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Abstract

In-plane shear is the dominant deformation mode during thermoforming of fiber-reinforced
composites, and accurate characterization of shear behavior is essential for reliable forming
simulations. The present work investigates the shear response of a unidirectional cross-ply
UHMWPE material system (DSM Dyneema® HB210) using the picture-frame test, with emphasis on
sample configuration, normalization methods, and shear-rate effects. Three cruciform sample sizes
were tested at 120 °C, along with a configuration in which cross-arm material was removed to isolate
the gage region. Finite element analyses using LS-DYNA® were performed to evaluate the shear-rate
distribution during forming and to validate the experimental characterization. To maintain a constant
shear rate during testing, a decreasing crosshead speed profile was implemented in the test software.
Results showed that normalizing by the full specimen area yielded consistent shear stiffness curves
across sample sizes, indicating that the arm region contributes equally to the load. Samples with
cross-arm material removed exhibited greater scatter than those specimens without cross-arm
material removed, confirming that preparation of cross-arm removal complicates repeatability. Rate
dependence was observed at room temperature but not at elevated processing temperatures,
suggesting that rate-dependent shear models are unnecessary for forming simulations of this material
system. These findings provide a practical methodology for shear characterization of UHMWPE
cross-ply laminates suitable for thermoforming analyses.

Keywords: composite; finite element; picture frame; shear; thermoforming; thermoplastic

1. Introduction

Thermoforming is attractive as a cost-effective, high-volume production process for the
manufacture of complex-shaped thermoplastic composite parts. One option for thermoforming is the
two-step process depicted in Figure 1. In the first step, a stack of multiple composite sheets, i.e., a
blank, is punch-formed, between a tool and a mold, at an elevated temperature, into a loosely
assembled preform. In the second step, a stack of preforms is consolidated under pressure and
elevated temperature in a process that bonds the loosely assembled sheets together, forming a
complex-shaped laminated structural component.

The preforming process involves a variety of complex physical phenomena including in-plane
shear deformation, in-plane and out-of-plane wrinkling, and frictional sliding. These phenomena can
be modeled using finite element methods to guide the design of critical preforming parameters, as
well as the selection of composite materials and ply orientations, thereby achieving the target
performance with reduced development time and costs compared to experimental approaches.
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Figure 1. Two-step thermoforming process for multiple-layer laminate consolidations.

Intra-ply shearing of a fabric-reinforced laminate is the primary mode of deformation during the
draping of such a laminate over a compound curvature tool, which has also been shown to be true
for unidirectional cross-plies [1-15]. Characterizing the intra-ply shear response of a material in an
accurate and reliable manner is critical to the success of a thermoforming process simulation. The
picture-frame test is a well-accepted method in the composites forming community for characterizing
the shear properties of textiles [2,7,8,10,16-19] and cross-ply sheets [3,20]. This test captures the
change in the shear stiffness as a function of the state of shear. While the fixturing can be challenging,
one benefit of the picture-frame test is that the specimen is theoretically subjected to a pure and
uniform in-plane shear [10,21]. Past research has found that large errors can occur if the test samples
are misaligned in the fixture, so mounting methods that mitigate alignment errors are important.
Also, to prevent misalignment, the sample should be clamped neither too loosely nor too tightly [22—
24].

Much research has been done in developing the equations used to calculate the shear angle and
normalized shear stress from picture frame experiments [7,8,10,18,24-27]. The global shear angle, ¥
of the sample is geometrically related to the length of the frame, Lr, and the displacement of the top
of the frame, dthrough Equation 1,

y == 2cos” G4 o 9

Although research has shown that the shear angle of the material is not always in exact
agreement with the angle of the frame, the approximation is generally accepted for the purposes of
material characterization [9,23,28]. The shear force, Fsi, on the fabric is also a function of the global
shear angle and the force applied to the top of the frame, F,

F

2 cos(——z) (2)

4 2

Fsh

Using a method of normalization for cruciform sample testing based on energy conservation
through work done per unit volume, researchers justified normalizing the force using the picture
frame side length [7,18]. Peng et al. [7] specifically addressed using an assumption of zero
contribution of load from the arms and uniform shear deformation in the gage area, the shear force
can be normalized over the gage area with side length Ly, and the frame side length, Lr. Combining
these into a single expression yields Equation 3 [29],

LF F
F, = — 3
shnorm_gage L%ZCOS( y) ( )

4 2

On the other hand, if the arm parts make the same load contribution as the gage area, then the
load would be analyzed using the entire area of the sample, including arms, as in Equation 4 [7],
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Lp F
F. ire = 4
shnorm_entire (L§C+Z(LF—Lf)Lf)2cos(g—g) ( )

Both Equations 3 and 4 are divided by the thickness of the sample for normalization.

During a benchmark study completed by Cao et al. [8], researchers from seven international
institutions completed shear testing on cruciform specimens of three identical woven fabrics. Some
of the groups removed unclamped fringe (cross) tows from the arms of a woven-textile test specimen
to eliminate the additional force contributions necessary to shear the textile in that region of the fabric,
and some did not. Two extreme scenarios existed: (1) the arm region does not contribute to the load,
and the central gage area is only considered in the analysis, and (2) the arm region contributes the
same as the gage region, and the entire specimen area is used for analysis. A third and intermediate
scenario is that the arm region partially contributes, thereby complicating the analysis in determining
the partial contribution [7]. These cross-yarns were expected to contribute to the overall load.
However, because they were unbounded on the sides, the contribution would not be equal to that of
the gage area. In the benchmarking research, good agreement was observed among the samples using
the central gage area when the cross-arms were removed; however, an increase in the measured force
was found when the yarns in the arm area were not pulled out.

Dangora et al. [30] successfully used the shear-frame test for the characterization of a
unidirectional cross-ply material system. They applied the same thought process of removing the
arm contribution in a unidirectional cross-ply laminate, i.e., DSM Dyneema® HB80, by removing the
resin and cross fibers from the arm area to isolate the shear to the central gage area of the specimen.
Five different test sample configurations were explored to determine how many slits needed to be
made in a continuous sheet to isolate the shear deformation to the central square of material in the
shear-frame test, thereby approximating the removal of unclamped tows in the arm region of a woven
material. The “infinite” number of slits configuration had the least variation for the distribution of
the shear stress across the sample. It was found that the shear-stress vs. shear-strain curve derived
from the “infinite” number of slits configuration gave the best correlation between a model of the
shear-frame test and the experimental results for each of the five configurations.

Krogh et al. [25] performed a similar sample preparation investigation to that of Dangora et al.
with a woven carbon prepreg material. DIC (Digital Image Correlation) was used to document the
shear frame testing of two sample configurations: cruciform samples with tows in the arm area
removed and samples without tows removed. The analysis showed the same average shear
deformation regardless of sample preparation, even though slightly less variation was observed in
the central area than in the arm areas. Based on this analysis, the same shear characterization data
were achieved using either the entire sample area for normalization with full samples or the central
area for samples with arms removed. Krogh et al. also noted that the challenging preparation
procedures for removing arm yarns and the handling of the free yarns when mounting them into the
fixture led to less repeatable results due to misalignment errors [25]. Lastly, Krogh et al. determined
a method for controlling the crosshead rate to achieve a constant shear rate during a shear-frame test.
The carbon prepreg material being investigated showed rate dependence that could be compared
with bias-extension testing.

Shear rate effects were also investigated by Chen et al. [31] in a bias-extension test with constant
pull velocity, resulting in a constantly changing shear rate. The rate effects were built into a
simulation using resin viscosity parameters. Multiple researchers, including Guzman-Maldonado et
al. [32] and Hsiao and Kikuchi [33], also built rate effects into a simulation using experimentally-
derived viscosities as a function of rate and temperature. Each of these studies coupled the
mechanical properties of the material with thermal properties, creating complex models that yielded
good results.

Most of the research groups that performed experimental investigations of shear behavior also
used the data as inputs to various simulation methods, many of them employing discrete mesoscopic
approaches that strike a balance between high fidelity of the model and computational efficiency
[6,34-39]. The Sherwood Group [21] developed a discrete modeling approach that was successfully
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used to simulate the forming of a plain-weave hemisphere. In this modeling approach, conventional
elements available in commercial finite element software are used in a unit cell approach of a 2D
element surrounded by four 1D elements. Fiber directionality is described and tracked by beam
elements that represent the tensile and flexural properties of the laminate. The shear load is carried
by shell elements that capture the evolution of the in-plane shear stiffness as a function of the degree
of shear. Single nodes are used to connect the beams in the corners, assuming a “no-slip” condition
between layers. This “no-slip” condition has been demonstrated to be an acceptable assumption by
Harrison et al. [20]. This modeling technique has been applied to a variety of textile architectures,
including woven fabrics, non-crimp fabrics, cross-ply fabrics, and unidirectional fabrics [21,40-45].

Extensive research has been conducted on the shear characterization of a variety of materials for
the purpose of simulating forming in manufacturing. However, with new material systems
continually being developed, the need for efficient and simple evaluation of their formability needs
to happen not only with simulation, but with the accompanying characterization. The current
research not only aims to identify the need for strain-rate dependence in forming simulations but also
takes it a step further to streamline the shear characterization method of unidirectional cross-ply
systems through simple sample preparation and constant strain-rate testing.

In this paper, the technical challenges in characterizing a UHMWPE unidirectional fiber/matrix
cross-ply, i.e., DSM Dyneema® HB210 [46], are explored. Shear characterization is performed with a
shear-frame setup. Sample size and configuration, as well as normalization methods, are investigated to
validate a sample configuration and normalization method that leads to reduced misalignment and
repeatable results. Finite element analyses are performed using the explicit solver in LS-DYNA® to
validate the material characterization results and methodology. The effects of rate are investigated with a
varying crosshead speed to achieve a constant shear rate throughout the test, with results determining if
there is the need for a rate-dependent shear description in the finite element simulation. This research
contributes to a larger objective of simulating the two-step thermoforming and consolidation processes.

2. Materials and Methods

The variation of shear deformation across a compound curvature part, as shown in Figure 2 has
been widely reported [1-15]. Likewise, the shear rate during forming will also vary across the part.
Quantifying the range of shear rates experienced by the material was a required step in establishing
the range of rates to perform shear characterization. From there, ascertaining reliable and repeatable
methods for testing and for data normalization were required to obtain the material properties best
suited for simulation input.

The material system considered in the current research is DSM Dyneema HB210. This material
system is a thermoplastic cross-ply containing four highly directional layers in a [0/90]2 configuration.
Each ply is comprised of ultrahigh molecular weight polyethylene (UHMWPE) unidirectional fibers
with a polyurethane (PUR) resin.

Low degree
of shear

High degree
of shear

Figure 2. Intra-ply shear of cross-ply composite during hemispherical forming.
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2.1. Determination of Shear Rate in Forming

An LS-DYNA explicit dynamics finite element model was exercised to explore shear
deformation rates in the UHMWPE sheets during the thermoforming process. The model is depicted
in the exploded view of Figure 3a and consists of a punch, a binder ring, a die plate, and a single sheet
of the UHMWPE material. A rigid material definition was used for the binder ring, die plate, and
punch. The constitutive behavior of UHMWPE was defined using a fabric model, which employed a
trilinear stress-strain relationship. This fabric model has been shown to capture the shear behavior of
UHMWPE accurately [47]. The in-plane axial stiffness in the x- and y-directions of the orthogonal
UHMWPE sheet ([0/90]z architecture) was 13 GPa at 120°C. The UHMWPE began in contact with the
die plate and binder ring. A fixed boundary condition was applied to the die plate in all directions,
while the binder ring and punch were only constrained in the x- and y-directions. The initial state of
the model is shown in Figure 3b, and the final state is shown in Figure 3c and Figure 3d. A load was
applied to the binder ring in the z-direction to achieve a prescribed pressure. The punch was initially
positioned 1 mm above the UHMWPE and was lowered at a constant displacement rate of 6.35 mm/s
(in the z-direction) until it was fully embedded in the UHMWPE. The finite element model of the
UHMWPE sheet was comprised of 16,129 fully integrated square shell elements (ELFORM16).
Increasing the number of elements to 36,100 had a negligible influence on the shear-strain
distribution. Thus, the model was concluded to be sufficiently converged for 16,129 elements.

Binder . . .
UHMWPE z g
Die Plate }\V
(b) (c) (d)

(a)

Figure 3. UHMWPE sheet and tooling in the thermoforming model: (a) Exploded view of the model, (b) the
initial state of the model, (c) the final formed part — top view with tooling shown, and (d) the final formed part

— bottom view without the tooling.

2.2. Sample Size Variation

The configuration of the shear-frame fixture used in this research is shown in Figure 4. The rate
multiplier is included on the frame so that the top of the frame can move approximately 4.25 times
faster than the crosshead movement, allowing for higher shear rates than what could be achieved
without it. The inclusion of the multiplier requires that the displacement of the top of the frame, ¢, is
determined by multiplying the crosshead displacement, &, by the multiplier value, C. For the frame
used in this study, C = 4.25. Equation 1 can be rewritten to include the multiplier,

T 11 Cé¢
y=;—2cos [E-I_E (5)
Likewise, the recorded crosshead force, F., must be adjusted to include the multiplier as shown

in Equation 6 to find the shear force acting on the specimen.
Fop = —L2 6
sh — y) ( )

2 cos(%—;

The current research uses some of the findings of Dangora et al. [30] and the equations developed
by Peng et al. [7] to build an argument that, for this class of material systems, the arm region
contributes equally to the load and can be used in the normalization. Figure 5a denotes the area
generally used for normalization when the arm regions do not contribute to the load because either
the cross-yarns are removed, or the cross-over friction of a woven material is considered negligible.
However, for unidirectional cross-plies, the arm area will be constrained to shear with the sample,
and the full area shown in Figure 5b should be considered in the normalization.

The three different shear-frame sample sizes, as summarized in Table 1, were prepared with
varying gage areas that led to a varying ratio of arm area to total area. The samples are shown in

Figure 6. The assumption is that if the arm area is contributing to the shear force of the system in the
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same manner as the gage region, then the force normalized by the entire area will agree regardless of
the ratio of arm area to the total area. Likewise, if the arm crossover material is removed, and the
shear force is normalized by the central gage area, then those results should agree with the full area
normalization tests. A comparison of a full-area analysis and a gage-area-only analysis was
accomplished by testing a sample with the cross-arm material removed, thereby removing the
contribution of the arm region to the total load. The method employed by Dangora et al. [30] was
used on the Dyneema HB80 material. Acetone was applied to the arm regions to dissolve the PUR,
and the cross fibers were removed with a fine-toothed comb, as shown in Figure 7.

Load
Cell

< Pin-jointed ey
Adapter

<+— Hinged —p
Frame

Cruciform
Specimen

+——— Rate —
Multiplier

Initial Sheared
Position Position

Figure 4. Shear fixture with rate multiplier.

(a) (b) H
Are c

Figure 5. Shear frame cruciform sample normalization area for (a) central gage area and (b) full area with equal

arm contribution.
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Table 1. Cruciform Sample Sizes for Shear-Frame Testing.

Ratio of
Sample Gage Side Length Arm Area / Total
Area
A 125 mm 0.6
B 100 mm 0.7
C 75 mm 0.8

)
216 mm 216 mm

Figure 6. Shear test samples (a) 125-mm, (b) 100-mm, and (c) 75-mm gage side length with 216-mm total sample
width.

Figure 7. Removal of cross-arm material from 125-mm gage sample.

2.3. Constant Shear-Rate Testing

During a typical shear-frame test, the crosshead rate remains constant. However, because of the
nonlinear geometric relationship between the top displacement and the shear angle, the shear-strain
rate increases during such a typical test. To calculate an appropriate changing crosshead rate to
achieve a specific constant shear rate, derivations of the equations relating the frame geometry to the
shear angle were developed and analyzed in MATLAB®. The details of the development by Krogh
et al. can be found in [25]. The previous shear-frame testing performed in the research of this forming
process used a constant crosshead rate of 2 mmy/sec, which mimics the tool speed in the process.
Therefore, a value slightly below that was used as the lower end of the constant strain rate range.

Figure 8 shows how a 20-segment multi-linear approximation of the changing crosshead rate
can be used to achieve a constant strain rate. The solid blue line in Figure 8a represents how the strain
rate increases with a constant crosshead rate. However, by employing the decreasing crosshead rate
depicted by the black dashes, the shear rate closely matches the 0.05 rad/sec solid red line for constant
shear rate. Figure 8b shows the specific displacement vs. time points that can be programmed into an
Instron® Bluehill® software profile to achieve the 0.05 rad/sec strain rate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Comparison of shear-strain rate of 0.05 rad/sec vs. crosshead rate of 1.8 mm/sec (a) for shear strain

rate and (b) for crosshead movement.

3. Results

3.1. Strain Rate Variation

For the current study, the magnitude of the shear-strain rate over the UHMWPE sheet as a
function of the deformed state was used to determine the range of shear-strain rates to be investigated
in the shear-frame testing. During the FE analysis, the shear-strain rate is calculated for each element
at each time step using,

d ~Yn-
d_};t=tn _In Aytn 1 @)
where At is the time between output states, and n denotes the time step number.

Figure 9 shows contour maps of the shear-strain rate distribution for when the punch is at 33%,
67%, and 100% embedded in the UHMWPE sheet. In this figure, the x-y location is normalized by the
punch radius, meaning that a normalized x-location of 1 would be at a distance of 7.62 cm (3 in.) from
the center of the plot if the punch radius were 7.62 cm (3 in.). It can be seen in these contour maps
that the shear rate within the UHMWPE sheet is a function of both spatial location and time during
the thermoforming process. Both the peak shear rate and shear-rate variation increase with increasing
punch depth. The peak shear rate at any location during the simulation was calculated to be 8°/sec
(0.14 rad/sec). Based on the results from this analysis, an ideal range of constant shear rates to explore
was found to be 0.05 to 0.14 rad/sec.

9
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Figure 9. Shear-strain rate distribution for when the punch is (a) 33%, (b) 67%, and (c) 100% embedded in the
UHMWEPE sheet, with the x-y location normalized by the punch radius.
3.2. Sample Size

The four sample configurations were tested using an Instron® 4464 universal testing machine
with a 2kN load cell. Crosshead displacement and force were recorded with the Instron Bluehill
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software during the picture-frame tests. A typical test setup and result are shown for each size full-
arm sample in Figure 10, and the sample with the cross-arm material removed is shown in Figure 11.
Equations 1 and 2 were used to calculate the shear angle as a function of the crosshead displacement
and the shear force as a function of the load as measured by the crosshead, respectively. The
crosshead displacement was multiplied by 4.5 to calculate the actual displacement of the top in
compensation for the speed multiplier on the shear fixture, as discussed in the Methodology section.
Three samples of each size, as well as a 125-mm sample with cross arms removed, were tested in
shear at a processing temperature of 120°C. Figure 12 shows how the measured load decreased with
the decreasing gage area of the samples. Each line in this figure is the average for three tests, and the
error bars denote one standard deviation. The error bars for the sample configuration with the cross-
arm fibers removed are wider than for the other three configurations. Based on the challenges with
mounting the free fibers into the frame and consequently the high probability for fiber misalignment,
a spread in the data was expected for the sample configuration with the cross-arm fibers removed.

Figure 10. Shear frame tests at 120°C at the start and at the end of the test for (a) (125-mm)?, (b) (100-mm)? and
(c) (75-mm)? gage areas.

Figure 11. Shear frame test for (125-mm)? gage-area sample at 120°C with cross-arm material removed for (a)
start and (b) end.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. Load vs. crosshead displacement results for shear-frame testing.

Two normalization methods were used for the full-arm samples: (1) Equation 3, which assumes
only the gage area contributes, and (2) Equation 4, which assumes the arms contribute equally to that
of the gage area. Figure 13a shows that normalizing with the gage area reverses the order of the
results for the full-arm samples as they are shown in Figure 12, i.e., the smallest gage area having the
highest normalized force. However, when the results are normalized using the full sample area, the
curves come together in Figure 13b, with the samples of varying sizes converging to a single curve.
That single curve is the same as the “infinite” slits configuration as concluded by Dangora et al. [30].
The convergence to a single curve in Figure 13b implies (1) that for this material system, the cross
fibers and matrix in the arms do not need to be removed to find the effective stress-strain curve, and
(2) the size of the “central” area of the cruciform is flexible.
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Figure 13. Normalized shear stress: (a) for assuming no arm contribution and thereby using only the central

gage area, and (b) for assuming equal arm contribution and thereby using the full area.

3.3. Constant Shear-Rate

Three samples of Dyneema HB210 with a 125-mm gage side length (same configuration as
shown in Figure 6a were tested for different combinations of rate and temperature. The test rates
included two constant shear-strain rates of 0.05 and 0.10 rad/sec, corresponding to approximately 3°
and 6° of shear per second, and one constant crosshead rate of 2 mm/sec. The preferred constant
strain rate of 0.14 rad/sec for the peak rate reported in the analysis could not be achieved due to
machine speed limitations. However, that peak rate was only reached by a small portion of the
material during a short span of time during the preform process. Testing temperatures included room
temperature, 80 °C, and 120 °C. These rates and temperatures were used to examine the strain-rate
dependence as a function of processing temperature.

The test results are shared in Figure 14, with Figure 14b including standard deviation error bars
for comparison. For this range of test temperatures and shear rates, Dyneema HB210 did show a
significant variation as a function of temperature. Rate dependence is present at room temperature.
At the elevated temperatures of 80 °C and 120 °C, which lie in the range of processing temperatures
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for this material system, there was essentially no change in the stress-strain response as a function of
loading rate. Based on these results, it was concluded that shear rate dependence is not critical in the
thermoforming simulation for this material system. This result is a key for thermoforming models as
it ensures the process can be simulated without the need for rate-dependent material models or the
amount of testing required to characterize fully the rate-dependent response of this class of material.
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Figure 14. Normalized stress vs. displacement for three constant strain rates (a) without error bars and (b) with

one standard deviation error bars.

3.4. Finite Element Modeling Results

The shear frame experiments were modeled using the discrete mesoscopic modeling approach
developed by the Sherwood Group [21] with a user-defined material model (UMAT) in LS-DYNA®.
An initial analysis was performed using a built-in fabric material model, MAT 214, with a trilinear fit
to the test data for calculating the shear stiffness as a function of the state of shear to estimate the
range of shear rates to be explored. However, the UMAT option in LS-DYNA® offers the ability to
explore shell options that are not compatible with the built-in trilinear material. In the discrete
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mesoscopic modeling approach, beam elements represent the axial behavior of the fibers and the in-
plane orientation of the material, while shell elements carry the shear load. Figure 15 shows the
models for the full-arm and cross-arm material removed specimens. The shear curve from the data
that was normalized by the full area was used for the shear behavior of the shell elements. Strain-rate
dependence was not considered because the experimental results did not exhibit strain-rate
dependence within the rate and temperature ranges being modeled. The tensile modulus found
during previous testing was used [48].

(a) (b) °
Rigid aluminum s
frame of truss

elements Shell elements for

shear

Rigid aluminum frame
of truss elements

Elements for shear

Beam elements for

Y
/
Beam elementsfor  Lingedat corners P

Hingedat corners tension and bending

Z

Figure 15. Finite element models (a) of full-arm specimen and (b) of cross-arm material removed.

Four configurations (three different full-arm sample sizes and one cross-arm material removed)
were modeled using the data from the full-arm 125-mm specimen shown in Table 2. Figure 16 shows
good agreement in all four cases up to 90 mm of crosshead displacement, which corresponds to
approximately 43° of shear strain. The results confirm that full-arm tests could be used to characterize
this class of unidirectional cross-ply laminates.

Table 2. Material inputs for finite element model with UMAT at 120°C.
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Figure 16. Finite element results from four configurations using full-arm data.
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4. Discussion

The present study investigated shear characterization of UHMWPE cross-ply laminates using
the picture-frame test, with an emphasis on specimen configuration, normalization methodology,
and shear-rate effects. The findings demonstrate that normalization by the full cruciform area yields
consistent shear stiffness curves across sample sizes, indicating that the arm regions contribute
comparably to the central gage region. This contrasts with prior research on woven composites,
where removal of cross-arm yarns was often required to obtain reliable shear data [7,8,25,30]. In
unidirectional cross-plies, however, the continuous fiber and matrix architecture constrains the arms
to deform in shear, eliminating the need for the more complex preparation methods previously
employed [30].

The increased scatter observed in the arm-removed specimens highlights the practical
challenges of specimen modification, including misalignment and difficulty in mounting free fibers.
These results are consistent with the observations of Krogh et al. [25], who noted reduced
repeatability when woven samples required yarn removal. Thus, for UHMWPE cross-ply systems,
full-arm testing provides a more robust and repeatable methodology while simplifying specimen
preparation.

The implementation of a constant shear-rate test protocol allowed for explicit evaluation of rate
effects across processing temperatures. While rate dependence was evident at room temperature, no
significant dependence was found at 80 °C or 120 °C. These results align with prior investigations of
thermoplastic prepregs where elevated temperature reduced rate sensitivity [31-33]. Importantly,
this suggests that rate-dependent constitutive models are unnecessary for thermoforming
simulations of UHMWPE laminates within their processing window, thereby simplifying model
calibration and reducing experimental demands.

Finite element simulations confirmed that full-arm shear-frame data could be used to represent
different specimen sizes and configurations, with good agreement observed up to approximately 43°
of shear strain. This validates the use of discrete mesoscopic modeling approaches [21] for cross-ply
UHMWPE laminates and supports the generalizability of the proposed experimental methodology.

Overall, this work provides a practical framework for shear characterization of UHMWPE cross-
ply composites that reduces specimen preparation complexity, ensures repeatability, and establishes
that shear-rate effects can be neglected at processing temperatures. These contributions streamline
the integration of experimental data into forming simulations and address a critical need for efficient,
material-specific characterization in composite manufacturing research.

5. Conclusions

In this research, investigations into sample configuration were performed to expand the
understanding of how shear frame testing can be used to characterize the shear response of fiber-
reinforced UHMWPE material systems. Shear force curves from three different cruciform sample
sizes normalized with the full specimen area, as well as samples with the cross-arm area removed,
converged to a single curve. This convergence implies that the arm area contributes to the force on
the sample the same as the gage area and need not and should not be ignored in normalization efforts.
Likewise, there was large variation in the test results from the samples with cross-arm material
removed, highlighting the challenge in preparing and mounting those samples consistently to
produce repeatable results and demonstrating the desire for an alternative experimental
methodology. The experimental methodology and accompanying data analysis presented above
fulfill this need for the UHMWPE cross-ply class of materials.

Though strain-rate dependence was demonstrated for ambient temperature testing, rate
dependence was not evident at a processing temperature of 120°C. Therefore, rate dependence was
not a requirement for the shear stiffness input in a finite element forming simulation. This rate
independence is critical for process modeling because it eliminates the need for a rate-dependent
material model and the time required to characterize a rate-dependent material response fully. The
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converged data curve was used as an input into an LS-DYNA finite element model to simulate the
shear frame tests for all sample configurations. The simulation results agreed well with experimental
results for the full-arm samples as well as for sample configuration with the arm material removed.
This work establishes an experimental procedure and data analysis methodology for characterizing
the shear response of cross-ply UHMWPE composites, which can be used as input into
thermoforming models.
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