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Abstract

Formability of a continuous fiber-reinforced material is known to be influenced by its intraply shear behavior. This study
investigates a 2 x 2 twill weave carbon fabric and the corresponding vinyl-based thermoset prepreg developed for press-cured
structural parts. Intraply shear tests of bias-extension and picture-frame were conducted for a range of industrial-relevant
processing conditions of temperature and shear rate. The dry fabric was characterized similar to the prepreg to isolate the
influence of semi-cured resin on the woven prepreg fabric formability in shear. The shear deformation behavior of the prepreg,
usually dependent on the fabric architecture, is found to be controlled by the state of the resin. The results clearly show the
significance of the choice of process parameters on the prepreg shear behavior. It is demonstrated that preheating the prepreg to
temperatures considerably lower than required to initiate cure can make the shear formability of the woven prepreg equivalent to
the constituent (dry) reinforcement fabric. The actual shear angle measurement during the bias-extension tests demonstrates the
level of inter-tow slippage for the prepreg fabric at relatively elevated temperatures. The comparison of normalized shear data

from the two test methods helps to determine the improved procedure for prepreg fabric testing.
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Introduction

Rapid-cure thermoset prepregs are being widely used in auto-
motive structures to achieve lightweight solutions and contrib-
ute to reduce the overall manufacturing time [1-3]. However,
the automotive sector still lacks high-volume manufacturing
processes with short production cycle-times to compensate the
high material costs. The existing manufacturing processes for
continuous fiber-reinforced materials partially meet the chal-
lenges of automotive sector up to medium range of production
volumes [4]. These processes involve significant level of au-
tomation at different manufacturing stages to achieve accept-
able level of efficiency and repeatability. Preforming stage
involves shaping a flat laminate of plies into a three-
dimensional form that is generally identified as a critical step
to influence the overall production cycle time and quality of
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the composite parts. During preforming, the fabric reinforced
material shears to take the shape of molds. The automotive
components, being smaller in size but often complex in ge-
ometry, makes it more challenging to reliably predict the de-
formation behavior of materials through preforming simula-
tion, again largely dependent upon accurate properties of the
material.

Inplane shear properties of the prepregs and fabrics are
measured to characterize their shear formability and used
as an important material input data for forming simulations
[5-9]. Inplane shear behavior of woven reinforcements is
characterized by the relative rotation between warp and
weft tows. Upon deformation, the initially orthogonal tows
rotate relatively to each other around their crossover points
resulting in a change of relative tow angle called shear
angle. This particular shearing mechanism gives woven
reinforcements the ability to be shaped over doubly-
curved surfaces without forming folds or wrinkles and is
often conceptualized using the analytical approach known
as the pin-jointed net (PJN) [9, 10]. The PJN model as-
sumes that the warp and weft tows are inextensible and
are free to rotate at their crossover points (i.e. as if they
are pinned) without a relative slippage.
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The shear behavior of dry fabrics and prepregs is charac-
terized using the well-known inplane shear tests of picture
frame and bias extension [10—16]. Despite the inherent draw-
backs and delicacy of implementation, the two test methods
are equally popular for measuring the shear properties of bi-
axial fabrics. The picture frame test is considered to create a
uniform shear deformation of the entire specimen [10, 11, 16,
17]. This deformation mode makes the post-test analysis rel-
atively straightforward. However, the accuracy of test data is
significantly influenced by the alignment of tows in the spec-
imen [14, 15]. In contrast, the bias extension test is relatively
insensitive to misalignment issues but it creates non-uniform
deformation across the test specimen which imposes a chal-
lenge to extract the actual shear behavior from the test data.
The bias extension test also induces inter-tow slip, between
warp and weft tows in the plane of the specimen, especially in
the case of dry fabrics and prepregs at higher temperatures as
they deform to relatively higher shear angles [11-13]. Being
uncontrolled, unquantified and problematic to simulate, such
intraply slip limits the exploration towards maximum shear
angle as well as the correct shear behavior when using the bias
extension test.

The higher-rate of production requirements as well as the
complex geometries of automotive structures makes it more
challenging to produce high quality components from contin-
uous fiber reinforced materials than any other sector. In the
context of exploiting automation in compression molding of
thermoset prepregs to meet the production rate challenges, the
preforming stage induces high-deformation rates in the mate-
rial. The knowledge of material deformation behavior at
strain-rates and temperatures compatible to the processing of
thermoset prepregs for high-volume applications can help im-
prove the product development cycle. Typically, the process-
ing conditions of thermoplastics involves heating the prepreg
up to the melting temperature [6, 14, 18]. In contrast,
preheating of thermoset prepregs prior to preforming has to
be restricted below the initiation of cure recommended by the
material manufacturer [1, 7, 10, 19]. The preheating of pre-
preg softens the matrix material, promoting preforming there-
by assisting the in-plane (intra/inter-ply) deformation of plies
[20-24].

The actual measurement of shear angles in the case of bias
extension tests is recommended due other (non-shear) defor-
mation mechanisms occurring within the central zone of the
fabric specimen where the tows are free from tension due to
inherent boundary conditions [10—13]. This phenomenon is
more predominant at relatively higher shear angle values.
Therefore, for accurate characterization of the shear behavior
of a fabric, it is important to employ an external shear angle
measurement approach such as an optical strain measurement.
Pasco et al. also observed this disadvantage of bias extension
test in the case of woven prepreg at higher temperatures. A
further challenge in the external measurement of shear angles
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for thermoset prepregs is the significant deformation of the
speckle pattern and the loss of data correlation. Thus, a dis-
crete method of shear angle measurement as suggested by
Pasco et al. helps to overcome this issue. Based on the previ-
ous work of authors [10], the present work offers to minimize
the efforts of full-field measurement of shear angle and uses
only four dots towards central zone of the specimen to mea-
sure the shear angle (see Section 2.5).

In particular, this study offers a comparison between the
intraply shear behavior of a selected thermoset prepreg and its
constituent dry woven reinforcement fabric. This investigation
is performed in an attempt to isolate the influence of thermoset
resin on the overall inplane shear deformation behavior of a
prepreg across a range of shear rates and temperatures that are
industrial-process relevant. Further, the study discusses the
suitability of the bias extension test as well as highlights the
importance of the measurement of actual shear angles to ob-
tain accurate intraply shear behavior of dry fabrics and pre-
pregs at relatively elevated temperatures.

Materials and methods
Materials

One of the materials used for this study is a vinyl-based ther-
moset prepreg particularly developed to manufacturing press
cured structural parts for the serial automotive industry. The
second material considered is the dry fabric used in the same
prepreg. The materials were provided by Solvay Heanor UK.
Further details of the materials are as follows:

Solvalite 730: Carbon fiber vinyl prepreg with 2 x 2 twill
weave fabric having an areal weight of 400gsm and a tow size
of 12 k. The resin content of the prepreg is 38% by weight.
The material thickness was measured as 0.4 mm.

Figure 1 shows images of both the prepreg and dry fabric in
the non-deformed state. The selected prepreg is ideally suited
for high-rate manufacture of components using compression
molding (press curing) process. The prepreg can be used to

Dry Fabric Prepreg

Fig. 1 The images of the rapid-cure prepreg (SolvaLite 730) and its
constituent dry fabric
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Fig. 2 Viscosity of the resin in the SolvaLite prepreg as a function of
temperature

manufacture components with a total cycle time of 3 min
using a recommended cure temperature of 150 °C within a
pre-heated compression molding tools.

It is to be noted that the constituent dry reinforcement fabric
of the prepreg material investigated here does not contain any
binder material.

Figure 2 shows the viscosity of the vinyl-based resin in the
prepreg material at different temperature. The viscosity vs
temperature curve is plotted as a log-linear graph to demon-
strate the change in viscosity at a relevant range of
temperatures.

Bias extension test

The bias extension test is a de facto standard method to mea-
sure the in-plane intraply shear behavior for the fabrics and
prepregs. The testing needs a careful cutting of the specimens,
clamping in the specifically designed grips, selection of suit-
able test conditions preferably relevant to industrial process
applications. The material geometry is of a rectangular shape
where length of the specimen is typically double or more than
its width to obtain a suitable state of shear i.e. three zones of
‘pure shear’, ‘half shear’ and ‘undeformed’ as shown in Fig. 3.
The orientation of the fibers is maintained at +45° to the load-
ing direction in the undeformed configuration. The overall
size of the bias extension specimen in these particular tests is
250 mm in length and 74 mm in width (effective gauge di-
mensions of 220 mm x 74 mm’). Figure 3 shows the images
of'the bias extension specimens for the prepreg and dry fabric,
in their undeformed and deformed configurations. In the bias
extension test, the overall deformation of the specimens are
shown to be equivalent in terms of undeformed, half-shear and
pure-shear zones for the prepreg and its dry fabric.

The shear angle y (radians) is measured theoretically in the
pure shear zone of the bias extension specimen [11] as:

L+6 )
= 90°—-2.acos| ——— 1
y (5 m
Here 6 is the change in length of the specimen and L=H —
W; where H and W are the original height and width of the
specimen, respectively.

Fig. 3 Bias extension test-
specimens shown in their unde-
formed and deformed configura-
tions for the prepreg and dry
fabric

“Prepreg”

Undeformed

“Dry Fabric”

Deformed

Undeformed

Deformed
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The applied force data from the bias extension tests can be
converted into normalized shear force using an iterated pro-
cess indicated in [11] as:

£~ s (i) o rg) G e ()

where F, is the normalized value of the shear force (in
N/mm).

Eq. (2) is a relationship between applied force, normalized
shear force and shear angle in the pure and half shear zones of
the bias extension specimen.

Picture frame test

Intraply shear behavior of prepregs as well as of dry
fabrics with biaxial fibrous reinforcements can be char-
acterized using picture frame tests. In the picture frame
test, the sample is initially a cruciform-shaped. The
specimen is held in the test-rig where the tows are
aligned with the outer edges of the rig or oriented in
the +45° position to the loading direction. Figure 4
shows the undeformed and deformed geometries of the
prepreg material. The picture frame test creates uniform
shear for the entire specimen under investigation.
Because the test is very sensitive to any misalignments
in the orientation of fibers, extreme care is required
when cutting the specimen as well as clamping it in
the test-rig.

The effective specimen size used for the picture frame tests
is ‘134 mm x 134 mm’. The picture frame test-specimens
were prepared using a Zund CNC cutter where fiber alignment
errors arising due to manual cutting were reduced. The shear

Fig. 4 Picture frame test-setup with prepreg material shown in its unde-
formed and deformed states where white grid-lines indicate the orienta-
tion of fibers
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angle, 'y, can be calculated from the geometry of the picture
frame as:

3)

2Lan d
v = 90°-2.acos <m>

2 x Lframe

Where Lygme is the side length of the picture frame jig
between hinges, as indicated in Fig. 4 and d is the extension
applied on the frame.

The force data of picture frame tests can be normalized [11]
using the relationship:

L rame
Fnormalized =F rame (4)

S 2
Lfabric
Where F,,,,maiizeq 1 the force normalized using an energy

method, and F is the shear force obtained such that:

_ F
72 cost

where 26 is the angle of the frame (Fig. 4) and § = 7 —7. The
effective fabric length used for investigations is denoted by
Lfabric-

Since the picture frame test provides a uniform shear strain
field in the specimen, it is possible to interpret the force-
displacement data in terms of shear stress versus shear strain.
This provides an easy means to obtain the shear rigidity of the
material [25]. The shear rigidity computed in the form of a
polynomial expression is useful in order to numerically ana-
lyze the formability of composite plies of either a prepreg or a
dry fabric [25-28].

The intraply tests were performed on Instron-5800R tensile
and compression testing machine equipped using an environ-
mental chamber with a load-cell capacity of 1 kN. For each
test type and unique parameter set, at least three identical test
repeats were carried out (depending on qualification of test
concerning the level of variability) and the graphs are plotted
as average of the test data considered qualified.

Test conditions

Table 1 summarizes the test conditions used for both the pic-
ture frame and bias extension methods using a range of tem-
perature and shear rates. Both tests for the prepreg material are
performed with equivalent shear rates 0f0.94° s ' and 4.9°s™"
at different temperature conditions of temperature (i.e. RT
(23 °C), 50 °C and 80 °C). In contrast, the dry fabric is char-
acterized using a single shear rate 0f 0.94° s (an axial stretch
rate of 1 mm/s in the case of bias extension test) at room
temperature only. This is because the dry fabric material be-
havior is shear rate and temperature independent, especially
when there is no binder involved.
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Table 1 A summary of the

experimental tests and parameters Material Type Picture Frame test Bias Extension test

used for intraply shear

characterization of the selected Temperature Shear rate Temperature Shear rate

materials (°C) esh (°C) s
Solvalite 730 prepreg 23 (RT), 50, 80 094,49 23 (RT), 50, 80 0.94, 4.9
Dry Fabric 23 (RT) 0.94 23 (RT) 0.94

Shear angle measurement

Correct measurement of the intraply shear properties of com-
posite reinforcements and prepregs is linked to the actual shear
angle that develops during in-plane shear deformation of ma-
terials using the picture frame and bias extension tests. It has
been shown by Pasco et al. [10] in the case of prepregs and
Zhu et al. [13] in the case of dry fabrics that theoretical mea-
surement of shear angle in bias extension tests based on PJN
approach deviates from the actual shear angles after a certain
stage of shear deformation. It is therefore important to employ
a technique that correctly measures the actual shear angle,
specifically during the bias extension tests in the so-called
pure-shear zone. In contrast, the picture frame test does not
require external shear angle measurement, because an overall
uniform shear deformation exists within the acceptable limits
over the entire specimen [10, 16, 17]. As a consequence, the
determination of the material shear angle can be done using
the rigid frame angle. For the bias extension tests in the current
investigations, a video extensometer was used to track the
axial and transverse displacements of the dots printed on the
warp and weft tows of the specimen in the pure shear zone as
shown in Fig. 5.

A,

Grip Area
4
.

4
A

Grip Area
v

Fig. 5 Schematic and actual specimen with shear angle measurement in
the pure shear zone of the bias extension test

The actual shear angle can be obtained using a simple trig-
onometric relationship:

N = g—z*tan*‘ <é> (5)

a

With:  is the measured shear angle, a is the axial strain
length and b refers to the transverse strain length as shown in
Fig. 5.

Equivalent shear rate

Because both the bias extension and picture frame tests are
supposed to be used alternatively for measuring the shear
behavior of biaxial reinforced materials, the data generated
from two tests should be comparable. This necessitates using
similar conditions of temperature and testing speed in the two
test methods due to the temperature and shear-rate dependent
viscosity of the prepreg material. Based on a recent test cam-
paign by the authors presented in [10], the test speed has been
converted into shear rate. Initially the shear rate obtained dur-
ing a bias extension test was determined from the measured
shear angle value and then based on this shear rate, the re-
quired crosshead speed for the picture frame test was calculat-
ed. Fig. 6 shows the measured shear angle values (in the pure
shear zone) plotted against time for a bias extension test
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Fig. 6 Experimental evolution of the shear angle with time for a bias
extension test performed with a crosshead speed of 1 mm/s [10]
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performed with a crosshead speed of 1 mm/s. The shear angle
varies in a quasi-linear trend with time, indicating a constant
shear rate within the reinforcement during the test. The slope
of the linear fit corresponds to the value of the shear rate in
degrees per second (° s 1). In this case, a bias extension test
performed with a crosshead speed of 1 mm/s produces a shear
rate within the material of approximately 0.94° s~

Based on this value, it is then possible to calculate the required
crosshead speed needed during a picture frame test to produce a
similar shear rate. It is shown in [29] that the angular shear rate
during a picture frame test can be expressed as:

y=—2 x (©)

T Lysing 7,
<2Lf,f—z1 /2L,,fd—d2>

Where 7 is the shear rate, d and d are the crosshead speed
and displacement, respectively, and L,is the side length of the
frame. Rearranging Eq. (6), the required crosshead speed for a
given angular shear rate can be expressed for any displace-
ment of the picture frame such that:

1

/
v <2L12,f2, / szfddz) ’

. )

6.11 = &LpfsinG =

Figure 7 shows the required relationship between the cross-
head speed and the crosshead displacement in order to obtain a
constant shear rate of 0.94° s~' during a picture frame test. It
can be seen that this relationship is not linear, and slower
crosshead speed are required as the test progresses in order
to maintain a constant shear rate. This relationship was then
programmed in the universal tensile testing machine, as a test
speed based on an equation was not made possible using the
machine software. Therefore, the function was discretized in
small discrete steps of constant speed. The aforementioned
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Fig. 7 The required relationship between the crosshead speed and the
crosshead displacement for a picture frame test with an equivalent shear
rate of 0.94° s ' [10]
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procedure was then used in the case of bias extension test
for an axial stretch rate of 5 mm/s to get an equivalent shear
rate of approximately 4.9° s for the picture frame tests.

Results and discussion

A quantitative analysis of the intraply shear characterization of
the selected prepreg and its dry fabric is presented together
with the normalization of data from bias extension and picture
frame tests.

Bias extension test results

The bias extension test results are presented as overall applied
force (N) versus shear angle (°) measured in the pure shear
zone of the specimen for the woven prepreg and fabric
(Fig. 8). The error bars represent one standard deviation on
either side of the mean. Figure 8 shows the test results for the
prepreg and its constituent dry fabric at different temperatures
and strain rates. The results are presented in the log-linear
form of force and shear angle to better approximate the mag-
nitude of force at each stage of deformation.

Temperature dependence

The prepreg testing at RT, 50 °C and 80 °C shows a continu-
ous decrease in the magnitude of force with increasing tem-
perature that can be observed in Fig. 8 from the overall trend
of force vs shear angle curves. The most significant decrease
occurs from RT to 50 °C. This is very clear when examining
the applied force at 40° shear angle, as shown in Fig. 9 (in-
cluding the constituent dry fabric data as a comparator).
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Fig. 8 The bias extension test results of force vs shear angle (log-linear)
of the prepreg (PP) at different temperatures and its corresponding dry
fabric (Dry)
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Fig.9 Applied force measured at a shear angle 40° shown for the selected
shear rates and temperatures for the prepreg (PP) and its corresponding
dry fabric (Dry) during bias extension tests

Considering the case of shear rate of 0.94° s, the applied
force drops by 99% of the RT value when heating up to 50 °C
and subsequently only by an additional 0.7% when heating to
80 °C. Similarly for the tests at a shear rate of 4.9° 57!, the load
drops by 97% of the RT value when heating up to 50 °C and
subsequently only by an additional 2.5% when heating to 80 °C.
This behavior can be anticipated due to the change of viscosity of
the resin as the temperature increases. Figure 2 shows the
temperature-dependent viscous behavior of the prepreg resin
where the viscosity of the vinyl-based resin drops significantly
from RT to 50 °C but less so continuing up to 80 °C. The lower
viscosity of the resin in the prepreg with increasing temperature
decreases the shear stiffness of the prepreg. The elevated temper-
ature processing of prepregs usually improves formability of the
material and reduces the wrinkling defects [23].

Strain-rate dependence

Strain-rate dependency of intraply shear of the prepreg
fabric can also be visualized in Fig. 8. The test-results
are presented for the selected shear rates of 0.94° s~ !
and 4.9° s'. The force vs shear angle results can be
interpreted considering the two shear rates for each cate-
gory of temperature separately (i.e. RT, 50 °C and 80 °C)
to observe the overall effect of strain-rate for the entire
range of testing. Specifically, the difference in the force
applied at RT at a shear angle of 40° is presented in Fig. 9
for the shear rates of 0.94° s ' and 4.9° s™' respectively
(i.e. an increase in the magnitude of force by 88%). A
similar trend of the increase in the applied force can be
visualized in the case of temperature conditions of 50 °C
and 80 °C. This difference in the shear force due to vary-
ing shear rates shows the strain-rate dependency of the
viscous resin. It is known that an increasing strain rate
will decrease the molecular mobility of the polymer
chains by making the chains stiffer [30].

Dry fabric comparator

According to Fig. 8, the prepreg fabric results of intraply shear at
80 °C are of the similar order of magnitude to that of the dry
fabric. This indicates the shear deformation behavior of the pre-
preg fabric at elevated temperatures (~80 °C) is equivalent to its
dry fabric reinforcement. Considering the intraply test results for
the shear angle of 40° (Fig. 9) as well as for the entire range of
shear deformation (Fig. 8), there is only a difference of less than
10% for the applied force between the dry fabric and prepreg
irrespective of the shear rate influence. These observations sug-
gest that intraply shear dependent formability characteristics of a
prepreg fabric converges to that of its corresponding dry constit-
uent fabric at elevated temperatures.

Shear angle comparator

Figure 10 shows the results of actual shear angle measurement
against theoretical shear angle in the pure shear zone of the
bias extension test for the dry fabric and prepreg materials at
the selected range of test temperatures (RT, 50 °C, 80 °C)
using a crosshead speed of 1 mm/s. The actual shear angle
results are measured using the method presented in
Section 2.5; whereas the theoretical shear angles are calculat-
ed from Eq. (1) based on geometrical dimensions of the spec-
imen and kinematics of the PJN approach.

It can be observed that the actual shear angle results tend to
overlap with the curves of theoretical shear (up to about 55° of
shear angle) in the case of the prepreg material characterized at
RT and 50 °C. However, the actual shear angle values for the dry
fabric and prepreg at 80 °C start deviating from the theoretical
ones at early stages of the shear deformation tests. In addition, it
can be observed that under these conditions, the maximum shear

90
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801 Dry_RT_Measured Shear Angle
—— PP_RT_Measured Shear Angle
704 | pP_50C_Measured Shear Angle
= —— PP_80C_Measured Shear Angle T
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8 404
<
w
30
20 4
10 s
0 +=—
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Extension (mm)

Fig. 10 Comparison of theoretical and actual shear angles measured in
bias extension test, of the prepreg (PP) at different temperatures and dry
fabric (Dry) at RT, at a shear rate of 0.94° s
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angle obtained at the end of the bias extension test is significantly
lower than that of the prepreg tested at RT and 50 °C (i.e. ap-
proximately 40° for the dry fabric and 50° for the prepreg tested
at 80 °C against 65° for the prepreg at RT). This difference, for
the prepreg tested at 80 °C, can be attributed to the presence of
the low viscosity resin at elevated temperature (or absence of a
viscous medium in the case of dry fabric), which fails to provide
a sufficient mechanical linkage at the crossovers between the
warp and weft tows. Instead, the inter-tow slippage becomes a
more dominant deformation mechanism.

Picture frame test results

The picture frame tests were also performed for both the prepreg
and its constituent dry fabric. The test conditions used in picture
frame tests were kept similar to the corresponding bias extension
tests to compare the results from two methods. It is to be noted
that the overall number of picture frame tests performed are more
than double the number of tests considered qualified. The tests
with lower level of applied force were considered qualified, as
indicated in [10]. This is because the misalignment of tows gen-
erates spurious tensions in the fibers that ultimately influences the
actual shear loads during characterization of the material [15].
Figure 11 shows the results of the influence of temperature
and strain rate on the prepreg fabric with the picture frame testing.
The results show a similar intraply shear behavior as it was
observed in the bias extension testing. Overall, there is a contin-
uous drop in the applied force with the increase of prepreg tem-
perature (Fig. 11). It can also be observed that increase of shear
rate generates higher loads in the case of prepreg testing for all
selected states of temperatures. As mentioned in Section 2.3, the
picture frame test typically produces inconsistent test results be-
ing highly sensitive to misalignment and pre-stressing issues. In
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Fig. 11 The effect of temperature and shear rate on the prepreg (PP)
obtained with picture frame tests with a selected range of temperatures
and shear rates, and the comparison of results with the dry fabric (Dry)

0.001 T T
o 5 10
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this context and to reduce the variability in the current testing
campaign, the picture frame results with higher shear force were
eliminated and the tests with lower force were considered qual-
ified. Specifically, Fig. 12 shows the difference in level of the
applied force observed at a shear angle of 40° for different tem-
peratures and strain rates. At a shear rate of 0.94° s\, the differ-
ence in the force is quite insignificant for the elevated tempera-
ture testing of 50 °C and 80 °C. However, the difference in the
magnitude of force to shear deform the prepreg from RT to 50 °C
is quite considerable, i.e. 320 N to 3.7 N respectively, at a shear
angle of 40° for the case of shear rate tests at 0.94° s~ ' (Fig. 12).

According to Fig. 12, the prepreg fabric results of intraply
shear at 80 °C are of the similar order of magnitude to that of
the dry fabric. Again, this indicates the shear deformation behav-
ior of the prepreg fabric at elevated temperatures (~80 °C) is
equivalent to its dry fabric reinforcement. The applied force is
quite comparable between the dry fabric and prepreg at a shear
angle of 40°, irrespective of the shear rate influence at 80 °C.
Again, these observations suggest that intraply shear dependent
formability characteristics of a prepreg fabric converges to that of
its corresponding dry constituent fabric at elevated temperatures.

Normalization of bias extension and picture frame
results

As indicated in Section 2, the two tests of picture frame and bias
extension are de facto standard tests for measuring intraply shear
properties of biaxial reinforced materials, therefore, the results
obtained from two tests should produce the same output ideally.
Although the main difference is in the end-conditions of the tows
of the specimen, yet it is worth comparing the results of the two
tests for the same material, using Egs. (2) and (4), to draw im-
portant conclusions on the suitability of the tests for any partic-
ular material. Further, the test conditions of shear rate and tem-
perature should be same for both tests, especially when testing

1000

Dry Prepreg
0047 [ 495 [0.94°ss | 4.9 [0.94°s | 4.9°s
23°C | 50°C | 80°C

Fig. 12 The applied force at a shear angle 40° for the selected shear rates
and temperatures the prepreg (PP) and its corresponding dry fabric (Dry)
during picture frame tests
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Fig. 14 Normalization of the picture frame and bias extension tests for

the dry fabric at room temperature with a shear rate of 0.94° s

prepreg materials. It should noted that the normalization exercise
is limited to the two test cases (i.e. for the prepreg using 50 °C at
4.9° s ! and for the dry fabric at 0.94° s_l).

Figure 13 shows a comparison of the intraply shear behav-
ior of the prepreg determined after normalization of the data
from the two tests. The data is presented in the form of nor-
malized shear force (N/mm) vs measured shear angle (°) at
50 °C using an equivalent shear rate of 4.9° s~' for the bias
extension and picture frame tests. The normalized shear force
obtained from both tests coincide very well throughout.
However, the normalized shear force obtained from the two
test methods in the case of dry fabric tends to deviate from one
another as shown in Fig. 14.

This deviation can either be attributed to the difference in the
boundary conditions of two test methods or due to the poor
material integrity of the dry fabric and the lack of viscous resin.
Based on the correlation of prepreg results presented in Fig. 13,

0.25

{ |— Picture Frame

—— Bias Extension /

0.20

0.15 1

0.10

Normalised Shear Force (N/mm)

0.05

0 10 20 30 40 50 60
Shear angle (°)

Fig. 13 Normalization of the picture frame and bias extension tests for
the prepreg at 50 °C with a shear rate of 4.9° s

it can be argued that the deviation in the results in Fig. 14 is
mainly dependent on the lack of integrity of the dry fabric tows
(due to lack of any viscous resin) at the crossover points.
Further, in the case of bias extension tests, the insufficient in-
tegrity of the material and free end conditions of the tows fail to
provide the required kinematics. This results in significant inter-
tow slippage that was also evident from the actual measurement
of shear angles shown in Fig. 10. In contrast, the picture frame
tests provide homogeneous deformation state due to rigid
clamping of the specimen at the tow-ends. These observations
suggest that, when testing material with a relatively poor integ-
rity (as is the case for dry fabric and a prepreg at elevated
temperature), the picture frame method might be more appro-
priate for correct measurement of the intraply shear properties.

Conclusions

This experimental investigation analyzes the intraply shear be-
havior of a rapid-cure thermoset prepreg and its dry constituent
fabric. The two de facto test methods, of picture fame and bias
extension, were used for measuring the shear deformability of
the materials. Varying temperatures and deformation rates were
used to study the shear deformation behavior of the candidate
materials. The results indicate that the resin and the resin tem-
perature have a significant influence on the force required to
shear deform the prepreg fabric and thus affects the formability
of the material, dependent upon the viscosity of resin.

It has been determined with this study that the intraply shear
behavior of the rapid-cure thermoset prepreg and that of its con-
stituent dry fabric reinforcements converges at moderately ele-
vated temperatures. The actual measurement of shear angles in
the case of bias extension tests, especially for the elevated tem-
perature test conditions for the prepreg fabric, is important to
determine the correct intraply shear behavior of the material.
The actual measurement of shear angle also suggests the limita-
tion of PJN approach (considered in preforming simulation) in
the case of the prepreg testing at relatively higher temperatures);
however for the dry fabric agreement with PJN is observed up to
~30°. It can also be concluded that the bias extension test should
be applied with care when characterizing intraply shear behavior
of the rapid-cure prepreg at high temperatures as well as for the
dry fabric where lack of sufficient inter-tow friction induces sig-
nificant slippage. The picture frame test is recommended for the
woven prepreg shear characterization at elevated temperatures;
however, an extreme care is required to isolate the tests that
generate spurious shear loads in the fibers due to small misalign-
ment of the fabric tows. The picture frame test-data with lower
range of shear force are required to be considered qualified.
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