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The bias-extension test is one of the test methods to characterise the intra-ply shear behaviour of continuous fibre
reinforced composites including fabrics and unidirectional (UD) materials. For the determination of the major
mechanical properties of metals, often a uniaxial tensile test is used. Combination of these two methods for the
shear deformation of hybrid metal-composite laminates is proposed comparing the method for cross-plied uni-
directional prepregs and woven fabric prepregs. The effects of material constituent, shear rate, preheat tem-
perature and normal pressure on the intra-ply shear behaviour are investigated. The results indicate that the
material constituents and the frictional responses depending on processing parameters play a critical role in the
shear characterisation of the hybrid laminate. The shear angle measurement at four typical strains demonstrates
that the support of metal layers improves the shear deformability by delaying the onset of fibre wrinkling. This
modified intra-ply shear test contributes to a better understanding of the process design for wet (uncured) hybrid

metal-composite laminate manufacturing.

1. Introduction

The hybrid metal-composite laminate consists of alternating thin
sheets of metal alloys and layers of fibre reinforced polymers. A wide
range of combinations are available based on the type of metal sheets,
the architecture of fibres and resins, the number and thickness of layers,
etc [1]. Advantages of such lightweight hybrid materials compared with
the monolithic metal sheets are a better resistance to damage in case of
impact, fatigue and corrosion [2]. However, one of the main difficulties
of producing parts made of hybrid metal-composite laminates, appears
in its complex deformation mechanisms, which may result in tears,
folds, wrinkles, etc [3-5]. One promising method for the forming of the
hybrid material is a hot-pressing process especially designed for ther-
moset based metal-composite laminates. The proposed process steps are
shown in Fig. 1 which involves a laminate preheating process, forming
of the uncured laminate, consolidation and (partial) curing in the same
mould. Temperature and preheating time need to be carefully controlled
to decrease the resin viscosity and thus increase the ease of deformation.
This method improves the laminate deformability based on the under-
standing of the deformation mechanisms for both material constituents.
The metal sheets are usually deformed into three-dimensional shapes by
bending and in-plane plastic deformation [6,7]. The deformation of fibre
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reinforced composites is achieved by inter-ply sliding between the layers
and intra-ply shear within the prepreg layers [8-10]. Both mechanisms
need to be combined in the proposed hot-pressing process.

Intra-ply shear of the individual plies of a composite laminate is
recognised as the dominant mode of fibre deformation for shaping three-
dimensional parts. This mechanism has been investigated by many re-
searchers [11-15] especially for the woven fabrics which are highly
shear dominated and deform as modelled by the pin-jointed net (PJN)
theory. The PJN theory assumes that yarns are inextensible without any
slippage at the cross-overs and free rotations are allowed for the fibre
tows between warp and weft. The shear resistance gradually grows
during deformation as the yarns rotate over each other. The deformation
causes a sharp increase in shear force at a point and beyond which fibre
wrinkling phenomena occur. This point, often called ‘locking angle’,
depends largely on the properties of textile reinforcement, like type of
fibre, type of weave, weave density, etc (Fig. 2). Potter [16,17] found
some similarities on the shear behaviour between woven fabrics and
cross-plied unidirectional plies although the complete deformation is
more complex for UD materials than for cross-plies because of the
lacking of physical interlocking constraints. He concluded that the shear
deformation for cross-plied UD prepregs can be modelled through the
same PJN assumption that was used for woven fabric prepregs and an
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improved forming capability can be obtained by controlling the linkage
between the UD plies. However, there is no equivalent test standard to
measure the shear angle of cross-plied UD prepreg and the limit of shear
deformation can be either wrinkling or the splitting within the fibre
layers [18,19].

The shear behaviour of dry fabrics or prepregs is typically charac-
terised using the well-known intra-ply shear tests with a picture frame
(PF) test or a bias-extension (BE) test [20-23]. In the picture frame test,
the fabric specimen is clamped with the yarns aligned parallel and
perpendicular to the four clamping bars. The shear deformation is
developed by fixing one hinge of the frame while imposing a tensile load
on the hinge at the opposite end of the frame. The main advantage of the
PF method is the uniformly induced shear on all sample regions which
allows a direct measurement of the shear deformation. The limitation,
however, is the sensitivity of misalignments in the direction of fibres and
the accuracy needed when cutting the sample and clamping in the
frame. Also, the low intra-ply shear stiffness for the fabric prepreg at
higher temperatures results in poor signal-to-noise ratios at early shear
deformation stages [20,21]. At the start of a bias-extension (BE) test, the
fibre orientations of the specimen are + 45° with respect to the tensile
direction. The test sample is cut into a rectangular shape with the
specimen length typically more than two times its width to obtain a
suitable shear region. Normally, there are three distinct regions: ‘pure
shear’, ‘half shear’ and ‘un-deformed’. The BE test shows mainly intra-
ply sliding for dry fabrics or prepregs (both in fabrics/weaves and
UDs), but as they reach higher shear angles the PJN approach may not be
applicable anymore because of other deformation mechanisms involved
[22,23]. Rashidi et al. [24] proposed a slip-bias extension test to
investigate the influence of slip conditions during the forming process of
the woven fabric prepregs. They developed a modified shear stress
formulation for the fast 3D simulations considering the effects of fric-
tional interactions at different shear angles, normal pressures and
asymmetric gripping conditions.

The PF and BE methods can both be used to characterise the intra-ply
shear behaviour of the unidirectional prepregs. Picture frame tests are
usually not adopted for the UD prepregs because the difficulty of tight
clamping of specimens, the tendency of ply splitting and the adverse
fibre tension under the combined effects of slight fibre misalignment
[18]. Larberg et al. [25] proposed a bias-extension test on different
cross-plied UD prepregs and found that intra-ply shear only dominates at
small deformations while intra-ply and inter-ply friction together plays
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an important role at large deformations. The research also demonstrated
that prepreg systems and temperature distributions were important
factors affecting the degree of fibre rotation and the deformation modes
as well as their limits. Brands et al. [26] conducted bias-extension ex-
periments on cross plied laminates of thermoplastic UD tapes under
various processing conditions and showed that the deformation is
consistent with a PJN up to a shear angle of 25°. Haanappel and
Akkerman [18] proposed a torsion bar test to characterise the shear
mechanisms of unidirectional thermoplastic melts and developed a non-
linear material model for carbon UD/PEEK under small strains. Wang
et al. [27] conducted the intra-ply shear characterisation of UD prepregs
using a 10° off-axis BE test under various temperature distributions and
test rates. The results validated that the shear stress and strain can be
obtained using the off-axis BE test and the material response under these
testing parameters provides robust models for composite manufacturing
simulation.

The mechanical response of metal sheets is usually performed
through uniaxial tensile test where the material properties like yield and
ultimate tensile strength, uniform and total elongation in a standard
gauge length can be measured. Dog-bone shapes are primarily used for
the tensile test samples to eliminate the influence of stress concentration
in the clamping region and to ensure the highest probability that the
sample fails in the standard gauge region [28]. A biaxial tensile test is
also becoming prevalent for evaluating the mechanical properties of
metal sheets as the standard tensile test only determines the perfor-
mance in one direction while not applicable to multi-directional forming
processes like deep-drawing [29]. Unlike the classical tensile tests, the
shear behaviour of metal sheets is difficult to obtain through simple
shear tests as the shear stress distribution is usually inhomogeneous and
no intrinsic gauge length can be applied to define the local strain [30].
Also, the shear tests of complex geometrical specimens are designed for
some experimental setups but they are shown to be inconvenient for
dynamic testing [31,32]. Besides, the in-plane torsion tests prove to be
inappropriate for obtaining the shear behaviours of metal sheets due to
their high plastic deformation and possible fracture occurrence at free
edges [33].

As for the evaluation of in-plane deformation behaviour for hybrid
materials like metal-composite laminates, most researchers prefer the
same uniaxial tensile test as the metal sheets [34-38]. The samples were
consolidated following a standard curing cycle before the test and the
shape of the specimen can either be rectangular or dog- bone. Through
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Fig. 1. Proposed hot-pressing process for the manufacturing of fibre metal laminate parts.
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the modification of metal surfaces and the adjustment of layup se-
quences or orientations, the in-plane mechanical properties such as ul-
timate tensile strength can be greatly improved. The results also
indicated that the in-plane deformability of metal-composite laminates
mainly depends on the maximum failure strain and the interlaminar
shear strength of composite layers. Due to the high bonding strength
after consolidation and the limited fibre failure strain, the deformation
of the hybrid laminates is constrained and the higher elastic—plastic
deformability of metal sheets cannot be fully exploited. Therefore, the
investigation on the role of metal sheet which affect the biaxial defor-
mation of the uncured fibre prepreg becomes a meaningful topic. In
addition, there is an increasing interest for many researchers in the intra-
ply shear behaviour of the uncured fibre prepreg inside the hybrid
laminates during deformation. However, there are few related studies on
discovering the shear properties of the uncured hybrid laminates due to
the lack of efficient manufacturing and testing methods.

This work aims to characterise the intra-ply shear properties of the
uncured hybrid metal-composite laminate under various processing
conditions of shear rate, preheat temperature and normal pressure. The
hybrid material systems consisting of the metal sheet of aluminium alloy
and stainless steel, as well as the uncured carbon fibre prepreg of woven
fabric and cross-plied UD, are tested to understand the effect of metal
sheet layer on the shear deformability of the prepreg layer. Furthermore,
The novelty of the research presented herein is to observe the defor-
mation mechanisms occurred during shear and compare the behaviour
with theoretical PJN approach. This will be achieved through a modified
bias-extension test in combination with a digital microscopic measure-
ment which enables the evaluation of the fibre angle shearing. Finally,
the research aims to analyse the shear angle evolution of each uncured
prepreg system and its corresponding metal-composite laminate which
contribute to the better understanding of material selection and process
optimization for the hot-pressing of metal-composite laminates.

2. Materials and methods
2.1. Material constituents

The hybrid material systems used in this research consist of two
metal alloys and two types of fibre reinforced prepregs. For the metal
alloy materials, aluminium alloy 2024-T3 and AISI 304 stainless steel
are selected for their different failure strains [39]. The aluminium alloy
2024-T3 is widely used in aircraft structures because of its high strength
and fatigue resistance, but the elongation at break is relatively low at
around 15-18 %. AISI 304 stainless steel can withstand 45-50 %
maximum tensile strain, which greatly increases the deformability of the
entire hybrid laminates. Both metal sheets are machined to a dog-bone
shape with specific dimensions and thickness of 0.5 mm. The woven
and UD architectures for the fibre reinforced prepregs are based on the
same epoxy resin and chosen for their different shear properties. Fig. 3
displays the image of the two prepregs in undeformed state. The mate-
rials are commercially available from SHD composites (UK). The SHD-
TW is a T-700 carbon reinforced prepreg with 3 k tow size and Twill
Weave (2X2) fabric having a thickness of 0.2 mm and fibre volume
content of 58 %, while SHD-UD is a T-700 carbon reinforced prepreg
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with the unidirectional reinforcement having a thickness of 0.15 mm
and fibre volume content of 63 %. The MTC510 epoxy system for both
prepregs is designed to cure between 80 °C and 120 °C allowing flexi-
bility in component manufacturing. The viscosity profile of MTC510 as a
function of temperature at a ramp rate of 2 °C/min as provided by the
material supplier [40] is shown in Fig. 4.

2.2. Modified bias-extension test

The uniaxial tensile test aims to obtain the tensile behaviour of the
metal sheets while the bias-extension test is used to measure the in-plane
intra-ply shear behaviour of fabrics or prepregs. A combination of these
two test methods with dog bone shaped metal sheets and rectangular
shaped fibre prepregs, referred as a modified bias-extension test, is
proposed to investigate how the support of metal sheet influences the
shear properties of the prepreg layer under different conditions. The
modified BE test with idealised shear regions is illustrated in Fig. 5, with
dimensions and schematics of the undeformed and deformed specimens
according to the pin-joint net (PJN) approach. The geometry of fibre
prepreg is rectangular where the sample length is 6.5 times the width to
acquire a suitable state of shearing. The initial orientation of the fibre
tows is at + 45° to the loading direction for both cross-plied UD and
woven fabric prepreg. In the modified bias-extension test, the PJN
behaviour is assumed, predicting three shear zones within the specimen:
A, B and C. Zone A is the pure shear region where the shear is uniform
and a theoretical shear angle,y,can be calculated through Eq.(1) [22,23].

L+96
\/§><L

Here, § is the shear deformation length andl. = H —W, where H and
W are the original length and width of the specimen between the clamps,
respectively. The shear angle in zone B is supposed to be half the value of
zone A while zone C ideally has no effect on the overall deformation of
the specimen. During deformation of the uncured laminate in the
modified BE test, the strain in length direction for both materials is the
same. In the transverse direction, however, the contraction of the metal
sheet is (isotropy assumed) half of the lengthwise extension, but the
contraction for the prepreg layer is equal to the lengthwise extension.
This difference induces friction between the metal sheet and prepreg
layer along both length and transverse direction. In addition, if a local
pressure is applied on the central part of the pure shear region (40 x 40
mm?) as indicated in Fig. 5, the effect is twofold: possible wrinkling or
wrinkling of the prepreg is suppressed, but also the intra-ply shear
movement is hindered.

y = 90° — 2-cos!(

) @

3. Experimental setups
3.1. Test conditions

The modified bias-extension tests were performed on a Zwick-250kN
tensile-compression machine equipped with a temperature chamber.
The sample with the shape and size shown in Fig. 5 was put into the

tensile machine and clamped by the grips at two ends. Extensometers for
measuring the tensile strains of metal sheets were also used to determine

= R

Wrinkling

Deformation

beyond
locking angle

Locking point

Fig. 2. Typical intra-ply shear deformation behaviour of textile reinforcement materials.
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Fig. 3. Two types of fibre reinforced prepregs used for the intra-ply shear tests.
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Fig. 4. Viscosity profile for MTC510 matrix system used for SHD-TW and SHD-
UD prepreg as a function of temperature.

the yield and elongation values at lower strains (<5 %) of the specimen.
The load-displacement curve for a given parameter combination can be
obtained through the measurement system of the machine. The test
temperature inside the chamber was preset at a ramp of 2 °C/min and
the real-time temperature was recorded by thermocouples. Other test
parameters like shear rate and normal pressure can be altered by manual
input and addition of an external tool. Fig. 6 exhibits the experimental
setups and apparatus for the modified BE tests used for three different
pressure conditions. Next to the standard condition with no pressure
applied on the forming region, the vacuum condition of 0.1 MPa and the
autoclave condition of 0.6 MPa were conducted through a vacuum pump
and a clamping loadcell, respectively [5], to put pressure on the forming
regions.

The material configurations and test conditions used for the modified
bias-extension test are summarised in Table 1 and 2. The test for hybrid
metal-composite laminate was performed with four combinations of
material constituents and three different shear rates, three typical tem-
peratures and three applied normal pressures. The tests were conducted
varying one parameter at a time while keeping the other two parameters
at their baseline value, and at least three samples were tested for each
configuration. The two different fibre reinforced prepregs were char-
acterised using the corresponding bias extension test geometry under

the same shear rate and preheat temperature conditions. These selected
experimental conditions were based on the industrial conditions in
material processing [4,5] and were applied to investigate the influence
of process parameters on the intra-ply shear performance, in particular
the shear angle evolution during the modified BE test.

3.2. Shear angle measurement

The characterisation of the intra-ply shear behaviour of hybrid
metal-composite laminates as well as their corresponding woven fabric
and cross-plied UD prepregs depend on an accurate shear angle mea-
surement during the in-plane shear deformation. It has been expected
that the prediction of shear angles in simulated bias-extension tests
deviate from the experimentally measured shear angles during the
course of shear deformation. Therefore, as the shear angle cannot
directly be observed on the hybrid samples because of the metal sheets
on the outside, it was critical to develop an experimental method which
could measure the shear angle, particularly in the ‘pure shear region’ of
the test specimens. For the pure fibre reinforced prepreg, the shear angle
y was obtained using a DIC (digital image correlation) measurement
[23,24]. This optical method is well suited for woven fabrics as the strain
and fibre rotation on the specimen surface can be calibrated by the dual
camera system in DIC. It is also applied for measuring the shear of cross-
plied UD prepreg as the strain and shear angle of the surface layer can be
measured, assuming that the shear at the non-visible backside layer is
symmetrical.

However, it is difficult to measure the intra-ply shear angles of the
hybrid laminates because of the metal sheets covering the outer surfaces.
One possible solution is to separate the layers after shear tests as the
hybrid laminate is still uncured with low bonding performance. How-
ever, this method can only be performed at room temperature when no
normal pressure was applied, since the degree of cure as well as the
application of pressure may affect the fibre distributions and the sur-
faces. To visualise and evaluate the shear characterisation using the
traditional measuring methodology, one side of metal sheet is removed
from the sample after the tests. A second solution which is mainly
applied in the study is the application of Alkaline Etching Method after
curing [7,41,42]. The tested samples are first placed in a vacuum bag
and transferred into an autoclave, and will undergo a standard curing
cycle with a maximum temperature of 120 °C and a minimum cure time
of an hour. After curing, the pure shear region (40 x 40 mrnz) of the
sample is cut and one of the metal sheet layers is removed by etching
using a 15 % NaOH solution. To obtain a clear vision of fibre distribu-
tions, the dissolved specimens are ground and finally put on a digital
microscope for the measurement of shear angle. The latter method is
rather robust because the movement of the fibres is minimal, and as the
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Table 1
Material configurations used for modified bias-extension test.

Structure Metal sheet Fibre reinforced prepreg

Hybrid laminate 2/1 Aluminium Cross-plied UD Matal Sheet

77 77
X2
Fibre Reinforced Prepreg
Stainless steel Woven fabric
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Table 2
Test conditions used for modified bias-extension test.

Test Parameter Baseline value Additional values investigated

Shear rate (mm/min) 10 2,20
Preheat temperature (°C) 23 50, 80
Normal pressure (MPa) 0 0.1, 0.6

composite layers are cured and the outer metal layer is removed by
etching, only rough grinding or other poor treatment could influence the
fixed fibre shear angles. The entire testing sequence is presented in Fig. 7
and the shear angles for various material constituents and processing
parameters can be measured and compared from the samples.

4. Results and discussion
4.1. Failure mode

The intra-ply shear behaviour for four metal-composite laminate
combinations are analysed, and compared with their pure woven fabric
and cross-plied UD counterparts. The shear stress-strain curves for
various material combinations under the condition of room temperature
and 10 mm/min shear rate are shown in Fig. 8. It is noted that the main
failure mode for both prepregs was fibre wrinkling even though the
deformation mechanisms for woven fabric and cross-plied UD fibres are
different. However, the onset strain for wrinkling, which also relates to
the locking angle, was different although the strain value was affected
by test parameters such as shear rate and temperature as well as the
difficulties for accurately define out-of-plane wrinkles in DIC. The two
tangential slopes in the curve represent the shear modulus in the intra-
ply shear and fibre wrinkling state. Thus, the slope change occurs at the
shear-wrinkling transition point that defines the onset of fibre wrinkling.
The result showed that the cross-plied UD prepreg buckles earlier than
the woven fabric prepreg under the same conditions. This indicated that
lacking of cross-over points and absence of bundles for cross-plied UD
prepreg may result in the earlier formation of wrinkling. As the strain
continues to increase after wrinkling, the final deformation limit for the
cross-plied UD prepreg was fibre splitting (greater than50 %), which
occurs when the shear force required for in-plane rotation was larger
than the load transfer between the UD layers or within the fibre tows in a
layer.

The failure mode for hybrid metal-composite laminates as shown in
the figure mainly depends on the metal sheet as the single layer of
aluminium alloy 2024-T3 and AISI 304 stainless steel exhibits the failure
strain of around 16 % and 50 %, respectively. The hybrid materials with
aluminium alloy 2024-T3 fracture along 55 ~ 60° direction corre-
sponding to the direction of its maximum shear stresses. When replacing

Autoclave curing Alkaline etching
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the type of metal sheet for the hybrid materials to AISI 304 stainless
steel, the laminate undergoes a fracture nearly perpendicular to the
tensile stress direction as plastic deformation grows in that region. Be-
sides, due to the lower failure strain of aluminium alloy 2024-T3, the
aluminium-fibre reinforced laminate also fractures at the strain of
around 16 % and the value of maximum strain had no obvious difference
for the two different prepregs in the middle. While for AISI 304 stainless
steel with higher failure strain, the combination with cross-plied UD
prepreg undergoes 48.3 % strain on average until failure while the value
goes down to 46.5 % on average for woven fabric reinforced stainless
steel laminate. This indicates that cross-plied UD prepreg has higher
shear limits at large strain for its hybrid constituents. The reason will be
further explained in next chapters on shear angle investigations.

4.2. Material constituent

The intra-ply shear angle in pure shear region in the modified bias-
extension test is the most significant index for evaluating the intra-ply
shear behaviour of hybrid metal-composite laminates. Fig. 9 presents
the intra-ply rotation angle evolution for aluminium-fibre reinforced
laminate at five typical strain stages under the condition of room tem-
perature and 10 mm/min shear rate using microscopic measurement.
The increase of strain decreases the rotation angle a between two
initially perpendicular fibre tows, and thereby increasing the shear angle
y wherey = 90° —a. The result a reveals that the hybrid woven fabric
structure has a slightly large decrease of rotation anglea, compared to
the hybrid cross-plied UD structures. This is attributed to the different
shear deformation mechanism of the two prepregs presented in Fig. 10.
Shearing of woven fabrics mainly involve in-plane rotation of the fibre
tows at cross-over points of the weave especially under small strain and
room temperature conditions. However, the kinematics of shear angle in
cross-plied UD fibres are different from woven fabrics where the adja-
cent plies of the prepreg rotate and slide over each other and are only
coupled through a viscous resin. Therefore, the shear deformation for
cross-plied UD fibres is unable to follow the same PJN assumption that is
used for woven fabrics as suggested by Potter [16,17], and the higher in-
plane sliding ratio for cross-plied UD fibres results in a lower shear angle

(@)

Strain:2%
a=89.2°

Initial state
a=90°
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Strain:2%
a=288.7°
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a=90°
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at the same strain.

Same trends are found when replacing the metal sheet from
aluminium alloy to stainless steel and the value of shear angle y even
witnesses a more significant difference at higher shear strains. Fig. 11
exhibits the average shear angle values for different combinations of
hybrid metal-composite laminates each at four shear strains within their
respective strain ranges at room temperature and shear rate of 10 mm/
min. The results demonstrate that hybrid materials with woven fabric
prepreg experience higher shear angles than hybrid materials with cross-
plied UD prepreg at same shear strains. When the strain reaches 30 % or
even 45 %, the measured shear angle for stainless steel-woven fabric
reinforced laminate is almost twice the value for the same cross-plied UD
type. The increasing gap of shear angles indicates that inter-ply sliding
has a large influence at large strain for cross-plied UD prepregs. Even
though both prepregs within the hybrid laminates have not reached
their corresponding onset of wrinkling at 45 % of strain, pure stretching
instead of inter-tow rotation may occur for woven fabrics when the shear
strain increases. This kind of stretching greatly affects the deformability
of the woven fabric reinforced stainless steel laminate and that explains
why the stainless steel combined with cross-plied UD prepreg has larger
failure strain. Besides, the four combinations which were all measured at
5% and 15 % strain reveal that the stainless steel with both woven fabric
prepreg and cross-plied UD prepreg exhibits somewhat lower shear
angle when replacing the metal sheet to aluminium alloy. This can be
seen in the stress—strain curve of the hybrid metal-composite materials
shown in Fig. 8. At these two specific strains of 5 % and 15 %, the stress
required to deform is also higher for the aluminium alloy which in-
creases the force transfer from metal sheet to the prepreg. As the force
goes up with the increase of strain, the intra-ply shear angle is higher for
aluminium-fibre reinforced laminate although the difference is small or
even negligible.

4.3. Shear rate

Figs. 12 and 13 show the influence of shear rate for different com-
binations of material constituents compared with the theoretical PJN
approach calculated by Eq.(1). Shear angles for hybrid materials with

Strain:10%
a=833°

Strain:15%
a=789°

Strain:10%
a=804°

Strain:15%
a=7477°

Fig. 9. Microscopic measurements of the rotation angle (a) evolution for aluminium-fibre reinforced laminate under the condition of room temperature and 10 mm/

min shear rate: (a) Cross-plied UD structure; (b) Woven fabric structure.
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Metal Sheet
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Fig.10. Shear deformation mechanism schematic of two different prepregs:(a) Woven fabric; (b) Cross-plied UD.
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Fig. 11. Shear angle and strain curves for different combinations of hybrid
metal-composite laminates under the condition of room temperature and 10
mm/min shear rate.

aluminium alloy are measured at a lower strain range while the stainless
steel-fibre reinforced laminates show a larger range of shear angles due
to its higher failure strain. The figures reveal that PJN assumptions seem
to be valid only for woven fabric prepreg up to 20-25° which follows the
result of Brands [26] and when the intra-ply shear angle reaches more
than 25°, the theoretical and experimental values deviate from each
other. For the cross-plied UD prepreg, the shear angle deviates signifi-
cantly under all ranges of shear strain because of the contribution of
sliding at prepreg-prepreg interfaces as explained in Fig. 10(b). How-
ever, the dominance of inter-ply sliding and the occurrence of pure

stretching after the onset of wrinkling for woven fabric and cross-plied
UD prepreg causes the stabilization of shear angles at large strains.
Also, the results indicate that the shear angle increases with the increase
of shear rate for different combinations of material constituents. This
can be explained by the characterisation of viscous contribution of
epoxy matrix where the shear stress increases with the increase of shear
rate, and higher shear stress promotes more rotations of fibres to achieve
the specified deformation. The result from Larberg [25] proves that the
shear force increases with the increase of shear rate for cross-plied UD
prepregs and woven fabric prepregs [11,14]. However, the effect of
shear rate for the metal-composite laminate seems less sensitive
compared to their corresponding prepreg. The reason can be attributed
to the presence of a different force-transmitting mechanism and the
increase of contact surfaces. For pure fibre reinforced prepreg like
woven fabrics, the shear forces are transferred through fibre tows where
very small variations in shear force lead to deformation of the prepreg.
However, the shear forces for hybrid laminate are mainly transmitted
from metal sheet to the woven fabric prepreg at the metal-prepreg in-
terfaces. The intrinsic slow force response of the metal sheet and the
increased contact surfaces make it hard for the fibre tows to deform
sensitively within the studied shear rate ranges as shown in Fig. 14.
Another conclusion from the figures is that shear angle values at
specific strains for hybrid metal-composite laminates are lower than
their corresponding prepregs. This indicates that the support of metal
sheets reduces the shear deformation of fibre tows and thereby delays
the onset of wrinkling. The decrease of shear angles for hybrid laminates
is mainly due to the occurrence of friction at metal-prepreg interfaces
and the different strain state for the two materials during shearing.
Fig. 15 shows the test specimens for the pure prepreg and a one-side
metal-composite laminate at the shear strain of 30 %. The initial band
width for all materials on the pure shear zone is 40 mm, but it changes as
the shear strain increases. The band width for the stainless steel drops to
36.7 mm, while the attached cross-plied UD and woven fabric prepreg
width drops to 31.8 mm and 28.9 mm, respectively. After comparing to
their corresponding pure prepreg shear under the same condition, it is
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Fig. 12. Shear angle and strain curves of aluminium-fibre reinforced laminate
and its pure prepreg under different shear rates without normal pressure: (a)
Woven fabric structure; (b) Cross-plied UD structure.

obvious to validate the fact that the outer metal sheet limits the fibre
deformation by inducing the inter-ply friction. Meanwhile, the pure
prepregs are free to move or deform through the thickness direction
which are greatly constrained for the hybrid structures. Moreover,
another interesting phenomenon for woven fabric reinforced stainless
steel laminate in Fig. 15 is that the shear of woven fabric does not seem
to follow the theoretical PJN approach, where the band widths of the
assumed ‘half shear’ and ‘undeformed’ regions (circled in the figure) are
smaller than the ‘pure shear’ region. The lesser band width which results
in a higher shear angle can be attributed to the fact that the fibre tows
are clamped close to the tabs where a tensile force can be transmitted,
while the fibres in the middle of the specimen have freedom to move as
both ends are not clamped. Therefore, due to the relatively low force
transfer in the assumed ‘pure shear’ region of the woven fabric, the
displacement of the prepreg become less in this region under the same
friction conditions. Furthermore, the smaller band width for woven
fabric prepreg shown in the figure further validates that cross-plied UD
fibres are even more ‘free’ than the woven fabrics.

4.4. Preheat temperature

Preheat temperature is also one of the key factors which influences
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Fig. 13. Shear angle and strain curves of stainless steel-fibre reinforced lami-
nate and its pure prepreg under different shear rates without normal pressure:
(a) Woven fabric structure; (b) Cross-plied UD structure.

the intra-ply shear performance by altering the epoxy resin viscosity. In
this research, the resin viscosity decreases with the increase of preheat
temperature from room temperature (23 °C) to the temperature of 80 °C.
The residual thermal effects are ignored as the degree of cure is low
under these temperatures. Fig. 16 exhibits the effect of preheat tem-
perature on shear angles for woven fabric prepreg and its reinforced
hybrid laminates compared to the theoretical PJN assumption calcu-
lated by Eq.(1). The deviation of PJN behaviour for woven fabric pre-
preg gradually increases at high temperature and is even larger for its
reinforced hybrid laminate with aluminium alloy and stainless steel
structure. The increased deviation suggests that the dramatic drop in
resin viscosity at high temperatures triggers other deformation mecha-
nisms than just pure shear. As the intra-ply shear angle decreases with
the increase of preheat temperature for woven fabric reinforced metal
laminates and their prepreg constituent, it can be concluded that an
increased inter-tow slippage at higher temperature for the woven fabric
prepreg affects the shear. This can also be found from Khan’s research
[15] that the elevated temperature testing of woven prepreg promotes
inter-tow slippage and higher temperature leads to earlier deviation
from PJN assumptions. As depicted in Fig. 17(a), the kinematic
assumption of PJN theory is well maintained at room temperature for
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Tow-tow contact

Fibre tows

Fig. 15. Picture of test-specimens to the shear strain of 30 % at room tem-
perature for different material combinations without normal pressure (UD-
Cross-plied unidirectional fibre prepreg, WF-Woven fabric prepreg, Ss-
Stainless steel).

the woven fabric prepreg as the viscous resin can act like a pin at cross-
over points and the inter-tow slippage is limited. When increasing the
temperature, the decreasing resin viscosity lowers the stiffness of the
material in shear deformation and inter-tow slippage tends to occur. In
order to validate the existence of inter-tow slippage at high temperature,
test specimens in actual shear response of 30 % strain for woven fabric
prepreg at room temperature (RT) and 80 °C are presented on the right
side of Fig. 18. It is found that the band width on the pure shear region at
RT is relatively small compared to the width when tested at 80 °C. A
close-up view of the central shear region shows that the intra-ply rota-
tion angle « is higher at higher temperature (80 °C) and this indicates
that inter-tow slippage becomes much easier with more viscous resin
displacing out of the fibre tows and the overall resistance towards intra-
ply shear decreases. Furthermore, Fig. 16 reveals that the values of shear
angle at specific strains for hybrid laminates with woven fabric are lower
and the effect of preheat temperature seems to be more sensitive

Metal-tow contact

(b)

Fig. 14. Schematic of the force transmitting and contact surfaces: (a) Woven fabric prepreg; (b) Metal-composite laminate.
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Fig. 16. Shear angle and strain curves of woven fabric reinforced-metal lami-
nate and its pure prepreg under different preheat temperatures without normal
pressure: (a) Aluminium alloy structure; (b) Stainless steel structure.
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Fig. 18. Picture of test-specimens to the shear strain of 30 % at room temperature and 80 °C for pure composite prepregs (UD-Cross-plied unidirectional fibre

prepreg, WE-Woven fabric prepreg).

compared to the pure woven fabric prepreg. It has already been shown
that the support of metal sheet creates more friction at metal-prepreg
interfaces which restricts the rotation of fibre tows. However, the
elevation of temperature lowers such inter-ply friction and thus further
decreases the intra-ply shear angles.

The temperature trends are interestingly contrasting for the cross-
plied UD prepreg and its reinforced metal laminates under the same
conditions. As shown in Fig. 19, the PJN behaviours are invalid for all
cross-plied UD type of materials while the increase of preheat temper-
ature makes it more closer to the theoretical PJN curve. The increase in
shear angle as the temperature increases is mainly due to the different
shear behaviour of UD materials compared to woven fabrics. As

11

mentioned in the previous section, there are no physical links enabling
the PJN kinematics for the cross-plied UD layers at room temperature
and rotation as well as sliding is allowed through the viscous resin. At
higher temperature like 80 °C, the viscosity of the resin decreases and
reduces its capability as a lubricant between the plies, and thus
providing more opportunities for the frictional interaction between the
cross-plied UD fibres. This kind of quasi-physical linking can act like PJN
approach, and increase the shear angle at higher temperature. The same
observation is found in the literature [15] that maximum shear angles at
elevated temperature are higher than those at RT as the viscous resin
provides more contact between UD layers. The schematic graph shown
in Fig. 17 (b) shows that although the increasing temperature
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Fig. 19. Shear angle and strain curves of cross-plied UD reinforced-metal
laminate and its pure prepreg under different preheat temperatures without
normal pressure: (a) Aluminium alloy structure; (b) Stainless steel structure.

accelerates the slide at prepreg-prepreg interfaces, the dominance of
inter-layer bonding increases the shear angle. The test specimens for
cross-plied UD prepreg shown in Fig. 18 exhibit that the intra-ply
rotation angle a decreases as the temperature increases. Meanwhile, it
is measured that the specimen width is narrow for cross-plied UD pre-
preg at 80 °C and a close-up view of the central shear region witnesses
obvious fibre wrinkling due to the occurrence of higher shear angle y at
this temperature. The shear angle of the cross-plied UD fibre reinforced
metal laminates follows the same trend as their pure cross-plied UD
prepreg, despite the lower value of intra-ply shear angle at specific
strains. The reason can also be explained by the less fibre rotation
because the occurrence of friction at the metal-prepreg interfaces.
However, the result from Fig. 19 reveals that the effect of temperature is
no longer sensitive for the cross-plied UD fibre reinforced metal lami-
nates as the decreasing friction at the metal-prepreg and prepreg-
prepreg interfaces conflicts with the inter-ply bonding of UD fibres at
high temperatures.

4.5. Normal pressure

Normal pressure is not taken into account for the shearing of fibre
reinforced prepregs through bias-extension test, while the effect of
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Fig. 20. Shear angle values at two strains for aluminium alloy-fibre reinforced
laminate and its pure prepreg under different normal pressures: (a) Woven
fabric structure; (b) Cross-plied UD structure.

normal pressure is vital for the investigation of intra-ply shear charac-
terisation of hybrid metal-composite laminates to obtain a situation
which will be relevant for forming experiments. Figs. 20 and 21 exhibits
the values of shear angle at two different shear strains for the aluminium
alloy and stainless steel based fibre reinforced laminates under different
normal pressure conditions. The results are also compared with the
theoretical PJN method and their pure fibre reinforced prepreg to un-
derstand how it affects the intra-ply shear behaviour. The result in-
dicates that the support of metal sheet and normal pressure greatly
decrease the shear angle of fibre reinforced prepregs for both woven
fabric and cross-plied UD types at the same strain. As stated in previous
section that the outer metal sheet induces friction between the metal and
prepreg layers, the increase of normal pressure further increases the
friction and lowers the shear deformation of the prepreg layers. Besides,
the hybrid metal-composite laminates with cross-plied UD structure
shown in Fig. 20(b) and 21(b) seem to be more sensitive to normal
pressure at different levels of strain as compared with hybrid woven
fabric structures shown in Fig. 20(a) and 21(a). The decrease of shear
angle for woven fabric reinforced metal laminate is<15 % and 45 %
under the normal pressure of 0.1 MPa and 0.6 MPa, while the shear
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Fig. 21. Shear angle values at two strains for stainless steel-fibre reinforced
laminate and its pure prepreg under different normal pressures: (a) Woven
fabric structure; (b) Cross-plied UD structure.

angle reduction for the hybrid cross-plied UD structures is more than 30
% and 60 %, respectively. This demonstrates that the frictional response
is much higher for the hybrid cross-plied UD structures as more resin
squeezes out from the prepreg-prepreg interface to the metal-prepreg
interface as the normal pressure increases. Therefore, further compac-
tion of the hybrid laminates seems impossible because the inter-ply
friction would largely increase and damage may occur when the resin
is squeezed out and the fibres have direct contact with the metal surface.
The specimens shown in Fig. 22 corroborate the explanation that the two
cross-plied UD layers undergo higher friction resulting in a larger band
width coupled with the hard-to-move fibre tows. Furthermore, the
unpressurised shear regions (Circled in the figure) undergo higher shear
deformation than the specimen applied with zero normal pressure; in
this situation the shear deformation is concentrated in these regions. The
result makes it abundantly clear that the application of normal pressure
has a huge effect on the shear properties of metal-composite laminates.

5. Conclusions

The intra-ply shear angle which is the evaluation parameter in the
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Fig. 22. Picture of test-specimens to the shear strain of 45 % at RT under two
normal pressures for hybrid laminates (UD-Cross-plied unidirectional fibre
prepreg, WF-Woven fabric prepreg, Ss-Stainless steel).

shear characterisation for hybrid metal-composite laminate has been
measured using a modified bias-extension test. Various combinations of
material constituents as well as the influenced processing parameters
such as shear rate, preheat temperature and normal pressure were
investigated and compared. The results indicate that the shear mecha-
nism of woven fabrics and cross-plied UD fibres is affected and intra-ply
shear deformability of the hybrid materials is highly controlled by the
viscosity state of epoxy resin and the application of external normal
pressure. These parameters have significant influence on a number of
output parameters like shear stress, shear angle, inter-tow and inter-ply
sliding. This paper contributes to the material selection, process design
and modelling for the forming of double-curved products using hybrid
metal-composite laminates. It can be concluded that:

(1) The support of metal sheets generally reduce the shear angles in
the modified BE test due to the differences in contraction between
metal sheet and composite layers, and the variations in shear
angles for hybrid laminates are mainly caused by the friction at
the metal-prepreg interface. The intra-ply shear deformability of
the fibre reinforced stainless steel laminate can be greatly
improved as the failure strain increases 5-10 % with the delay of
fibre wrinkling.

(2) The effects of shear rate and preheat temperature on the shear
angles of hybrid metal-composite laminate follow the trends of
their corresponding prepregs. The shear angles increase with the
increasing shear rate for all material combinations while the
growth is less sensitive (<5 %) at different shear strains especially
for hybrid laminates. However, the effect of preheat temperature
differs in two prepreg systems. The shear angles decrease with the
increasing preheat temperature for pure woven fabrics and the
reduction for woven fabric reinforced metal laminate is becoming
larger (greater than20 %). But the shear angle undergoes a small
increase as the temperature increases for cross-plied UD struc-
tures especially for the cross-plied UD reinforced metal laminates
(<10 %).
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(3) The shear angles show a sharp decrease when applying the
normal pressure on the central shear region. The decrease of
shear angle for woven fabric reinforced metal laminate is 15 %
and 45 % under the normal pressure of 0.1 MPa and 0.6 MPa,
while the shear angle reduction for the hybrid cross-plied UD
structures is 30 % and 60 %, respectively. The maximum value for
the applied normal pressure is 6 bar as it may cause defects or
even damages for the hybrid materials. Besides, it is better to
apply the normal pressure on the entire shear region rather than
the central region, which is more realistic for practical
applications.

The pure PJN theory is only valid for the woven fabric prepreg up
to 20-25° and the woven fabric reinforced metal laminates are
more suitable to deform under low strain conditions. And for the
hybrid material deforming under large strain conditions, cross-
plied UD reinforced metal laminates are more favourable. Even
though the size and edge effects of the metal sheet and fibre
prepreg are not considered in the modified bias-extension test,
the work provides good insights on the press forming of uncured
hybrid laminates which is relevant for material selection and
process optimization.
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