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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen Intra-ply shear behaviour of uncured composite plies strongly influences component quality in advanced
manufacturing processes such as prepreg compression moulding (PCM) and double diaphragm forming (DDF).
This study investigates a straightforward method to characterise the intra-ply shear behaviour of a carbon fibre/
epoxy UD prepreg using a specially designed picture-frame rig, by which specimens can be tested without
involving inter-ply shear as would normally be observed in cross-plied UD prepreg stacks. Applying the proposed
method, it is seen that specimens tend to suffer transverse buckling/wrinkling and local fibre-splitting at large
shear strains. 3D digital image correlation (DIC) and a non-contacting video extensometer were utilised to
determine the shear strain distribution throughout the test and particularly to determine the onset of out-of-plane
deformations such that the trellis shear deformation portion of the test can be identified. The obtained shear
stress-strain results show a temperature- and rate-dependent viscoelastic response, with the greatest influence
from the temperature. The obtained in-plane shear properties were applied in the numerical simulation of the
picture frame test based on a hypoelastic law. Although the predicted reaction forces are greater than experi-
mental results at high strains due several factors including local fibre-splitting, a good agreement overall between
physical test data and simulation results is seen for all test conditions. Finally, it is demonstrated that major
advantages of the proposed test with respect to the conventional picture-frame test are that only load-extension
data are required from the trellis shear experiment to calculate accurately the intra-ply shear stress-strain
relationship and that the deformation rate can be easily controlled.
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1. Introduction materials using forming simulation. Therefore, the development and

application of appropriate characterisation methods to understand and

The demand for lightweight structures has increased significantly in
recent years with development of electric vehicles and sustainable
transportation. High performance composite materials are promising
candidates for lightweight structures due to their superior mass-
normalised mechanical properties. Recent advances in fast cure ther-
mosetting resin technology make high volume manufacturing of struc-
tural composites possible through processes such as prepreg
compression moulding (PCM) and double-diaphragm die-match forming
(3DF) [1,2]. Such processes involve a preforming stage where uncured
stacked flat prepreg plies are warm-formed into desired
three-dimensional shapes under pressure. Different types of defects can
occur during this step with wrinkling being the most severe, and these
cause significant reduction in the mechanical performance of final parts
[3]. In the automotive sector, components are often complex in geom-
etry, making it challenging to predict accurately the deformation of
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characterise underlying fundamental deformation mechanisms of such
materials during forming is crucial in creating robust process modelling
tools to deliver optimised and repeatable high-volume processes.

For high-volume processes such as PCM and 3DF, major deformation
mechanisms are intra-ply/in-plane shear, inter-ply shear/friction and
out-of-plane bending. Intra-ply shear is a predominant deformation
mode when forming complex structures with double-curvature geome-
tries [4]. This deformation mode for woven prepregs has been studied
extensively both experimentally [5-9] and via simulations [10-14]. The
shear rate of the material can reach above 0.16/s at small area (4% of the
area in a double-dome forming) whereas the majority of the areas
experience a shear strain rate less than 0.02/s [2]. The non-linear shear
stress-strain relationship is usually measured in these studies and the
shear locking angle is usually identified as the formability limit for the
woven prepreg where fibre tows themselves start to get compacted as
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gaps between them are already fully closed. However, this shear locking
angle does not exist for unidirectional (UD) prepreg, a material form that
can offer better quality and mechanical properties for the composite
parts due to zero crimp. The intra-ply shear occurs in form of the relative
slippage between individual fibres and tows along the axial fibre di-
rection in UD prepregs during forming [15]. Nevertheless, UD prepregs
are far more compliant than woven prepregs in the direction transverse
to fibres. This poses some difficulties when considering suitable methods
for characterising intra-ply shear behaviour where trellis shear defor-
mation and material integrity must be guaranteed. Further, the presence
of uncured resin in UD prepregs plays a key role in affecting the adhesion
between fibres at different testing conditions. Therefore, the candidate
testing procedure must also allow for the characterisation to be per-
formed conveniently across an industrially relevant range of deforma-
tion rates and temperatures.

Much effort has already been expended by different research groups
towards tackling the challenges involved in the intra-ply shear charac-
terisation for UD prepregs. In an early attempt, Groves developed a
testing method in which UD prepregs are placed between two parallel
platens on a rheometer and the shear is induced by the rotation of one of
the platens in oscillation or steady motion [16]. Both intra-ply and
inter-ply shear were characterised together as an isotropic response for
cross-plied laminate specimens in this test. A redesigned off-centre UD
specimen was adopted in a later study [17] to test two deformation
modes separately; however, converting the results for use in modelling
remains challenging due to the non-uniform distribution of shear
deformation along the radial coordinates. Instead of rotating motion,
Scobbo and Nakajima developed the parallel-shear-plate test that in-
duces shear deformation through a translational motion of the testing rig
[18]. In this test, two consolidated UD prepreg laminates are placed in
the gap of three parallel platens and two outer platens on both sides are
fixed while the central platen oscillating translationally [18] or being
pulled out at a constant speed for steady shear characterisation [19]. A
simplified alternative test was used by Wheeler and Jones to test the
stacked UD prepreg specimen between a fixed platen and a moving
platen that induces the dynamic translational motion [20-22]. Howev-
er, the maximum shear rate tested in these methods (up to 100/s) were
not relevant to the process investigated in this study and the major
challenge of such parallel-shear-plate tests is their susceptibility in
developing confounding inter-ply shear/friction forces occurring locally
at resin rich regions in ply-ply interfaces. The same issue of inter-ply
shear could also occur in the vee-bending test [23] which is similar to
the short beam shear test for cured composites.

The most commonly used methods for in-plane shear characterisa-
tion for biaxial fabrics (i.e. picture-frame [24,25] and bias-extension
tests [26-28]) have also been adopted for UD prepregs. A wide range
of shear strain rates (0.001-3.82/s) relevant to different manufacturing
processes were achieved through these two approaches by simply
adjusting the crosshead speed of the testing machine. However, to the
best of the authors’ knowledge, only cross-plied UD laminates were used
in all existing studies based on these two methods to accommodate the
unidirectionality of the material. Consequently, the issue of ambiguity
regarding a combined response resulting from both from intra-ply shear
and inter-ply friction arises again at the cross-over region of two plies for
these tests. More recently, Haanappel and Akkerman designed a torsion
bar test that involves twisting a prismatic specimen made from 80 plies
of UD prepregs through the standard torsion fixture on a rheometer [29].
The kinematics of the test was derived analytically to separate axial and
shear contributions to the measured force. However, representative
large strains and high strain rates cannot be achieved at the same time
due to the limitation of the rheometer. Potter made an initial attempt to
address the in-plane deformation of UD prepregs via the off-axis tensile
test and laminated prepreg specimens with different fibre angles be-
tween 15° and 90° [30]. The strain was found to dominate in a region at
the centre of the specimen and the size of this highly strained region can
be tailored by adjusting specimen dimensions and off-axis angles.
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Recently, this test was complemented by the use of digital image cor-
relation (DIC) for strain measurement of this localised deformation band
[15]. The stresses were resolved into shear and transverse extension
components for the test with a 10° off-axis angle and the shear
stress-strain relationship were derived for the use in simulation [31].
However, shear strain measurement relies on the use of DIC which can
be time-consuming for a large test campaign for the new materials.

This study proposes the use of only slightly modified popular picture-
frame apparatus for intra-ply shear characterisation of UD prepregs,
relying on its simplicity and convenience in terms of both experimental
methodology and data analysis where only load-extension data are
required. The modified picture-frame test setup allows two separately
clamped UD plies to undergo intra-ply shear deformation, without the
contribution of confounding inter-ply shear responses observed in the
standard picture-frame test with cross-plied specimens. In terms of the
scope of this study, the next section presents the details of the test set up,
an overview of the test programme and most importantly, the feasibility
and applicability of picture-frame test for UD prepreg in-plane shear
characterisation. Then results are presented from the exploration of
specimen size effects and the shear stress-strain results from three
different temperatures (i.e. 21 °C, 50 °C and 80 °C) and two shear rates
(i.e. 0.00267/s and 0.0107/s). A finite element (FE) model replicating
the picture frame test was set up in ABAQUS/Explicit and the experi-
mentally obtained shear stress-strain data were used as the in-plane
shear property in this model. A comparison of the load results was
made between the physical test and the simulation to verify the pro-
posed intra-ply shear characterisation method and to validate the
implementation of the obtained experimental data in the simulation
model that was based on a hypoelastic law.

2. Materials and methods
2.1. Materials

The material used for the intra-ply shear characterisation in-
vestigations in this study is PYROFIL™ unidirectional carbon fibre/
epoxy thermoset prepreg from Mitsubishi Rayon Co., Ltd (Fig. 1 (a)).
The prepreg is made of carbon fibres with a 15k tow size and the epoxy
resin content by weight is 30%. This material is specially designed for
automated automotive processes and has a 5-min curing cycle at 140 °C
and 8 MPa pressure in the compression moulding process. The log-linear
graph in Fig. 1 (b) shows the viscosity of epoxy resin in the prepreg as a
function of temperature. The recommended temperature for preforming
the material is 80 °C, at which there is no significant change of the
degree-of-cure of the resin.

2.2. Test setup and test conditions

As discussed, previous intra-ply shear characterisation studies via
picture-frame testing have typically used cross-plied UD prepreg speci-
mens, and these introduce possible inter-ply shear/friction between ply
boundaries stacked orthogonally. This study adopts a purpose designed
testing rig (Fig. 2) that ensures a gap between individual ply level
specimens that are clamped perpendicularly, therefore eliminating
inter-ply shear deformation response. The length of the frame rig is 150
mm and the width of four grips is 20 mm. All specimens tested in the
study were fixed by grips through two bolts and the third bolt hole in the
middle of the grip was not used. A specially made steel angle was used to
prevent misalignment when mounting the specimen. The rig is installed
on an INSTRON 5985 universal testing machine and a load cell of 1 kN
capacity was used.

To determine the effect of the process temperature and forming rate
on the viscous epoxy resin, the test was performed at three different
temperatures (room temperature (~21 °C), 50 °C and 80 °C) and two
constant crosshead speeds (low, 0.25 mm/s and high, 1 mm/s) using an
INSTRON environmental chamber. These candidate test conditions were
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Fig. 1. (a) Images of uncured PYROFIL™ UD prepreg and (b) viscosity of the epoxy in PYROFIL™ prepreg as a function of temperature from material supplier’s data.

derived from commonly adopted industrial processing conditions for
thermoset prepreg, thus allowing the effects of relevant process pa-
rameters on material intra-ply shear behaviour to be investigated [32].
Meanwhile, to differentiate between apparent (system-induced) re-
sponses and fundamental material behaviour, specimens with different
thicknesses and widths were tested across a range of the above testing
conditions. As the force at higher temperature is significantly lower,
only the room temperature condition was selected for the tests of the
variation of specimen width to highlight any differences in the results
more easily, especially for specimens with smaller width, hence an
appropriate specimen width can be selected for completing the full test
matrix. The complete set of unique test conditions used in this study are
summarised in Table 1. Five repeats were done at each unique test
condition and at least three sets of consistent data were selected from
each condition for analysis. It is worth noting that the dry run (pulling
the picture-frame rig without specimens) was performed at each test
condition to determine the force required to deform the empty rig, hence
the influence of this force can be subtracted when processing the data.

The rectangular shaped specimens with a length of 180 mm and
different widths were cut from the roll using a ZUND S3 CNC cutter to
minimise the fibre misalignment errors during the preparation. UD
specimens with 3 plies and 5 plies were produced by laying up cut plies
at the same orientation and debulking them under the vacuum (~1 bar)
for 90 min to minimise the influence of resin rich regions at the ply-ply

(b)

Fig. 2. (a) picture-frame testing rig designed for UD prepreg and (b) a gap between specimens in two orientations.

Table 1
Test matrix for the investigation on size effects, temperature and deformation
rate.

Temperature
21°C 50 °C 80°C
Crosshead Low 0.25 Dry run Dry run Dry run
speed mm/s 1 ply - 50 1 ply - 50 1 ply - 50
mm mm mm
1ply - 25 3 plies - 50 3 plies - 50
mm mm mm
1ply-15 5 plies — 50 5 plies - 50
mm mm mm
3 plies - 50
mm
5 plies - 50
mm
High 1 mm/s  Dry run Dry run Dry run
1 ply - 50 1 ply - 50 1 ply - 50
mm mm mm
3 plies - 50 3 plies - 50 3 plies - 50
mm mm mm
5 plies - 50 5 plies — 50 5 plies — 50
mm mm mm

Note: Each entry denotes the specimen configuration tested (i.e. number of plies
— specimen width).
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interface. Thickness measurements for untested specimens were taken at
five different locations using a digital calliper for each thickness after
cured in the oven using supplier recommended conditions. The nominal
thicknesses were found to be 0.27 mm, 0.78 mm and 1.22 mm for
specimens with 1 ply, 3 plies and 5 plies, respectively.

2.3. Overview of the picture frame test

In a series of initial trial tests, the deformed specimen showed
wrinkling/buckling transverse to the fibre direction at an increased
shear angle (Fig. 3 (a)). Asillustrated in Fig. 3 (b), this is attributed to the
small gradual reduction in specimen width during the test causing some
levels of compaction in the transverse direction. The specimen width, w,
during the test follows:

w=wp sin20:woosin(gfy> 1

where wy is the specimen initial width, @ is half of the frame angle and y
is the shear angle as indicated in Fig. 3 (b). As demonstrated in Ref. [33],
a uniform shear deformation can be obtained within the specimen in a
picture-frame test and the shear angle of specimen can be readily
determined as:

75 o —1 \/ELframe +d
= 2 2 e cos ( 2e Lfrume (2)

where Leame is the frame length (150 mm for current test rig) and d is the
crosshead displacement of the testing machine. As shown in Fig. 4 (a),
the reduction of specimen width resulting from the first 10° of shear
deformation is only 4.12%, corresponding to a 16.50 mm crosshead
displacement. Therefore, all specimens were only tested up to 20 mm
crosshead displacement (12.25° shear angle) to limit the level of trans-
verse compaction.

It was demonstrated in Ref. [5] that the shear rate y during the
picture-frame test can be expressed as:

d 2d

:L ®si H: &)
frame @ SO (2L ame? — 22 Ligame © d — d?)

14 A

where d denotes the crosshead speed of the testing machine. The
resultant shear rate versus crosshead displacement corresponding to the
two fixed crosshead speeds used in this study are plotted in Fig. 4 (b).
The change in shear rate across the 20 mm crosshead displacement
range is relatively small, hence the shear rate during the test in this study
was considered as constant for the two fixed crosshead speeds. The in-
terceptions of the linearly fitted zero-gradient lines (0.00267 s~ and

Composites Part B 266 (2023) 111036

0.0107 s~ 1) are referred as the nominal shear rates for low (0.25 mm/s)
and high (1 mm/s) speed tests respectively.

2.4. Comparison between the proposed test and the standard picture-
frame test

As part of the exploration tests, the standard picture-frame test with
the cross-plied specimens was performed on the back side of the same
test rig where specimens in two orientations are in-contact at the
overlapping region (Fig. 5 (a)). One-ply cross-plied specimens tested at
0.25 mm/s crosshead speed and three different temperatures are pre-
sented in Fig. 5 (b)-(d), showing no wrinkling in the overlapping region.
However, the wrinkling can still be observed in the non-cross-plied re-
gions (“arms”). Further, a comparison of the test-results from the cross-
plied and separated UD specimens have been shown in Fig. 6. The
recorded load-extension curves for cross-plied specimens show signifi-
cantly higher forces at large extensions (even with less than 36% of
specimen area overlapping), especially for high temperature tests.

The higher force for cross-plied specimens can attributed to the
rotational friction on the interface between plies of different orientation,
which does not occur in the separated UD specimens. As the tackiness of
the resin increases with the temperature, this effect can make a greater
contribution to the measured force in the high temperature tests,
causing the curves to deviate from the ones for separated specimens at a
much earlier stage (Fig. 6 (c) and (d)). Further, higher thickness at the
overlapping region and fibres in the second orientation in the cross-plied
specimen increase the specimen’s resistance to transverse buckling.
Nevertheless, additional out-of-deformations or a different mode of
buckling can occur in the non-cross-plied arms regions by comparing the
specimens in Fig. 5 (b) to Fig. 3 (a), which leads to the higher force
observed in cross-plied specimens. This comparison highlights the dif-
ferences between the proposed test and a standard picture-frame test
and emphasises the need for such a method in characterising the intra-
ply shear properties for the UD prepreg.

2.5. Overview of the specimen behaviour

The uniform in-plane strain distribution of the specimen for a
picture-frame test can be interrupted by the wrinkling, inducing addi-
tional deformation modes. Therefore, the onset of wrinkling needs to be
determined to ensure the valid data region is selected with minimum
effects from arising out-of-plane deformations. A GOM 12 M DIC system
was adopted to calculate the deformation and to ensure the validity of
the selected datasets from the initial exploratory tests (Fig. 7). A matt-
finish white acrylic paint was sprayed directly onto the specimen sur-
face to create a high contrast stochastic speckle pattern for DIC. The

(®)

Fig. 3. (a) Wrinkling shown at large shear angle (21 °C, 0.25 mm/s); (b) schematic illustration of specimen width reduction in the test.
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Fig. 4. (a) The ratio of specimen width during the test and initial specimen width vs. crosshead displacement/shear angle, (b) shear rate vs. crosshead displacement
for two crosshead speeds used.

(a) Undeformed (b) 21°C

(©) 50°C (d) 80°C

Fig. 5. (a) The standard picture-frame test with cross-plied UD prepreg specimens (1-ply, undeformed) and the specimens after the test at the (b) 21 °C, (¢) 50 °C and
(d) 80 °C temperature and 0.25 mm/s test speed.
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Fig. 6. A comparison of load-extension curves between proposed picture-frame test with separated plies (solid lines) and standard picture-frame test with cross-plied
specimens (dashed lines) at 0.25 mm/s test speed and three different temperatures.

Fig. 7. Test setup with DIC.

recorded DIC full-field deformation data were synchronised with load
and extension results from INSTRON testing machine in real-time via an
analogue-digital converter. The influence of the acrylic paint on mate-
rial response was evaluated in trial tests via comparison of load-

extension curves of painted and unpainted specimens and results

confirmed minimal effects from the paint.

The full-field strain results in post-processing software GOM Aramis
v6 are expressed in terms of a global coordinate system which is fixed to
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the sensors. Due to the rigid body rotation of fibres occurring throughout
the test, the x-axis of the coordinate system should be aligned with the
fibre direction to generate correct strain maps. The transformation of the
coordinate system was performed directly in GOM Aramis for each
frame of DIC results based on the rotation angle of testing rig measured
using ImageJ image processing software [34] and the nominal shear
angle was derived from this rotation angle using Eq. (2). Fig. 8 shows
in-plane shear angle and out-of-plane deformation results from DIC at
different stages during the test (the crosshead displacement is indicated
for each deformation map). A relatively uniform shear angle distribution
can be seen in initial stages of the test as indicated by the shear angle
histogram in the legend. The uniformity of shear deformation decreases
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and the standard deviation (SD) of measured shear angle increases as the
specimen is further deformed and the out-of-plane deformation becomes
obvious.

Fig. 9 (a) shows the history of out-of-plane deformation along the
centre line of specimen (section line Section 1 in Fig. 8) extracted from
the DIC data at increasing nominal shear angles. It must be noted that as
UD prepregs are extremely compliant in the direction transverse to fi-
bres, it is almost impossible to manually mount the specimen onto the
rig while keeping it completely flat. The small out-of-plane deformation
at the beginning stage (<1° nominal shear angle) is attributed to this
compliance. At shear angles between 4° and 5°, a sudden change in the
deformed shape and a corresponding decrease in specimen width
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Fig. 8. DIC analysis results: shear angle and out-of-plane deformation for a specimen with 1 ply and 50 mm width tested at 21 °C and low shear rate (0.00267 s~ 1)

(SD is the standard deviation of the shear angle results measured by DIC).
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Fig. 9. (a) Out-of-plane deformation history along centre section line obtained from DIC and (b) load-extension curve of a specimen with 1ply and 50 mm width

tested at 21 °C and low shear rate (0.00267 s™1).

suggest the onset of transverse buckling. Further evidence of this phe-
nomenon can be found from the representative load-extension curve
(Fig. 9 (b)), as the apparent stiffness reduces after the initial linear
section. Following this, the representative curve shows a further stiffness
increase, possibly caused by the spurious tensile force from fibre
misalignment. The onset of transverse buckling is expected to vary be-
tween test configurations as the resistance to buckling is dependent on
resin viscosity and specimen geometry. In this study the onset of buck-
ling for each test was not determined for every test using DIC as there
were difficulties in using the DIC system to obtain reliable photogram-
metric measurements through a double-glazed window of the environ-
mental chamber for the tests at elevated temperatures.

2.6. In-situ shear strain measurement

For tests without the aid of DIC, it is important to employ another
viable experimental approach that can measure the shear strain directly
to ensure the minimum influence of other deformation modes on
experiment results. An INSTRON AVE (advanced non-contacting video
extensometer) was used to measure the axial and transverse strain at the
central region of the specimen during the test by tracking four white dots
painted on the specimen surface in a cruciform pattern as shown in
Fig. 10. Based on the trigonometric relationship, the measured shear
angle y,,, can be expressed as:

Yexp :g —2etan”! (g) :g —2etan”! (%) 4)
where a and b are axial and transverse separation between painted dots
during the test (Fig. 10), ap and by are initial axial and transverse sep-
aration between painted dots (gauge length) and ¢, and ¢, are axial and
transverse strains acquired from the extensometer system. This mea-
surement approach was applied to those tests where DIC was not used.
Fig. 11 shows examples of the comparison between video extensometer
obtained shear strain and theoretical shear strain determined using Eq.
(2) for several tests. It is seen that the actual shear strain does not differ
significantly from the theory at lower shear angles and the deviation
becomes greater as shear angle increases. The load-extension data from
the point where the measured shear strain deviates from the theoretical
curve will be excluded from analysis in Section 3, due to the non-
uniformity in shear strain distribution caused by additional deforma-
tion modes. Particularly, only the load-extension data below 5 mm and
3 mm crosshead displacement for 50 °C 0.00267/s and 50 °C 0.0107/s
tests shown in Fig. 11 were selected for further processing and analysis.

The valid data ranges determined through shear angle comparison
here and out-of-plane deformation in previous section only refer to the
specific test rather than all tests in that test configuration. The data cut-
off points were averaged for each test configuration and summarised in
Fig. 12. In addition, any testing data with suspicious high force were

Fig. 10. Experimental shear angle measurement by tracking four dots on the specimen using a non-contacting video extensometer.
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Fig. 12. Cut-off shear angles for all test configurations for 50 mm wide specimens.

excluded from further analysis to prevent the influences of fibre tension
or misalignment.

2.7. Shear stress calculation

The shear force F; can be calculated from the load data of the picture-
frame test and normalised in terms of specimen and rig sizes as follows:

F
* T 2ecosl O
l’frame
Foom =F . 6
o T’ (6)

where F is the net load (subtracting the ‘dry run’ empty fixture loads
from the load data of actual tests) testing machine and L is the effective

length of specimen and, according to the assumed uniform shear dis-
tribution for the selected data range, can be expressed as [35]:

Leﬂ' =V 2e wo @ Lframe (7)

Finally based on the above assumption of uniform shear strain field,
the shear stress 7 can be expressed as:

Fnorm
= ®

T

where t is the thickness of specimen. The shear rigidity of the material as
a function of the shear angle/strain can then be obtained by taking the
first derivative of shear stress-strain curves [10]. The computed shear
rigidity function can be used in the numerical simulation of the forming
process for fabrics or prepregs [10,11,36].
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3. Experimental results
3.1. Effects of specimen sizes

The shear kinematics and wrinkling response of engineering fabrics
are size-dependent as shown in Ref. [37]. Therefore, it is important to
investigate the potential size-effects on the intra-ply shear behaviour of
UD prepreg such that the appropriate specimen configuration can be
recommended and shear properties from the test can be applied in the
simulation with confidence. By using the picture-frame test to charac-
terise the intra-ply shear behaviour, this can be easily investigated by
adjusting the width and thickness of UD prepreg specimens. Fig. 13
shows normalised shear forces for 1-ply specimens tested at 21 °C and
0.00267/s. The solid lines represent averaged results for all test repeats
with the same specimen configuration and the coloured bands indicate
calculated standard deviation. The normalised shear force has shown a
similar trend and some overlaps for three different specimen widths.
However, narrower specimens show higher normalised shear force,
especially at very low strain where there is no overlay for the curves
corresponding to different widths. Although narrower specimens are
geometrically more resistant to transverse buckling, they can be more
sensitive to disturbances from undesired forces, especially the tension in
fibres caused by misalignment. This is indicated by the larger error
bands for narrower 15 mm wide specimens and the rapid increase of
normalised shear force from 8° shear angle for 25 mm and 15 mm wide
specimens. Further, it was noticed in the experiment that it is more
difficult to align the short edge of a narrower specimen with the rig
when installing the specimens. This might have in turn contributed to
higher normalised force for 15 mm wide specimens. Therefore, speci-
mens with a width of 50 mm were selected for the test campaign for
shear property characterisation.

The major advantage of using the purpose designed picture-frame rig
to characterise the intra-ply shear behaviour of UD prepregs is the
elimination of possible inter-ply shear/friction. However, for thicker
specimens with more than one ply, it is crucial to study the influence of
the presence of a ply-ply interface on intra-ply shear response. Fig. 14
shows shear stress-strain curves with error bands (standard deviations)
for three different ply configurations (1 ply, 3 plies and 5 plies) at two
test conditions. As per the study of the effect of specimen width, curves
for different thicknesses show a close trend in the same test conditions.
Curves for 1-ply specimen deviate from other curves at small strain level
at 21 °C and have larger error band at 50 °C. The former was caused by

0.30

L 21°C, 0.00267s”']

o
)
o

0.20

— 1 ply - 50 mm
— 1 ply - 25 mm
——1ply-15mm
000 2 1 L | L 1 L 1 " 1

0 2 4 6 8 10

Shear angle (°)

Normalised shear force (N/mm)
o
>
T

12

Fig. 13. Size effects study — normalised shear force vs. shear angle curves for
specimens with three different widths (tested at 21 °C and 0.00267/s).
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the premature buckling as thin prepreg sheets are extremely compliant
in the transverse direction; the reason for the latter could be its high
sensitivity to the disturbance from spurious forces. However, the vari-
ation of the shear stress-strain response in terms of the thickness of
specimen is small compared to the scatter in material response for the
same thickness. Therefore, no apparent influences of specimen thickness
on the shear stress-strain response need to be considered. All curves and
error range for three thicknesses were averaged and combined in the
study of loading rate and temperature effects in next sections.

3.2. Effect of the loading rate

Fig. 15 shows shear stress-strain curves under two shear rates
(0.00267/s and 0.0107/s) at each temperature (21 °C, 50 °C and 80 °C).
It is worth noting that averaged curves are presented only up to the cut-
off points for 1-ply specimens, which are the lowest values, as indicated
in Fig. 12. In each case, the solid line represents the average shear stress-
strain curve and the coloured band represents the lower and upper
values of shear stress from all valid test repeats under the same test rate.
The shear stress-strain response shows a non-linear relationship and the
gradient of curves decreases with increased shear strain. For all tem-
peratures, specimens experience higher shear stresses at high shear rate
and the curves obtained from high loading rate tests show a larger linear
portion at the start. These can be related to the viscoelastic behaviour of
the uncured prepreg: a delayed viscous response will occur after a
prominent linear response in the beginning of the test. At the micro-
scales, the intra-ply shear deformation of UD prepregs can be regarded
as the relative sliding between individual fibres with the lubrication of
resin. In this intra-ply shear study, although the shear thinning of resin
may decrease the viscosity of resin at the higher strain rate [38], the
viscous resin is still able to transfer higher load between stiff fibres,
resulting in higher shear stresses. This suggests a hydrodynamic (full--
film) lubrication mode for the interaction between fibres in an uncured
prepreg, which is in accordance with the findings from the study on
friction behaviour of UD prepreg at macroscale [39]. At macroscale
there is no indication of the rate effect on deformation modes from the
comparison of specimens tested at low and high strain rate (Fig. 16 (a)
and (b)).

3.3. Effect of temperature

The same curves from above were replotted in Fig. 17 for easy
interpretation of the temperature effects. The shear stress-strain curves
for different temperatures are plotted for each of the two strain rates.
The results show a more profound influence of temperature on the shear
response compared to the strain rate. There is a much greater difference
in shear stress results between 21 °C and 50 °C than between 50 °C and
80 °C, which is in line with the viscosity profile of the epoxy resin
considered in this study (Fig. 1 (b)). In addition, as shown in Fig. 16 (a),
specimens tested at higher temperatures (50 °C and 80 °C) exhibit less
wrinkling than specimens tested at room temperature in terms of both
out-of-plane deformation and the number of wrinkles. This is caused by
the local fibre/ply-splitting, shown as displaced gridlines highlighted in
Fig. 16 (b), spread across the whole area of the specimen as the less
viscous resin is less able to transfer the load between fibres at these
temperatures. In the standard picture-frame test with cross-plied speci-
mens, the local fibre/ply-splitting may be reduced to some extent,
especially at room temperature, in the overlapping region (Fig. 5 (b)—
(d)). This reduction in ply-splitting can also contribute to the higher
forces observed for cross-plied specimens than proposed separated UD
specimens.

Observations at microscale were performed to check the quality of
consolidation and if there was any thick resin layer at ply-ply interface to
provide lubrication or add resistance as well as possible fibre/ply-
splitting. For these observations at microscale, untested specimens and
specimens tested at 80 °C and 0.0107/s were cured in an oven in the free
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Fig. 14. Size effects study — shear stress vs. shear strain curves for specimens with different number of plies: tested at (a) 21 °C and 0.00267/s and (b) 50 °C and
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Fig. 16. 5-ply specimens after the test showing deformation modes (wrinkling and local fibre-splitting) for two different rates: (a) low — 0.00267/s and (b) high —
0.0107/s (with gridlines).
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Untested

(®)

Fig. 18. Micrographs of cross-sections of untested specimens and specimens tested at 80 °C and 0.0107s~! shear rate: (a) 3-ply specimen and (b) 5-ply specimen

(dashed lines highlight fibre/ply-splitting).

air and cut by a CompCut 200 composite specimen cutter. The cross-
section surface then was polished on a Buehler AutoMet™ 300 Pro
grinder-polisher. Fig. 18 shows micrographs of the cross-section for
untested and tested specimens of two thicknesses (3 plies and 5 plies)
acquired using a Zeiss Axio Imager microscope. The fibre-splitting can
also be observed from the highlighted area in the micrograph. The
splitting in the middle ply (Fig. 18 (a)) suggests that splitting can still
occur in non-surface plies and Fig. 18 (b) shows a more severe splitting
across multiple plies. It is proposed that such local fibre-splitting is one
reason for the early occurrence of shear non-uniformity, as the material
obviously loses in-plane integrity in the transverse direction once the
splitting occurs.

4. Numerical investigation of the picture-frame test
4.1. Hypoelastic approach for UD prepreg

The hypoelastic approach expressed as a rate constitutive law is one
of the commonly adopted approaches for modelling the mechanical
response of fibrous materials (e.g. fabrics and prepregs) with a 2D
continuum constitutive model through ABAQUS user material subrou-
tine VUMAT [11]. Due to the use of the objective rate, hypoelastic
approach enables multiple possible frames and objective derivatives to
be considered and stress can remain unchanged in case of the rigid body
motion [40,41]. The strain rate D, is related with an objective stress
derivative, using a tangent stiffness matrix, C:

V:

9

Y
lllle}
S

where gv is an objective derivative of Cauchy stress ¢. In such a
hypoelastic law, the objective derivative is commonly based on the
Green-Naghdi (GN) polar rotation tensor, however, the objective de-
rivative for fibrous materials must be based on the fibre direction. It is
defined with respect to the fibre rotation as [42]:

gv:é'(%(ér'g'é))

where A is the rotation from the initial frame to fibre frame. Therefore, a
further rotation is required for the hypoelastic law to be applied in the
fibre frame caused by rigid body rotation of fibre yarns in large shearing.
As shown in Fig. 19, the hypoelastic approach is based on a local

o AT

(10)

13

o =

UD fibre orientation
Fig. 19. Hypoelastic law code work frame (Green-Naghdi frame) (e(e;,e,)) and
material/fibre frame (f ([ " [2>) for UD prepreg. Both frames are superimposed

att = 0: [,,“ = e,", where a = 1, 2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

orthogonal coordinate system (Green-Naghdi frame) e(ey,e,). In case of
unidirectional fibrous material, one fibre/material frame f (j_’l, j_’z) is
used, where f, is the fibre axis and f, = f* /H[l

vector orthogonal to the fibre direction, where f 1 of, = 0. The fibre axis

’ is the in-plane unit

can be expressed as:
Fef 10 Fo Qlo

R

fi=
l

where j_“ao is aligned with the GN axes gao (@ = 1,2) at the start. The
strain increment, [de],, received in the GN frame at each increment is
then transferred to the fibre frame:

[de], = [T)" de], [T] 12
where [T] is the transformation matrix formed between GN frame and
fibre frame. Following the strain increments transformed to the fibre
directions, the stress increments along the fibre direction are calculated
using a constitutive tensor, [C]; :



H. Yuan et al.

[do], = [C][de], 13)

Finally the stresses in the fibre frame are transformed back to GN
frame for the codework in ABAQUS/Explicit:

o). = [Tle], (1] a4

4.2. FE model

An FE model of the picture frame test was set up in ABAQUS/Explicit
to validate the use of the hypoelastic approach in modelling the intra-ply
shear response of UD prepreg (Fig. 20). The specimen dimensions were
considered the same as in the experiment and a global element size of 2
mm was used for the specimen after the mesh convergence study. To set
the same boundary conditions as in the experiment, nodes along both
short edges of the specimen were fixed in z-direction and velocities in x-
and y-direction as a function of time were applied to each node on these

two edges. The required crosshead speed d to achieve a specific shear
rate y can be calculated using Eq. (3) and the velocities in x- and y-di-
rection for each node have been carefully calculated based on the
application of simple kinematic equations.

The bending stiffness of fibrous materials is not directly related to its
in-plane properties and significantly lower than the in-plane tensile
stiffness especially in the fibre direction, hence it cannot be directly
characterised by the conventional three-point bending test. In this study,
the bending stiffness used in the simulation was characterised for the
same UD prepreg in a previous study [2] using simple cantilever beam
method following [43]. It is important to consider the bending stiffness
in the modelling of the picture-frame test for UD prepreg as it contrib-
utes to specimen’s transverse buckling and the non-uniformity of shear
distribution. To decouple the weak out-of-plane stiffness from high
in-plane properties in the model, the superimposed membrane (M3D4R)
and shell elements (S4R) sharing same nodes were used (Fig. 21). This
method showed successes in predicting the bending behaviour of fibrous
materials in the forming simulation [14,44]. Only the out-of-plane
bending stiffness is applied to shell elements while all in-plane proper-
ties are stored in membrane elements. The flexural modulus Ef assigned
to shell elements is determined based on Euler-Bernoulli theory:

12D

=5 (15)

where D is the bending rigidity per unit width determined from the
cantilever bending test and t is the thickness of the material. The

BC: U3=0
V1=f(t), V2=g(t)

BC: U3=0
V1=f(t), V2=g(t)

L

Fig. 20. FE model of the picture frame test.
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Fig. 21. Superimposed membrane and shell elements sharing the same nodes.

hypoelastic approach described in section 4.1 was implemented on both
types of elements through VUMAT to account for the directionality of all
mechanical properties of the UD prepreg.

The experimental results presented in the form of shear stress versus
shear strain shown in Figs. 15 and 17 were used to derive the in-plane
shear properties for the material in the FE model. By fitting the stress-
strain results with a 5th order polynomial curve a polynomial regres-
sion equation can be obtained with shear stress as a function of shear
strain. Taking derivative of this function gives another polynomial
equation in the form of shear rigidity Gi2 as function of shear angle y:

Gpo=ay+a ey+a ey’ +asey’ +a, ey +asey’ ae)

This was conducted for each test condition and the coefficients for
the equation are presented in Table 2. Except the shear rigidity, other
material properties required for the simulation (as summarised in
Table 3) are from the characterisation studies for the same material and
the material data were validated through simulation of corresponding
tests and comparison of the outputs [2]. The tensile stiffness of the
material has minimum influence on the results of the simulation of the
trellis shear and a reasonably low value of 20 GPa can reduce the
computational cost. Although bending stiffness can affect the shape of
wrinkles, its effects on the resultant force in the exploratory simulation
study were found to be negligible compared to the effects of in-plane
shear properties. Similar to the simulation strategy adopted in
Ref. [31], all other material properties are independent of the effects of
temperature and loading rate, therefore, the differences between
different numerical tests are the direct result of the variation of the shear

property.

4.3. Simulation results and discussion

Fig. 22 shows a comparison of the shear angle and out-of-plane
deformation results between DIC measurement and FE model at the
same level of specimen extension for a test at 21 °C and under 0.00267/s
shear rate. Compared to DIC results, the FE results show a relatively
more uniform shear distribution at a later stage of the test Fig. 22 (a).
The major reason is that this macroscale FE model has no means to
capture the local fibre splitting phenomenon as presented in Fig. 16, as
simulation results for all temperatures show only the macroscale defect
of transverse buckling throughout the test. The out-of-plane deformation
from FE model shows a similar pattern to DIC results in terms of the
topology and number of wrinkles (Fig. 22 (b)), but the out-of-plane
displacement is much smaller from the simulation (note that the
colour scales are adjusted to enable comparison). This can be attributed
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Table 2
Coefficients of polynomial equations for in-plane shear rigidity G2 (Eq. (16)) for different temperatures and shear rates.
a @ a, as as as
Low 0.00267 s ! 21°C 10.4017 —411.604 9057.16 —91007.6 419973 —724130
50 °C 10.5573 —272.559 5585.40 —52755.6 227286 —361158
80°C 2.22466 —98.6047 2068.00 —20606.3 96720.2 —171997
High 0.0107 s ! 21°C 3.28915 —146.987 3224.99 —32522.5 152138 —268212
50 °C 1.35365 —34.3822 562.706 —5161.38 24092.7 —43619.2
80°C 2.25654 —80.2348 1395.03 —11589.2 45654.6 —69588.9

Table 3
Material properties for the respective elements in FE model.
E; (MPa) E> (MPa) Gz
Membrane (M3D4R) 20,000 0.25 Eq. (16)
Shell (S4R) 3500 0.2 0

to those factors that influence the bending stiffness but are not consid-
ered in the FE model: the effects of element sizes, prepreg’s viscoelastic
bending behaviour and the nonlinearity of bending stiffness for fibrous
materials in terms of the curvature.

To validate the numerical picture-frame test, the load-extension
curves at different temperatures and loading rates for 3-ply and 5-ply
specimens were extracted and compared with the physical test data.
The reaction force in vertical/y-direction for all 26 nodes along the top
edge was extracted and summed up. This total reaction force for one
specimen was doubled to allow comparisons with experimental data
from the perpendicularly mounted dual specimen geometry (Fig. 23).
The load-extension curves from the FE model show a good level of
agreement with the experiment results at the beginning of the test (small
shear strains). In contrast, the simulation results for the 5-ply specimen
at higher temperatures show lower forces than the experimental results
in this beginning stage (Fig. 23 (e) and (f)), which can be attributed to
less predominant effects of fibre splitting and higher buckling resistance
for 5-ply specimens compared to thinner specimens. The experimental
stress-strain curves for 1-ply and 3-ply specimens could be more sensi-
tive to the effects of fibre splitting compared to 5 plies due to less con-
straints from additional plies and this can start from the very beginning
of the test once specimens were loaded. In addition, the cut-off points or
the buckling onsets can differ by more than 3° (0.052 shear strain) for
the same test condition but different number of plies as shown in Fig. 12.
However, the shear property curves used in the simulation are the
average result for three thicknesses and contain above effects from
specimens with fewer plies, hence, the simulation result curves for 5-ply
specimens can be more compliant than experimental results in the
beginning of the test.

In a later stage of the test, the load required to deform the specimen
starts to deviate from the experiment curves from 5 mm crosshead
displacement. The lack of local fibre splitting in the FE model plays a
role in this. In addition, as the velocity boundary conditions were
applied as 1000 discrete points over the required step time rather than a
continuous curve, the rigid body motion in the picture-frame numerical
test may not be perfectly achieved, leading to small levels of tension in
elements at higher strains. Further, by modelling only one specimen in
the numerical tests, it was assumed that the unmodelled second spec-
imen would behave exactly the same. In the physical experiments, two
specimens in one test usually show slightly different patterns due to the
handling issue and material variation between specimens.

5. Conclusions

The feasibility of using a modified picture-frame test for intra-ply
shear characterisation of UD prepreg was investigated in this study,
implementing only modest changes to the standard apparatus with the
aim of completely eliminating the confounding influence of inter-ply
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shear/friction as experienced in the standard picture-frame test with
cross-plied specimens. 3D DIC techniques and non-contacting video
extensometers were used with the modified picture frame testing to
determine the uniformity of shear distribution and onset of non-
preferred deformation modes throughout testing and therefore iden-
tify valid ranges of test data. Specimens showed relatively uniform shear
deformation at lower strains, after which the transverse buckling/
wrinkling and local splitting disrupted the shear deformation — these
non-preferred deformation modes arise from greatly reduced in-plane
shear compliance because of transverse compaction. From the study of
specimen size effects, narrower and thinner specimens showed greater
variation in the normalised results, suggesting a higher instability of the
specimen due to their low resistance to transverse buckling and possible
initial misalignment of specimens/fibres. Therefore, wider specimens
with multiple plies are recommended for any future intra-ply shear tests
using this proposed approach. The shear stress-strain curves exhibited a
typical viscoelastic response as the material experiences higher stress at
lower temperatures and higher shear rate. Temperature shows a stron-
ger influence on stress-strain response than the shear rate due to the
large drop of resin viscosity at higher temperatures. This also resulted in
local fibre splitting at microscale which is the dominant additional
deformation mode rather than transverse wrinkling.

A numerical model of the picture-frame test was built and analysed
using ABAQUS/Explicit to validate the proposed method for obtaining
in-plane shear properties for simulation. The experimental stress-strain
data was fitted by polynomial regression equations to derive the in-
plane shear rigidity as a function of shear strain for different test con-
ditions. This property was applied to the superimposed membrane-shell
elements by the hypoelastic constitutive law implemented through a
VUMAT subroutine. The proposed approach predicted the reaction force
with a high degree of correlation (to physical test data) at low strain
levels but the predicted load is higher at large shear strains due to the
inability of the model to capture local fibre splitting and possibly
imperfect rigid body rotation achieved by velocity boundary conditions.
Overall, the load-extension curves from the simulations showed a good
level of agreement with the experimental data, verifying the data ob-
tained through the proposed approach for characterisation of intra-ply
shear behaviour of UD prepreg and building confidence towards
adopting a modelling approach for the future forming simulation work
of UD prepreg at component level.

This work lays a foundation for a comprehensive characterisation
study of intra-ply shear behaviour for UD prepregs under real-world
forming conditions. Further work will include exploring of the possi-
bility of capturing the local fibre-splitting phenomena (or its effect) into
the simulation model so that more accurate force prediction can be
achieved at higher shear strains. Finally, additional tests should be done
across a range of temperatures and strain rates within the range of in-
dustrial processing conditions to fully parameterise the effect of the
viscoelastic resin behaviour thus leading to the development of a robust
model for intra-ply shear behaviour.
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Fig. 22. Comparison of (a) shear angle (SDV71 is the shear angle in degrees) and (b) out-of-deformation results between DIC and FE model for the test at 21 °C and
0.00267 s~ shear rate (colour scales are adjusted to enable comparison). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 23. Comparison of load-extension results between experiment and simulation for 3-ply and 5-ply specimens at different temperatures and shear rates.
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