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1. Introduction

Composites containing ultra-high-molecular-weight polyethylene (UHMWPE)
fiber or film reinforcements have increasingly been studied for ballistic applications
due to their superior performance.! The two most common forms of UHMWPE
reinforced composites are 1) fiber-reinforced systems, where a high-volume
fraction (typically >80%) of UHMWPE fibers are impregnated in a compliant,
thermoplastic resin matrix and 2) film-reinforced systems, where thin sheets of
highly aligned, solid-state extruded (SSE) UHMWPE films are bonded together
and coated on one side with a thermoplastic binder resin. UHMWPE composites
have several characteristics that create unique challenges in the processing and
modeling of structures made from these materials. Due to the high amount of
aligned material in both cases, a single lamina, or ply, of UHMWPE composite is
generally highly anisotropic and very weak in the transverse direction.
Manufacturers typically provide these materials in sheets containing 4 plies
configured in a [0°/90°/0°/90°] orientation for fiber systems or 2 plies configured
in a [0°/90°] orientation for film systems to facilitate handling during processing.
This cross-ply configuration becomes the building block for potential stacking
sequences in subsequent laminated composite structures.

In its simplest form, a UHMWPE composite structure is created when an
unprocessed stack of material is consolidated at elevated temperature and pressure
between two flat platens. In this case, the final orientation of the laminate is the
same as its initial stacking sequence and its response is dependent on the process
cycle used for consolidation. Processing UHMWPE composites into a structure
with complex curvature is complicated by its resistance to shearing. To reduce
wrinkling in the material and help the structure achieve a uniform thickness, a series
of drawing or preforming steps at elevated temperature is generally used to form
the part to its near-final shape before consolidation in matched metal molds.® The
sheets of material are deformed and sheared during these manufacturing processes,
causing deviation from the initial cross-ply architecture that can vary spatially
within the part. The structural and ballistic responses of non-[0°/90°] laminates are
fundamentally different from cross-ply configurations,'® which can have a
significant effect on the predicted response of these structures.

The ply-level response of UHMWPE materials is needed to develop accurate
material models of the laminated composite response for use in finite element
modeling, but experimental data on the ply-level properties are usually not
available for most material systems as unidirectional (non-cross-ply) sheets may be
difficult to obtain or process. A simple rule of mixtures assumption has be used to
estimate the single-ply response for material model calibration for ballistic models



with some success.!'™!* The properties resulting from this assumption are linear,
which is sufficient for the longitudinal behavior of most UHMWPE systems but
generally insufficient for their transverse and shear response. The response of the
matrix and reinforcement in state-of-the-art materials are typically unknown and
their composition may be proprietary. Poor bonding between reinforcements and
matrix in UHMWPE composites introduces additional complexities that are
incompatible with an assumed rule of mixtures response.'!

The approach to determine ply-level material properties taken in this report is based
on 3-D laminated-media analysis. Unidirectional, ply-level material properties are
calibrated through comparisons of predicted laminate response with experimental
response for several laminate architectures. The nonlinear transverse and shear
responses of experimental laminates are captured through a combination of
assumed ply-level nonlinearity and fiber reorientation. A background of the
laminated-media analysis, details on the processing of samples for the experiments,
a description of the approach used to calibrate the properties, and discussions on
the results are provided in the following sections.

2. Background

The response of laminates with a known layup and well-defined ply-level material
behavior can be accurately predicted for small strains using 3-D laminated-media
analysis.!*"!7 This analysis, similar to Classical Laminated Plate Theory, was
adapted to thick-section composite structures by accounting for through-thickness
stresses and strains and neglecting bending—twisting coupling due to asymmetric
layups. The analysis, originally developed by Chou et al.,'® was modified to include
nonlinear stress—strain behavior in all principal ply directions and progressive
failure analysis by Bogetti et al.!”2° and used to effectively predict the response and
failure of various composites subjected to multiaxial loading. Predictions of the
3-D effective properties, effective laminate stress—strain response due to
progressive ply failure, and ultimate strength for thick-section composite laminates
under arbitrary mechanical loading are produced by an analytical code. A detailed
description of the theory is available in the provided references and an overview of
some of the relevant aspects are given in this section.

The Ramberg—Osgood equation is used to independently define nonlinear behavior
in the longitudinal, or fiber, direction (1), in-plane transverse direction (2),
transverse normal direction (3), interlaminar shear planes (23 and 13), and the in-
plane shear plane (12). Figure 1 shows the relationship between the global (X, Y,
7), laminate-level (Y, ?, E), and ply-level (1, 2, 3) coordinate systems. Note that
Z=(XxY)and3 = (1x2).
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Fig.1  Relationship between global (X, Y, Z), laminate-level (X, ¥, Z), and ply-level (1, 2, 3)
coordinate systems

The Ramberg—Osgood equation provides an expression for ply-level stress written
explicitly in terms of ply-level strain and three unique parameters:

o=—20 (1)

Where E, is the initial modulus, oy is the asymptotic stress level, and » is a shape
parameter for the stress-versus-strain curve. The instantaneous tangent lamina
stiffness E; is defined as a continuous function of ply-level strain and the three
Ramberg—Osgood parameters by taking the derivative of Eq. 1 with respect to
strain:

d E,
B ="=—"t 2)

(&)

While the majority of nonlinear behavior in both structural and UHMWPE
composites can be attributed to the response of the matrix, an additional contributor
to nonlinearity observed in UHMWPE composites is the rotation, or scissoring, of
reinforcements.?!>* Modifications to the assumptions used in the laminated-media
analysis are required to capture these deformation mechanisms, especially due to
the large strains (>10%) seen in testing. An approach developed by Mandel et al.*
is used to define the fiber rotation as a function of the current deformation state.
The current ply angle ;- is calculated using the relationship

0;01 = 0; + tan~t (— sin(9,) cos(6,) (A% — Agy) + 227 (cos?(9,) - sinz(ei))) (3)



where 6; is the previous ply angle, and Aey, Aeyy, and Aeyy are increments of
laminate level strains in the X, Y, and in-plane shear directions, respectively.

The nonlinear response of the laminate is generated through the summation of
piece-wise linear increments of stress over a pre-established load schedule. The
tangent moduli and angle of each ply are used to determine the laminate stiffness
matrix C for the calculation of the next laminate stress increment AG from the
laminate strain increment A< as shown in Eq. 4:

AG = CAE (4)

The entire nonlinear response for the laminate is obtained by the cumulative sum
of all stress and strain increments throughout the laminate loading history.

A complete description of ply-level material response is created from 21
mechanical constants. These constants include the three Ramberg—Osgood
parameters for each of the six principal ply directions and the three major Poisson’s
ratios vi2, vi3, and v23. In this study, mechanical constants for a material model are
calibrated for both fiber-based and film-based UHMWPE composite materials. A
linear assumption is used to calibrate the initial modulus values, with nonlinear
constants subsequently calibrated while including mechanisms of fiber rotation.

3. Experimental

3.1 Laminate Processing

The UHMWPE composites studied in this effort are laminated plates hot-pressed
from commercially available thermoplastic composite sheet goods. Honeywell
SpectraShield IT SR-3136 (Honeywell International, Inc) and DuPont Tensylon
HSBD 30A (DuPont de Nemours, Inc) are the two materials studied in this work.
As received from the manufacturer, a sheet of SpectraShield II SR-3136 is
composed of four unidirectional plies of gel-spun UHMWPE fibers impregnated
with a thermoplastic polyurethane resin, with the plies oriented in a [0°/90°/0°/90°]
configuration. A sheet of Tensylon HSBD 30A is composed of two orthogonally
oriented unidirectional plies ([0°/90°]) of SSE UHMWPE film bonded together and
coated on one side with a thermoplastic binder resin.

For both materials, laminates are processed from stacks of 45.72- x 45.72-cm
(18- x 18-inch) oriented sheets placed between two sheets of PTFE-coated release
material,” then between two sheets of 2-mm (0.08-inch)-thick, 60D durometer

* PTFE = polytetrafluoroethylene (e.g., Teflon).



silicone-rubber sheets. The entire stack is placed into the female cavity of a custom-
made, passively heated mold that provides lateral confinement of the rubber sheets
to prevent outward extrusion of the materials during hot pressing. The male portion
of the mold is placed on top and the laminate is then processed using a uniaxial
hydraulic-ram hot press (Model 800H-48-BCLPX; Wabash MPI) with a maximum
load capacity of 7.1 MN (800 tons) as shown in Fig. 2. The nominal processing
pressure for both materials is 20.7 MPa (3000 psi), although their nominal
processing temperatures are different: 132 °C for SpectraShield IT SR-3136 and
110 °C for Tensylon HSBD 30A. Processing temperatures are measured using a
thermocouple placed approximately 3-cm (1.18-inch) offset from one corner at the
midplane of the laminate.

Hot Press
Platen

Mold
Silicone Sheets

Sample

Release Film

Hot Press
Platen

Fig.2  Schematic of processing setup

The processing cycle used for these materials begins with the application of
pressure equal to one-quarter of the nominal processing pressure until the measured
laminate temperature reached 60 °C. Full pressure is then applied and the plate
temperature is ramped up to the nominal processing temperature. Temperature and
pressure are held uniform for 30 min, at which point the temperature is ramped
down to ambient. Full pressure is held during the cool-down process until the plate
temperature dropped below 35 °C to avoid uncontrolled thermomechanical material
relaxation.



3.2 Sample Preparation and Testing

For each material, three laminates are created and specimens are tested in seven
loading cases as shown in Table 1. The ply orientations listed correspond to the
orientations of individual plies within the sheet, rather than to each sheet, with each
layup containing 32 plies, created with 8 sheets of SpectraShield II SR-3136 or 16
sheets of Tensylon HSBD 30A. These test cases are expected to have a wide range
in elastic moduli and were chosen as representative orientations that might be seen
in a structure with complex curvature.

Table 1 Layups and loading directions of the test specimens

Designation Layup Loading direction
30/-30@0 [(=30°/460°)2(+30°/—60°)2] s 0°
30/~-30@30 [(=30°/+60°)2(+30°/-60°)2]2s 30°
30/-30@A45 [(=30°/460°)2(+30°/—60°)2] s 45°
Quasi@0 [(0°/90°)2(+45°/-45°)2]2s 0°
Quasi@22.5 [(0°/90°)2(+45°/-45°)2]2s 22.5°
45/-45@0 [(+45°/-45°)]4s 0°
45/-45@22.5 [(+45°/-45°)]as 22.5°

Tensile specimens are cut using a waterjet (OMAX MicroMAX; OMAX
Corporation) using a water pressure of 379 MPa (55 ksi) and 200-grit garnet as the
abrasive. Each specimen is cut into a dogbone geometry as shown in Fig. 3. The
dogbone geometry was chosen after initial trials using straight-sided specimens
found the outer plies of the specimen were stripped by the load-frame grips at
relatively low loads, primarily due to the very low interlaminar shear strength of
the materials. The dogbone geometry achieves complete loading to failure for
layups and loading directions without plies aligned in the testing direction. For
layups and loading directions with plies aligned in the testing direction, the
stripping of outer plies before primary failure is delayed until a significant portion
of the stress—strain curve is revealed.
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Fig.3  Schematic of the dogbone specimen and an example of the speckle pattern used in
the gauge section

Uniaxial tension is applied to the specimens at a displacement rate of 12.7 mm/min
at room temperature. Strain is measured with 3-D digital image correlation (DIC)
using a speckle pattern that is applied over the entire gauge length, as shown in
Fig. 3. VIC-Snap 3D software (Correlated Solutions, Inc) is used to capture images
from a pair of 3.2-megapixel cameras and a combined viewing angle of
approximately 20°. VIC-3D software is used to correlate the results and export the
axial strain data in the testing direction for the surface ply.

Experimental axial stress—strain curves for the five loading cases of the 30/~30 and
Quasi laminates of SpectraShield II SR-3136 are shown in Fig. 4. Five samples
were tested for each loading case and their responses were very repeatable, so a
single representative curve is shown for each case. The response for these test cases
included a stress peak, followed by a gradual or sudden drop in stress. The portion
of the curve beyond the stress peak was assumed to include delamination and other



forms of ply-level and laminate-level damage accumulation. As these mechanisms
were not included in analytical model predictions, only experimental data up to the
peak stress were used for comparisons. An explanation of the linear and nonlinear
analytical predictions shown in this and subsequent figures is given in the following
section.
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Fig.4  Experimental and predicted stress—strain curves of SpectraShield II SR-3136 for
a) 30/~30 and b) Quasi load cases

Experimental axial stress—strain curves for the two loading cases of the 45/45
SpectraShield II SR-3136 laminates are shown in Fig. 5a. For the 45/~45@0
loading case, a comparison between the rotations of reinforcements on the surface
of tensile coupons extracted from the DIC data and the fiber rotation predicted by
the model as a function of laminate axial strain is also included in Fig. 5b.
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3136 a) axial stress—strain curves and b) surface ply angle vs. strain

Experimental data for Tensylon HSBD 30A is shown in Fig. 6 for the five loading
cases of the 30/~30 and Quasi laminates and Fig. 7 for the two loading cases of the
45/-45 laminates. Similar to the SpectraShield II SR-3136 response, peak loading
for the 30/~30 and quasi-isotropic laminates occurs at very low axial strains (<1%)
while the 45/~45 laminates achieve significantly higher failure strains. The

compliance of the matrix and reorientation of the reinforcements in the 45/~45

laminates contribute to the increased strain capacity of these materials.
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4. Calibration of Mechanical Constants

4.1 Methodology

The development of ply-level material properties for UHMWPE composites that
can successfully predict the response of arbitrary laminates could significantly
improve the accuracy of material models used in structural and ballistic
simulations. The ply-level material properties of SpectraShield II SR-3136 and
Tensylon HSBD 30A are developed in this report by using an iterative approach
incorporated into a custom MATLAB code that finds the best overall fit between
experiment and prediction for all of the laminates and loading directions
considered. Initially, upper and lower bounds for each Ramberg—Osgood parameter
are chosen such that it is certain the true value of each parameter will lie within the
limits. These bounds define the outer limits of a coarse grid containing five grid
nodes in each direction of the parameter space. The analytical code is used to
predict the response of each laminate and loading direction (seven total) at each
node point. To refine the estimate, a new grid with one-half of the spacing of the
previous grid, centered on the previous generation’s “optimal” point, is defined and
evaluated. This grid refinement is executed iteratively until the difference between
the “optimal” material properties in each direction for two successive iterations is
less than 1%.

4.2 Linear-Elastic Assumption

The initial ply-level stiffness parameters are first calibrated to the experimental
laminate moduli for the seven loading cases using the assumption of a linear-elastic
ply-level response. The nine linear-elastic mechanical constants (six elastic moduli

10



and three Poisson’s ratios) were first separately varied between their upper and
lower bounds to estimate the individual effect of the constant on the predicted initial
laminate modulus. This screening procedure found the mechanical constants £, £,
G2, and v;2 were the most influential parameters for the initial laminate modulus
predictions. The in-plane Poisson’s ratio v;> is the least significant of these
parameters and was assigned a value of 0.3 to further simplify the analysis.

The iterative approach described previously is used to calibrate the elastic constants
to the experimental response. The sum of the absolute error, or total error, across
the seven load cases shown in Eq. 5 is used to determine the optimal point in the
E—E>—G > parameter space:

()

where E. and E), are the initial moduli of the experimental and predicted laminate
stress—strain curves for the i case, respectively.

Table 2 lists the initial upper and lower bounds and the subsequent calibrated value
for both SpectraShield II SR-3136 and Tensylon HSBD 30A. SpectraShield I SR-
3136 has an optimal initial longitudinal stiffness of 78.9 GPa and an initial shear
stiffness of 121 MPa. These values are consistent with ply-level properties used in
simulations of other fiber-reinforced UHMWPE composite materials, such as
Dyneema HB26.'>%28 The longitudinal stiffness is also in the range of values
calculated from a simple rule of mixtures for a fiber-volume fraction of 83% and a
fiber stiffness of 95 GPa. The initial longitudinal modulus of 83.4 GPa for Tensylon
HSBD 30A is close to the reported value of 88 GPa.?*! It should be noted the
value chosen for E> has very little effect on the total error determined at any given
point for either material and thus the values of E> listed here are subject to
significant uncertainty.

11



Table 2 Calibrated ply-level elastic moduli for longitudinal, transverse, and shear
directions

Input  SpectraShield II SR-3136 Tensylon HSBD 30A
Lower Upper Optimal Lower Upper Optimal

bound bound value bound bound value

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
E: 55.2 110.3 78.9 552 1103 83.4
E: 34 13.8 7.5 3.4 13.8 6.21

Gz 0.0345 0.276 0.121 0.500 5.00 1.52

Figure 8 compares the experimentally measured laminate moduli with analytically
predicted values for each material and loading case. The calibrated input values
provide a very good agreement across all seven loading cases for both materials.
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Fig. 8  Experimental and predicted laminate initial modulus values for seven loading cases
of SpectraShield II SR-3136 and Tensylon HSBD 30A

Laminate modulus varies as a function of loading direction depending on the layup
and the ply-level response of the material. Both SpectraShield II SR-3136 and
Tensylon HSBD 30A exhibit a high degree of ply-level anisotropy, which is
apparent in the laminate moduli produced by the layup and loading directions.
Figures 9 and 10 show the change in laminate modulus predictions as a function of
loading angle along with comparisons with experimental modulus for the three
tested laminates for SpectraShield II SR-3136 and Tensylon HSBD 30A,
respectively. The cases designated as 30/~30 (a [(—30°/+60°)2(+30°/—-60°),] layup)
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were found to have their lowest modulus in the 0° loading direction and their
highest modulus in the 45° loading direction as predicted by the analysis. Quasi-
isotropic layups produce the same modulus irrespective of loading direction and
this is reflected in the experimental results of the chosen loading directions. The
modulus of 45/~45 laminates varies the most with loading angle as the lowest
predicted modulus is in the 0° direction and the highest is along the direction of
half of the fibers in the 45° direction. The weak laminate response of both materials
for these cases is therefore in line with the theoretical predictions. These results
show the initial modulus of UHMWPE composite laminates with general layups
can be accurately predicted using laminated-media analysis.
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Polar plots comparing axial modulus predictions with experimental values of

SpectraShield IT SR-3136 for 30/~30, Quasi, and 45/~45 cases a) all cases and b) detailed plot

highlighting 45/~45 results
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Fig. 10 Polar plots comparing axial modulus predictions with experimental values of
Tensylon HSBD 30A for 30/~30, Quasi, and 45/-45 cases

4.3 Calibration of Nonlinear Parameters

The linear analysis has established calibrated values for the initial ply-level
modulus parameters in the longitudinal, transverse, and in-plane shear directions.
The next objective is to calibrate the additional nonlinear parameters of the
Ramberg—Osgood relationship for these materials. The through-thickness and out-
of-plane shear parameters along with the out-of-plane Poisson’s ratios for these
materials were identified by another screening procedure as insignificant
contributors to the in-plane laminate response and were discarded from the analysis.
The remaining factors are the stress asymptotes and shape factors of the
longitudinal, transverse, and in-plane shear directions (00,1, %£1, 00,E2, NE2, 00,G12,
and 7612, respectively).
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The correlation between the experimental and predicted response is measured using
the root-mean-squared-error (RMSE) as defined in Eq. 6:

T o, _
RMSE = /M (6)

where y; is the predicted laminate stress at a given laminate strain, #; y; is the
experimental value at that same strain; and 7' is number of points in the curve. The
predicted stress—strain curves are linearly interpolated to match the amount of
experimental data points for the RMSE calculation.

Similar to the linear analysis, the nonlinear analysis is designed to iterate through
material property values along independent axes in the corresponding parameter
space, in this case a 6-D space. None of the loading cases for the laminates are
influenced by all of the parameters. The nonlinear parameters associated with £;
have a strong effect on stress—strain predictions for five cases (30/~30@0, 30/—
30@30, 30/-30@45, Quasi@0, and Quasi@?22.5), with the E> and G;2 parameters
having a small contribution. The reverse is true for the remaining two cases (45/~
45@0 and 45/-45@22.5). To reduce computation time, the four nonlinear
parameters associated with E> and G;> are first found using the two 45/~45 cases
with the linear longitudinal assumption of g, £; = 10 GPa and #£; = 1. The remaining
five cases are then used to calibrate £; nonlinear parameters using the optimized
transverse and shear parameters. The results of the calibration of the nonlinear
parameters are shown in Table 3 for each material.

Table 3 Initial bounds and optimized values for nonlinear Ramberg—Osgood parameters

Input SpectraShield II SR-3136 Tensylon HSBD 30A
Lower  Upper Optimal Lower Upper Optimal
bound  bound value bound bound value

ooe2 7MPa 70 MPa 24.1 MPa 10 MPa 140 MPa 59.8 MPa
NE2 0.1 10 0.525 0.1 10 1.42
oociz 1 MPa 50 MPa 3.96 MPa 1 MPa 50MPa 18.1 MPa
yaGiz 0.1 10 1.20 0.1 10 2.25
ooer 0.1 GPa 50 GPa 092GPa 0.1 GPa 50GPa 1.59 GPa
NEI 0.1 10 0.93 0.1 10 1.07

5. Discussions

Figure 4 shows the predicted laminate response versus the experimental data for
the three 30/~30 and two Quasi cases for SpectraShield II SR-3136. Although the
calibrated linear properties provide accurate predictions of initial laminate modulus
(<0.1% strain), the inclusion of nonlinearity is required to predict the actual
response of the laminate up until its peak load. The predicted nonlinear response of
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the Quasi laminates are the same for both loading cases as any effects from fiber
rotations are minimal at these strain levels. The Quasi@?22.5 experimental response
begins to deviate from both the predicted response and the Quasi@0 case at a
relatively small strain. It is suspected in this region that the specimen is
experiencing mechanisms associated with failure initiation, such as delamination,
ply-level shear failure (splitting), and so on, and the analytical model is not
expected to correctly predict laminate response after failure has begun.

Similar mechanisms can be seen in the 30/-30@0 and Quasi@?22.5 cases of
Tensylon HSBD 30A shown in Fig. 6. The loading direction of the Quasi@0 case
engages 25% of the plies in the axial direction, while transverse and shear loading
of the plies are more prevalent for the Quasi@22.5 and 30/~-30@0 cases. The
analytical model provides a better correlation with experiments for both materials

in loading cases where the axial response of the ply has a greater influence
(30/-30@30, 30/-30@45, and Quasi@0).

Comparisons of experimental data and predicted axial laminate strain for the
45/-45@0 and 45/-45@?22.5 cases are shown in Figs. 5 and 7 for SpectraShield II
SR-3136 and Tensylon HSBD 30A, respectively. These predictions, which include
the temporary assumption of linearity in the longitudinal direction, are in very good
agreement with the experiments for both materials. The ply-level, nonlinear shear
response is calibrated with the assumption of fiber rotation during deformation.
DIC on the surface of 45/~45@0 samples shows significant reorientation of the
fibers for both materials (Figs. 5b and 7b). The inclusion of fiber-rotation
mechanics is therefore critical to accurately predict the response of these laminates.

A comparison of the predicted response of the two 45/~45 load cases both with and
without the effects of fiber rotations are shown in Fig. 11. The predicted response
of the laminates without fiber-rotation mechanisms significantly underestimates the
experimental data. The experimental results show the laminates softening at lower
strains before stiffening as the fibers begin to reorient toward the direction of
loading. This softening—stiffening response could not be captured directly using
only the Ramberg—Osgood equation. Calibration of the ply-level nonlinear 12-shear
response without the inclusion of fiber-rotation mechanisms would lead to an
overly stiff response, affecting the predictions of other laminate configurations, and
ultimately adversely impacting the calibrated input parameters of the other
principal directions.
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Fig. 11 Comparisons of experimental data and nonlinear analytical model predictions with
and without effects of fiber rotations for both 45/~45 loading cases of a) SpectraShield II SR-
3136 and b) Tensylon HSBD 30A

6. Conclusions

A number of UHMWPE laminate architectures were fabricated from Honeywell
SpectraShield IT SR-3136 and DuPont Tensylon HSBD 30A and tested in uniaxial
tension. An iterative optimization algorithm was used to compare analytical model
predictions with experimental data to calibrate nonlinear material inputs. This
approach was first used to find linear ply-level material properties (E£;, E2, and G;2)
assuming infinitesimal strains and no fiber rotations. It was then extended to the
case of finite laminate strains with nonlinear material properties and finite fiber
rotations. An optimized set of material property inputs was found for each material
that resulted in the minimum possible cumulative error between model and
experimental data across a total of seven test cases. The iterative optimization
algorithm produced linear material properties consistent with independent
assessments of these properties through other testing methodologies and were
consistent with values found in the literature. The analytical model successfully
predicted the small-strain, linear uniaxial laminate response for both a typical gel-
spun UHMWPE fiber material and for an SSE UHMWPE film material system.
The material and geometric nonlinear response of the composite systems were also
well predicted up to the point of ply- and laminate-level damage initiation. These
results demonstrate that ply-level properties can be extracted from the experimental
response of complex laminate architectures of UHMWPE composites using
laminated-media theory with accommodations for ply angle reorientation. More
significantly, this approach can potentially be used with analytical and finite
element modeling to design UHMWPE laminated composite architectures to meet
specific structural, low velocity, and ballistic impact requirements, which are the
subject of future investigations.
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3-D

6-D

DIC

PTFE
RMSE
SSE
UHMWPE

three-dimensional
six-dimensional

digital image correlation
polytetrafluoroethylene
root-mean-squared-error
solid-state extruded

ultra-high-molecular-weight polyethylene
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