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1. Introduction

Ultra-high-molecular-weight polyethylene (UHMWPE) fiber composites have
been used effectively for protection. Recent studies on impact response suggest that
UHMWPE films made by solid-state extrusion (SSE) may be an emerging material
for use in protection (Cline and Love 2020, Reddy et al. 2020). When compared to
fiber-based UHMWPE, SSE film composites cost less to manufacture and may
provide equal or improved protection levels (Singletary and Lauke 2016).

Creation of computational modeling methodology that can predict the deformation
and failure of composites based on UHMWPE films and fibers requires mechanistic
understanding of deformation and failure response of the subscale constituent
materials and mesoscale understanding of shear and tensile (mixed-mode)
delamination failure. Failure initiation criteria for mixed-mode (including shear)
delamination are needed to fully simulate failure of composites under high loading
rates.

The shear delamination of UHMWPE has been studied previously (Meshi et al.
2016, Bogetti et al. 2017) at quasi-static loading rate. The off-axis loading
experiment has been used previously to study the rate dependency of the stress—
strain response for carbon fiber and S2 glass composites (Ninan et al. 2001) and
carbon fabric composites (Hosur et al. 2004). The off-axis tensile behavior of
carbon fiber composites has been studied (Fourest and Berthe 2021). In addition,
the in-plane compressive behavior of UHMWPE has been studied as a function of
loading rate, including split Hopkinson pressure bar (SHPB) experiments (Liu et
al. 2019), which resulted in ply buckling and separation. However, there are no
known experimental studies to obtain rate-dependent Mode-2 shear cohesive laws
that govern shear delamination failure, which is a part of the mixed-mode
delamination, for UHMWPE composites.

In this study, off-axis shear experiments on composites are performed to understand
their interlaminar shear response (ILSR) at three different loading rates: low,
intermediate, and high rate. This allows a standard compression experiment to
provide shear dominant failure in the composite to address this knowledge gap. The
mechanical response of both fiber- and film-based UHMWPE consolidated
composite panels (Dyneema HB25 and Tensylon HSBD-30A, respectively) were
studied as a function of loading rate using off-axis shear loading. The rate
dependency of the composite shear behavior was quantified using traditional
hydraulic test frames as well as a compressive SHPB. Imaging was used to observe
the UHMWPE specimens during loading, including ultra-high-speed imaging for
high-rate experiments. Digital image correlation (DIC) was used to obtain



specimen surface strain, including at high-strain rate. A separate study has utilized
the loading and deformation history of several specimens in this study in simulation
to allow for iteration of the shear properties until simulation results matched the
experimental results (Alexander et al. 2023). The results of the current study have
provided fundamental data to optimize accurate constitutive models incorporating
shear in computational simulations of threat-target interactions involving
UHMWPE composites.

2. Methods

2.1 Materials

Two different classes of UHMWPE materials were used in this study. In both cases,
the material was supplied in the form of sheets, referred to as precursor sheets,
wound into large rolls. Each precursor sheet comprised two unidirectional (UD)
layers bonded together in a cross-ply (0/90) configuration. Dyneema HB25
(manufactured by DSM Protective Materials) was used as a representative of
UHMWPE composite based on fiber (SK76) at the UD layer length scale. Tensylon
HSBD-30A (manufactured by DuPont, and also referred to here as Tensylon 30A)
was used as a representative UHMWPE composite based on a solid-state extruded
film or tape at the UD layer length scale.

2.2 Specimen Fabrication

Dyneema HB25 specimens were extracted from a HB25 UHMWPE panel that had
been consolidated for a previous study that had measured mechanical properties via
ultrasonic characterization (Alexander and Weerasooriya 2021), where additional
details regarding the HB25 panel consolidation and processing parameters can be
found. Tensylon 30A specimens were extracted from a 30A panel that was
consolidated following manufacturer recommendations in a confined mold; it was
heated at 175 °F, 870 psi for 10 min, and at 230 °F, 2000 psi for 20 min.

Figures 1 and 2 provide schematics of a UHMWPE panel after consolidation. These
figures illustrate how each panel consisted of UD layers stacked over each other in
alternating 0°/90° orientations. They also define the x’-y-z" global coordinate
system. Panel and UD layer thickness refer to the dimension in the stacking
direction (z'-direction in Fig. 1).



Panel
zZ thickness
A

Strip x'
depth

e =========—=— = Alternating
— — = 0/90 UD layers

Fig. 1 Schematic of panel UD layer layup and cut orientation of panel strip. UD layer
thickness is not to scale; it has been enlarged here for visualization.
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Fig.2  Schematic of panel UD layer layup and cut orientation for off-axis shear loading
specimen from strip. UD layer thickness is not to scale.

The Tensylon 30A panel was consolidated using 144 precursor sheets,
corresponding to 288 UD layers. After consolidation, the 30A panel had an average
thickness of 16.5 mm, with a consolidated UD layer thickness of 57.3 um. The
Dyneema HB25 panel was consolidated using 189 precursor sheets, corresponding
to 378 UD layers. After consolidation, the HB25 panel had an average thickness of
25.0 mm, providing a consolidated UD layer thickness of 66.0 pm.



The consolidated composite panels were then waterjet cut into strips, with the cut
axis parallel to the panel thickness axis (z'-direction in Fig. 1). For all the
experiments documented here, the strip depth (y-direction in Fig. 1) was nominally
10 mm (0.4 inch).

The strips were then rotated about the x” axis, and the off-axis shear specimens
were waterjet cut out of the strip; for this cut, the cutting axis was parallel to the y-
direction (defined in Fig. 1). The specimen cut is shown in yellow on Fig. 2.

The specimens were extracted at different angles relative to the plane of the UD
layers. Figure 2 defines the angular orientation of the specimen as 0, such that the
local coordinate system of the specimen (x-y-z) was rotated by 0 relative to the
global x’-y-z" coordinate system. The off-axis shear specimens were square cut
nominally 10 mm by 10 mm (0.4 by 0.4 inch) through the strip. A small tab was
left to keep the specimen attached to the strip to prevent the small specimens from
falling into the waterjet bath; the specimen was then separated from the strip by
cutting through the tab using a band saw. Figure 3a shows the consolidated
Tensylon 30A panel, after the strips had been extracted via waterjet. Figure 3b
shows one of the strips cut into different off-axis orientation compression
specimens (15° specimens in the example shown in the figure).

"]‘ #neik
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(a)

v '
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Fig.3  (a) Consolidated composite panel after the strips had been extracted by waterjet
cutting and (b) example of an extracted strip showing cubical specimens. Scale in both marked
in inches.
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The waterjet cutting process created rough, uneven cuts in the strip and specimen
surfaces; once separated from the strip, the specimens were wet sanded using a
polishing fixture to ensure the specimen surfaces were flat and parallel. After
sanding, microscopy images were taken of the specimen surfaces to verify the oft-
axis angle (defined as 0 in Fig. 2) of the specimen, as well as ensure the specimen
surfaces are flat, parallel, and normal to each other (orthogonality). An image of an
unsanded specimen is shown in Fig. 4. An example of a different specimen post-
sanding is shown in Fig. 5. As shown in the examples, the angular orientation of
the specimen was determined from the microscopy images by tracing lines along
the axis of the UD layer and measuring the angle that these lines made with a line
traced along the border of the specimen. The orthogonality of the specimen surfaces
was evaluated by tracing the outline of the specimen (Fig. 5, left). The sanding
process was iterated until orthogonality was verified and until the measured angular
orientation was within 1° of the intended value.

2 [ 15Deg ]

1 [ 17Deg]

Fig.4  Microscopy image of Tensylon 30A off-axis shear specimen at 15°, intermediate rate
(TEN-15DEG-C05) as removed from panel strip without any sanding. This specimen was
never sanded and was off-axis shear loaded to give a comparison to the sanded state.
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Fig.S  Microscopy image of Tensylon 30A off-axis shear specimen at 15°, intermediate rate
(TEN-15DEG-C04) after wet sanding showing (a) specimen surface orthogonality and (b)
specimen ply angle

The specimen nomenclature used was MAT-ANGLE-SPECNUM, where MAT,
ANGLE, and SPECNUM were specified as follows. MAT indicated the composite
material type (either TEN for Tensylon 30A or HB25 for Dyneema HB25), while
ANGLE corresponded to 6 in Fig. 2. SPECNUM indicated the specimen number
for the specific combination of MAT and ANGLE. For example, the Tensylon 30A
15° off-axis angle orientation specimens are referred to as TEN-15DEG-CXX, with
the XX replaced by specimen number; for this material and angle combination,
there were five specimens tested, CO1-CO05.

2.3 Experiments

The off-axis shear specimens were loaded in the z-direction of the specimen
coordinate system (defined in Fig. 2), such that the stacking direction of the UD
layer layup was at an angle to the loading axis. A schematic of the loading
configuration is shown in Fig. 6, with the specimen UD layer layup off-axis angle
labeled as 0. Several different off-axis angles were used: 15°, 30°, 45°, and 60°. In
addition, several experiments were performed where the UD layer layup was
normal to the loading axis, where 0 is zero.

For all experiments, 2-D DIC was performed to quantify specimen deformation
during loading. The specimens were speckled using a flat white spray-paint base
coat and a black spray-paint speckle layer. Postprocessing of images was performed
using commercially available software (Correlated Solutions Vic2D). For all strain
analysis, the engineering strain tensor was used. The principal strains (1 and €2)
were used to calculate maximum shear strain. A series of point extractions were
used to provide the maximum shear strain at the location of shear strain
concentration. Figure 7 shows a maximum shear strain profile for a specimen just
after peak global stress and just before the specimen failed catastrophically by shear



sliding. The ten marks (white dots) indicate the location of shear strain data
extraction; these were averaged together to create an average maximum shear strain
at the shear strain localization.

Loading
velocity

A
Specimen
thickness (t)
v Specimen
length (1)
> (corresponds to
Specimen width (w) depth of strip)

Fig. 6  Off-axis shear experiment loading and specimen orientation schematic

Fig.7  Maximum shear strain profile just after peak loading and prior to sliding failure.
White points indicate locations of data extraction for maximum shear strain during
experiment. The data for all points are then averaged together. Color map at right ranges
from 0.00 (purple) to 0.12 (red).



2.3.1 Quasi-static and Intermediate Loading Rate Experiments

For the quasi-static and intermediate strain rate experiments, a servo-hydraulic
Instron test frame (Fig. 8) was used to perform compression on the off-axis shear
specimens at a constant velocity; 0.005 mm/s and 5 mm/s for quasi-static and
intermediate loading rates, respectively. At both quasi-static and intermediate strain
rates, a framing camera captured the specimen during loading. For the quasi-static
rate experiments, a FLIR 12.3-megapixel camera at 2 fps was used, and at
intermediate rate, a Photron SA-5 1.0-megapixel camera at 2000 fps was used.

Fig.8  Loading setup for quasi-static and intermediate rate experiments

2.3.2 High-Loading-Rate Experiments

High-loading-rate experiments were performed on the UHMWPE off-axis shear
specimens using a compressive SHPB setup; details of the setup follow. The
operation and theory of the SHPB are omitted for brevity, although extensive
literature on this topic does exist (Schreier et al. 2009, Chen and Song 2010). Two
different SHPB setups were used; the first, used for initial experiments, consisted of
Maraging 350 steel 25.4-mm-diameter (1.0-inch) incident bar, transmission bar, and
striker of lengths 1.83 m (72 inches), 1.83 m (72 inches), and 0.61 m (24 inches),
respectively. This setup was used for four Tensylon high-rate experiments: two at
normal orientation (0°) and one each at 15° and 30° off-axis angle.



The second SHPB setup, used for the remainder of high-rate experiments (Tensylon
at 45° and 60°; HB25 at 0°, 15°, and 30°), consisted of Al 7075 alloy 31.8-mm-
diameter (1.25-inch) incident bar, transmission bar, and striker of lengths 3.66 m
(144 inches), 2.44 m (96 inches), and 0.61 m (24 inches), respectively. In addition,
adapters were used at the bar end—specimen interfaces. The adapter was Al 7075,
with the bar diameter on one end, and 12.7-mm square cross section at the adapter—
specimen interface. The adapter was used to improve high-speed imaging of the
specimen during loading by making the loading face edge almost co-planar with
the specimen surface. Semiconductor gages were used on both the incident and
transmission bars; semiconductor gages are known to be highly sensitive to
environmental conditions, so they were calibrated with the stable resistive gages.
Figure 9 shows the aluminum SHPB used for high-rate off-axis shear loading
experiments, along with specimen adapters. For all high-rate experiments, wave
shaping was employed to reduce dispersive effects and increase the pulse rise time
to aid in achieving specimen stress equilibrium, discussed later. (For a more
detailed discussion of these effects with regard to off-axis specimen configurations,
the reader is directed to Ninan et al. [2001].)

Specimen Sleeve

Trans bar Adapters

Fig. 9  SHPB setup for high-rate off-axis shear loading experiments

A Shimadzu HPV-2 ultra-high-speed camera was used at 250K fps to image the
specimen during loading, allowing for postprocessing of these images to obtain
specimen deformation using DIC software (Correlated Solutions VIC-2D). High-
intensity LED lights were used to illuminate the specimen during loading; to avoid
any heating of the specimen, these lights were turned on just prior to loading.



3. Results

The following sections document experimental data and results for the two
materials, Dyneema HB25 and Tensylon 30A. Table 1 summarizes the experiments
performed and results for Tensylon 30A, while Table 2 summarizes the
experimental results for Dyneema HB25. The various measurements recorded in
the tables are described herein.

Table 1 Summary of experimental results for Tensylon 30A off-axis shear loading
experiments

Normalized Max Shear

Off- Velocity Loading  Elastic  Yield disp at shear  strain
Material  axis (mm/s) rate stiffness  stress stress peak  strain rate
angle (kN/s) (GPa) (MPa) (%) (%) (s)
11966 631910 4.5 514.2 13.7
0 76749 412640 5.2 479.1 10.0
0.005 0.242 4.2 758.4 17.4
9785.0 218540 3.0 84.0 3.6 5.6 1392.2
15 0.005 0.03868 0.6 21.5 34 6.8 0.002
Tensylon 5 53.6 1.0 78.7 8.9 11.8 0.80
30A 5 62.46 1.3 71.8 6.7 11.8 0.75
9640.5 69934 0.7 25.8 3.7 4.9 2654
30 0.005 0.01383 0.3 6.94 2.8 12.5 0.004
5 22.96 0.5 12.5 2.9 6.1 1.395
45 6590.8 74495 1.0 17.82 2.1 9.3 2920.8
60 6592.5 80440 1.5 19.73 1.6 8.5 2715.2

Table 2 Summary of experimental results for Dyneema HB2S off-axis shear loading
experiments

Off- . Loading Elastic  Yield Nor.m alized  Max Shez.lr

. . Velocity . disp at shear strain
Material  axis (mm/s) rate stiffness  stress stress peak  strain rate
angle (kN/s) (GPa) (MPa) (%) (%) (s)
0 3096.6 183740 3.7 308.6 8.68

15 5530 156580 1.95 89.9 4.975 7.29 602.9

Dyneema 15 0.005 0.0314 0.54 22.5 4.5 7.639  0.0012
HB25 15 5 51.6 1.00 66.3 7.7 14.372 1.16
30 5806.9 134830 2.34 40.1 4.08 3.75 519.1

30 0.005 0.0091 0.19 7.7 5.76 7.33  0.00101

30 5 16.4 0.36 17.7 7.37 9.79 1.25
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At the low and intermediate rates, the displacement, velocity, and far-field global
specimen load were measured using machine load cell and extension data at low
and intermediate loading rates; at high rate, the bar displacement, velocities, and
load were calculated using traditional SHPB strain gage data analysis. Global
engineering stress was calculated by normalizing the far-field global specimen load
by the cross-sectional area of the specimen measured prior to loading.
Displacement was normalized using nominal specimen gage length; specimen
dimensions were determined using digital calipers. Specimen shear strain was
measured from DIC postprocessing of imaging acquired during loading by
extracting data at a series of points at the location of shear strain concentration, as
described in Section 2.3 (see example in Fig. 7).

As an example, Fig. 10a shows the global stress and normalized displacement for
one representative experiment, the Tensylon 30A off-axis angle 15° high-rate
(TEN-15DEG-CO01) specimen. For the off-axis loading specimens, load generally
increases linearly, softening as maximum stress is approached, and then fails in
shear (sliding). Yield stress refers to the global engineering stress at which the load
is no longer increasing linearly; for Fig. 10, it corresponds to time = 66 ps. Figure
11 shows a series of DIC maximum shear strain profiles from this experiment for
select normalized displacement levels, corresponding to the numbered blue marks
in Fig. 10a. In the images, the incident bar is at the left; the number refers to the
time in microseconds, with the first image occurring at t =40 ps and the final image
occurring at t =90 ps. For this specimen, strain concentrates at two locations, which
are marked as A and B in the final strain profile (at 90 pus). Shear failure at location
A occurred slightly earlier than at location B.

After peak stress (66 ps), the specimen starts to buckle due to shear instability, and
changes shape (becoming more rhombic). This specimen shape change, from
rectangular to rhombus, can be seen in Fig. 11 (note change in shape relative to
reference red bars). Figure 10b shows the averaged maximum shear strain at
locations A and B, as well as global stress, as a function of time. For this specimen,
the shear strain rate is obtained by calculating a linear fit of the average maximum
shear strain over the range of 20—-80 MPa global engineering stress (~36—64 pus) and
then averaging these two fits. For most of the experiments, failure concentrated at
a single location, so no averaging was required. The appendix contains the
remaining strain profiles to complete the set of 15° experiments (low rate,
intermediate rate, and high rate for both Tensylon 30A and HB25), as well as the
strain profiles for the complete set of 30° experiments.
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(a) (b)
Fig. 10 Tensylon 30A off-axis 15° high-rate specimen (TEN-15SDEG-CO01). (a) Global stress
as a function of normalized displacement with blue dots locating corresponding strain profiles
in Fig. 11. Dot numbers are time in microseconds for corresponding high-speed imaging. (b)
Global stress (left axis) and shear strain (right axis) plotted as a function of time of high-speed
imaging. The average maximum shear strain is plotted at the failure locations A and B, which
are identified in Fig. 11.

Max shear
strain
0.12
0115

011

Fig. 11 Tensylon 30A off-axis 15° high-rate specimen (TEN-15DEG-C01) maximum shear
strain profiles. The number in the upper-right corner of each profile indicates the image
capture time (in microseconds) and corresponds to the blue marks in Fig. 10a and the x-axis
in Fig. 10b. For all profiles of Fig. 11, the incident bar was on the left and the transmission bar
was on the right, which are labeled in the 40-ps profile as “inc” and “trans,” respectively. In
the 40-ps profile, the top of the specimen is traced with a horizontal red bar. A similar
horizontal red bar is included in the 80-us profile to demonstrate how the specimen changed
shape into a rhombus during loading.
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3.1 Tensylon 30A

3.1.1 Effect of Off-Axis Angle at Constant Loading Rate

Characterizing the high-rate response of off-axis angle shear loading of UHMWPE
composites was the priority for this study; hence a larger range of off-axis angles
was used at this loading rate for Tensylon 30A. A large drop-off in strength and
elastic stiffness was observed as the off-axis angle orientation changed from normal
to larger angles. This reduction appeared to reach a minimum at the 30° orientation;
for the other loading rates and material, off-axis shear experiments were focused
on the 0°-30° range. The global response of Tensylon 30A off-axis loading at
different off-axis angles is shown in Figs. 12—14 for high, low, and intermediate
rates, respectively. A significant effect of off-axis loading angle on the global
response was observed, with increasing angle leading to softer response.

800

0
0 001 0.02 003 004 005 006 007 0.08

| Displacement, normalized by gage length (mm/mm)

—— - - - ————— - — —— —— —

T T T
700 | | — Odeg -
. 15 deg
£ 600 | 30 deg |
2 — 45 deg
2 500 | 60 deg 41~ 1
2 1 T T
-] |
o 400 L 41 0 deg "
] 1 15 deg
E 300 | 4 I*“E 30deg|] |
2 2 45 deg 1
© 200 | i sodea| |
I T
100 | 1 !y 1
(=
0 I I i 2 1!
0 0.05 0.1 0.15 02 '3 1
Displacement, normalized by gage length (mm/mm) ! 1
! 1
! I
1 | 1 | | 1 | I 1
! I

Fig. 12  Global response of Tensylon 30A off-axis loading at high rate as a function of angle
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Fig. 13  Global response of Tensylon 30A off-axis loading at low rate as a function of angle
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Fig. 14 Global response of Tensylon 30A off-axis loading at intermediate rate as a function
of angle. Note: no normal orientation (0°) experiment was performed.

3.1.2 Effect of Loading Rate at Constant Off-Axis Angle

Figure 15 shows the global engineering stress versus normalized displacement for
Tensylon 30A at UD layer orientation normal to loading axis (0° angle). At this
normal orientation, there was no obvious strain rate effect on specimen global
stiffness, with all three experiments having similar stiffness. The failure strength of
the one high-rate specimen that failed (labeled as CO1) was lower than the failure
strength of the low-rate specimen. There is no other research suggesting that
composite strength decreases with increasing loading rate, and therefore no
conclusion of that can be drawn from two specimens.

At 15° off-axis angle orientation, there was a loading rate effect on specimen global
stiffness and failure stress, with increasing loading rate resulting in higher stiffness
and strength, as shown in Fig. 16. Specimen C03 had slower unloading after failure
as the remaining specimen pieces continued to carry load.

At 30° off-axis angle orientation, there was a loading rate effect on specimen global
stiffness and failure stress, with higher loading rate leading to higher stiffness and
stress. Figure 17 shows the global engineering stress versus normalized
displacement response for Tensylon 30A at 30° off-axis orientation.
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Fig. 15 Global response of Tensylon 30A for normal orientation (0°) off-axis shear
specimens as a function of loading rate. Note: no intermediate rate experiment was performed.
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Fig. 16 Global response of Tensylon 30A 15° off-axis shear specimens as a function of
loading rate
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3.2 Dyneema HB25

3.2.1 Effect of Off-Axis Angle at Constant Loading Rate

Three off-axis shear loading angles were studied for Dyneema HB25 loaded at high
rate: 0°, 15°, and 30°. A large drop-off in yield stress was observed as the off-axis
angle orientation changed from normal to 30° angle. Stiffness was also reduced as
the angle changed from 0° to 15°; stiffness was approximately constant as the angle
changed from 15° to 30°. Figure 18 shows the global response of Dyneema HB25
off-axis loading at high rate as a function of off-axis angle. The normal orientation

specimen (0°) did not fail at the end of the loading pulse.
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Fig. 18 Global response of Dyneema HB2S off-axis loading at high rate as a function of angle

For the intermediate and low loading rates, off-axis shear loading experiments were
performed on 15° and 30° orientations only. For both low and intermediate loading
rates, an effect of off-axis angle was apparent, with the smaller angle (15°) having
larger modulus and strength compared to the 30° angle at the same loading rate.
Figure 19 shows the global response of Dyneema HB25 off-axis loading at (a)
intermediate and (b) low loading rate as a function of off-axis angle.
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Fig. 19 Global response of Dyneema HB2S off-axis loading at (a) intermediate and (b) low

rate as a function of angle
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3.2.2 Effect of Loading Rate at Constant Off-Axis Angle

At the 15° angle orientation for Dyneema HB25, there was a strain rate effect, with
increasing loading rate corresponding to larger modulus and strength. Figure 20
shows the global engineering stress versus normalized displacement for HB25 at
15° orientation. This trend was repeated for the 30° angle, with increasing loading
rate corresponding to larger modulus and strength. Figure 21 shows the global
engineering stress versus normalized displacement for HB25 at 30° orientation.
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Fig. 20 Global response of Dyneema HB2S5 15° off-axis shear specimens as a function of
loading rate
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Fig. 21 Global response of Dyneema HB2S5 30° off-axis shear specimens as a function of
loading rate

3.3 Off-Axis Loading Specimen Failure Behavior

Two types of sliding failure were observed during these experiments. Some
specimens had full ply sliding failure, where failure occurred at a ply location that
spanned the entire specimen. Others had partial ply failure localized near one of the
corners. Examples of the full ply failure are shown in Fig. 22. Examples of the
partial ply failure are shown in Fig. 23. There was no distinguishable pattern of
failure types with loading rate or off-axis angle. In fact, both failure types could
occur in a single specimen (Fig. 24). It is likely that the difference in failure
behavior is driven by the presence of defects located randomly throughout the
panels or created during the specimen fabrication process.

As an additional example, Fig. 24 shows the Dyneema HB25 off-axis 30° high-rate
specimen global stress as a function of normalized displacement and corresponding
strain profiles; the global stress contains blue dots that correspond to the strain
profiles. This specimen had failure in both modes; partial ply failure occurred first
(marked as initial failure in Fig. 24F). After that, the remaining specimen was
reloaded, and a subsequent full ply failure occurred (later failure in Fig. 24H).
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(b)

Fig. 22 Examples of full ply failure for specimens (a) Tensylon 15° at low rate (TEN-15DEG-
C02) and (b) Tensylon 60° at high rate (TEN-60DEG-C02)

(b)

Fig. 23 Examples of partial ply failure for specimens (a) Tensylon 15° at high rate (TEN-
15DEG-C01) and (b) Tensylon 30° at high rate (TEN-30DEG-C01)
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Fig. 24 Dyneema HB25 off-axis 30° high-rate specimen global stress as a function of
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4. Discussion and Limitations

4.1 Dynamic Equilibrium at High Rate

Dynamic stress equilibrium for high-rate experiments is important to verify to
ensure that the stress state within the specimen is known to be constant during
loading. This was verified for the high-rate experiments documented here by
comparing the specimen interface loads for both the incident bar—specimen
interface (I1) and specimen—transmission bar interface (Iz). For the high-rate
experiments here, it was verified that stress equilibrium was achieved with the wave
shaping employed. Figure 25 shows the typical load histories for I1 and I for the
Dyneema HB25 off-axis 15° high-rate specimen.
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Fig. 25 Interface load vs time for Dyneema HB25 off-axis 15° high-rate specimen (HB2S-
15DEG-C01) at both bar—specimen interfaces

4.2 Spatial Averaging with DIC

Optical measurements of strain in specimens that contain strain gradients are
sensitive to DIC analysis parameters, such as subset size and step size (Jones and
Iadicola 2018). Subset size dictates the area over which DIC performs spatial
averaging; larger subset sizes produce strain data averaged over a larger area. This
has the effect of decreasing the magnitude of strain in areas that have strain
gradients if the subset size is not small enough (Gunnarsson et al. 2021). For the
experiments documented here, the strain concentrations are small and strain
gradients large, so the strain data is dependent on the analysis parameters.

4.3 Comparison of Sanded and Non-sanded Specimens

Preparing the specimens to have flat and parallel loading surfaces by sanding was
a time-intensive process. To evaluate the time-intensive sanding of specimens, one
specimen was off-axis shear loaded without any sanding at all, Tensylon at
intermediate rate and 15° orientation (C05). Figure 26 shows the global engineering
stress response for all three Tensylon 15° orientation specimens at intermediate rate
(C03, C04, C05). The un-sanded specimen had the lowest modulus and strength of
all three specimens, although it is difficult to draw conclusions about the effect of
sanding from a single experiment. This suggests that the small amount of specimen
heating that may occur during sanding does not cause a softening in the mechanical
response.
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Fig. 26  Global response of Tensylon 30A 15° off-axis shear specimens at intermediate rate
5. Conclusions

The ILSR of UHMWPE composites was characterized by loading specimens at off-
axis angles relative to the plane of the UD layers. The method was applied to two
different classes of UHMWPE laminates: film-based and fiber-based. The
experiments were specifically designed to provide interlaminar shear failure that
has been lacking for these materials.

The strain rate effect on the ILSR was characterized for these materials for the first
time by applying off-axis loading at low, intermediate, and high rate. At 15° and
30° off-axis angles, the stiffness and strength increased with strain rate in both
materials. Normalized failure displacement did not monotonically increase with
strain rate; specimens loaded at intermediate rate failed at larger normalized
displacements than either low or high rate. This method allowed the full-field
deformation of the specimen surface to be imaged during loading and failure. Shear
strain was then calculated at the locations of failure using DIC analysis. Comparing
specimen shapes during deformation elucidated operative failure mechanisms. The
UHMWPE composites experienced a brittle type of failure at high rate, where
specimens catastrophically failed after a small shape deformation, becoming
rhombic. This shape deformation was more pronounced at the low and intermediate
rates.
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The utility of these experiments to the research community has been demonstrated.
The loading responses and the deformation images have provided the physical basis
for recent computational models simulating the rate-dependent loading response of
UHMWPE incorporating the observed shear Mode-2 delamination failure.
Specifically, Alexander et al. (2023) have used the 15° Tensylon experiments
reported here to optimize their computational framework, which models UHMWPE
at the subscale level of individual UD layers and incorporates interlayer
delamination.
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Appendix. Shear Strain Profiles
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Figure 11 presented the maximum shear strain profiles for the Tensylon 30A 15°
off-axis specimen loaded at high rate (TEN-15DEG-CO01). Section A.1 of this
appendix contains the maximum shear strain profiles for the remaining 15° off-axis
specimens (Figs. A-1 through A-6) for Tensylon 30A and Dyneema HB25. Thus,
the profiles here, together with Fig. 11, provide the complete set of all 15°
experiments at all three rates for both Tensylon 30A and Dyneema HB25.

Section A.2 provides the maximum shear strain profiles for the complete set of 30°
experiments at all three rates for both Tensylon 30A and Dyneema HB25
(Figs. A-7 through A-12). For each experiment, the strain profile relative to the
loading history is indicated by linking the profiles to the loading response via
lettered or numbered labels.
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A.1 Shear Strain Profiles for 15° Specimens
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Fig. A-1 Tensylon 30A off-axis 15° intermediate rate specimen (TEN-1SDEG-C04) global
stress as a function of normalized displacement with marks locating corresponding strain
profiles
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Fig. A-2 Tensylon 30A off-axis 15° intermediate rate specimen (TEN-1SDEG-CO03) global
stress as a function of normalized displacement with marks locating corresponding strain
profiles
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Fig. A-3 Tensylon 30A off-axis 15° low-rate specimen (TEN-15DEG-C02) global stress as a
function of normalized displacement with marks locating corresponding strain profiles
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Fig. A-4 Dyneema HB2S off-axis 15° high-rate specimen (HB25-15DEG-C01) global stress as
a function of normalized displacement with marks locating corresponding strain profiles
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A.2 Shear Strain Profiles for 30° Specimens
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Fig. A-7 Tensylon 30A off-axis 30° high-rate specimen (TEN-30DEG-CO01) global stress as a
function of normalized displacement with marks locating corresponding strain profiles
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Fig. A-8 Tensylon 30A off-axis 30° intermediate-rate specimen (TEN-30DEG-C03) global
stress as a function of normalized displacement with marks locating corresponding strain
profiles
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Fig. A-9 Tensylon 30A off-axis 30° low-rate specimen (TEN-30DEG-C02) global stress as a
function of normalized displacement with marks locating corresponding strain profiles
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Fig. A-10 Dyneema HB25 off-axis 30° high-rate specimen (HB25-30DEG-C01) global stress
as a function of normalized displacement with marks locating corresponding strain profiles
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Fig. A-11 Dyneema HB2S5 off-axis 30° intermediate-rate specimen (HB25-30DEG-C03) global
stress as a function of normalized displacement with marks locating corresponding strain
profiles
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Fig. A-12 Dyneema HB2S5 off-axis 30° low-rate specimen (HB25-30DEG-C02) global stress as
a function of normalized displacement with marks locating corresponding strain profiles
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List of Symbols, Abbreviations, and Acronyms

DIC

fps

ILSR

LED

max

SHPB

SSE

UD
UHMWPE

digital image correlation
frames per second
interlaminar shear response
light-emitting diode
maximum

split Hopkinson pressure bar
solid-state extrusion
unidirectional

ultra-high-molecular-weight polyethylene
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