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Abstract This paper discusses the characterization of
temperature-dependent tensile and flexural rigidities for
Dyneema® HBB80, a cross-ply thermoplastic lamina. The
low coefficient of friction of this material posed a challenge
to securing specimens during tensile testing. Therefore, mod-
ification to the standard gripping method was implemented to
facilitate the collection of meaningful test data. Furthermore, a
long gauge length was selected to moderate the influence of
slippage on the measure of the elastic modulus. A new exper-
imental setup is presented to characterize the bending behav-
ior at elevated-temperature conditions based on the vertical
cantilever method. The material properties derived from the
test data were implemented in a finite element model of the
cross-ply lamina. The finite element model is generated using
a hybrid discrete mesoscopic approach, and deep-draw
forming of the material is simulated to investigate its form-
ability. Simulation results are compared with an experimental
forming trial to demonstrate the capabilities of the model to
predict the development of out-of-plane waves during preform
manufacturing.
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Introduction

Composite materials are experiencing rapid market growth
and becoming increasingly popular across a variety of indus-
tries including aerospace, automotive, construction, marine,
and wind energy [1]. However, a large percentage of the po-
tential market is lost when designers are apprehensive about
the predictability of composite performance. For example,
consider how continuous-fiber-reinforced composites are
prone to wrinkling. Such defects are a consequence of the
combination of the mechanical behavior of the materials and
the manufacturing processing conditions, and these defects
result in compromised load paths and stress concentrations
that can lead to catastrophic and premature failures [2].
Furthermore, uncertainties in both material behavior and pro-
cessing conditions can often result in overdesigned parts,
unnecessarily increasing weight and cost. As such,
many designers remain complacent using conventional
bulk materials (e.g., metals, ceramics, and polymers) with
predictable mechanical behaviors. Therefore, growth of the
composite market will continue to be slow until credible soft-
ware tools that can be used to explore the relationship between
material formability and design constraints become available
and widely used.

Because wrinkling of the composite reinforcement can re-
sult in premature failure, it is important that the manufacturing
process be designed to mitigate formation of such unwanted
shape distortions. As a result, the processing parameters will
be driven by the forming limits of the material and the relative
complexity of the part geometry. Unfortunately, the process-
ing conditions that create an environment which is conducive
for wrinkle development are not always known before the
development phase. Consequently, correction of adverse
product features is often accomplished with a design-build-
test regimen, which can be costly, wasteful, and time
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consuming. A simulation tool that could perform the design-
build-test activity in a virtual setting would provide a cost and
time efficient solution to product development and process
design.

While there are various commercial software applications
available to perform draping simulations (e.g., Fibersim and
CATIA), the “fishnet” algorithms [3—7] used in these design
tools are limited to purely kinematic analyses to predict defor-
mation of the blank as it conforms to tool geometry. These
geometric approaches are fast and efficient, but they do not
account for the mechanical behavior of the fabric nor do they
consider the boundary conditions of the forming process (e.g.
any in-plane stress induced by a blank holder). As a result,
these “fishnet” methods are unable to predict if and where in-
plane waviness and out-of-plane wrinkling may occur during
the forming of continuous-fiber reinforcements. Therefore, a
mechanical analysis that includes the material behavior is nec-
essary to predict the locations and magnitudes of defects that
may develop during manufacture.

Using a discrete mesoscopic finite element model, infor-
mation regarding thickness changes, fiber orientations, stress-
es and strains can be mapped over the preform surface and
monitored throughout the forming process [8]. With a com-
plete set of material properties for describing the material be-
havior, the simulation tool is able to identify potential defects
(e.g., in-plane waves, out-of-plane wrinkles, fiber tear-
ing) that arise during manufacture and compromise the
part performance. Results of the finite element analysis
(FEA) can therefore be used to guide the selection of
processing parameters (e.g., tool velocity, forming tempera-
ture, binder pressure, material selection, ply geometry, and
binder size) such that the resulting preform satisfies the design
constraints (e.g., fiber orientations, uniform thickness and low
seam density).

In the current paper, the shear, flexural, and tensile rigidi-
ties of Dyneema® HBS80 are characterized at the lamina’s
forming temperature for input into the material model of a
finite element simulation. The combined effect of these me-
chanical properties translates into a realistic depiction of the
progressive composite deformation during the manufacture of
a composite preform using this material system. The major
novelty of this work is that it serves to extend the capabilities
of FEA models to accommodate temperature-dependent
material behavior of fiber-reinforced thermoplastics.
The credibility of the beam/shell approach for the modeling
of the forming of Dyneema® HBS8O0 sheets at elevated tem-
perature is demonstrated through (1) the characterization of
material properties necessary for input into a finite element
model of the forming process and (2) the simulation of near-
net-shape preforming. A qualitative comparison between out-
of-plane wrinkles resulting in experimentally-formed parts
and model predictions of the composite system is presented
and discussed.
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Modeling approach

The multi-scale nature of fibrous materials poses chal-
lenges to analyzing the true behavior of textile compos-
ites [9—11]. Macroscopic models are often too homoge-
nized to capture the intrinsic fabric response while
micromechanical analyses require significant computa-
tional capacity to simulate forming of a full-scale part.
As such, the modeling performed for this research is
accomplished at the mesoscopic scale using a discrete
approach developed by Jauffrés et al. [3] employing a
hypoelastic element description with an explicit
formulation.

The textile constituents are modeled using conven-
tional elements available in commercial finite element
software. Linear beam elements incorporate the tensile
and flexural properties of the tows, while shell elements
define the shear response of the fabric. For example, a
cross-ply is discretized into a mixed-mesh grid where
the unit cell consists of four beam elements and one
shell element (Fig. 1). The shell element has no tensile
properties and only possesses in-plane shear stiffness
that varies with the degree of shear. The two horizontal
beam elements are defined using properties of the 0°
fibers, and the two vertical beam elements are defined
using properties of the 90° fibers. A single node is
used to connect the intersecting beam elements at each
of the shell corners. This joining of the beams assumes
a “no slip” condition between 0° and 90° layers which
has been demonstrated to be an acceptable assumption
[12, 13].

This modeling technique has been applied to a variety of
textile architectures including woven, unidirectional, and non-
crimp fabrics [14—16]. For this research, analyses are per-
formed using the explicit solver in Abaqus which offers capa-
bilities for analyzing large, nonlinear, quasi-static problems,
such as deep-drawing. Furthermore, Abaqus/Explicit imple-
ments robust contact algorithms without the need for addition-
al degrees of freedom, and it can resolve solution discontinu-
ities such as buckling or wrinkling. The implicit analysis by
Abaqus/Standard is less practical for solving this class of com-
plicated forming processes that have many contact constraints

2-D element
/

N

Fabric Unit Cell (UC) element

Fig. 1 A representative unit cell for the finite element discretization of a
textile reinforcement
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Fig. 2 Experimental setup for the measure of apparent tensile modulus
using a modified gripping method to secure the sample by wrapping it
around an external pin

and frictional effects [17]. User-defined material subroutines
are linked to the Abaqus solver to govern beam and shell
behavior [3]. The accuracy of the simulation is dependent on
the quality of material constants derived from characterization
tests that describe the fabric in bending [18, 19], tension [20,
21], and shear [22-25], and on the ply/tool and ply/ply inter-
facial friction [26].

Material characterization

While the material characterization methodologies that are de-
scribed in this paper are applicable to a wide range of fiber-
reinforced material systems, the specific material considered in
this research is Dyneema® HBS8O0, a thermoplastic cross-ply

Fig. 3 Tensile results for various 800

gauge lengths tested under

ambient conditions. Note that the 100

Moduli Calculation
Strain Range

Table 1 Apparent

modulus as a function of Gauge length Apparent modulus
gauge length (cm) (GPa)

10 33

15 37

20 38

25 40

30 43

35 44

40 44

containing four unidirectional layers oriented in a (0/90), initial
fiber configuration. Ultrahigh molecular weight polyethylene
(UHMWPE) fibers and a thermoplastic polyurethane (TPU)
based matrix comprise the highly fibrous lamina where the
TPU content ranges between 15% and 20% by weight (17.9%
and 23.6% by volume). Approximately 10 fibers con-
tribute to the ply thickness of 0.148 mm, and the sheets
have an average areal density of 145 g/m” [27-29]. Due
to the polymeric nature of the constituent materials, the
mechanical behavior of the composite system will ex-
hibit temperature dependence and must therefore be
characterized over the range of possible forming temper-
atures. A detailed description for the novel methodology
used for the characterization of the shear behavior is
given in Dangora et al. [25]. The current paper presents
the complementary characterization of the tensile and
flexural rigidities.

Tensile testing

The standard test method for breaking force and elongation of
textile fabrics (ASTM-D5035) was used to measure the appar-
ent elastic modulus of Dyneema® HBS8O0 as a function of tem-
perature [21]. These tensile experiments were executed on an
Instron 4464 universal testing machine using pneumatic grips

vertical dashed lines indicate the
range over which the moduli were
calculated 500
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Fig. 4 Experimental setup for evaluation of bending stiffness at elevated
temperatures based on the vertical cantilever method defined in [19]

with flat-faced jaws at a pressure of 620 kPa and a crosshead
displacement rate of 1.7 mm-s '. Due to a 2-kN limit on the
load cell, the sample geometry was modified from ASTM-
D5035 specifications to have a 13-mm width. This smaller
section allowed the specimens to be tested to failure at the
forming temperatures of interest without damaging the load
cell. Use of an extensometer was avoided to prevent damage
of the polymer fibers during testing; therefore, the strain mea-
surements were evaluated based on the displacement of the
clamps. Where test setup compliances and sample slip were
inherent to this measure, the true fiber elongation was not able
to be recorded; instead an “apparent” modulus was reported in
accordance with the ASTM-D5035 documentation [21, 30,
31]. Statistically insignificant variance in modulus was

Fig. 5 The apparent tensile 50

modulus of Dyneema® HB80 .

observed between samples tested under the same conditions
for the 0° and 90° degree orientations. Therefore, the experi-
mental schedule was only conducted in the 0° direction.

The tested material had an extremely low coefficient of
friction [32], making it difficult to secure the specimens
[29]. Therefore, to improve gripping of the sample and to
minimize slippage, 6.35-mm diameter steel pins were used
outside the jaws. The specimens were mounted such that the
samples came through the grips, around the pin, and then back
through the grips (see Fig. 2). The faces in contact with the jaw
surfaces had fibers oriented in the loaded direction, while the
faces in contact with the pins had fibers oriented in the cross
direction. Tabbing was also investigated, but the modified
gripping method in Fig. 2 was found to be most effective.

To observe the effects of slippage, the influence of gauge
length on tensile response was investigated [30]. This study
was conducted at room temperature for samples having gauge
lengths ranging from 10 to 40 cm in 5-cm increments. It was
expected that the influence of slippage would be less promi-
nent for larger gauge lengths. This hypothesis was confirmed
by the data shown in Fig. 3. As the sample length increased,
the curves converged to a single solution. The slopes of stress-
strain curves for the longest gauge lengths converged to the
expected modulus, which was approximated using the Rule of
Mixtures [33]. The vertical lines in Fig. 3 depict the range of
strain used in completing the linear regression for slope
calculation.

The Rule of Mixtures is derived from a constant-strain
analysis, and it can be used to estimate the upper-bound of
the modulus for a composite system. The value is approximat-
ed from contributions of the constituent material properties
such that the composite modulus in the 0° direction, £V, is
given by

o o _0° o _90°
EY = ¢,E, + ¢} E + o7 E,,

follows a third-order polynomial
(denoted by the dashed line) when
plotted as a function of
temperature. Note that the
modulus was consistent for both
0° and 90° directions, and the
error bars shown denote standard
deviation over five samples
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Fig. 6 Representative tensile 800

data for Dyneema® HBS80 tested
at various temperatures. Note that
the samples at 20°C and 50°C
were not tested to failure due to
max load limitations of the load
cell

700

600

500

400

Stress (MPa)

300
200

100

where ¢ is the volume fraction, E is the elastic modulus, and the
subscripts m and f denote properties of the matrix and fiber,
respectively. The notation E refers to the longitudinal modulus
(i.e., along the fiber axis) and E, indicates the transverse mod-
ulus (i.e., orthogonal to the fiber alignment). Highly-oriented
polymer filaments, like the Dyneema® fibers, have extremely
low degrees of transverse bonding due to the weak hydrogen
bonds and Van der Waals attractions that govern interaction
between adjacent chains [28]. Therefore, the reinforcing fibers
in the composite lamina provide essentially no transverse stiff-
ness (i.e., £, = 0). As such, when the material is tested in the 0°
direction, the contribution from the 90° fibers is effectively
negligible. Because the matrix modulus is much, much less
than the fiber longitudinal modulus [29], Eq. 1 reduces to

EY = oVE,, 2)
and the stiffness of the composite lamina is dominated by the
properties of the 0° fibers. These fibers are reported to have a
tensile modulus of approximately 116 GPa [34]. With the ma-
trix content ranging from 17.9% to 23.6% by volume, the fibers
comprise 76.4% to 82.1% of the ply; specifically, the 0° fibers
account for half of this fiber volume. Therefore, Eq. 2 suggests

0.02

R

0.06 0.08
Apparent Strain

0.04

0.10

0.12 0.14

that the lamina should have a modulus between 44 GPa and
48 GPa. As the experimental values converged to 44 GPa, the
effect of slippage was assumed to be negligible for specimen
lengths greater than or equal to 35 cm. A summary of the
apparent moduli for these gauge lengths is provided in
Table 1. Execution of the final measurements was conducted
for a gauge length of 42 cm over an average of five samples.

Bend testing

Because the bending rigidity governs the shapes of wrinkles
that form during textile draping and composite forming, it is
important to represent this property accurately in the finite
element model. Unlike conventional isotropic materials, the
bending stiffness of fibrous materials is not directly related to
the tensile modulus; it must therefore be measured through
experimentation [10]. While there exists a standard test meth-
od for characterization of the bending rigidity [ 18], Lammens
et al. demonstrated that use of the ASTM D1388 cantilever
test results in measures with severe inaccuracies [35].
Furthermore, the ASTM documentation does not address ma-
terials exhibiting temperature-dependent behavior. Therefore,
several experimental methods have been developed to mea-
sure flexural stiffness above ambient conditions [36—39].

Table 2 Summary of

Tensile strength, UTS (MPa) Strain at UTS (%)

temperature-dependent tensile Apparent modulus (GPa)

behavior for Dyneema® HBSO0
20° 444 + 0.2
50° 322 + 15
70° 27.0 + 0.9
80° 255 + 1.0
90° 252 + 03
100° 219 + 1.0
110° 189 + 0.6
120° 14.4 + 04

* #*
* *

669 + 26 3.98% + 0.25%
604 + 24 3.82% + 0.29%
592 + 11 3.90% + 0.07%
435 + 06 3.15% + 0.08%
310 + 14 2.74% + 0.19%
192 + 09 2.20% + 0.10%

*Not tested to failure due to load-cell limitations
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Fig. 7 Deflection of Dyneema® 0
HBB8O strips subject to the same -1
loading at different temperatures

Deflection (cm)
)

For the purpose of the research presented in this paper, the
simple vertical cantilever test proposed in [19] was used. The
experimental setup described in [19] was modified to accom-
modate characterization at elevated temperatures. The test fix-
ture, shown in Fig. 4, heated the sample using radiation from a
concentrated ceramic infrared (IR) element. A feedback con-
trol system with a Type-J thermocouple sensor was used to
regulate the temperature of the ceramic elements. An addition-
al Type-J thermocouple was added for monitoring the test-
specimen temperature on the surface of the lamina away from
the IR heating to ensure uniform through-thickness tempera-
ture. To enforce the cantilever boundary condition, a magnetic
clamp was used. The ceramic block magnet had a stability
temperature of 250°C and a maximum pull force of 60 N.
Although the Dyneema® HB80 specimens were only
0.148-mm thick, a strong magnet was selected so the experi-
mental setup could also be used for much thicker specimens in
the future. The free end of the sample was displaced using a
hanging mass on a string, redirected downward with a pulley.
The test protocol followed the procedures outlined in [19]
with a gauge length of 25 cm and specimen width of
20 mm. While the matrix deformation in bending was presum-
ably governed by interlaminar shear, this property was not
separately investigated. With the high fiber content, the
response of the lamina in bending was largely dominated by
the fiber mechanics; and as the sample length was

‘ = 80°C
= 100°C
= 120°C

8 10 12 14 16 18 20 22
Distance Along Length (cm)

significantly larger than the thickness, interlaminar shearing
of the fibers was considered to be negligible.

Results and discussion

The material was tested for temperature-dependent tensile and
flexural rigidities in accordance with the aforementioned pro-
cedures. The combination of these material properties, in con-
junction with the shear behavior (previously characterized in
Dangora et al. [25]), facilitated development of a forming
model. Data collected from the characterization tests are pre-
sented in this section in addition to the results of a finite ele-
ment deep-draw simulation.

Tensile testing

Tensile tests were performed on strips of Dyneema® HB80 for
temperatures ranging from 70°C to 120°C, testing five speci-
mens for each temperature. For reference, additional data were
collected below the possible forming limits at ambient conditions
and at 50°C. Note that no statistically-significant difference was
observed between testing in the 0° and 90° directions subject to
identical experimental conditions. Load-displacement data col-
lected from the experiments were used to calculate the lamina’s
apparent modulus as a function of temperature (Fig. 5). The

Fig. 8 Moment-curvature x 1073
relation for Dyneema® HB80 1.0
samples in bending at elevated
temperature
0.8
,E.\ 0.6
=
5
£ 04
o
=
0.2
e 80°C
= 100°C
0.0 — 120°C
5 -4 =3 =2 -1 0 1 2 3
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Table 3 Summary of

flexural stiffness for Temperature Bendinzg rigidity
Dyneema HBS8O tested at O (N'mm®)
elevated temperatures

80° 380

100° 240

120° 170

resulting data were found to best follow a third-order polynomial
over the range of temperatures studied. As was expected, in-
creasing the temperature made the material more compliant.
The addition of heat facilitated motion of the polymer chains,
thereby reducing the stiffness. A representative data set was plot-
ted for each of the test conditions (Fig. 6). To avoid damage to
the 2-kN load cell, the ambient and 50°C samples were not tested
to failure. The data trends indicated that, with an increase in
temperature, there were an associated (1) decrease in modulus,
(2) reduction in yield strength/strain, and (3) increase in ductility.

A summary of the apparent modulus and tensile strength for
each temperature is presented in Table 2. Although values for
ultimate tensile strength (UTS) and the corresponding strains
were identified from the stress-strain curves over the possible
forming temperatures, these data were not essential to the
modeling efforts. Because plastic deformation was not incorpo-
rated into the finite element analysis, the only critical informa-
tion obtained from tensile testing was the elastic modulus.
Future modeling work could consider plastic deformation.

While the UTS may not have been considered in the anal-
ysis, these data could still be useful in post-processing. For
example, the simulation results can be used to map color con-
tours of stress and strain across the formed part; the analyst
can use these outputs and the experimental strength values to
identify potential areas of fiber damage. However, because the
ultimate strength is known to be dependent on sample size, a
Weibull modulus would need to be calculated if these proper-
ties were of concern [30].

Fig. 9 Hemisphere deep-draw
(a) experimental setup and (b)
associated configuration for FEA

male tool/punch

binder ring/draw ring

thermoplastic lamina

female tool/die

Bend testing

Because there was not enough resolution in the bend testing
data to differentiate data over a + 10°C temperature variation,
bend tests were performed at 80°C, 100°C, and 120°C.
Softening of the material was apparent with the addition of
heat. As the temperature was increased, the sample exhibited
increased deflection under identical loading conditions
(Fig. 7). Pictures were taken of the loaded samples and
ImagelJ, an open-source image analysis software, was used
to measure discrete displacements. A third-order polynomial
was fit to the data, and the curves shown in Fig. 7 are the
respective fits for an average of three test samples. A detailed
description of the methods used to interpret the data is given in
Dangora et al. [19]. The curvature was approximated by tak-
ing the second derivative of the average deflection equation.
Because the force used to displace the cantilever’s free end
was measured, the moment along the sample was known.
This information was used to plot the moment as a
function of curvature (Fig. 8). The bending stiffness was
derived from the slope of the moment-curvature line, and
these values are summarized in Table 3. Although the
flexural-rigidity values remained on the same order of
magnitude over the temperature range investigated, the
temperature dependence is sufficiently significant to rec-
ommend using the temperature-based bending properties
in the forming simulation.

Forming experiment and simulation

Hemisphere forming was performed using the experimental
setup shown in Fig. 9a and described in detail by Dangora
et al. in [40]. The fixture (consisting of a hemispherical punch,
an open die, and a blank holder) was placed in an environ-
mental chamber and mounted on a universal testing machine.
A single sheet of Dyneema® HB80 was heated to a forming

male tool/
punch

binder ring

female tool/die thermoplastic lamina

post-forming

(b)
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Table 4 Summary of material constants at 100°C for model input
Property Value (MPa)

Tensile modulus 22,000

Compressive modulus 215

Shear stiffness* [25] 23* = 55> + 484> — 17| + 3

*Note that v is defined as the shear strain of the composite lamina

temperature of 100°C and drawn to the punch geometry.
Approximately 3200 Pa of pressure was applied to the blank
to supply in-plane tension as the sheet was drawn.

Similarly, a deep-draw forming simulation at 100°C was
completed in Abaqus/Explicit using the configuration shown
in Fig. 9b. A pressure of 6500 Pa was applied to the binder
ring to hold the lamina between the ring and the die during the
forming and a fabric-tool friction coefficient of 0.07. The ten-
sile modulus and bending stiffness previously measured were
used to calculate an effective compressive modulus (E.) for
implementation in the finite element model following the
equation

(3)

as developed by Dangora et al. [19], where B is the bending
stiffness, E; is the tensile modulus, and I is the area moment of
inertia. The compressive modulus at 100°C was calculated to
be 215 MPa and the bilinear modulus was implemented into
the finite element model. Note that the lamina properties were
assigned to the beam elements, not the fiber properties. The
measurement methods of the temperature-dependent shear
stiffness for the Dyneema® H80 are outlined in Dangora et al.
[25]. A summary of the material constants used in the model
are provided in Table 4.

The experimental and finite element forming results are
shown in Fig. 10a and b, respectively. The laboratory-
formed part developed wrinkling at the front, back, and sides
of the hemisphere (i.e., along the central axes of the planar

Fig. 10 Dyneema® HBS8O0 sheet
formed at 100°C (a)
experimentally and (b) virtually
via FEA
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sheet but near the bottom of the 3-D part). The finite element
analysis was also able to capture the development of these out-
of-plane defects in these locations. The material draw-in is
also observed to be well correlated between the experiament
and the model. Overall, the initial modeling efforts show
promise and good correlation with the wrinkles developed in
the physical part during the forming trial. This excellent cor-
relation between the model and the experiment implies that
the model shows promise as a tool to design the size and
shapes of the blanks to be used in the maufacturing process
such that a near-net-shape preform can be achieved without
wrinkling. The research for a future paper on the sensitivity of
the formed part to the charge in the shape of the blanks com-
prising a helmet formulation is currently underway.

While good agreement can be seen upon visual inspection
between the experimental and numerical preform shapes, i.e.
location and shape of the out-of-plane waves, in Fig. 10, ad-
ditional work is recommended to further validate the method-
ology shared in this paper for characterizing the bending ri-
gidity. Currently, there is no standard test procedure for the
measurement of the elevated-temperature flexural rigidity of
fibrous composite prepregs. It is recommended that a bench-
mark study be conducted to compare the various available
techniques.

Conclusions

This paper discussed approaches used to characterize the ten-
sile and flexural behavior of Dyneema® HB80 at typical
forming temperatures. These elevated-temperature data have
not been documented in the open literature before now. Due to
the low coefficient of friction, slipping of the sample in ten-
sion posed a problem to the collection of good experimental
data. To address this issue, modified gripping of the specimens
was implemented, and a large gauge length was used to mit-
igate the influence of slippage in the measurement. A new
design for an elevated-temperature test fixture to measure
the bending stiffness of the lamina was presented. The mate-
rial constants derived from experiment were implemented into
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a discrete mesoscopic finite element model. A forming simu-
lation was performed using this modeling technique, and the
analysis results were assessed against a laboratory-formed
part. The combination of tensile and flexural rigidities allowed
out-of-plane defects to be captured in the model. Although
good agreement was seen between experimental and numeri-
cal preform shapes upon visual inspection, indicating valid
input data (e.g., bending stiffness), additional work is recom-
mended to validate the method. Because no standard test pro-
cedure currently exists for measurement of elevated-
temperature flexural rigidity of fibrous composite prepregs, a
benchmark study is recommended in the future to compare the
available techniques.
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