased (Table 11) [11]. At a 60°
impact angle, the coating ricocheted (Fig.

25) [15]. Figure 26 shows the preservation
of the coating's kinetic energy [14].

Table 10: Residual velocity values of the core in oblique
impact on a 25-mm target with different friction
coefficients between the projectile core and coating (m/s).
Impact | Friction Friction Friction Friction Friction

Angle | Coefficient | Coefficient | Coefficient | Coefficient | Coefficient
©) 0 0.05 0.1 0.2 0.3

30 | 625 360 347 320 308
45 | 530 212 204 191 180

3000
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Energy (1)
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0 0.00003 0.00006 0.00009 0.00012 0.00015
Time (s)
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Fig. 22 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 25-mm-
thick target at an angle of 30 degrees.
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Fig. 23 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 25-mm-
thick target at an angle of 45 degrees.
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Energy (J)
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Fig. 24 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 25-mm-
thick target at an angle of 60 degrees.
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Table 11: Vertical penetration depth values of the
core in oblique impact on a 76-mm target with
different friction coefficients between the projectile
core and coating (values in millimeters).

Impact] Friction | Friction | Friction | Friction | Friction
Angle [CoefficientiCoefficientiCoefficientCoefficientCoefficient
©) 0 0.05 0.1 0.2 0.3
30 38 274 25 213 19.6
45 28.5 175 151 121 10
60 18.3 10 9.8 9.1 74

725 Step Tmew 200006-05  G43; Step Time = 2,50000-05  © Step Teme = 4,9000€-05. Step Time = 6.0000£-05

Step Tera = 7,1000€-05 Step Tara = 8500005 Step Tire = 3.03006-04 Step Teva o 1.4T00E-08

Fig. 25 Different stages of projectile penetration and
coating separation and ricochet from the target in the
oblique impact of a coated projectile on a 76-mm-
thick target at an angle of 60 degrees.

Energy (J)

0 0.00005

0.0001 0.00015
Time (s)

0.0002 0.00025

kinetic energy =~ ==---- internal energy

Fig. 26 Variation of the projectile’s kinetic energy
and the target’s strain energy versus time in the
oblique impact of a coated projectile on a 76-mm-
thick target at an angle of 60 degrees.

3-2-3 Comparison of rigid and coated
projectiles

The rigid projectile exhibited better
performance  (higher  velocity and

penetration), while the coated projectile
caused greater damage (Table 12, Fig. 27)
[2,12]. The energy transferred to the 25-mm
target was higher with the coated projectile
(Tables 13 and 14) [7,13].

Table 12: Comparison of the rigid and coated
projectiles in impact on 25-mm and 76-mm targets.

Residual Velocity Energy .
A . Penetration
Projectile | after Passing Absorbed by .
Depth in 76-mm
Type through 25-mm | 25-mm Target Target (mm)
Target (m/s) ) g
Steel Core 525 1,454.83 47.44
Tungsten 400 2,792.88 355
Core
3000 2792.8
2500 'T
2000
1454.8 ‘
1500 ‘
1000
500 >2% 400 E 335 “

residual velocity (m/s) depth of penetration (10e-

imm)

transmited energy (1)

M rigid projectile  ® jacketed projectile

Fig. 27 Comparison of the rigid and coated
projectiles in impact on 25-mm and 76-mm targets.

Table 13: Quantitative results of the coated
projectile in vertical impact on 25-mm and 76-mm
aluminum targets.
The highest residual velocity of the core occurred at
the highest friction coefficient, reaching 406.5 m/s,
which is a 3.75% increase compared to a friction
_ coefficient of 0.1.
Varl_atl_on The greatest penetration depth of the core in the target
of friction . S . .
between occurred at the hlg_hest friction coefﬂment,_re_achmg
. 32.3 mm, an 11% increase compared to friction 0.1.
coating -
and target The Iargest entr)_/ h_ole dlam_et_er of the ta}rget occurred
(0.1 10 0.4) at the hlghest_ friction coefficient, rea(_:hl_ng 10.8 mm,
an 8% increase compared to friction 0.1.
The largest exit hole diameter of the target occurred
at the highest friction coefficient, reaching 4.6 mm, a
12% increase compared to friction 0.1.
The highest residual velocity of the core occurred at
Variation | the lowest friction coefficient, reaching 398 m/s,
of friction | which is a 29% increase compared to friction 0.3.
between i i
core and The greatest penetration depth of the core in the target
coating occurred at the lowest friction coefficient, reaching
(0.05 10 31.1 mm, a 7.8% increase compared to friction 0.3.
0.3) The difference in hole diameters in this case was
negligible; therefore, this friction has almost no effect
on the hole diameters.
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Table 14: Quantitative results of the coated
projectile in oblique impact on 25-mm and 76-mm
aluminum targets.

The highest residual velocity of the core at a
30° angle corresponds to the lowest friction
coefficient, measured at 371 m/s, representing a
6.6% increase compared to a friction
coefficient of 0.4.

Change in | The highest residual velocity of the core at a
Friction | 45° angle corresponds to the lowest friction
Coefficient|coefficient, measured at 252 m/s, representing a
Between |31% increase compared to a friction coefficient

Coating of 0.4.

and Target |The greatest penetration depth of the core in the
from 0.1 to| target at a 30° angle corresponds to the lowest
04 friction coefficient, measured at 35.5 mm,
representing a 44% increase compared to a
friction coefficient of 0.4.

The greatest penetration depth of the core in the
target at a 45° angle corresponds to the lowest
friction coefficient, measured at 22 mm,
representing a 48% increase compared to a
friction coefficient of 0.4.

The highest residual velocity of the core at a
30° angle corresponds to the lowest friction
coefficient, measured at 360 m/s, representing a
16.8% increase compared to a friction
coefficient of 0.3.

Change in | The highest residual velocity of the core at a
Friction | 45° angle corresponds to the lowest friction
Coefficient|coefficient, measured at 212 m/s, representing a
Between 17.7% increase compared to a friction

Core and coefficient of 0.3.

Coating |The greatest penetration depth of the core in the
from 0.05 | target at a 30° angle corresponds to the lowest
t0 0.3 friction coefficient, measured at 27.4 mm,
representing a 28% increase compared to a
friction coefficient of 0.3.

The greatest penetration depth of the core in the
target at a 45° angle corresponds to the lowest
friction coefficient, measured at 17.5 mm,
representing a 42% increase compared to a
friction coefficient of 0.3.

In Table 15, the results of the present
simulation are compared with the
simulation results and analytical model
presented in reference [22], and the
percentage errors are provided. As
explained in previous sections, in this case,
the friction coefficient between the
projectile core and its jacket was considered

as 0.05, and the friction between the brass
jacket and the aluminum target was 0.2.

Given the very small differences between
the two simulations, the accuracy of the
simulations conducted in this study can be
confirmed, ensuring the reliability of the
results. The discrepancies are mainly due to
the slight difference in element sizes
between the two simulations: the smallest
element size in the present simulation was
0.5 mm, whereas in the reference study it
was 0.3 mm [22].

Table 15: Comparison of the present simulation
results with the reference study [22] for the jacketed
projectile.

Percentage
Compared Present R_eferen_ce Eﬁ;ﬁ;iirg ReIIEartE\(ier to
Parameters |Simulation|Simulation
Model | Reference
Simulation
Residual
velocity
through 25 398 395 379 0.7%
mm target
(m/s)
Penetration
depthin 76\ a55 | 3633 | 349 296
mm target
(mm)

4- Explanation of the trends in residual
velocity and penetration depth
The variations in residual velocity and

penetration depth of the projectile, as shown
in the tables and figures, are directly
influenced by the amount of energy
dissipation and the manner in which kinetic
energy is transferred between the projectile
and the target. Increases or decreases in
these parameters result from a complex
interaction of resistive forces, including
friction, plastic deformation of the target,
and the core—jacket separation mechanism.
In vertical impacts, increasing the friction
coefficient between the jacket and the target
increases the shear force at the interface,
causing the jacket to stop more quickly
during the initial stages of penetration. This
process concentrates kinetic energy in the
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core, increases local pressure at the tip of
the core, and consequently raises the
residual velocity and penetration depth of
the core into the target. Conversely,
reducing the friction coefficient at this
interface decreases energy transfer to the
target and allows the jacket and core to
move more synchronously, ultimately
reducing the penetration effectiveness of
the core.

On the other hand, increasing the friction
coefficient between the core and the jacket
increases energy transfer from the core to
the jacket and raises internal energy
dissipation within the projectile. By limiting
the separation of the core from the jacket,
this phenomenon reduces the residual
velocity and penetration depth of the core in
the target. In contrast, lower friction at this
interface allows faster core separation,
preserves its Kinetic energy, and increases
both residual velocity and penetration
depth.

In oblique impacts, increasing the friction
coefficient—either at the jacket-target
interface or the core—jacket interface—
enhances the resistant force component
along the direction of motion, increases
Kinetic energy dissipation, and ultimately
reduces residual velocity and penetration
depth. This also raises the likelihood of
jacket ricochet at larger impact angles.
Therefore, the trends observed in the tables
and figures directly reflect the role of
friction in energy distribution, projectile
trajectory deviation, and penetration
mechanisms  under different impact
conditions.

5- Conclusion

In vertical impacts of a coated projectile on
soft targets with a constant friction
coefficient between the core and the
coating, increasing the friction coefficient

between the coating and the target results in
higher residual velocity and greater
penetration depth of the projectile core in
thin and thick targets, respectively.

In vertical impacts of a coated projectile on
soft targets with a constant friction
coefficient between the coating and the
target, increasing the friction coefficient
between the core and the coating leads to
lower residual velocity and reduced
penetration depth of the projectile core in
thin and thick targets, respectively.

In oblique impacts of a coated projectile on
soft targets with a constant friction
coefficient between the core and the
coating, increasing the friction coefficient
between the coating and the target results in
lower residual velocity and reduced
penetration depth of the projectile core in
thin and thick targets, respectively.

In oblique impacts of a coated projectile on
soft targets with a constant friction
coefficient between the coating and the
target, increasing the friction coefficient
between the coating and the target leads to
lower residual velocity and reduced
penetration depth of the projectile core in
thin and thick targets, respectively.

In impacts of a coated projectile on soft
targets with a constant friction coefficient
between the core and the coating, increasing
the friction coefficient between the coating
and the target results in greater target
destruction and larger entry and exit crater
diameters.

For impacts of a coated projectile on soft
targets, if the goal is to enhance ballistic
performance parameters such as higher
residual velocity and greater penetration
depth, reducing the friction coefficient
between the coating and the target is
recommended. However, if greater target
destruction is the priority, increasing the
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friction coefficient between the coating and
the target is suggested.

Reducing the friction coefficient between
the core and the coating has no significant
effect on target destruction but greatly
influences  the  projectile's  ballistic
parameters. In all cases, reducing this
friction coefficient is recommended in the
design of coated projectiles.
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