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Abstract

Shock wave propagation in a layered ceramic—polymer-metal (CPM) composite armor was
investigated numerically using the Abaqus® (2024) software in a plate-impact configuration,
in which a copper impactor impacts a CPM plate that serves as an intermediate layer
between the impactor and a protected target representing human bone. The resulting
motion of the CPM back surface closes a pre-calibrated gap, initiating a secondary impact
on the protected target. Because the transmitted loadings depend on the complex interaction
of compressive and release waves within the layered system, the effect of gap distance on
impact response is difficult to predict. Therefore, the primary objective of this study is to
develop an improved understanding of the shock-mitigation mechanisms within the CPM
system that enable the target to survive the impact event. The particle-velocity history
at the midplane of the protected target was used to compare responses at different gap
distances. The gap effect is influenced by geometry under uniaxial strain conditions, as well
as by the materials’ wave speed and shock impedance. The observed trends arise from the
combined effects of geometry under uniaxial strain conditions, material wave speed, and
shock impedance mismatch, which govern the evolution and interaction of the compressive
and release waves at different gap distances. The CPM configuration was examined over a
1-10 mm gap, and a detailed analysis was conducted for the representative gap distances
of 1-3 mm. The results indicate that the midplane velocity of the protected target depends
strongly on the gap distance, with a 1 mm gap producing the highest midplane velocity,
followed by gaps of 3 mm and 2 mm. The CPM response depends on differences in the
timing and strength of compressive and release waves reaching its free surface before gap
closure, as shown by velocity histories and x-t diagrams.

Keywords: plate impact; shock wave propagation; free surface velocity (FSV); composite
armor; shock wave simulation; finite element method; Abaqus

1. Introduction

Layered composite armor systems are essential in modern impact and ballistic pro-
tection research, combining layered configurations to maximize energy absorption and
minimize penetration [1]. To better understand the governing mechanisms, multilayer com-
posite materials are frequently used in plate impact experiments to explore their response

J. Compos. Sci. 2026, 10, 366

https:/ /doi.org/10.3390/jcs10070366


https://crossmark.crossref.org/dialog?doi=10.3390/jcs10070366&domain=pdf&date_stamp=2026-07-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0009-0003-6850-167X
https://orcid.org/0000-0002-7560-1172
https://orcid.org/0000-0002-0255-0642
https://orcid.org/0000-0001-7542-6143
https://doi.org/10.3390/jcs10070366

J. Compos. Sci. 2026, 10, 366

2 of 20

to high velocity impacts, emphasizing factors such as the number of layers, layer sequence,
air gap, and material thickness [2—4]. In such systems, silicon carbide (SiC) [5,6] is used
as a front layer because of its high hardness and compressive strength, enabling efficient
initial projectile disruption [7], while the aluminum alloy (Al 6061) [8] provides penetration
resistance because of its strength and hardness. To complement these front and intermediate
layers, a polycarbonate layer and porous foams are often used as a back layer to absorb and
dissipate shock waves through controlled deformation and compaction [5,7]. Beyond material
selection, the sequence of layers is an important design parameter in multilayer armor
systems, as the individual layers perform different functions during impact and their order,
thickness, and material properties collectively influence the overall protective performance
of the armor system [7,9].

Numerous numerical and experimental studies have examined the role of air gaps
in body armor and layered armor systems. Choudhury et al. [10] studied composite
plate armor backed by either rubber layers or air gaps and found that both can reduce
the transmitted energy and behind-armor trauma compared to when there is no backing
or air gap, though the mitigation level depends on gap thickness and backing material.
Moreover, an air gap has been shown to increase the ballistic resistance of multilayer
targets, particularly when its thickness exceeds half of the projectile length [11]. In contrast,
analytical work by Ben-Dor et al. [4] showed that the influence of an air gap depends on
the material properties and layer impedances; increasing the gap can either increase or
decrease the maximum velocity the structure can withstand. An experimental study of
double-layered steel shields with a controlled air gap found that the spaced configuration
produced minimal variation in ballistic limit compared with contacting plates, suggesting
that gap size alone is not a reliable measure of improved resistance [12].

In the previous study, Zhang et al. [13] investigated a multilayer composite armor
comprising ceramic (SiC), polymer (polycarbonate, PC), and metal (Al 6061), referred to as
the CPM layer, and implemented a DSGZ-based VUMAT model [14] to simulate its response
under plate impact. Among all layer arrangements examined, the CPM sequence exhibited
the most effective impact mitigation behavior, showing comparatively low transmitted
velocity and stress to the protected target (simulated human bone). Moreover, the study
further explored this configuration by introducing initial gaps between the CPM layer
and the protected target to evaluate its influence on the overall dynamic response of the
protected target. While their study revealed different trends in midplane velocities across
the three gap distances, the underlying wave-interaction mechanisms responsible for these
differences were not identified. A better understanding of these mechanisms is necessary
to identify gap configurations that maximize shock mitigation and to provide insight for
the design of multilayer protective systems.

In the present study, we extended this previous work to investigate the effect of gap
distance on shock transmission to a protected target. A modified finite-element framework
was developed in Abaqus/Explicit 2024, comprising a copper impactor, a CPM layer,
an adjustable gap, and a protected simulated human bone target. In addition to the
multilayer configuration, a single-layer system was examined over a wider gap range
(1-10 mm) to understand the wave propagation behavior of each material. The complete
CPM configuration was then investigated over the same range, and the results showed that
the impact response behavior for all configurations is captured within the 1-3 mm interval.
These three cases were therefore selected as representative for detailed analysis. For
each gap-distance configuration, free-surface velocity (FSV) histories, midplane velocities
and stresses, and displacement-time (x-t) diagrams were evaluated to identify the wave-
interaction mechanism governing the impact transferred to the protected target.
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2. Methodology and Simulation Details
2.1. Shockwave Theory

The impact response of multilayered composites is fundamentally governed by the
transmission, reflection, and interaction of stress waves at the material interfaces. In a
plate impact test involving two or more layers, a compressive wave is generated after
initial impact, which transmits through the successive layers and reflects back as a release
wave upon reaching the free surface. When this reflected release wave reaches the interface
between two materials with different impedances, the wave type is divided into transmitted
and reflected waves [13,15]. The proportion of the wave that is transmitted or reflected
depends on the impedance mismatch, defined as Z = pcy, where p and ¢y, are the density
and longitudinal wave speed of the material, respectively. The longitudinal wave speed

_ E(1-v)
‘L= \/p(l Fu)(1—2v)) M

where E is Young’s modulus and v is Poisson’s ratio.

can be expressed as:

The transmitted wave carries energy into the next layer, while the reflected wave
travels back to the previous layer. This repeated interaction of waves at each interface
produces transmitted and reflected waves that define the dynamic response of a multilay-
ered system. When an incident stress wave ¢; and particle velocity v; reach the boundary
between medium 1 (Z; = pjc1) and medium 2 (Z; = ppc), the resulting transmitted (o)
and reflected stresses (cy) are given by:

0=y @
with the corresponding resulting transmitted (v¢) and reflected (v;) velocities:

o= @

Ur = %vi )

The nature of the stress wave at an interface depends upon the relative impedance
of neighboring materials, as described in Equation (2). When the wave propagates from a
lower-impedance material into a higher-impedance material (Z; > Z;), both the reflected
and transmitted waves retain the same stress state as the incident wave. However, when the
wave travels from a higher-impedance material into a lower-impedance material (Z; > Z5),
the transmitted wave retains the same stress state, whereas the reflected wave changes
its stress state. Moreover, at the free surface (Z; = 0), the wave cannot pass through and
undergoes a complete change in stress state upon reflection.

2.2. Simulation Details

The present study modifies the CPM-layer configuration compared with that of Zhang
et al. [13] to simplify the wave interactions among layers and to improve understanding
of how gap distance affects wave interactions and the impact response of the protected
target. The model was designed as a representation column with a square cross-section.
The dimensions in both Y and Z directions were 0.4 mm. Along the impact direction,
the model consisted of the impactor, composite armor layer, gap distance, and protected
target, with dimensions defined by the layer thicknesses shown in Figure 1. In the present
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study, the front layer, anti-crack layers, and metallic backplate are omitted to simplify wave
transmission and reflection. The copper impactor (oxygen-free high-conductivity copper,
OFHC-Cu), with a thickness of 5 mm, strikes the composite armor layer at an initial velocity
of 100 m/s. The composite armor layer consists of a 4 mm silicon carbide layer, an 8 mm
polycarbonate layer, and a 6 mm Al 6061 layer. Different gap distances (1-10 mm) were
assigned behind this armor layer, followed by an 8 mm-protected target representing a
simulated human bone. In addition to the CPM configuration, single-layer plate impact
simulations (impactor—single layer—protected target) were also performed for SiC, PC, and
Al 6061. The thickness of the layers is determined in accordance with standard armor
protection requirements. Different gap distances are used to systematically examine how
gap distance affects the protected target’s impact response. All simulations were conducted
under identical impact conditions.

Protected Target

8 mm Human Bone

ox

Impactor Velocity

Model Assembly [

B

Figure 1. Schematic representation of the CPM-target configuration and the corresponding
Abaqus/Explicit finite element model showing layer arrangement, boundary conditions, gap location,
and mesh discretization.

The layers were meshed using eight-node reduced-integration brick elements (C3D8R)
with a uniform element size of 0.2 mm. To eliminate numerical errors, a mesh sensitivity
analysis was conducted using five alternative mesh sizes (0.05, 0.08, 0.2, 0.5, and 0.8 mm).
We compared the histories of mid-plane velocity and stress in the protected target at
different gaps to determine whether there is a mesh-size effect. The results showed that
the predicted velocity /stress response changed slightly in magnitude when the mesh size
was refined below 0.2 mm. In addition, the critical timestep increments calculated by
Abaqus/Explicit were also examined. The critical time increments for the 0.05, 0.08, 0.2, 0.5,
and 0.8 mm meshes were 2.12 x 1077’5, 3.39 x 10775, 848 x 10?5, 1.81 x 10 %5, and
1.96 x 1078 s, respectively. This shows that mesh refinement below 0.2 mm substantially
reduces the critical timestep, thereby increasing the number of increments required to
complete the simulations and associated computational cost. Since further mesh refinement
resulted in a significant increase in computational cost with negligible changes in the
predicted response, a mesh size of 0.2 mm was selected for all simulations as a balance
between numerical accuracy and computational efficiency. This confirms that mesh size
does not affect the trends observed in the results, validating the robustness of the simulation.
All CPM layers were modeled in the interaction module of Abaqus using tie constraints
to glue them together. This eliminates the potential for layer delamination and allows the
shock wave to reflect and transmit only due to impedance mismatch. Moreover, contacts
between the impactor-armor interface and the Al 6061-bone interface were defined as “hard
contact” to prevent interpenetration between the layers, and “frictionless” conditions were
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assigned for tangential behavior. Boundary conditions were applied to the plates, allowing
them to be displaced along the loading direction (x-axis), whereas displacements in the y-
and z-directions were constrained, resulting in a one-dimensional plate-impact simulation.
In a plate impact condition, the dominant wave motion occurs along the direction of impact,
while the lateral dimensions of the plates are larger than their thickness. As a result, the
material response during early stages of wave propagation is typically treated as a uniaxial
strain condition, where deformation in lateral directions is negligible during the wave
transmission process. To reproduce this condition, displacements in the Y and Z directions
were constrained so that wave propagation occurred primarily along the impact direction.
These constraints limit lateral deformation, allowing the study to focus on the transmission,
reflection, and interaction of stress waves at material interfaces and in the gap region. The
overall numerical simulation procedures adopted in the present study are summarized in
Figure 2. The flowchart provides a concise overview of the main steps involved in model
setup, simulation execution, and result analysis.

Define Plate-Impact Model

l

Assign Material Models

l

[ Define Interactions and Boundary Conditions ]

l

Generate Trial Meshes ]

l

[ Run Trial Abaqus/Explicit Simulations ]

l

Extract Mesh-Sensitivity Metrics
{Midplane Velocity/Stress)

[ Mesh Sensitivity Analysis }

l

Mesh
Convergence
Achieved?

Yes

Refine Mesh J | Select Final Mesh}

Run Abaqus Simulations ]-7
|

{ Extract Velocity/Stress Profiles ]

l

[ ‘Wave Propagation Analysis J

(oD

Figure 2. Flowchart of the simulation and analysis used in the present study.

https:/ /doi.org/10.3390/jcs10070366


https://doi.org/10.3390/jcs10070366

J. Compos. Sci. 2026, 10, 366

6 of 20

2.3. Material Model and Properties

This study follows the exact framework for material models and constitutive descrip-
tions established in Zhang et al. [13], where the DSGZ constitutive law [14] was introduced
and validated for describing the glassy and semicrystalline polymer layer. The constitu-
tive law was developed to describe strain hardening, strain-rate sensitivity, temperature
dependence in polymers, and hydrostatic pressure dependence to differentiate tension and
compression behavior. The DSGZ model was introduced to accurately capture polymer
deformation under high-strain-rate conditions. The implementation was carried out in
Abaqus/Explicit using a vectorized user-defined subroutine (VUMAT) coded in FOR-
TRAN that follows the same return-mapping algorithm outlined in [13]. The VUMAT
algorithm was based on a radial return mapping scheme for J, plasticity and employed a
safe Newton—-Raphson method for plastic correction, ensuring stable convergence during
dynamic loading. The DSGZ model was previously validated [13] using a single-element
compression test implemented in VUMAT. Moreover, SiC was modeled using the Johnson-
Holmquist II (JH-2) constitutive law [16] and the metallic materials, such as OFHC-Cu and
Al 6061, were modeled using the Johnson—-Cook elastoplastic constitutive law [17] coupled
with a Mie-Griineisen equation of state (EOS) [18,19]. Finally, the protected target was
modeled as an ideal material using the elastic Mie-Griineisen equation of state, with a shear
modulus consistent with previous studies [13,20]. The elastoplastic constitutive models are
used to provide a consistent description of material behavior without restricting it to purely
elastic assumptions. A 3D solid-element model was used because the constitutive models
employed in the simulations were implemented in their standard three-dimensional form.
Using a one-dimensional or two-dimensional model would require reformulation of the
yield equations for a reduced-dimensional analysis. No damage models are included in
this study. The corresponding material properties, such as density, longitudinal speed,
impedance, and constitutive models, for all layers are summarized in Table 1 [13,21]. All
constitutive model parameters and equation of state inputs used in the Abaqus/Explicit
material definition properties are provided in the supplementary material section and were
adopted directly from the validated material models reported in [13].

Table 1. Material properties and constitutive models used in numerical simulations.

Young's Density (0) Longitudinal Impedance
Material Modulus Kk /ni; P Speed (c1) (pcr) Constitutive Model
(GPa) & m/s kg/(mm?s)
Johnson-Cook model +
Copper (OFHC-Cu) 117 8960 4254 38.12 Mie—Griineisen EOS
Silicon Carbide (SiC) 407.4 3215 11,559 37.16 JH-2
Polycarbonate (PC) 2.1 1150 1849 2.13 DSGZ (VUMAT)
. Johnson—Cook model +
Aluminum T6 (Al 6061) 68.9 2700 6149 16.60 Mie—Grineisen EOS
Simulated Human Bone 6.7 1412 2436 3.44 Elastic EOS

3. Results and Discussions

This study investigates the effect of gap distance on the impact response of a protected
target subjected to impact loading by a copper impactor. This study is divided into two
sections. First, to understand wave transmission across different materials, three single-
layer models comprising SiC, Al 6061, and PC were simulated, with gap distances ranging
from 1 to 10 mm between the single layer and the protected target. Second, the single
layers were combined to form a CPM composite (i.e., in the sequence of SiC, PC, and Al
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6061) and simulated across 1-10 mm gap distance to identify overall trends in midplane
response of the protected target. The term “midplane” here refers to the geometric center of
the protected target along the impact direction. The impact velocities, FSV, and midplane
velocities were extracted directly from the point node in the model. The impact velocity
was extracted from the back surface (free surface) of the CPM layer (Al 6061) at the instant
it contacted the protected target after passing through the gap. The FSV was extracted from
the center node on the back surface of the Al 6061 layer to monitor the wave propagation.
Finally, the midplane velocity was extracted from a node located at the center of the
protected target. Due to the uniaxial strain boundary condition used in this study, all
nodal values on a cross-sectional plane perpendicular to the loading direction exhibit
identical responses. In all cases, the impactor velocity is kept identical. However, three
representative gaps of 1, 2, and 3 mm were selected for detailed wave analysis.

3.1. Effect of Gap Distance in Single-Layer Configuration

The variation in transmitted midplane velocity in the protected target with gap dis-
tance for single layers, i.e., SiC, Al 6061, PC, and the CPM composite under similar impact
conditions is presented in Figure 3. The study demonstrates that the midplane response
depends upon the layered material’s wave speed and impedance. For SiC, the midplane
velocity of the protected target decreases with increasing gap distance, ranging from
104.6 m/s at 1 mm to 98.9 m/s at 10 mm, whereas the Al 6061 layer shows a larger mid-
plane velocity magnitude, ranging from 130.4 m/s to 114.9 m/s over the same gap range.
This is because the reflected release wave from the free surface interacts with the incoming
compressive waves before they contact the protected target, reducing the impact velocity at
gap closure as the gap increases. The reduction in impact velocity results in a correspond-
ing decrease in the transmitted shock loading, and consequently, the midplane velocity
of the protected target. The difference in response between SiC and Al 6061 arises from
the difference in wave speed and impedance. In SiC, the reflected release wave catches
up with the incoming compressive waves more quickly, whereas in Al 6061, the release
waves lag the shock front, leading to additional wave interactions before impact. However,
the PC shows non-monotonic trends in midplane velocity as the gap distance increases
because it has lower wave speed and impedance, which produce different sequences of
compressive and release wave interactions as the gap distance varies, resulting in different
impact velocities, and consequently, different midplane velocity responses in the protected
target. Furthermore, the three single layers are combined to form a CPM composite layer, in
which the transmitted midplane velocity shows a non-monotonic trend with gap distance.
This is due to differences in wave speed and impedance across the material interface, which
further modify the timing and strength of the waves reaching the free surface before gap
closure, resulting in a non-monotonic midplane velocity response in the protected target.

To better understand wave transmission in the protected target under gap conditions,
the midplane stress histories without a gap are first examined for a single-layer plate
impact configuration, as shown in Figure 4. In this configuration, a copper impactor
generates the incident compressive wave, establishing how waves are transmitted and
reflected before the introduction of the gap. In the SiC configuration shown in Figure 4a,
a high compressive stress of 1.88 GPa is generated within the SiC layer following the
impact. Because the impedance of the copper impactor and SiC are closely matched, the
magnitude of the reflection coefficient |0y /0;| from Equation (3) is small, so only a small
portion of the incident wave reflects at the impactor-SiC interface, allowing most of the
compressive wave to be transmitted to the SiC layer and produce a sharp wave front. At
the SiC-protected target interface, the large impedance mismatch causes the majority of
the waves to reflect back into the SiC, while only 319 MPa is transmitted into the protected
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target. The reflected wave from the SiC-protected interface travels back through the SiC
layer toward the copper-SiC interface, where it partially transmits into the copper and
partially reflects, producing the oscillatory stress cycles as observed in SiC stress profile.
Similarly, in the Al 6061 configuration shown in Figure 4b, a compressive stress of 1.15 GPa
is generated at the midplane of the aluminum layer upon impact. The impedance mismatch
at the copper—Al 6061 interface is larger than at the copper-SiC interface; the magnitude of
the reflection coefficient increases, causing most of the incident compressive wave to be
reflected back into the copper, while a smaller portion is transmitted into the aluminum. As
the transmitted wave reached the Al 6061-bone interface, the larger impedance difference
(Zprotected target < Za1) causes part of the wave to reflect into the aluminum as a release
wave, while the remaining portion is transmitted at a stress value of 397 MPa into the
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Figure 3. Midplane velocity profiles of the protected target for (a) SiC, (b) Al 6061, (c) PC, and
(d) CPM layer at different gap sizes.

For the PC layer shown in Figure 4c, the midplane stress response is dominated by
the large impedance mismatch at the copper-PC interface. Because the impedance of PC is
much lower than that of the copper impactor, the magnitude of the reflection coefficient
is large, causing a large portion of the incident compressive wave to reflect back into the
copper and limiting the transmitted stress into the polymer to 201 MPa. At the PC—protected
target interface, the impedance of the protected target is greater than that of the polymer,
resulting in a small reflection coefficient. Consequently, the incident compressive wave
remains compressive and weak upon reflection, while a larger fraction of the midplane
stress, about 249 MPa, is transmitted into the protective target. Because the reflection at this
interface is weak and does not produce strong release wave, the midplane stress history in
the polymer appears smooth with only a few oscillations.
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Figure 4. Midplane stress histories in the single layer and protected target for single-layer configura-
tions without a gap (a) SiC, (b) Al 6061, and (c) PC. The plot shows stress-wave transmission and
reflection in the single-layer-protected target configuration.

Following the no-gap analysis, a gap is introduced between the single layer and the
protected target to investigate how the wave-transmission behavior changes with gap
distance. The back surface of a single layer acts as a free surface, generating a reflected
wave that propagates back through the layer. Meanwhile, the layer continues moving
across the gap before contacting the protected target. As a result, the sequence of wave
transmission and reflection before contact differs from that in the no-gap case, influencing
the stress and velocity transmitted to the protected target. To further understand the gap-
dependent response, the FSV histories are examined, as shown in Figure 5. Because the
trends in the midplane velocity of the protected target mirror those of the impact velocity,
the FSV history of the single-layer configuration was first investigated for a representative
gap distance of 1-3 mm. For the SiC layer shown in Figure 5a, the FSV shows a trend
similar to that of midplane velocities, with impact velocities decreasing from 109.79 to
104.80 m/s as the gap increases from 1 to 3 mm. Points ¢, d, and e in the graph represent
the impact velocities at which the SiC contacted the protected target for gap distances of 1,
2, and 3 mm, respectively. At point a, the shock wave generated by the impact reaches the
free surface of the SiC, followed by an initial rise in velocity, which indicates the arrival
of a compressive wave transmitted after impact. After the initial jump, a series of small
oscillations is observed between points b and ¢ as the SiC layer travels across the gap. Due
to its high wave speed, the reflected release waves from the free surface catch up with
the shock front more quickly. This is why we observe that the FSV exhibits a sharp rise,
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followed by rapid unloading, with very small oscillations across all gap cases. The reflected
release waves from the free surface of SiC propagate through the SiC layer and interact
with the compressive wave before contacting the protected target. These interactions
reduce the magnitude of the stress wave before the gap is closed. Consequently, the impact
velocity at contact is reduced, resulting in reduced transmitted midplane velocity in the
protected target.

Moreover, for the Al 6061 layer, the FSV profile in Figure 5b demonstrates the sharp
initial rise in velocity followed by a series of oscillations with impact velocities of 91.00,
90.85, and 90.21 m/s, denoted by points R, S, and T, for the gap distances of 1, 2, and
3 mm, respectively. The FSV magnitude and oscillation for Al 6061 differ from those of the
SiC layer due to differences in wave speed and impedance. The initial compressive wave
reaches the free surface of Al 6061 at point P, followed by a rapid increase in velocity at
point Q. When the compressive shock front reaches the Al 6061 free surface, a reflected
release wave is generated, and the Al 6061 layer begins to move within the gap. Moreover,
significant fluctuations in FSV are observed between Q and R as the wave interacts upon
impact. Similar trends are observed for the 2 and 3 mm gaps at points S and T, respectively.
This is because Al 6061 has a relatively low wave speed compared with SiC; the release
wave from the free surface lags the shock front, leading to multiple wave interactions before
impact. These interactions between the compressive wave and the release wave generate
fluctuations in the FSV. As the gap increases, the wave travel time increases, and the back
surface contacts the protected target later. This longer time reduces the momentum, leading
to a gradual decrease in midplane velocity with gap distance.

Finally, the FSV history of the PC layer was studied for a representative gap distance of
1-4 mm, as shown in Figure 5c. At point A, the shock wave generated by the impact reaches
the free surface of the PC. Initially, the compressive shock front causes the particle velocity
to rise sharply, reaching point B. The gap distance is small in the 1 mm case, allowing the PC
to contact the target quickly. The gap is closed at point C for the 1 mm case with an impact
velocity of 54.21 m/s. The PC impacts the target at the beginning of the unloading phase,
resulting in lower impact velocity. For a 2 mm gap, the PC has more time to cover, allowing
the reflected waves to return to the free surface before contact. The first major unloading
occurs at point D, when the release wave is reflected from the copper-PC interface with the
same stress state (Zc, > Zpc) and reaches the PC free surface, reducing velocity magnitude.
However, from point D to E, the release wave becomes compressive upon reflection from
the PC’s free surface. This reflected compressive wave reaches the copper—PC interface
and returns to the free surface of the PC as a compressive wave (Z¢c, > Zpc), increasing
the free-surface velocity at point E. Due to wave interaction, the PC surface continues
to accelerate and contacts the target at point F at an impact velocity of 75.12 m/s. The
compression wave at point E occurs close to the time of impact, and the polymer surface
has insufficient time to unload, leading to an increase in impact velocity compared to the
1 mm case. At a 3 mm gap, the free surface of the PC layer travels more before contacting
the protected target than in the 2 and 1 mm cases. After the initial impact, the FSV curve
shows a strong unloading stage (larger velocity magnitude) at G than at D. This occurs
because the increased travel time allows additional wave reflection within the PC layer to
reach its free surface before contacting the protected target. The release wave responsible
for the velocity to decrease at G reflects from the PC free surface as a compressive wave
and propagates toward the copper—PC interface. This reflected wave remains compressive
due to the impedance factor and returns to the PC free surface, producing a high velocity
observed at H. As a result, the PC surface accelerates toward the protected target and
contacts it at point I with an impact velocity of 82.25 m/s. Because contact occurs near
this velocity peak at H, the impact velocity reaches its maximum for the considered gap.
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However, for a 4 mm gap, the PC layer travels farther before contacting the protected
target. After the velocity peak at H, the compressive wave responsible for this increase
reflects from the PC’s free surface as a release wave and propagates toward the copper-PC
interface. Because the impedance of copper is higher than that of PC, the reflected wave
from the copper-PC interface remains release wave and returns to the PC’s free surface.
This release wave reduces the free-surface velocity further before contact, so the PC’s free
surface approaches the target more slowly, and the impact velocity decreases to 54.18 m/s
at J. Thus, the impact velocity trend for 1-4 mm gaps is consistent with the corresponding
midplane velocity response in the protected target shown in Figure 3c.
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Figure 5. FSV profiles for (a) SiC, (b) Al 6061, (c) PC for gap distances of 1-3 mm.
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3.2. Effect of Gap Distance on the Impact Response of CPM Layer

The numerical investigation in this simulation reveals that the influence of the gap
distance on the transmitted stress and velocity in a multilayered composite is far more com-
plex than a simple geometric interpretation would suggest. It depends on the impedance
mismatches, wave reflection at interfaces, dispersion and relaxation within the polymer
layer, complex wave interactions, and the dynamic closure of the gap under impact loading.
The impact of OFHC-Cu on the composite armor layer generates an initial compressive
wave that propagates through the SiC and PC layers before reaching the back surface of
the Al 6061. The gap between the Al 6061 and the protected target creates a void, causing
the back surface of the Al 6061 to behave as a free surface. Thus, when the compressive
stress waves reach the free surface, a release wave is reflected back into Al 6061. The release
wave from the Al 6061 free surface interacts with the original compressive waves, causing
the velocity to drop at the free surface of the Al 6061. Moreover, when the release waves
return to the Al 6061-PC interface, the large impedance mismatch between Al 6061 (high
impedance) and PC (low impedance) reflects the waves back into Al 6061 as a secondary
compressive wave. Additionally, the compressive wave generated by the impactor upon
initial impact continues to load the composite layers. This process continues until a release
wave is generated at the impactor’s back surface, causing the impactor to unload. At
the PC-Al 6061 interface, the shock wave from the PC layer separates into two waves: a
transmitted wave and a reflected wave. Here, part of the shock wave is transmitted into
the Al 6061 layer, while the remaining portion is reflected as a compressive wave. These
compressive waves are relatively weak compared with the primary shock waves but can
contribute to the subsequent stress state in the Al 6061 layer. The interaction of the release
wave from the Al 6061 free surface, the reflected waves from the impedance mismatch, and
the initial loading from the impactor produces a cycle of compression and release waves
that influence the Al 6061’s motion before the gap closes.

The midplane velocity response of the protected target for all gap distances up to
10 mm is shown in Figure 3d. Because midplane velocities were computed for each
configuration and the overall trends are consistent across gap distances, the 1, 2, and
3 mm cases were selected as representative profiles. The midplane velocity histories and
corresponding stress histories of the protected target under different impactor velocities are
presented in Figure 6. For the lower impactor velocity of 100 m/s, the midplane response
is governed primarily by the elastic wave propagation, where the transmitted loading
depends upon the relative arrival of compressive and release waves within the composite
layer. In this regime, the results demonstrate that the 1 mm gap yields the highest midplane
velocity (105.7 m/s), the 2 mm gap yields the lowest (55.4 m/s), and the 3 mm gap yields a
moderate midplane velocity (87 m/s). Moreover, the stress response at the midplane of the
protected target follows a pattern like that of the midplane velocity profile. The midplane
stress for the 1, 2, and 3 mm gap distances are 362.6, 188.0, and 301.2 MPa, respectively.
To examine how the gap effect evolves under higher loading conditions, an additional
impactor velocity of 300 m/s is considered. At the impactor velocity of 300 m/s, the trend
changes, with the midplane velocity increasing to 293.3 m/s for the 2 mm gap and about
280.6 m/s for the 3 mm gap, while the 1 mm case shows a lower value of 222.4 m/s, and
the midplane stress follows the same trend. The difference arises because the response is
no longer governed only by elastic wave propagation, but by plastic deformation within
the layers at an impactor velocity of 300 m/s. At high impactor velocity, the composite
layer, particularly PC and Al 6061, undergoes plastic deformation once the stress exceeds
the yield strength, leading to the formation of a plastic wave that travels behind the initial
elastic shock waves. The presence of both elastic and plastic waves alters the timing and
strength of wave reflection and transmission before they impact the protected target. As
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a result, the wave interactions within the composite layer differ from those observed at
100 m/s. The combined effects of elastic and plastic wave propagation modify the velocity
and stress history within the composite layer, leading to differences in the magnitude and
timing of the loading transmitted to the protected target. Consequently, both the midplane
velocity and stress response show a different gap-dependent trend compared to the 100 m/s
impact condition. The analysis at 300 m/s is included to show how the gap effect evolves
at higher impactor velocity, where elastic—plastic wave propagation becomes important.
However, since a detailed analysis of plastic wave behavior is beyond the scope of the
present study, the following analysis focuses on the 100 m/s impact condition. A summary
of the midplane velocity and stress response of the protected target for CPM configuration
at impactor velocities of 100 m/s and 300 m/s is presented in Figure 7.

350

105.7 (a) (b)
@ 100 | @300 280.6
£ 87.0 £ ;:l
- ] | =250 |
222.4 HR
B & g 7 A
] g 200 fe e
< 60 = sy 1 \
g g oA T
e e P |
g 40 © | ]
= 5 100 | H
-] 20 z i H
= Z 50 i H
| H
0 J 0 1 l'
0 10 20 30 40 50 0 5 10 15 20
Time (ps) Time (ps)
400
362.6 (c) 1200 (d)
=350 ; s 1032.4
o 301.2 a >
S 300 Sya— | = 1000 A
- - |} Yoo,
a 0 784.7 HAMAN
g 250 g 800 = 1
% 200 s in.r, o
e B oo = -
£ 150 £ ! i
3 2 400 ! !
3 100 2 | F
= = ! 1
50 200 ! i
! 1
0 ] 0 L i
0 10 20 30 40 50 0 5 10 15 20
Time (ps) Time (ps)

Impact velocity
—— 100 m/s =-==- 300 m/s

Gap size (mm)
2 —3

—]

Figure 6. Midplane (a,b) velocity, and (c,d) stress profiles of the protected target at different gaps of 1,
2, and 3 mm under impactor velocities of 100 m/s (solid lines) and 300 m/s (dashed lines).

The deviation in the trend of the midplane velocity and stress history under an
impactor velocity of 100 m/s can be explained by the free-surface velocity of Al 6061, as
shown in Figure 8. The FSV trends for the three gap distances shown in Figure 8 can be
understood by examining the wave interactions in the x-f diagrams presented in Figure 9.
The x-t diagram shows wave transmission and reflection near the gap and within the
aluminum layer. The analysis focuses on wave interactions within the aluminum layer, at
the aluminum-gap interface, and their influence on the loading transmitted to the protected
target after gap closure. To reduce the complexity of wave interactions, reflections from the
SiC and PC layers are omitted, and the x-t diagram is limited to the region that governs the
gap response. The free-surface velocity history for the composite-layer assembly at gap
distances of 1, 2, and 3 mm, together with the x-t diagram, provides a complete picture
of the complex wave interactions that influence the transmitted loading on the protected
target. Each rise in the FSV profile represents a compressive wave (solid lines in the x-t
diagram), while each drop represents a release wave (dashed lines). In the 1 mm gap case, at
point Ay, the first compressive wave reaches the Al 6061 free surface after impact, resulting
in a slight initial increase in the free-surface velocity. The FSV begins to rise from point Aq
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to By when the first strong compressive wave arrives at the Al 6061 free surface, which
appears as a solid line in the x-t diagram. The subsequent rise in FSV continues through
D4, F1, Hy, and J4, and finally reaches a maximum velocity at Mj (123 m/s) because of the
compressive wave traveling from the PC-Al 6061 interface toward the Al 6061 free surface.
Between arrivals of compressive waves, release waves reach the free surface at points Cy,
E1, G1, I1, and Ly, slowing the increase in FSV. These release waves are not strong enough
to reduce the rise in velocity because the subsequent compressive waves are stronger and
arrive sooner. As a result, the FSV continues to rise with small oscillations, reaching the
maximum peak at M; when the strongest compressive wave arrives. Moreover, the CPM
layers continue to move forward after experiencing strong loading at My, followed by a
weak release wave, closing the gap at around 18.15 pus with an impact velocity of 87 m/s
at Ny.
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Figure 7. Bar-chart comparison of the protected target response for CPM configurations at different
gap distances: (a) comparison of midplane velocity at impactor velocities of 100 and 300 m/s, and
(b) comparison of midplane stress at impactor velocities of 100 and 300 m/s.

In the 2 mm case, the sequence of compressive and release wave arrivals follows the
same trend as in the 1 mm case from points A, to M, (123 m/s). The larger gap allows
the composite layer to travel farther than 1 mm case before reaching the protected target.
During this interval, several release waves reach the free surface of Al 6061 while the layer
is still moving forward, reducing the FSV much more than in the 1 mm case. This results in
the lowest point in FSV at Nj. After reaching N, a series of compressive waves followed
by weak release waves from N to Q, causes the surface velocity to rise slightly, producing
a small peak at Q; just before the gap closes at around 33.75 us (at Rp) with an impact
velocity of 45.45 m/s. The magnitude of the compressive wave at Q, just before impact
in the 2 mm case is smaller than in the 1 mm case (M1); the composite layer arrives at the
target with a significantly reduced impact velocity. This lower velocity directly results in the
weakest midplane response for the protected target. Increasing the gap distance to 2 mm
fundamentally alters the timing of wave interactions, resulting in the lowest transmitted
load among the three gap distances examined. Unlike the 1 mm case, the x-t diagram
for the 2 mm configuration shows a significant shift in the position of the compressive
and release waves after M. Because the gap is now larger, the reflected release wave
has sufficient time to interact with and attenuate the compressive wave before it reaches
the target, resulting in a lower transmitted impulse to the protected target. Also, in the
x-t diagram, the compressive wave is immediately followed by the release wave near the
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time of contact, thereby minimizing the compressive wave’s strength throughout the CPM
configuration. When the gap is increased further to 3 mm, the transmitted load partially
recovers, resulting in higher midplane velocity and stresses than in the 2 mm case but lower
than in the 1 mm case.
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Figure 8. FSV profiles for CPM layer at different gap distances: (a) 1, (b) 2, and (c) 3 mm.
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Figure 9. x-t diagrams of wave propagation in the CPM configuration (a) 1, (b) 2, and (c) 3 mm.

In the 3 mm case, the FSV follows the same pattern observed in the 2 mm configuration
up to point N3. Because the 3 mm gap is larger, the composite layer takes longer to close the
gap than in the 2 mm case. After N3, several compressive waves arrive at the CPM free surface
from N3 to Os. The arrival of strong compressive waves again increases the FSV, reaching a
second compressive peak at O3, where the velocity rises to about 120 m/s. Following this
peak, release waves arrive at P3 and R3, reducing the FSV and producing a slight downward
oscillation in the velocity profile. The 3 mm case shows a higher compressive velocity
immediately before impact, with no significant unloading, compared to the 2 mm case
(Qs3 > Q7). As aresult, the high magnitude compression occurs very close to the moment
of contact, and the CPM free surface closes the gap at around 45 ps (T3) with an impact
velocity of 73.58 m/s. Finally, the impact velocity trend aligns with the midplane response
of the protected target (1 > 3 > 2 mm), indicating that the target’s loading is primarily
governed by the impact velocity set by the wave interactions within the CPM gap. The
difference in midplane velocity at the examined gap distances is because of the strength
and timing at which compressive and release waves interact within the CPM configuration
before the gap closes.

4. Conclusions

In this work, numerical simulations were performed in Abaqus/Explicit to investigate
the effect of the gap distance on shock transmission in a layered composite armor system.
The simulation was conducted in two configurations. At first, single-layer configurations
were simulated across 1-10 mm gaps to understand the material’s effect on shock-wave
propagation and the impact response of the protected target. The results revealed that
the gap effect is material-dependent, with Al 6061 and SiC showing a decrease in the
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target midplane velocity as the gap distance increases. However, the PC layer showed an
inconsistent variation with gap distance. The difference in trend arises from the combined
effects of impedance mismatch and wave speed between the impactor and the PC layer.
The gap effect analysis was then extended to the CPM configuration over a 1-10 mm
range, revealing that the combined composite impact response cannot be predicted from a
single-layer configuration alone. The detailed analysis of the representative gaps of 1-3 mm
showed that the transmitted shock loading is controlled by the material properties, shock
impedance, stress-wave timing, and the sequence of compressive and release waves that
reach the free surface of the CPM layer before contacting the protected target. The FSV
profiles and displacement-time (x-t) diagrams confirmed that these wave cycles determine
the impact velocity at which the CPM composite contacts the protected target. Among
the three gap-distance cases, the 1 mm gap produced the highest impact velocity due to
the arrival of a strong early compressive wave before impact with the protected target.
In contrast, the 2 mm gap produced the lowest impact velocity because the compressive
stress wave is immediately followed by a release wave near the time of contact with the
protected target, thereby minimizing its strength. The 3 mm gap results in a higher impact
velocity than the 2 mm gap because it closes later, allowing the strong compressive waves
to arrive just before contact with minimal unloading. The midplane velocity follows the
same pattern as the impact velocity because of the magnitude of the transmitted shock
wave imparted to the target at contact. A higher impact velocity generates a stronger
transmitted shock wave and, consequently, a larger midplane velocity in the target, and
vice versa. For the CPM configuration and impact condition investigated in this study,
the 2 mm gap was the optimum gap distance that most effectively mitigated the shock
loading imparted to the protected target. This study demonstrates that the gap effect in
multilayered composite armor is nonlinear and depends not only on gap size but also on
material properties, impedance mismatch, wave speeds, and strength and timing of the
wave interactions.

This research provides insight into how gap distance affects dynamic load transmission
in layered composite armor systems and highlights its importance in the design and
optimization of composite configurations for impact-mitigation applications. Building
on this foundation, future work should focus on extending the modeling framework to
incorporate damage models for the layered material, enabling a more realistic assessment
of protective performance. Such damage models would provide further insights into
how material degradation and spallation influence the transmitted shock loading and
the response of the protected target, particularly under higher impact conditions. Also,
the incorporation of compressible, energy-absorbing foam materials between armor and
target systems may be considered a means of further enhancing shock mitigation through
controlled deformation and energy dissipation.
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/ /www.mdpi.com/article/10.3390/jcs10070366/s1, The material model parameters and equation
of state inputs used in the Abaqus/Explicit material property definitions are summarized in
Tables S1-54. Table S1: Material parameters of the J-C model with Mie-Griineisen EOS for OFHC-Cu
and Al 6061; Table S2: Material parameters of the JH-2 model for SiC; Table S3: Material parameters
of the modified DSGZ model for PC; Table S4: Material parameters of the elastic EOS model for the
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Nomenclature

The following acronyms and abbreviations are used in the manuscript:

CPM Ceramic—-Polymer-Metal

FSV Free Surface Velocity

VUMAT Vectorized User Material

DSGZ Duan, Saigal, Greif, and Zimmerman model
EOS Equation of State

J-C Johnson—Cook material model

HEL Hugoniot Elastic Limit

JH-2 Johnson-Holmquist ceramic material model
OFHC-Cu  Oxygen-Free High-Thermal-Conductivity copper
PC Polycarbonate

SiC Silicon Carbide

Al 6061 Aluminum 6061

FEM Finite Element Method
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