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1. Introduction

1.1 Motivation

Ultra-high molecular weight polyethylene (UHMWPE) composite is a common
component of helmets for ballistic protection due to its high strength and light
weight.! Individual sheets of UHMWPE are typically manufactured as flat sheets
with aligned fibers or films embedded in a thermoplastic polymer matrix.
Developing process models capable of accurately predicting the manufacture of
parts with complex compound curvatures from flat sheets is challenging.? Due to
the complexities and export control restrictions associated with helmet geometries,
most readily available literature simplifies the problem to a hemispherical
geometry. !>

A multistage process is used to manufacture compound curvature parts for ballistic
protection. The first step is to preform the flat sheets into a near final shape or
geometry. The preformed stack of UHMWPE sheets then undergo high pressure
and temperature consolidation between matched metal tooling.'**

The preforming process, shown in Fig. 1, involves a punch operation that deforms
the UHMWPE sheets as they pass through a die plate.! A binder ring provides
pressure on the stack of flat sheets that, in turn, induces in-plane tension to mitigate
wrinkling. The out-of-plane constraint from the binder, along with in-plane loading
of the sheet via friction at the sheet-tooling interfaces, causes shear deformation
within the sheets during preforming. The main shear deformation mechanism is
attributed to fiber rotation.’ Shear deformation gradients lead to thickness
variations in the preform, which in turn lead to undesirable pressure gradients in
the consolidation phase.! Nonuniform pressure gradients can result in a situation
where the preform is exposed to excessive pressures in certain regions and lacking
sufficient pressure for proper consolidation in others. As previous work has
demonstrated the importance of consolidation pressure on the mechanical
properties and ballistic performance of UHMWPE composites,®’ the situation of
nonuniform pressure inherently compromises the quality, reproducibility, and
performance of the as-manufactured part.

UHMWPE — Die Plate

Fig.1  Preforming of UHMWPE sheets into a complex curvature part
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1.2 Background

The picture frame and bias-extension tests are commonly used to characterize the
shear behavior of materials for forming applications. The shear behavior of “fiber-
based” UHMWPE systems has successfully been characterized using the picture
frame test.® Thin “film-based” UHMWPE systems have been found to be much
more problematic, as they wrinkle and tear during the picture frame test.” The
presence of deformation mechanisms other than pure shear in the gage section of
the film-based specimens prohibits the wuse of existing picture frame
characterization methodologies for UHMWPE composites® and textiles.!

The bias-extension test has been used to characterize woven textile systems, but
has not frequently been used to obtain shear constitutive relationships for sheets of
UHMWPE.!"! The experiment consists of in-plane tension being applied to a
specimen with reinforcement oriented at a £45° angle, resulting in shear loading
within the gage section. There is a large volume of published work on the bias-
extension test, which is summarized in a recent review paper.'! Most of the shear
characterization work in the literature is focused on woven textiles,'” which are
fundamentally different than UHMPWE cross-ply systems. The major difference is
that woven textiles exhibit a shear locking phenomenon in which the shear stiffness
greatly increases after a critical shear angle due to the pin joint no longer permitting
tow rotation.'”> The unidirectional, nonwoven nature of the UHMWPE
reinforcement eliminates the traditional shear locking phenomenon because the
warp and weft fibers are not in the same plane.

Results obtained for woven textile specimens can be adversely influenced by edge
effects and tow width. A benchmark study found that the length-to-width aspect
ratio of a typical woven textile specimen should be between 2:1 and 3:1.!° The
unidirectional nature of UHMWPE systems allows for the use of narrower
specimens (2.54 cm [1 inch]) with large aspect ratios (7:1) without edge effects or
handling issues. The pure shear region in long, thin specimens is much larger
(normalized by total specimen area) than with typical geometries discussed
previously (Fig. 2). The effects of the regions of combined shear and tension need
to be included in the 3:1 specimen but are small enough to be neglected in the 7:1
specimen.
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Fig.2  Pure shear region in specimens with aspect ratios of a) 3:1 and b) 7:1

The shear strain in the narrow, long pure shear region can be analyzed with digital
image correlation (DIC). Narrower width specimens enable higher resolution of
strain field imaging while still capturing the entire width (which permits
confirmation that the strain field is uniform throughout the width) as opposed to
having a gradient close to the edges. DIC analysis provides more accurate shear
strain values than an analytically based analysis because it removes geometric and
uniform strain field assumptions.

ASTM D3518/3518M-13 describes a methodology for converting axial load output
to shear stress through'?:

p

TR (1)

T =
where P is the measured axial force and A is the cross-sectional area, calculated by
multiplying the original specimen width and thickness. The ASTM method
assumes a constant 90° angle between fibers, which is why it is not valid for large
engineering shear strains.!> In preforming, shear strains typically exceed the
applicable range of the ASTM standard, often reaching upward 50° of engineering

shear strain.!

This report shows how relaxing the angle constraint in the ASTM analysis allows
the computation of shear stress during bias-extension tests beyond the 5% axial
strain limit associated with Eq. 1 (which from geometry correlates to about 5°
[0.087 radians] of shear deformation). A methodology to determine the in-plane
shear constitutive response of both fiber- and film-based UHMWPE systems is



presented and evaluated. The shear strain is calculated using DIC, and the shear
stress is computed using the tensile load measured by the Instron. The shear stress—
strain curve is input into numerical models of the bias-extension and picture frame
tests. Predictions from the model are compared to bias-extension and picture frame
experimental results for a fiber-based UHMWPE system to validate the
methodology. They also provide insight into the shear-strain distribution
throughout the specimens.

2. Methodology

2.1 Materials

DSM Dyneema HB210'* and DuPont Tensylon HSBD 30A!® were selected as the
UHMWPE fiber- and film-based material, respectively, for this work. A single
sheet of the HB210 material system consists of four unidirectional plies
(polyethylene fibers embedded in a polyethylene matrix) oriented in a [0/90]>
configuration. In contrast, a single sheet of Tensylon 30A contains two
perpendicular plies of a highly oriented solid-state extruded tape, oriented in a
[0/90] configuration.

2.2 Bias-Extension Experimental Setup

Dyneema HB210 and Tensylon 30A sheets are waterjet cut into specimens
measuring 30.48 cm long by 2.54 cm wide with fiber orientations of +£45° relative
to the length of the specimen. Specimens are dried after waterjet cutting to ensure
moisture absorption would not influence mechanical properties. To enable DIC
measurement of the deformation field, a black and white random speckle pattern is
applied to the specimen surface using spray paint.

Specimens are loaded in tension using an Instron 1125 5500R electromechanical
test frame with a 5-kN load cell. Adequate gripping is achieved using wedge action
grips with lightly serrated grip faces. The off-axis fibers significantly reduce grip
slip typically encountered when testing UHMWPE composites. Tests are conducted
at a rate of 12.7 mm/min until delamination failure.

For each material configuration, five specimens are tested. Figure 3 shows the
experimental setup, including stereovision DIC camera setup. Two 2.3-MPixel
Point Grey Cameras with Nikon 55-mm lenses are used to capture images of the
deforming surface, as shown in Fig. 3. The cameras are focused on the center
section of the specimen. Correlated Solutions’ Vic Snap and Vic 3D software



(http://www.correlatedsolutions.com) are used to capture and analyze images,
respectively, at 1 frame per second. Applied load is recorded for each image.

Load
Cell

Specimen Universal

[ ball joint

Wedge
grips

Specimen
— ]}L

Wedge
grips

Test
frame

Fig.3  Experimental setup for the bias-extension test

2.3 Picture Frame Experimental Setup

Only Dyneema HB210 picture frame data are presented due to challenges in testing
the Tensylon 30A. Dyneema HB210 is cut with an electric rotary cutter into
cruciform-shaped specimens with 127-mm sides in the central region aligned with
the fiber direction and arms extended to fit into the 216-mm side length of the frame
(Fig. 4a). The specimen is mounted in a picture frame testing fixture that is hinged
at the four corners, and a displacement is applied to the top of the testing rig
(Fig. 4b). The top corner displacement induces a state of pure shear to the central
region of the specimen.


http://www.correlatedsolutions.com/
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Frame
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Fig.4  Experimental setup for the picture frame test: a) cruciform specimen and b) frame
in initial and sheared positions

The test rig (specially designed and manufactured at the University of
Massachusetts Lowell) with the mounted specimen is installed into an Instron 4464
universal testing machine with 2-kN load cell. The crosshead rate for the shear
frame is 2 mm/s, which corresponds to a rate of 8.5 mm/s on the specimen, made
possible by the multiplier built into the shear frame. The total displacement of the
crosshead is 25.4 mm, corresponding to 108 mm of displacement on the top corner
of the specimen. The shear strain in the specimen can be calculated from the
geometric relationship between the top displacement and the frame arms. Load and
displacement data are recorded via the Instron software.

2.4 Bias-Extension Data Analysis

Previous research has shown that both Dyneema HB210 and Tensylon 30A undergo
finite deformations in this test configuration,® just as the material will when
preformed. Fiber rotation (or fiber scissoring) is a well-known deformation
mechanism for UHMWPE materials that needs to be included in preforming
models.

The analysis method outlined by Cline et al.” is used to calculate the fiber rotation
angles for both material systems. The initial configuration of the fibers can be
represented as two orthogonal vectors, A and B, that are oriented at £45° from the
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loading direction. As load is applied and deformation occurs, the fibers rotate to a

new position defined by vectors a@ and E, oriented at +60° from the vertical axis,
where 0 < 45°.

The relationship between the deformed and undeformed vectors is defined as the
deformation tensor, F, given by

A0 0
F=[o a 0], )
00 B

where it is assumed there are no shear components to the deformation in this case.
The diagonal matrix elements, A, a, 5, are the stretches in the 1,2, 3 directions,
respectively. The 1, 2, 3 directions define the axial, transverse, and through-
thickness ply coordinate system directions as shown in Fig. 5 (with the through
thickness direction being out of the page). Deformation in the through thickness
direction is not considered in this analysis. The stretches can be calculated from the
Lagrangian strains calculated using the DIC software as a function of load step
using the following relationship for the Green-Lagrange strain tensor:

E=05%(C—-D=05%(FTF-1I). 3)
Pure shear 9 /
region —, "
N
SN
W

Fig.5  Bias-extension specimen gage length with pure shear region and necessary geometry
labeled

It follows that @ = FA and b = FB. By computing the angle between vectors d
and 13, the rotated fiber angle can be calculated as a function of the stretches,
A(Eq) and a(E>).
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During the bias-extension test, a large pure-shear region will develop in areas that
do not contain any fibers involved in the boundary constraint created by the
machine grips, as shown in Fig. 5. A force balance in the pure-shear region yields

the following relationship between the fiber rotation angle (6 in Fig. 5), shear force
(Fs), and axial force (Fy) measured by the Instron and illustrated in Fig. 6:

Fy = FscosB + FscosH . (5)

F, Fq

0

Fig. 6  Free body diagram of pure shear region bounds

The force component normal to the shear force is not included in the force balance
because the section is in pure shear, making the normal component zero.
Accordingly, Eq. 5 can be rearranged to

F
= y 6
s 2cos0’ ©

The corresponding shear stress, defined as force per unit area, is given as

Fy )

Tip = —————,
127 2 stcosh

where T is the in-plane (12-direction) shear, s is the length of the pure-shear region
top boundary, and t is the thickness of the specimen.

UHMWPE fiber- and film-based systems have been shown to rotate but not extend
in the fiber direction during bias-extension experiments.” The systems are also
assumed not to extend in the transverse direction because the bond between plies
ensures that transverse deformation requires fiber extension in neighboring plies.



Delamination would load the plies in the transverse direction but subsequently
cause material failure and an end to the test as the plies are weak in the transverse
direction. Knowing that extension in both the fiber and transverse directions of each
ply are negligible, the Pythagorean theorem allows s to be written as

s=V2w. (8)

The lack of fiber extension ensures s will be constant, allowing the relationship in
Eq. 8 (based on the initial width) to be carried throughout the analysis. If fiber
extension is not negligible, this assumption becomes invalid and instead s should
be found experimentally (e.g., computed with DIC) and used in Eq. 7.

The thickness of the specimen changes as a result of shear deformation and would
be very difficult to measure at each time step during the test, particularly with the
edges frayed a small amount during material cutting. Previous work has shown that
the volume is conserved during the shearing of UHMWPE systems, allowing the
thickness (t) at a given deformation state to be written in terms of the original
specimen thickness and the fiber orientation angle!':

_ tundeformed

sin(20) )

Here, tyndeformed 18 the thickness of the specimen prior to testing. The relationship
between fiber rotation angle (0) (computed through DIC) and shear strain (y;;), is

g=r_Yi2
T3 2 (10)

Substituting Eqs. 8-10 into Eq. 7 yields the shear stress as a function of the force
measured with the Instron and the shear angle from DIC:

F,sin (E - Y12)
- .Y 1
T2 = T Yo\ (11)
2\/2_ W tundeformed €COS (E - T)

Using trigonometric relationships (double-angle formula, etc.) and algebra, Eq. 11
can be rearranged as follows:

2
2w tundeformed

Fy [cos( Yﬁ) - sin( y%)] (12)
Ty = .

Equation 12, along with the DIC shear strain values, can now be used to
characterize the shear stress—strain constitutive response for UHMWPE materials,

9



for large shear strains that are well beyond the 5% limit inherent in the ASTM
D3518! data reduction method.

2.5 Numerical Model Setup

Finite-element-based models are developed in LS-DYNA to describe the
UHMWPE sheet deformation during both the bias-extension and picture frame
tests. The explicit dynamics models include mass scaling to reduce simulation time
and use a fabric material model (MAT214). MAT214 requires the input of elastic
moduli in the axial and transverse directions of the sheet (both the same for this
work), as well as a trilinear shear modulus curve.!® The directions of the fibers
within the sheets are updated and tracked at each time step to account for fiber
rotation. A user input option in MAT214 is used that allows for sheet orientation to
be independent of meshing. Fully integrated (LS-DYNA, Type 16) and Belytschko-
Tsay (LS-DYNA, Type 2) shell elements!” are both suitable for this work, although
the Belytschko-Tsay elements were favored for their computational efficiency.

The bias-extension model, shown in Fig. 7a, includes the 177.8- x 25.4-mm gage
section of a UHMWPE specimen. Nodes along the top boundary are prescribed a
uniform displacement rate in the axial loading direction while those on the bottom
are fixed. Rate-dependent properties are not included in this model because the test
is being performed at a quasi-static rate (12.7 mm/min). Accordingly, model
predictions are independent of the displacement rate of the top nodes. The fiber
orientations within the plies are assumed to be +£45° from the axial load direction
(diagonal to the elements in the model).

The picture frame model, with dimensions to match the experimental setup,
includes the UHMWPE specimen and the four-part frame, as depicted in Fig. 7b.
The hinge at the top of the frame has a prescribed displacement, while the bottom
hinge has a fixed boundary condition. The frame consists of four parts (sides), each
with elastic material properties (MAT ELASTIC). The frame sides comprise shells
that are extremely thick (150 times the UHMWPE thickness) and have a high elastic
modulus (10 times that of the UHMWPE) to ensure they will behave as rigid bodies
during the simulation. This combination is to ensure the boundaries of the
UHMWPE in the model experience a negligible amount of deformation, making
them consistent with those of the experiment.

10
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Fig.7  Boundary conditions for a) bias-extension and b) picture frame models

3. Results and Discussion

The bias-extension test is used to characterize the in-plane shear response of the
UHMWPE material. Predicting the picture frame experimental results using input
properties from the bias-extension test will serve as validation of both the model
and the shear characterization methodology.

3.1 Bias-Extension Test

DIC images for each specimen test are imported into VIC3D correlation software.'®
The incremental correlation option is selected within the software to ensure that
large deformation is captured accurately. Incremental correlation compares the
current and previous images, rather than comparing the current image to the original
undeformed reference image. The axial (1,x) and transverse (2,y) strains, calculated
based on the deformations using the DIC algorithms, are used with the recorded
axial loads for each load step (image) in the analysis methods described previously
in Eq. 12 to generate the shear stress—strain plots for the materials (Fig. 8).

11
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Fig.8  Shear stress—strain response for fiber-based (HB210) and film-based (Tensylon)
systems

Analysis of the DIC data (based on the method from Cline et al.’) indicates that all
deformation is due to fiber rotation, thereby confirming the assumption that fiber
elongation is negligible. Within the pure-shear region, the shear strain is confirmed
uniform via DIC, indicating that the stress field is also uniform (and pure shear).
The shear responses for both UHMWPE material systems, as calculated from
Eq. 12, are shown in Fig. 8. There is significant shear deformation observed in the
HB210 material system prior to failure, with the fibers rotating over 30°. The
Tensylon 30A sheets are found to be significantly stiffer than the fiber-based
system, but still undergo significant shear deformation prior to failure. The initial
shear stiffness trend (shear stiffness values at lower shear angles) was previously
reported by White et al.” The reason for the stiffness difference is theorized to be
that fibers embedded in a matrix material can slide relative to each other, which
allows the UHMWPE to rotate much easier than in solid-state extruded film form.

3.2 Bias-Extension Simulation

A trilinear shear modulus curve is used as input to the numerical models of the bias-
extension and picture frame simulations. The fit of this model to the in-plane shear
response of HB210 from the bias-extension test is shown in Fig. 9. The trilinear
model has small deviations from the test data at low shear angles (<7°) and those
outside the range of interest (best fit curve was only up to 55°).

12
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Fig.9  Experimentally derived shear response and corresponding trilinear fit for HB210

The computational model allows for the prediction of shear strain at any location
in a bias-extension specimen for each time step. The end boundary condition
assumes no fiber rotation, resulting in negligible shear deformation along the top
and bottom edges. The central region is in pure shear, while the ends have a shear
strain gradient, shown in Fig. 10. There is only small deformation in the areas where
there is a continuous fiber path to the top and bottom boundaries.

Shear Angle
(Degrees)

17.4
15.6:'
13.8

12.0—

Fig. 10 Representative shear strain prediction for HB210 after 20 mm of crosshead
displacement
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The bias-extension numerical and experimental results for the UHMWPE fiber- and
film-based systems are compared in Fig. 11. The axial strain measurements of the
numerical model were taken from the pure shear region to ensure consistency with
the DIC axial strain measurements. The DIC strain values are preferred over
crosshead displacement because DIC does not include sources of error such as
slippage and fiber rotation in the grips. The quality of agreement between the model
and experimental results provides initial validation for the in-plane shear
characterization and numerical model.

Tensylon Experiment

120
----- Tensylon Model
100 |——HB210 Experiment 2=
N | HB210 Model
=) 80
5 60
»n
_?5 40
& .
20 4 om=====
0
0.00 0.10 0.20 0.30 0.40

Axial Strain [pure shear region]

Fig. 11 Bias-extension simulation and experimental results for fiber-based (HB210) and
film-based (Tensylon) systems

3.3 Picture Frame Model Predictions and Experimental Results

Full validation of both the bias-extension characterization methodology and
corresponding model requires successful prediction of another test, such as the
picture frame test, using the characterized bias-extension response as the input.
Although the picture frame test faces significant challenges for film-based systems,
it has been successful for fiber-based systems.’ The picture frame test, performed
with HB210, provides a different loading pattern to evaluate the model performance
with the DIC-based characterized shear properties.

The model successfully predicted the experimental results for crosshead load versus
displacement curve, as shown in Fig. 12. Validation of the characterization and
modeling techniques for the fiber-based system extends to the film-based system
because the key assumption (all deformation modes other than shear deformation
are negligible) made for the HB210 (fiber-based) is also valid for Tensylon (film-
based).

14
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Fig. 12 Picture frame test simulation results, using characterized in-plane shear response,
compared to experimental results

There were small deviations for the initial small displacements and toward the end
of the test. These deviations are because the trilinear fit allowed some differences
from the test data at the low- and high-shear angles, which was shown in Fig. 9.
Increasing the number of line segments describing the shear stress—strain response
would reduce these small deviations. However, increased accuracy at low
displacement values would not add value to the overall body of work because the
thickness changes induced by small in-plane shear values are negligible. The range
of shear angles over which the curve was fit could be increased if increased
accuracy at higher shear angles was desired, but that would not be relevant for this
work because the range selected corresponds to the shear deformation found in
hemisphere forming.'

The picture frame test generally assumes a pure shear distribution in the central
region of the specimens.® The model predicted an almost pure shear region
developing in the gage (central) area of the specimen, with small deviations along
the boundary as shown in Fig. 13. There are also variations in the arms of the
specimen, but these did not appear to significantly influence results. Notably,
wrinkles developed vertically during the simulation, which was also evident in
experimental results for UHMWPE systems.®
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Fig. 13  Shear strain distribution in the picture frame model for HB210 at 40-mm crosshead
displacement

4. Conclusions

The in-plane shear response of materials is a critical element in modeling the
forming process. This work develops and validates a new in-plane shear
characterization method capable of characterizing UHMWPE materials undergoing
large shear strains, far beyond the capability of the current ASTM standard test
method.!® The method is based on a simple tension test of laminates with a [+45°],
layup and uses DIC-based methods to measure the fiber rotation angles (shear
strain) as a function of applied load. The shear strain measurements are coupled
with a derived analytical calculation of the shear stress in the pure shear region to
characterize the shear stress—shear strain constitutive response. This method is
applied to UHMWPE fiber-based (Dyneema HB210) and film-based (Tensylon
30A) material systems. The simplicity of the method eliminates the complex test
setup and data reduction schemes associated with the picture frame test, while at
the same time expanding the material classes capable of being characterized.

Using the generated in-plane shear material properties from the bias-extension test,
the LS-DYNA finite-element model accurately predicted the picture frame test
results, validating both the characterization and modeling of UHMWPE shear
deformation. The in-plane shear stiffness is much higher for Tensylon (film-based
system) than Dyneema HB210 (fiber-based system). The fiber-based system has a
higher failure shear strain, which is anticipated to allow it to deform much more
during processing before damage is induced. This testing methodology will be used
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to characterize materials’ formability and provide inputs to a model of the
manufacturing process.
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