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Multilayered cross-ply ultra-high molecular weight polyethylene (UHMWPE) laminated plates were envisioned
and their ballistic performance explored, both experimentally and numerically. High velocity impacts were
performed on both monolithic and multilayered targets with identical areal density. Ballistic data were obtained,
together with dynamic deformation features and failure modes for both target types. Full three-dimensional finite
element (FE) simulations were carried out to calculate the dynamic response of each target and explore the

underlying mechanisms. Good agreement was achieved between FE simulations and experimental measure-
ments. The results revealed that multi-layering the target could relieve fiber tensile stresses on its rear face and
generate a more significant pull-in effect at the edges, resulting in larger back-face deflection and enhanced

ballistic resistance.

1. Introduction

The ballistic performance of protective structures subjected to pro-
jectile impact has long been of interest in both military and civilian
applications. To meet the increasing demand of lightweight, the design
of a protective structure was no longer limited to a single material or a
single layer. As a potential improvement over monolithic plates, multi-
layered constructions have been envisioned, with no bonding between
adjacent layers [1]. The penetration response of such multilayered tar-
gets has therefore become important for protection design.

The ballistic performance of multilayered metallic plates has been
extensively investigated. For typical instance, the residual velocity of a
double-layered aluminum plate was found to be comparable to that of a
monolithic plate with equivalent thicknesses, but its perforation resis-
tance decreased with increasing number of layers [2]. The ballistic
perforation resistance of double-layered armor-steel plates impacted by
blunt and ogival projectiles were also examined, both experimentally
and numerically [3]. The results shown that the ballistic limit was

* Corresponding authors.

improved under the impact of flat-nose projectiles, compared to the
monolithic counterpart of identical weight. In addition, the ballistic
performance of multilayered and spaced mild steel target plates sub-
jected to oblique impact of 7.62 armor piercing projectile was studied
[4], but little difference among monolithic, multilayered and spaced
targets was found. In general, when a monolithic target was replaced by
a multilayered target, any likely improvement in ballistic performance
was mainly attributed to the transition of failure mode from adiabatic
shear plugging (dissipating less energy) to global plastic deformation
and tensile tearing (dissipating much more energy) [5-8].

Due to excellent specific stiffness and strength, fiber reinforced
plastic (FRP) composites have been increasingly employed in structural
and armor applications [9-13]. However, thus far, while focus has been
placed upon monolithic composite plates for ballistic applications, much
less was devoted to evaluating multilayered laminates. A series of ex-
periments were performed on double-layered aramid fiber composite
targets [14] and it was found that that varying the thickness ratio of
layers could lead to significant changes in ballistic resistance. More
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recently, ultra-high molecular weight polyethylene (UHMWPE) fiber
composites attracted much attention for their low density and superior
mechanical properties, with cross-ply UHMWPE composite laminates
exhibiting great advantages in defending ballistic threats of
small-caliber projectiles [15-18]. It has been found that the ballistic
impact behavior of UHMWPE was influenced by the rigidity of resin
matrices [19] and the fabric folding configuration [20]. Further, an in-
crease in ballistic limit (up to 10%) was achieved for double-layered
targets with the areal density of 2~3 kg/m? [21]. However, physical
mechanisms underlying the ballistic performance of multilayered
UHMWPE cross-ply laminates remain elusive.

In the present work, the ballistic resistance of multilayered UHMMPE
cross-ply laminates under the impact of blunt projectiles was investi-
gated, both experimentally and numerically. Ballistic impacts were
conducted on monolithic, double-layered and eight-layered laminates,
respectively. In addition, flexible samples with 64 pre-preg layers were
also tested under projectile impact. Dynamic deformation processes and
failure modes were recorded and systematically compared. Further, the
numerical simulation methodology was introduced and validated,
which was then employed to explore the enhancement mechanisms of
multi-layering.

2. Experiments
2.1. Material and specimen

Three types of cross-ply UHMWPE laminated plates were prepared
for ballistic experiments, as shown in Fig. 1: Target A was an 8 mm
monolithic laminated plate, Target B had two layers of 4 mm laminated
plate, whereas Target C consisted of eight layers of 1 mm laminated
plate. Thus, each target had a total thickness of 8 mm, with identical
areal density of 7.68 kg/m? and in-plane dimensions of 300 mm x 300
mm. The UHMWPE layers in Targets B and C were simply stacked
without interface bonding. In addition, flexible samples with 64 pre-preg
layers (defined as Target D) were also prepared. Each layer of Target D
consisted of two unidirectional plies in 0° and 90° directions, with a
layer thickness of 0.15 mm. Since hot pressing was not performed on
Target D, its total thickness was different from the other three target
types, but its areal density remained the same as others.

The cross-ply UHMWPE laminate layers and prepregs were provided
by the Beijing Tongyizhong New Material Technology Corporation, with
commercial grade of HA792. Each pre-preg consisted of two unidirec-
tional plies (0.075 mm thickness each) in 0° and 90° directions, with a
total thickness of 0.15 mm. The UHMWPE fiber had a tensile strength
above 3.8 GPa, a diameter of 17 pm and a volume fraction of 83%.
Moreover, polyurethane resin was used as the matrix. Laminated targets
were fabricated via stacking and hot pressing (under a temperature of
127 °C and a pressure of 20 MPa), with a ply lay-up angle of 90°.

Quasi-static uniaxial tensile tests were performed on the UHMWPE

Target A 1 layer

Target B 2 layers
Target C 8 layers
Target D 64 layers

Fig. 1. Schematic of target configurations.
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cross-ply laminate at a cross-head speed of 1 mm/min. Because of the
high tensile strength and low shear strength for UHMWPE composites,
the dog-bone samples suggested by Russell [22] were used to avoid
shear/pull-out failure at the grips, as shown in Fig. 2(a). The strain was
measured using a video extensometer by tracking the relative
displacement of three points marked along the samples within the gauge
length. Fig. 2(b) presented the measured stress and strain curves. The
results showed that when the strain reached the peak of 2.75% where
several plies near the surface delaminated and fractured, the stress
continued to increase. After reaching the nominal tensile strength of 726
MPa, all fibers along the loading direction were fractured and serious
delamination of the sample was observed. The tensile results demon-
strated that due to the low interlaminar shear strength, the tensile load
was not uniform in the cross-section. The same conclusion was drawn
that the load from outer plys was not able to reach the core plys of
UHMWPE laminates, resulting in the quite difficult measurement of the
tensile material parameters [23,24]. Hence the measured nominal ten-
sile strength should be lower than the actual value. However, the tensile
properties of current material were similar to those of Dyneema® HB26
(i.e., the peak strength of 725 MPa and peak strain of 2.43%) [22].

Quasi-static uniaxial compression was performed at a cross-head
speed of 0.5 mm/min. Three square samples with the in-plane size of
50 mm and the thickness of 10 mm were waterjet cut from the laminated
plate, and average results were reported in Fig. 3. The compression
response was linear elastic and the Young’s modulus was E, = 5.1 GPa.
At the peak compressive stress of C. = 1.74 GPa, catastrophic failure
occurred with significant acoustic emission.

2.2. Ballistic testing

Ballistic tests were performed using a two-stage light-gas gun, which
was comprised of a gas chamber, a pump tube, a central breech as-
sembly, a launch tube and a sample chamber, as shown schematically in
Fig. 4(a). The length of the pump tube and launch tube were 2 m and 1.5
m, respectively. High purity nitrogen was compressed in the gas
chamber and pump tube to accelerate the projectiles. Cylindrical pro-
jectiles, diameter 7.62 mm, length 20 mm, and mass 7.1 g, were fabri-
cated from AISI4340 steel; Fig. 4(c). A sabot made of polyethylene
(diameter 10 mm) was designed to drive the projectile out of the launch
tube, which was attached behind the projectile during impact. However,
because of the low weight (around 0.8 g) and strength (around 10 MPa)
of sabot, its influence on the impact response of present target was
negligible.

Details of target placement and velocity measurements were dis-
played in Fig. 4(b). Four clips were used to clamp the corners of each
target to a fixture, thus little constraints had been applied in its in-plane
direction. A high-speed camera (I-SPEED 510, IX) was employed to
capture the dynamic deformation process and to measure the impact and
residual velocities of the projectile. The exposure time was fixed at 2 ps
and the inter-frame interval was 10 ps, with the time of initial impact
defined as zero. The corresponded frame rate was 100000 Hz and the
image resolution was 448 x 148 pix.

2.3. Experimental results

The ballistic results of impact velocity V;, residual velocity V;, and the
energy absorption E were listed in Table 1 and plotted in Fig. 5(a). Here,
the energy absorption E can be expressed by E = E; - E,, where E; and E,
denotes the initial kinetic energy of projectile and residual kinetic en-
ergy of projectile, respectively. The energy absorption ratios (E; - E;) / E;
were presented in Fig. 5(b). It was clear that an improvement in ballistic
performance was achieved by multi-layering the target, and the
enhancement effect was more pronounced as the number of layers was
increased. In addition, the projectile with an initial velocity of 473 m/s
could be fully stopped by Target B, but a large residual velocity of 223
m/s was left when impacted at 499 m/s, implying that the residual
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Fig. 2. (a) Geometry of the tensile sample and (b) the measured stress and strain curves.
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Fig. 3. The compressive stress versus strain curve of UHMWPE plate.

velocity increased sharply around the ballistic limit. Further, Target C
was not perforated at 505 m/s, indicating the ballistic limit was indeed
improved with multi-layering. In particular, the flexible Target D with
64 pre-preg layers (each 0.15 mm thick) exhibited superior resistance to
projectile penetration and absorbed much more kinetic energy, as
shown in Fig. 5(b). However, the dynamic response of this soft target
was distinctly different from the other three target types, as shown in
Fig. 6. When impacted at 522 m/s, although Target D was not perfo-
rated, the surviving layers suffered large bulging deformation, and the
target was pulled out from the clips and flew away with projectile, the
latter having a low residual velocity of 44 m/s. When the impact velocity
was increased to 583 m/s, large bulge deformation still persisted in
Target D, which was responsible for absorbing more impact energy.
After the tests, all the flexible targets tested were found to fell off the
fixture.

Fig. 7 displayed high-speed images of monolithic and multilayered
targets impacted by projectile at velocity near ballistic limits. For the
monolithic Target A (Fig. 7(a)), a bulge formed on its back face at 10 ps,
growing continuously afterwards. At 300 ps, local delamination could be
seen in the middle of the transverse boundary. As time proceeded
further, the out-of-plane deflection no longer increased. After 400 ps, a
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Fig. 4. (a) Schematic of ballistic testing setup, (b) arrangements of target placement and velocity measurements, and (c) photograph of projectile and sabot.

Table 1
Ballistic results of experiments and FE simulations.

Type  Impact Residual velocity V, (m/s) Absorbed
velocity V; Experiment Simulation  Error energy E (J)
(m/s) (%)

A 446 0 0 0 706
457 0 52 - 741
513 267 271 1.5 681
528 272 - - 727
522 288 288 0 673
549 385 353 8.6 544
580 470 - - 410
582 457 422 7.7 461
600 500 472 9.4 390

B 473 0 0 0 794
499 223 205 8.1 707
527 326 270 17.2 609
595 460 444 35 506

C 480 0 0 0 818
505 0 0 0 905
552 331 297 10.3 693
559 279 310 11.1 833
610 440 447 1.6 634

D 522 No - - -

Perforation

583 339 - - 799

rebounding motion of its back face was activated. As for the double-
layered Target B (Fig. 7(b)), its out-of-plane deflection was larger than
that of Target A, and the rebound was greatly diminished. Moreover, a
kink-band was formed within the second layer in Target B. In compar-
ison, the deflection of multilayered Target C was the largest and sus-
tained up to 700 ps. Kink-bands similar to that found in Target B were
observed within each of the two layers located at the back.

The deformation and failure modes of each target were examined
after impact, and the results were presented in Fig. 8. Laminate folding
could be detected at the front face of Target A, extending tangentially
from its crater edge along fiber direction (Fig. 8(a)). However, such
folding was barely detected in Targets B and C. From the back view, the
permanent deflected profile seemed to be pyramidal in shape, with the

ridges of the pyramid aligned along 0°/90° fiber orientations. Moreover,
the pull-in phenomenon (i.e., the laminate was pulled inwards from
edges to central impact region) was obvious at the edges of the second
layer in Target B and the back two layers in Target C, which corre-
sponded to the above-mentioned kink-bands at the edges. In contrast,
pull-in was barely observed in the monolithic Target A. From the cross-
sectional view, severe delamination failures were observed in the back
half of Target A, the second layer of Target B, and some penetrated
layers of Target C. Overall, the permanent deflection was smallest in
Target A, but largest in Target C.

The impact responses of Targets A, B and C under the impact ve-
locities around 600 m/s were compared in Fig. 9, while their repre-
sentative failure modes were compared in Fig. 10. It could be seen from
Fig. 9 that the back face of Target A failed at 40 ps, whereas the back face
failure was delayed to 48 ps for Target B. In comparison, around 50 ps,
only slight damage was observed on the back of Target C. That is to say,
as the number of layers was increased, the interaction between the
projectile and the multilayered target lasted longer, resulting in smaller
residual velocity. For all three target types, at sufficiently initial impact
velocities, the projectile ejected with fractured fibers and exhibited little
plastic deformation. After the perforation, the bulging of the target plate
continued to grow, and the maximum deflection increased with
increasing layer number. After the impact tests, an inspection of the back
faces indicated that fiber fracture and ply splitting occurred in all tar-
gets, as shown in Fig. 10. Consistent with the lower velocity cases,
delamination of plys occurred in all three targets, with Target C expe-
riencing the largest permanent bulging deflection.

For impact velocities higher than the ballistic limit but less than the
600 m/s, the deformation and failure responses of Targets A, B and C
were similar with the results shown in Figs. 9 and 10. As the impact
velocity increased, the perforation appeared earlier, accompanying with
the smaller deflection. From the comparison of the energy absorption of
each experiment as listed in Table 1, it was revealed that there was a
clear drop in energy absorption capability for impact velocity above the
ballistic limit. The energy absorbed would be further decreased with the
increase of impact velocity, which was caused by the earlier failure and
smaller defection of the target.
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Fig. 6. Dynamic response of flexible Target D at selected initial
impact velocities.

3. Simulations
3.1. Numerical modelling

The commercially available FE code LS-DYNA was utilized to
numerically simulate the impact responses of the three hot-pressed
target plates, i.e., Targets A, B and C. Full three-dimensional model
was built for each target, as shown schematically in Fig. 11. Generally, it
was difficult to capture the delamination among laminate plies using
continuum models. The sub-laminate model was proven to accurately
simulate the ballistic deformation of UHMWPE laminates [25,26], and
was adopted here. In current model, the laminated plate was modelled
as a combination of sub-laminates, and each sub-laminate was consid-
ered as a homogeneous transversely isotropic plate representative of

several cross-plies. Cohesive contacts were used to bond the adjacent
sub-laminates, which also would possibly mimic the delamination fail-
ure of the interlaminar interface. Consequently, the delamination in
cross-ply laminate as observed experimentally was simulated by the
interface failure between sub-laminates.

For Target A, the 8 mm laminate was modeled as 16 bonded sub-
laminates (each of 0.5 mm-thickness), as shown in Fig. 11(d), and a
total of 15 cohesive contacts were defined. The failure criterion of
cohesive contacts was given by:

AN AN

(Z) + (Z) >1 1)
where ¢, and o; were the normal and shear stresses, I,, and I; were the
normal and shear failure strengths. Prior to the interface failure, adja-
cent in-contacting sub-laminates were stuck together to transfer shear
and tensile stresses. After the interface failed, the slippage and separa-
tion between sub-laminates were allowed. For Target B (2 layers), each
layer of 4 mm-thickness was discretized as 8 bonded sub-laminates, with
a general contact between the two 4 mm layers. As shown schematically
in Fig. 11(e), 14 cohesive contacts and 1 general contact were defined in
the model. The general contact was implemented to transfer compres-
sive stress, without the stress transition of either interface shear or
tension. Differently, 8 cohesive contacts and 7 general contacts were
defined for Target C, which consisted of eight layers (each was con-
structed with two bonded sub-laminates), as shown schematically in
Fig. 11(f).

In the sub-laminate model, each sub-laminate was considered as a
homogeneous transversely isotropic plate representative of several
cross-plies. However, the pre-preg layer of Target D consisted of only
one 0° ply and one 90° ply, and the error would increase when equiv-
alent to a homogeneous material. More importantly, Target D was not
hot pressed and the flexibility was maintained, while the layers of Tar-
gets A, B and C were post-cured hard plates. The density of UHMWPE
composite was changed by hot pressing because the resin would be
squeezed out, and other mechanical properties might also be different.
Due to the limitations of current sub-laminate method and material
model, numerical simulation of the flexible Target D was not discussed
here.

Both the projectile and laminated targets were meshed by element
SOLID 164 based upon the Lagrangian formulation. A uniform element
size of 0.5 mm was selected along the thickness direction, as depicted in
Fig. 11(b). A finer in-plane mesh with 0.5 mm size was adopted for the
central impact region (a 60 mm square region), and the element size at
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Fig. 7. High-speed image sequences of (a) Target A, (b) Target B, and (c) Target C at corresponding impact velocity just before complete penetration occurred.
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Cross-section view
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Fig. 8. Failure modes of (a) Target A impacted at 457 m/s, (b) Target B impacted at 473 m/s, and (c) Target C impacted at 505 m/s.

the boundary increased to 2 mm; Fig. 11(c). Besides, the projectile was
meshed with an element size of 0.5 mm to match the mesh of target. In
total, the element number of the final FE model was 610624. The
convergence studies performed on the sub-laminate models [25-27]
have confirmed that the current mesh style was able to achieve high
numerical accuracy and low computational cost simultaneously.
Eroding-Surface-To-Surface contact options were set between the
projectile and the laminated plate, with additional option of soft
constraint formulation employed. Due to relatively weak constraint at

the boundary, slippage at the clamp was observed in the experiments,
and hence no boundary conditions were imposed on the targets in the
present numerical models. Finally, to simulate the impact, an initial
velocity was applied to the projectile.

3.2. Material models and parameters

The dynamic mechanical behavior of the present UHMWPE cross-ply
laminate was modelled using a continuum composite constitutive model
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Fig. 11. (a) Three-dimensional model for UHMWPE laminated composite plate, with mesh details from (b) side view and (c) top view; schematic of modeling

approach for (d) Target A, (e) Target B and (f) Target C.

with failure criteria, i.e., material type #59 in LS-DYNA [27]. A linear
elastic orthotropic stress and strain relation was implemented in this
model. Due to the cross-ply layup adopted, identical material properties
along 0° and 90° directions were assumed. The thermal independent
methodology proposed by Nguyen et al. [25,28] have shown good cor-
relation with the experimental results of 10 mm and 20 mm thick
laminate, but failed to predict the penetration into a 36 mm target.
Further, it was noted by Austin et al. [29] that in the case of 10 mm and
20 mm targets, thermal softening caused only 1% difference. Therefore,
the thermal effect was only significant for thick laminates under impact
velocity beyond 1000 m/s. In current experiments, the thickness of
laminate was 8 mm and the velocity ranged from 400 m/s to 600 m/s, so
the thermal softening was not implemented in the numerical model.
Moreover, as tensile properties did not change at high strain rates [30],
the strain rate dependency was neglected.

The equation of state was not included in the current material model.
Thus, the hydrostatic pressure P was calculated by the constitutive
model:

P=Au+Are, +Aszep + Ase, (2)

where A;, Az, As, A4 were material constants and can be specified
independently from the stiffness matrix, and y was the volumetric strain.
In current orthotropic model, the relationship between pressure and
volumetric strain was assumed to be linear, and the pressure was also
related to deviatoric strain. In fact, the relationship between pressure
and volumetric strain would become nonlinear for high pressure, and
Nguyen et al. [25] incorporated the Mie-Gruneisen equation of state to
describe the volumetric response. However, Hazzard et al. [26] have
shown that the ballistic prediction was accurate at lower areal densities
and impact velocities less than 600 m/s with the absence of equation of
state. At higher areal densities and higher impact velocities, the ballistic
limit from the simulation should be lower than experimental results.
Upon impact loading, the in-plane tensile strength and through-
thickness compressive strength were defined to activate in-plane

tensile failure and through-thickness compressive failure, as summa-
rized in Table 2. In-plane and through-thickness shear strengths (Sgp, Sqc,
Skc) were set to infinite values due to the large shear strain at failure
[31]. After failure, property degradation was performed within a short
period by reducing the scaling factors of stiffness. The failed elements
were eliminated when either or all of the following strains reached a
critical value: tensile strain at 0.4 or compressive volumetric strain at
0.8. Element erosion strains were set to delete any highly distorted el-
ements, which affect the time step and numerical stability without
playing a further role in target interaction.

Table 3 listed the material parameters for UHMWPE composite that
were used. The Young’s modulus E. and compressive strength C. were
measured from the compressive tests. Due to the difficulty of laminate
tensile testing mentioned in Section 2.1, the tensile moduli of
Dyneema® HB26 were used. It has been demonstrated that the intrinsic
tensile strength of UHMWPE material should be used for numerical
modeling [23], thus the values of in-plane tensile strengths (T, and Tj)
were obtained from single pre-preg tensile tests [24]. The Poisson’s ra-
tios and shear moduli were same with the Dyneema® HB26 [26]. The
normal strength of cohesive contact I, was taken from the largest
measured value of through-thickness tensile strength under highly dy-
namic conditions [32], while the shear strength I; was approximated by
accounting for dynamic effects and the quasi-static interface shear

Table 2
Failure criterion of composite material model.
Failure mode Criterion
In-plane tensile failure (U_a) 2 N (Tﬂ 2 . (Tﬂ) 2 -1 m
Tq ) b/, Sac ) @
) () (&)
. Ty ab She
Through-thickness e 2 C. 2 oc 3)
compressive failure (Sac i st> + { Sac +Sp) 1] ICe| +
() )
Sac Sb:
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Table 3
Material parameters used in the FE simulations.
Parameters of Value Ref. Parameters of AISI Value  Ref.
UHMWPE 4340 steel
Young’s modulus, E, 34.257 [26] Shear modulus, G 77 [33]
(GPa) (GPa)
Young’s modulus, Ep 34.257 [26] Bulk modulus, K 159 [33]
(GPa) (GPa)
Young’s modulus, E. 5.1 Static yield strength, 0.785 [33]
(GPa) A (GPa)
Poisson’s ratio, vy, 0 [26] Hardening constant, 0.510 [33]
B (GPa)
Poisson’s ratio, veq 0.013 [26] Strain hardening 0.260 [33]
exponent, n
Poisson’s ratio, vy, 0.013 [26] Strain rate constant, 0.014 [33]
C
Shear modulus, Gg 0.1738 [26] Thermal softening 1.03 [33]
(GPa) exponent, m
Shear modulus, G, 0.5478 [26] Reference strain rate, 1.0 [33]
(GPa) &G h
Shear modulus, G 0.5478  [26]  Melting temperature, 1793 [33]
(GPa) tm (K)
Tensile strength, T, 1.25 [24] Damage constant, d; 0.05 [33]
(GPa)
Tensile strength, T}, 1.25 [24] Damage constant, da 3.44 [33]
(GPa)
Compressive 1.74 Damage constant, ds -2.12 [33]
strength, C. (GPa)
Normal strength, I, 60 [32] Damage constant, dg 0.002 [33]
(MPa)
Shear strength, I 80 [16] Damage constant, ds 0.61 [33]
(MPa)

" Parameters measured from uniaxial compressive tests.

strength [16]. As for the AISI 4340 steel projectile, the Johnson-Cook
constitutive and failure models were employed, and relevant parame-
ters taken from [33] were also listed in Table 3.

3.3. Validation

Numerical results for Targets A, B and C were presented in Fig. 5(a),
while quantitative comparison with experimental results was given in
Table 1. Good agreement was achieved for the prediction of residual
velocity. Further, the experimentally observed bulge evolution process
was well mimicked by the present FE simulations, as shown in Fig. 12(a).
The numerically predicted back face deflections were plotted in Fig. 12
(b) as functions of impact time, and compared with experimental mea-
surements. The numerical model successfully replicated the tendency
that the deflection of the back face increased with increasing layer
number. However, the deflection was somewhat underestimated by FE
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predictions for all three targets, mainly attributed to two reasons: (1)
interface failure (i.e., delamination) in the FE model was only allowed
among sub-laminates with a thickness of 0.5 mm, while it could occur in
individual plies of only 0.075 mm thickness for the actual cross-ply
laminate; (2) some of the key material properties, e.g., elastic and
shear moduli of UHMWPE fibers, may be degraded by thermal loads
during impact, which was not considered by the numerical model.
Nonetheless, overall, the predictions of the present numerical simula-
tions were considered reasonable.

4. Discussions
4.1. Effect of membrane stretching

The history of numerically computed tensile stress along fiber di-
rection at the central point of the back face was presented in Fig. 13 for
Targets A, B and C. When the initial velocity of 400 m/s (Fig. 13(a)) was
relatively low, the three targets were all not perforated. The dynamic
response could be broadly divided into local bending and membrane
stretching. Local bending occurred within the first 10 ps, leading to a
sharp increase in back face tensile stress along the fiber direction. Sub-
sequently, as the bulging grew, the deformation mode changed from
local bending to membrane stretching, with debonding or delamination
emerging around the impact region. The present numerical results also
indicated that the average membrane tensile stress was largest in Target
A, but smallest in Target C.

As shown in Fig. 13(b), when the impact velocity was increased to
500 m/s, the peak tensile stress at the stage of local bending was
correspondingly increased. At 40 ps, a large portion of Target A ruptured
and was penetrated by the projectile, leaving the last undamaged part
having only a thickness of 3 mm. At the time around 70 ps, the tensile
stress on the back face reached the failure strength, resulting in perfo-
ration. Such tensile failure, due to direct contact of the projectile with
the last few intact sub-laminates, was delayed in Target B and was
prohibited in Target C. At 40 ps, the undamaged laminate in Target C
had a thickness of 4 mm. Thus, more resistance against projectile
penetration was provided by Target C and the projectile velocity was
significantly reduced, with no perforation of the back face.

As the impact velocity was further increased to 600 m/s, all targets
were perforated, with the responses of Target A and C highlighted in
Fig. 14. The rupture of the back face in Target A occurred early (around
35 ps), since the tensile stress on the back face fleetly reached the tensile
strength. However, less damage could be found for Target C until 40 ps,
consistent with the experimental observation.

The experimentally observed pull-in phenomenon at the edges was
replicated in simulations, as shown in Fig. 15. For Target A impacted at

(b) ; ; : : ; ;

0 50 100 150 200 250 300 350
Time (us)

Fig. 12. (a) Numerically simulated dynamic deformation responses and (b) comparison of predicted back face deflections with experimental measurements.
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Fig. 13. Numerically calculated histories of fiber tensile stress at the center of back face at impact velocity of (a) 400 m/s and (b) 500 m/s for Targets A, B and C,

with selected failure modes also presented.

Target A

L

V;= 600 m/s

20 ps

35 pus

Failure initiation -

50 ps

S

Target C
V;= 600 m/s

= _ ,—/.—7

Fig. 14. Penetration responses of Target A and C impacted by projectile at 600 m/s.

the velocity near ballistic limit, although a large portion of the laminate
was penetrated by the projectile, the pull-in length at all the edges was
almost the same throughout its thickness, due to strong restrictions at
the well-bonded interfaces of the sub-laminates. In the double-layered

10

Target B, however, this pull-in effect in the second layer was more sig-
nificant than that in the first layer. Further, for Target C which was
discretized to 8 layers, the pull-in length of each layer increased in order
from the front to the back. In particular, the pull-in effect in the last layer
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Fig. 15. Pull-in effects of Targets A, B and C impacted at velocities near respective ballistic limits.

was the most notable, corresponding to the largest deflection of the rear
layer that absorbed much more energy. Meanwhile, the lack of re-
strictions at the interfaces and the pull-in effect were responsible for the
lower membrane stress sustained by the back face of Target C, which
prevented the penetration of the last few layers.

4.2. Penetration mechanisms

According to the experimental results shown in Section 2.3 and the
observations of existing literatures [12,16], the UHMWPE laminates
failed in a progressive manner, and the penetration process could be
divided into two stages, as shown in Fig. 16(a): (i) the initial penetration
was accompanied by local deformation and failure, and (ii) then the
membrane stretching was activated and severe delamination occurred.
Once the impact occurred, a compressive shock wave would be gener-
ated below the projectile and propagate to the back face. The huge
contact pressure between projectile and laminate after initial impact
was responsible for the local deformation and failure beneath the pro-
jectile. Hazzard et al. [26] and Zhang et al. [27] have numerically found
that the contact pressure between projectile and laminate would be
significantly reduced by tensile relief wave (Cp) reflected from the rear
free face, which might be the mechanism the change in failure mode
from local failure to membrane stretching.

Fig. 16. Schematic illustrations of the failure of the UHMWPE laminates: (a)
the progressive failure of UHMWPE composite and (b) the wave propagation
and deformation during membrane stretching.

A schematic illustration of membrane deformation and wave prop-
agation was shown in Fig. 16(b). When the contact pressure exerted by
projectile was insufficient to induce local failure of fibers, the intact
fraction of laminate continued to deflect, with membrane stretching
activated. Considering a membrane impacted by the projectile, longi-
tudinal and transverse waves would be generated and propagate along
the fibers. The longitudinal wave Cy, stretched fibers in the plane and led
to the inflow of the membrane with velocity of u, while the transverse
wave Cr resulted in the out-of-plane displacement and changed the
inflow velocity. The large deflection of the cone without failure was
allowed by the inflowing of the intact sublayers into the projectile re-
gion, rather than the membrane strain. The membrane strain during
deformation process was evaluated by current numerical simulation,
and the results shown that the membrane strain under the projectile was
around 3.5% when impacted near the ballistic limit. O’Masta et al. [34]
measured the extension of UMMWPE laminates and found the elonga-
tion of fibers did not exceed 3% throughout the deformation history. A
membrane model for the ballistic impact was developed by Phoenix and
Porwal [35], and they indicated that only 20% of the large deflection
was due to the membrane strain and the other 80% came from the
inflow.

The current experimental and numerical results both showed that the
multilayered targets corresponded to larger deflection. For the multi-
layered plates, stresses across the section cannot be supported, and stress
gradient arising from bending and shearing would be relieved, so the
failure at the rear would be delayed. Similarly, for double-layered metal
target, Dey et al. [3] found that the shear plugging occurred in the first
plate was prevented in the second. Thus, global deformation and
membrane stretching were able to take place. Moreover, the pull-in ef-
fect presented in Figs. 8 and 15 was caused by the inflow of membrane,
and initiated once the longitudinal wave reflected at the edge. The larger
pull-in length corresponded to more material inflowing into the cone
(see Fig. 15), which corresponded to a larger deflection.

To further explore the enhancement mechanisms of multilayered
target, the computed projectile velocity as a function of time for
different targets at an impact velocity of 500 m/s was plotted in Fig. 17
(a). It could be drawn that the discrepancy between Target A and C even
occurred in the early stage of penetration. Fig. 17(b) compared the
absorbed energy of targets in terms of the deformation (i.e., internal
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Fig. 17. (a) The projectile velocity histories and (b) energy absorption of
different targets at impact velocity of 500 m/s.

energy) and the movement (i.e., kinetic energy). The difference of the
internal energy for different targets seemed to be little, while the kinetic
energy was increased as the layer increased. It was noted the kinetic
energy of three targets all reached the maximum around 60 ps, which
was equivalent to twice of the time for the longitudinal wave travelling
from the center to the edge. The results presented in Figs. 7, 12(b) and 17
(b) implied that the inflow velocity of the membrane for multilayered
targets was relatively higher. This higher inflow velocity was induced by
the lack of restriction between sublayers, and was responsible for the
larger pull-in length to sustain larger deflection without the tensile
failure.

Recently, it has been reported by Karthikeyan et al. [16], Wang et al.
[19] and Cline et al. [36] that the UHWMPE laminate with weaker
matrix and lower shear strength performed much better in perforation
resistance and energy absorption. Compared with the monolithic
UHMWPE laminate, the multilayered target had no matrix connection in
the interfaces of adjacent sublayers and could not bear the interlaminar
shear. Therefore, the results of present study were consistent with those
reported in the literatures.

5. Concluding remarks
The ballistic performance of multilayered cross-ply UHMWPE lami-

nated plate was investigated. Targets with different number of layers but
the same areal density were tested and simulated. The main conclusions
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drawn from the study were summarized as follows:

1. The penetration resistance of UHMWPE laminated plate could be
improved by layering the target, and the enhancement was more pro-
nounced as the number of layers was increased.

2. The deflection profiles of monolithic and multilayered UHMWPE
targets were pyramid-shaped. Further, fiber fracture, ply splitting and
delamination failure occurred in all targets. However, a larger back face
deflection could be observed in the multilayered target, with the failure
time of its back face delayed.

3. The superior ballistic resistance of the multilayered target was
attributed to the lack of restriction between sublayers. As a result, more
material could flow into the cone, and the fiber tensile stress on the back
face could be lower, thereby withstanding larger deflection without the
tensile failure.
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