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Forming process with pre-stacked and uncured thermoset fibre metal laminate offers improved deformability
compared to full-cured laminate especially for the production of complex structural components. This work
investigated the friction behaviour at the metal-prepreg interface of glass fibre reinforced aluminium laminate
through an inter-ply friction test. The influence of sliding velocity, normal force, fibre orientation and resin
viscosity coupled with temperature on static and kinetic friction coefficients were studied. The kinetic friction

behavior in the transition region between mixed and hydrodynamic lubrication, showed a good agreement with
the Stribeck-curve theory. While for the static friction, a modified Coulomb friction model was found to fit the
experimental results. These models were translated into a phenomenological inter-ply friction model which was
incorporated into Abaqus/Explicit as a user-defined friction subroutine for verification. The findings contribute
to the development of the forming process with fibre metal laminates.

1. Introduction

Fibre metal laminates are the type of lightweight composite mate-
rials made by alternating layers of fibre reinforced polymers and thin
metal sheets. The hybrid structure achieves superior properties over its
constituents, especially in fatigue resistance and corrosion [1,2]. For
thermoset based fibre metal laminate like glass fibre reinforced
aluminium laminate (GLARE), the matrix obtains its properties through
a cross-linking process, also referred to as curing. This cross-linking
mechanism is irreversible and usually performed in autoclaves to
apply the required temperatures and pressures [3]. However, the latest
development in resin pre-treatment technology has made it possible to
deform fibre metal laminate with thermoset prepregs, instead of auto-
claving, offering relatively short cycle times while retaining the excep-
tional mechanical performance as the autoclaved laminate [4,5].

Fig. 1 shows the proposed hot-pressing process of fibre metal lami-
nate which aims at preforming an initial flat blank into the final 3D
shape. The main step involves preheating the pre-stacked laminate prior
to curing stage thereby decreasing the resin viscosity and increasing the
ease of deformation, in particular the inter-ply friction. Temperature
and time are two critical factors that need to be carefully controlled as
the initiation of resin cure would increase the stiffness of the prepreg and
hamper the laminate from deforming. After that, the preheated blank is
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transferred to a designed mould which combines the thermoforming and
curing process. The process combines sheet metal forming and com-
posite forming methods for manufacturing the final product without
losing much mechanical performance. Also, preforming an initial flat
blank requires the laminate that deforms following the desired shape in
a predictable and repeatable way without the occurrence of fracture,
wrinkles and other possible defects [6,7]. This method is achieved by
allowing the individual layers to deform by the intra-ply shear within
the prepreg and inter-ply sliding in-between the metal sheets and pre-
preg layers.

Most of the recent papers on the frictional properties of thermoset
materials are limited to unidirectional reinforcements and woven fabrics
without metal layers. These studies show that processing parameters
such as temperature, sliding rate and normal force greatly influence the
degree of sliding deformation within and in-between the layers [8-12].
Martin et al. [13] studied the frictional resistance of woven thermoset
prepreg layers and proposed that the friction coefficient depends on the
prepreg system and temperature, and that prepreg with a higher vis-
cosity and high amount of resin at the sliding surface exhibited lower
frictional resistance. Akermo et al. [14] investigated the frictional
properties of a unidirectional carbon/epoxy prepreg and found that fibre
orientation greatly influences the friction coefficient at the
prepreg-prepreg interfaces. The interfaces where 0° and 45° prepreg
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layers contact each other show the highest inter-ply friction while 0°/0°
interfaces exhibit friction values similar or lower than 0°/90° interfaces.
Therefore, resin rheology, fibre architecture and fibre orientation
significantly influence the inter-ply friction coefficient for the thermoset
polymers.

Generally, there exist two main approaches in the simulation of the
forming process of composite laminates. For the micromechanical
approach: all the components of composite layers are modelled
including fibres and matrix. This method is supposed to be more realistic
but it requires partitioning the model into small pieces, making the
simulation complex and time-consuming [15]. The meso-level approach
regards the composite layers as a homogeneous and continuum material
which can be discretised into shell or solid elements. Usually the ad-
hesive region between adjacent layers is simulated by using a cohesive
layer with zero thickness [16,17]. This method is preferred to analyse
damage problems like fracture and delamination by adopting a softening
relationship between traction and separation based on cohesive law.
However, these problems are less likely to occur as the inter-ply fric-
tional force seems hard to reach the maximum normal/shear cohesive
traction in the research. Besides, the three independent parameters for
the cohesive model are difficult to obtain and unable to be adjusted in
the applied processing conditions. Therefore, a frictional contact model
applied at the interfaces can be a simple alternative method when
considering relative motions of individual plies [18].

In previous frictional models for composite materials, researchers
performing the forming simulation assume a constant friction coefficient
at the tool-ply and ply-ply interfaces due to the lack of friction data [19,
20]. However, studies discovered that the friction coefficient greatly
affects the reaction force of the tool as well as the formability and
stress-strain relations on the laminate throughout the duration of the
forming process. Fetfatsidis et al. [9] studied a hemisphere stamping
simulation on woven fabric composites and found that the punch force is
more than halved when using a friction coefficient of 0.1 versus the
conventional 0.3. Mosse et al. [21] developed a finite element model for
simulating the stamp forming process of thermoplastic based fibre metal
laminate materials. He compared a friction coefficient of zero similar to
the stamping at high temperatures where the layers can slide over each
other and a very high friction coefficient of 100, corresponding to fully
coupled layers at low temperatures. Results indicated that the coupled
layers result in higher strains accompanied with wrinkling in a critical
corner region whereas the friction-less model had a more accurate
representation of the experimental surface topology and strain features.
The determination of friction phenomenon plays a significant role in
establishing the frictional contact model for the finite element forming
simulations.

This work aims to characterise the inter-ply friction under various
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sliding effects of the thermoset based fibre metal laminates like the
GLARE materials. In the research, static and kinetic coefficients of fric-
tion at the metal-prepreg interface considering the influence of normal
force, sliding velocity, fibre orientation and resin viscosity coupled with
temperature are quantified using a designed friction-test apparatus. The
two types of friction coefficient obtained from experimental results are
analysed to fit the current existing friction models. Then, the process
parameters for a low frictional resistance can be calculated. The study
finally aims to incorporate the inter-ply friction model into a finite
element simulation which could be applied in hot-pressing process.

2. Theory of friction models

Friction models between two surfaces in contact generally consist of
two mechanisms. If no fluid separates the interface, the friction is gov-
erned by the force normal to the dry surface which is usually described
as Coulomb friction. The Coulomb coefficient of friction can be written
as [22]:

F=N (€]
wherepuis the friction coefficient, and Fis the pull-out force required to
overcome the normal force, N. This equation has been applied by a
number of researchers in determining the effective friction coefficient of
metal-fabric and metal-polymer interfaces [23-25]. However, Ajayi [26,
27] investigated the Coulomb friction effects under an isothermal con-
dition at room temperature for cotton and wool fabrics interacting with
fabric and rubber surfaces. He found that the coefficient of Coulomb
friction decreased with increasing normal force while the simple linear
relation between frictional resistance and normal pressure was not valid
for fabrics. The effective contact surface including the types of fabric
structure and the changes in yarn geometry affected the friction, while
the increasing sliding velocity exhibited no consistent change in friction
coefficient. Therefore, he noted that the relationship between normal
force and friction force can be described as:

F=knN" ®))

where F is the friction force,Nis the normal force, kand nare the fric-
tional constant and index which can be determined from a regression
analysis performed on the experimental data.

Besides the Coulomb friction which occurs between dry surfaces,
purely hydrodynamic friction exists when two surfaces in relative mo-
tion are completely separated by a fluid film. In this case the friction can
be predicted in terms of the traction force acting on the film, ignoring
the effect of surface roughness on the friction [28]. The hydrodynamic
friction is independent of the normal force under steady load conditions,
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Fig. 1. Proposed hot-pressing process of fibre metal laminate manufacturing.
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but depending on resin viscosity and shear rate as shown:
=1y 3

where 7is the shear stress, 7 is the viscosity of the matrix, y is the shear
rate. In addition to the two friction mechanisms, Wilks [29] designed a
pull-out test that uses springs to apply normal pressure and pulls a thin
metal sheet from two platens covered with a pre-consolidated fibre--
glass-polypropylene fabric. He analysed the effect of processing pa-
rameters on shear stress zand established a friction model accounting for
the effect of both Coulomb friction and hydrodynamic friction as shown:

T=u-PN +n-y 4

whereyis the Coulomb friction coefficient,PNis the normal pressure, #is
the viscosity and 7 is the shear rate. Based on the experiments, he found
that the shear rate had the largest effect on the shear stress, followed by
normal pressure and viscosity influenced by temperature.

Clifford [30] optimised the Wilks’ friction model by adding a term
for the effective contact ratio on Coulomb friction by investigating
tool-ply friction interaction for thermoplastic composite sheet between
two steel plates. His analytical model considered both Coulomb friction
and experimentally obtained viscous resistance of the polymer film due
to the variation in shear stress with pull-out rate and temperature,

T=¢-p-PN + 1y )

where gis the ratio of dry fibre regions in effective contact to the whole
mould surfaces. The models showed good agreement with experimental
results for shear stresses larger than 0.02 MPa.

Stribeck developed a theory to describe various types of friction
mechanisms in relation to sliding velocity, bearing pressure and lubri-
cant viscosity in tribology [31,32]. He identified that at low sliding
velocities, surface asperities coming into contact dominate and lead to
high friction coefficients (called boundary lubrication), wheras at high
velocities the normal pressure is dominated by hydrodynamic pressure
resulting in low friction coefficients (called hydrodynamic friction). The
so called Stribeck-curve which plots the relation of friction coefficient
versus Hersey number shown in Fig. 2, exhibits the characteristic tran-
sition region between boundary, mixed and hydrodynamic lubrication.
The Hersey number H, also referred as the Stribeck number, can be
interpreted as a normalised sliding velocity as a function of matrix vis-
cosity, 7, sliding velocity, v, and normal force, N,

nv
H— N (6)

Fig. 2 demonstrates a theoretical Stribeck curve and shows the three
lubrication regimes based on the type of friction mechanisms. The first
region is governed by boundary lubrication where the fluid film is
negligible resulting in the friction similar to Coulomb friction. The
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Fig. 2. Stribeck curve on friction coefficient versus Hersey number, indicating
the range of Chow’s research [25].
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second part is an elasto-hydrodynamic mode friction, which is also
referred as mixed lubrication. This mode would gradually transfer into a
third hydrodynamic (full-film) region when the lubrication layer be-
comes thicker. The surfaces in this area are completely separated by a
fluid film and the friction coefficient increases as the lubrication layer
thickness increases. The curve provides a qualitative explanation of the
mechanism influencing the friction coefficient for a range of processing
parameters such as normal force, sliding rate, resin viscosity and tem-
perature. This theory has been applied to study the friction at the in-
terfaces of different composite laminates as well as the tool-ply
interactions [9,12,33]. Chow [25] proposed an analytical model for
friction behaviour of a glass-polypropylene woven fabric between the
forming binder and die from the test results. He predicted the effective
friction coefficient that can be used in numerical simulations under
different processing values by incorporating weighted effects of
Coulomb and hydrodynamic friction models. The results demonstrated
the transition between these two friction mechanisms for various com-
binations of experimental parameters fitted to a corresponding rela-
tionship of the Stribeck curve.

The combination of normal force and sliding velocity in Eq. (6) can
be adjusted to obtain equal Hersey numbers at a constant viscosity.
Consequently, the friction coefficients are expected to be equal in a
particular surface interaction with equal Hersey numbers. As polymer
viscosity is dependent on the processing history, a rheological model
needs to be established for the calculation of Hersey numbers. At a given
temperature, the viscosity for thermosets evolves as a function of the
degree of cure. The empirical formula for temperature and degree of
cure dependent viscosity model of the thermoset matrices can be
expressed as [34,35]:

/\E
=1 eXp(—RT'7 + kac) )

where 1, is the initial viscosity, /\Eyis the viscous activation energy, kis
a constant, Ris the universal gas constant and Tis the absolute temper-
ature in Kelvin. Once the test temperature and degree of cure for a
certain epoxy thermoset is determined, the viscosity can be obtained
using the rheological equation. Then, the relationship between friction
coefficient and Hersey number considering viscosity and temperature
effects can be discussed further in section 5 of the paper.

3. Experiment
3.1. Material

The material systems used in this study are the aerospace graded
fibre metal laminates named as GLARE which are glass fibre reinforced
aluminium laminates. The experimental samples were made of three
0.5-mm thick 2024-T3 aluminium sheets and two layers of glass fibre
reinforced unidirectional prepreg S2-glass/FM-94 epoxy. Each glass
fibre layer included two prepreg plies and the nominal thickness was
0.18 mm for each ply. The unidirectional fibre oriented at 0° direction
corresponded with the rolling direction of the aluminium sheet. Prior to
assembling, the aluminium surfaces were pre-treated with chromic acid
anodising and primed with BR 127 for corrosion inhibiting [36-39]
because the surface treatment has a great influence on the friction
studied in the research. Conventional manufacturing process for GLARE
materials was through standard autoclave cycle with 1-h curing at a
maximum temperature of 121 °C and an autoclave pressure of 6 bar. In
this research, the laminate samples were pre-stacked and pre-heated
following the cycles shown in Fig. 3. The specimen underwent an
initial heating rate of 5 °C/min to the target temperature and subsequent
holding to a constant time of 20 min. The layup configuration and
thickness of pre-stacked laminates in the research are presented in
Table 1.
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Fig. 3. Preheat temperature and time cycles for the pre-stacked
GLARE materials.

3.2. Setup

Current friction measuring methods consider the effects of normal
force, pull-out velocity and temperature, while other factors which are
critical in composite forming process such as resin viscosity and fibre
orientation have not been taken into account [22-25]. Modifying the
ASTM standard D 3528 [40] which is used to determine the tensile shear
strengths of adhesives for bonded metals, an inter-ply friction test
apparatus based on a double lap specimen which allowed for testing at
various conditions, was designed for the measurement of the friction
coefficient at the metal-prepreg interface. Instead of bonding and curing
through standard autoclave cycle, the outer prepreg layers could slide
along the pre-treated aluminum sheets and the inner layers may slide
relative to one another under specified normal loads. The heated resin
was not only the matrix material of the resulting prepreg but also acted
as a lubricant as the prepreg slides between two metal plates. The sliding
friction had been shown to follow the stribeck-curve hypothesis as stated
in section 2, where hydrodynamic lubrication assumed the contacting
surfaces were fully separated by a fluid film and elasto-hydrodynamic
lubrication accounted for the deformation of the surfaces.

The schematic diagram and dimension for the laminate sample was
presented in Fig. 4 and a normal force was applied on top and bottom
aluminium sheets by a clamping loadcell (40 x 40 mm?) using fine
thread locking screws as shown in Fig. 4(c). The force was measured by
strain gauges in a wheatstone bridge, which were installed on the central
region of the clamping loadcell. Fig. 5 (a) exhibits the calibration test of
the normal force and the result shown in Fig. 6 was used as the reference
values for different test temperatures. The apparatus was used in a
Zwick-20kN tensile/compression machine with a temperature chamber.
The samples were put into the tensile machine and clamped by the
loadcell in normal direction shown in Fig. 5 (b). The loadcell along the
pull-out direction was fixed by a rope and the normal force can be
adjusted to selected values through the rotating shaft. The temperature
inside the chamber can be preset and read by a thermocouple in contact
with the aluminium sheet. Other variables such as fibre orientation and
sliding velocity can be altered by layup design and manual input.

The load-displacement relationships under different conditions were

Table 1
Details of layup configuration and thickness of pre-stacked laminates.
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measured up to a pull-out displacement of 20 mm. Because the clamping
apparatus has two friction surfaces in contact with the top and bottom
aluminium sheets, a factor of two is included in the denominator of
Coulomb’s Law to obtain the experimental coefficient of friction as,

F

= (8

H
where Fis the pull-out force obtained from the experiments and Nis the
set value of the normal force applied by the clamping loadcell. The
friction coefficient calculated from Eq. (8) was extracted from test data
until the normal force begins to drop, and at least three samples were
tested for each test configuration.

To investigate the influences of different parameters on the friction
coefficient at the metal-prepreg interfaces, a set of value ranges were
chosen for these parameters. Experiments were conducted varying one
or two parameters at a time while keeping all other parameters at their
baseline value. Table 2 lists the parameters investigated for the friction
test. These selected parameters were designed to show whether the
relationship between the friction coefficient and Hersey number fol-
lowed the trend of a Stribeck curve. Equal Hersey numbers determined
through various normal force and sliding velocity combinations should
result in equal friction coefficients. Therefore, two sets of test parame-
ters were selected for each of the nine Hersey numbers (Table 3) where
the constant viscosity (10) for the experimental prepreg was assumed to
be around 10* Pa s at room temperature (23 °C) [41].

For the fibre-reinforced epoxy FM-94 applied in the experiment, the
viscosity was mainly influenced by the temperature and degree of cure.
According to Eq. (7), three modelling parameters should be determined
and applied in the viscosity model. From prior research and model
fitting procedure [42-44], the rheokinetic model constants for FM-94
epoxy in Eq. (7) are given in Table 4. Fig. 7 reveals the predicted cure
development of the FM-94 epoxy at different test temperatures including
the degree of cure as a function of time and the viscosity evolutions. In
this research, inter-ply friction experiments on pre-stacked fibre metal
laminate were conducted at the preheat temperature of 40, 60, 80, 100,
120 °C and those temperatures were kept constant for the entire preheat
period. Because the whole process consists of an initial heating ramp and
subsequent holding at the preheat temperature, the viscosity was
calculated at the final stage of preheating. Viscosity values used in the
friction model with a constant preheat time of 20 min are calculated by
Eq. (7) shown in Table 5. Incorporating the viscosity parameters into
Hersey number (Eq. (6)), the relationship between the friction coeffi-
cient and Hersey number at various temperatures can be obtained to see
if they fit the Stribeck curve.

4. Results and discussion

All the results for the pull-out force and displacement relationship
follow the same general trend shown in Fig. 7. Firstly, the laminate
samples experience elastic deformation where the pull-out force in-
creases sharply and reach a peak without movements at the metal-
prepreg interfaces. This force corresponds to the static friction force
required to initiate sliding between surfaces. After that, the load drops
quickly and reaches a steady sliding corresponding to kinetic friction.
This kind of stick-slide phenomenon could be analogous to the Stribeck-
curve theory, where the interfaces overcome a boundary condition with
high friction, break surface asperities and establish a lubrication layer
that leads to the occurrence of kinetic sliding. In Fig. 8, point A

Structure Stacking configuration

Total Thickness

GLARE 3/2 Al/[0/0]1/A1/[0/0]1/AL
Al/[45/45]/Al1/[45/45]/A1

Al/[90/90]/A1/[90/90]/A1

2.22 mm

UD Prepregs
(S2 glass fibre +
FM-94 epoxy)

Al 2024-T3 =

Glare 3/2
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Fig. 4. (a)Schematic diagram and (b) Dimension for the inter-ply friction test, (c) Details of the clamping loadcell unit.
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Machine

Transducer

Fixed Rope

Strain Gauge

Temperature
Clamping Chamber

Loadcell
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Fig. 5. Experimental setup and apparatus: (a) Calibration test of the normal force; (b) Inter-ply friction test.

represents the initial static peak force, and the displacement was forces at point A and B were used in Eq. (8) to calculate the values for the
calculated to be less than 0.5 mm. The displacement at point B for steady static and kinetic friction coefficients, respectively. Based on the ob-
sliding was assumed to be 10 mm for all test configurations as the tained experimental results, an investigation considering different
normal force gradually drops after that in the experiment. The pull-out sliding parameters on the friction coefficient and the initial fitting of the
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Table 2
Test parameters used for inter-ply friction experiments.

Parameter Baseline value Additional values investigated
Normal force (N) 500 100, 200, 300, 600, 1000
Sliding velocity (mm/min) 10 5, 15, 20, 30, 40
Fibre orientation (%) 0/0 45/45, 90/90
Preheat temperature (°C) 23 40, 60, 80, 100, 120

Table 3

Test conditions for Hersey number studied at room temperature (70 ~ 10*Pa- s).

Test Hersey number m™Y Velocity (mm/min) Normal force (N)
A-1 1.67E-3 5 500
A-2 1.67E-3 10 1000
B-1 2.78E-3 5 300
B-2 2.78E-3 10 600
C-1 3.33E-3 10 500
C-2 3.33E-3 20 1000
D-1 4.17E-3 5 200
D-2 4.17E-3 15 600
E-1 5.0E-3 15 500
E-2 5.0E-3 30 1000
F-1 6.67E-3 20 500
F-2 6.67E-3 40 1000
G-1 8.33E-3 5 100
G-2 8.33E-3 15 300
H-1 1.67E-2 10 100
H-2 1.67E-2 30 300
I-1 3.33E-2 20 100
I-2 3.33E-2 40 200

Table 4

The constants used in the viscosity model (Eq. (7)) for FM-94 epoxy [39-42].
noo (Pa-s) A\En (kJ /mol) k
3.38E-3 36.67 10.44

Stribeck curve for the inter-ply friction model was considered.

4.1. Effect of normal force and sliding velocity

Fig. 9 shows the experimental results of the static and kinetic friction
coefficients and illustrates the influence of normal force on the inter-ply
friction tested at various sliding velocities. For the test values in the
figure, two other factors, the fibre oriented at 0°/0° and the room

Composites Part B 227 (2021) 109400

temperature of 23 °C, were kept at the baseline values. It can be seen
that both the static and kinetic friction coefficients increase with the
increasing sliding velocity and this relationship suggests that friction is
characterised by Newtonian shearing of the epoxy matrix where shear
stresses increase with the increasing shear rate. In contrast, the friction
coefficient decreases with the increasing normal force and the kinetic
friction drops before reaching a minimum value and plateau. One
explanation is that for low normal forces, interfaces between fibre
reinforced prepreg and pre-treated aluminium sheet have a relatively
rough surface contact with high asperities. Although higher frictional
forces are required to pull the adjacent surfaces apart as the normal force
increases, the oriented fibres as well as asperities at the contacting in-
terfaces can be flattened out, resulting in a reduction of the roughness
and consequently, the friction coefficients. The sketch of this phenom-
enon is illustrated in Fig. 10 and upon increasing the normal force,
further compaction of the laminate seems impossible because the fric-
tional force would greatly increase and even damage may occur when
the fibres in prepreg have direct contact with the aluminium surface.

Cross-section Micrographs of the sample perpendicular to the sliding
direction after the friction test (Fig. 11(a)) are shown in Fig. 12. The
samples are tested with a normal force of 200 and 1000 N at the tem-
perature of 80 °C. Two fibre reinforced composite layers are separated
by three aluminium sheets shown in white regions and the interfaces can
be perfectly discerned. The thicknesses of each prepreg are varied after
the friction test because of the different intraply viscous effects at
specified conditions and four values at different areas are measured to
obtain an average thickness. The thicknesses measured on the micro-
graphs showed that a normal force of 1000 N leads to a higher degree of
compaction compared with a lower normal force of 200 N. The nominal
thickness for each preperg layer is 360 pm. The average thickness after
performing the friction test with a normal force of 200 N is 292.3 pm,
while it is calculated to be 270.9 pm on average with a normal force of
1000 N. It can be concluded that the thickness decreases with the normal
force increases and that thickness reduction leads to a lower friction
coefficient.

The tests conducted to examine the effect of normal force and sliding
velocity on the friction coefficient are presented to determine the
applicability of the Stribeck curve for this research. The results in Fig. 13
are plotted with the average experimental results for the inter-ply fric-
tion samples. Upon fitting these experimental results, it is determined
that the Hersey numbers investigated at room temperature for kinetic
friction coefficient look to fall into the hydrodynamic lubrication region
in the Stribeck curve (Fig. 2), as the region appears exponential and has
a positive slope similar to the trend indicated by the experimental results
(Fig. 13(a)). It is observed that equal Hersey numbers do obtain equal
friction coefficient within the standard deviation and the kinetic friction
values gradually stabilise as the Hersey number gets smaller. For the
static friction coefficient curve plotted in Fig. 13 (b), the trend follows a
power law which does not correspond to the Stribeck curve and there-
fore cannot be explained with the known concept of fluid lubricated
contacts.

4.2. Effect of fibre orientation

Orientation of the unidirectional fibres within the prepreg varies
during the forming process, and the potential effect for different fibre
orientation such as 0°/0°, 45°/45° and 90°/90° on friction was inves-
tigated. The results showed that fibre orientation did not affect the co-
efficients of static friction. This outcome is mainly due to the fact that
the fibre orientation in the prepreg has little impact on the fibre asper-
ities and initial degree of intimate contacts, which mostly decide the
evolution of static friction. However, the Kkinetic friction behaves
differently under various conditions of normal force and temperature.
Fig. 14 exhibits the experimental results of these two sliding effects in
three different fibre orientations and the other variables are kept at their
baseline values. It is shown that the kinetic friction coefficient decreases
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Fig. 7. Predicted cure development of FM-94 epoxy at different test temperatures:(a) Degree of cure; (b) Viscosity.

Table 5
Computed viscosity used in the friction models with a constant preheat time of
20 min.

Temperature (°C) Degree of cure Viscosity (Pa-s)

23 0 9997.8
40 0.001 4501.3
60 0.004 1993.1
80 0.008 981.5
100 0.011 518.3
120 0.016 299.2

Pull-out force (N)

Displacement (mm)

Fig. 8. Schematic curve of pull-out force and displacement relation for the
friction test.

as the normal force or temperature increases. The fibre oriented at 45°/
45° exhibits the highest kinetic friction coefficient while the 0°/0° layup
interfaces show a lower friction coefficient compared with 90°/90° in-
terfaces under the same conditions. The difference implies that the
presence of 45° and 90° plies increase interfacial shear stress because of
the interlocking phenomenon when fibre orientation and aluminium
rolling direction deviates. The effects of fibre orientation become more
distinct with the increase of temperature, which suggests that the in-
teractions at the metal-prepreg interfaces occur by the direct contact
between the oriented fibres and aluminium surface at elevated
temperatures.

The trend can be further explained through investigation of micro-
graphs of the sliding surface and cut-outs. Sliding surfaces are performed
by a digital microscope to recognize the variations of sliding length in
Fig. 11(b). The fibre orientation of 45°/45° and 90°/90° at room tem-
perature coupled with the temperature at 80 °C after the inter-ply
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Fig. 9. Friction coefficients as a function of normal force and sliding velocity at
room temperature: (a) Static; (b) Kinetic.
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Fig. 10. Sketch for illustrating the effect of normal force and temperature after the friction test.
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Fig. 11. Sketch of the laminate sample after the friction test: (a) Cut-outs; (b) Sliding surfaces.

Fig. 12. Cross-section micrographs after friction test performed with a normal force of (a): 200 N and (b)1000 N at the temperature of 80 °C — ( x 80).

friction test are shown in Fig. 15. A corresponding pull-out of fibre
reinforced prepregs can be observed with the movement of middle
aluminium sheet. At room temperature, the average sliding length for
the 45°/45° layup prepreg is 6.22 mm and the value increases to average
6.75 mm with the orientation of 90°/90°. The increase in prepreg sliding
length means a lower frictional resistance at the interface. Even though
the maximum displacement for both layups shows a positive elevation at
high temperature, the laminate with 45°/45° interfaces exhibits a
decrease in sliding length of prepreg on the bottom side. This phenom-
enon can be explained by the occurrence of intra-ply shear for 45°/45°
interfaces while layups of 0°/0° and 90°/90°only undergo inter-ply
sliding during the friction test. The inter-ply sliding dominates the
evolution of friction coefficient while intra-ply shear within the prepreg
also contributes to friction. Therefore, the 45°/45° interfaces have the
highest kinetic friction coefficient values compared with the 0°/0° and
90°/90° interfaces. In addition, the shearing phenomenon at elevated
temperature demonstrates that decreasing viscosity has a positive in-
fluence on both inter-ply sliding and intra-ply shear behaviours. Fig. 16

shows that the cross-section thickness slightly drops from for 45°/45°
interfaces to 90°/90° interfaces at the temperature of 80 °C. This small
difference of thickness shows that the fibre-orientation effect has a
limited influence on the thickness reduction and friction coefficient.
Although it affects the kinetic friction coefficient at various normal
forces and temperatures, it is not a factor in the determination of the
Hersey number using Stribeck-curve theory or other friction models and
no consistent law can be followed. Therefore, fibre orientation was not
further considered for the development of the inter-ply friction model in
this paper.

4.3. Effect of resin viscosity and temperature

To investigate the influence of resin viscosity on friction coefficient,
the combinations of the sliding velocity and normal force (v/N) are kept
constant ranging from 0.01 to 0.1 mm/N-min shown in Fig. 17. In this
research, the resin viscosity decreases with the elevation of test tem-
perature. Results reveal that the static and kinetic friction coefficients
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Fig. 13. Hersey number versus experimental friction coefficient at room tem-
perature: (a) Kinetic; (b) Static.

decrease as the test temperature increases from the room temperature of
23 °C to the maximum temperature of 120 °C. Rather than the quasi-
linear reduction of static friction as the test temperature increases, the
kinetic friction coefficient gradually converges at elevated tempera-
tures. It can be concluded from the results that an increase of resin flow
as viscosity decreases has a significant influence on the friction. The
decreasing trend in the friction coefficient can be due to the resin
squeezing out from the center of prepreg layer to the top and bottom
interfaces. More resin at the interfaces creates resin film layers which
increase the lubrication and reduce the friction coefficient as discussed
in the Stribeck-curve theory. The illustrating sketch is also shown in
Fig. 10. However, the viscosity variations provide limited effects on the
static friction state before the onset of sliding, and the decrease in fric-
tion coefficient may result from the temperature effect which alters the
interface asperities. In addition, the combined effect of sliding velocity
and normal force has a small influence on the kinetic friction coefficient
as the temperature rises.

Fig. 18 shows the micrographs of the sliding surfaces at three
different temperatures while all other parameters are kept at their
baseline values. A slight increase for the sliding length of prepreg layer
shown on the surface top region are measured from 7.05 mm at 40 °C to
7.62 mm at 120 °C. This result helps to explain why the friction coef-
ficient drops with increased resin flow by the elevation of test temper-
atures. However, it is also obvious to see the uneven ply boundary
displacement on the surface bottom region for 0°/0° interfaces at the
temperature of 120 °C in Fig. 18. There are two reasons which can
explain the defects: One is that the polymer matrix tends to flow parallel
to the fibre axis, which makes the transverse flow less likely to happen.
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Once the resin flow occurs in a direction off-axis the fibre orientation at
high temperatures, the fibres are more likely to move with the resin. The
other reason for the uneven ply boundary displacement can be caused by
the direct contact in some regions between the oriented fibres and
aluminium sheet at high temperatures. When the normal force becomes

10
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Fig. 18. Sliding surfaces after the friction test performed with different tem-
peratures for 0°/0° interfaces— ( x 12).

very high or the degree of cure for the epoxy prepreg increases, the
sliding interface would be damaged as the viscosity increases and results
in higher friction coefficients. Further research on laminate cut-outs
after performing the friction test (Fig. 19) shows that the average
thickness at the temperature of 40 °C is 303.7 pm, while it is 251.9 mm
average at the temperature of 120 °C. The results imply that more resin
flow at elevated temperature would lead to a distinct decrease in cross-
section thickness.

As stated in the theoretical section of this paper, viscosity is another
critical index on the Hersey number in the Stribeck-curve theory. A
constant preheat time under various test temperatures was incorporated
into the viscosity model. The relationships of friction coefficient and
Hersey number at these test temperatures were made into a fitting curve
with the average experimental results shown in Fig. 20. The result ig-
nores the viscosity parameter in Hersey numbers for the static friction
coefficient while a temperature compensation term [43,44] for both
friction coefficients is considered to incorporate into the inter-ply fric-
tion model.

5. Development of inter-ply friction model

The inter-ply friction model for the kinetic friction is derived from
the Stribeck curve theory investigation by fitting a curve to the results in
Fig. 13(a),

e =0.22-¢"31 —0.03 9
wherey, is the kinetic friction coefficient and His the Hersey number.
It can be seen that an exponential fit represents the data well at room
temperature and suggests that the range of values studied corresponds to
the hydrodynamic lubrication domain in the Stribeck curve (Fig. 2).
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Fig. 19. Cross-section micrographs after friction test performed with a temperature of (a) 40 °C and (b) 120 °C - ( x 80).
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Fig. 20. Effect of test temperature on experimental friction coefficient and
Hersey number: (a) Kinetic; (b) Static.

However, the trend for the fitting curve only corresponds with the
experimental results at room temperature when the viscosity effect at
different test temperatures is not considered. To account for the varia-
tions of temperature for the kinetic friction coefficient in the friction
model, Gorczyca et al. [43] proposed a temperature shift term,Sy,

11

which can be added to the model,

e =(0.22- 771 —0.03) — Sy (10)
whereSy is the shift term to compensate for the temperature effect.
Based on the result obtained from Fig.20(a), a linear fit can be matched
to the test temperature versus kinetic friction data and the friction co-
efficient can be expressed as:

M= — 742 x 1074 T +2.27 x 107" amn
wherey,, is the kinetic friction coefficient at the temperature Tin °C.
Then, the shift term for Eq. (10) is written which represents the differ-
ence betweeny,, at the baseline temperature (23 °C) and the actual test
temperature,

Su= —7.42 x 107*(Tp — T) 12
where Ta, Ty are the value of the actual temperature and baseline
temperature in °C, respectively. Incorporating the result from Eq. (12)
into Eq. (10) with the temperature difference AT = T, — Tg, the kinetic
friction coefficient considering the investigated sliding effect is
expressed as:

p, =0.22:¢75% —7.42 x 10 AT — 0.03 13)
where n,v,Nand /\Tare the processing parameters of resin viscosity,
sliding velocity, normal force and temperature difference, respectively.
From the Eq. (13), it can be concluded that the kinetic friction plots in
the transition region between mixed and hydrodynamic lubrication can
be fit into the Stribeck curve.

However, the fitting curve for static friction coefficient versus Hersey
number (Fig. 13(b)) does not match with the Stribeck curve. The result
found in Fig. 20(b) reveals that the viscosity parameter in the Hersey
number has no contribution to establish a static friction model, while the
shift term should be applied to compensate for temperature effect.
Therefore, the static friction coefficient following a power-law fit at
room temperature can be written as:
p,=5.02-(2)012 14

N
whereyis the static friction coefficient,vis the sliding velocity andNis the
applied normal force. To compensate for test temperature effect on the
static friction, a static shift term is added to the model again [43]. This
shift termS;, also corresponds to a linear fit according to Fig. 20(b) and
the static friction coefficient at actual temperature,uss, can be expressed
as:
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Vioa2
=5.02:()"" = 8, 15
Hy & 15)
fyy= —635x107°-T +9.84 x 107" (16)
Sy = —6.35x 107 (T — Ty) a7n

where Ty, Ty are the value of the actual temperature and the baseline
temperature in °C, respectively. Then, the static friction coefficient
considering the investigated sliding effect can be written as,

n :5.02.(%)‘“2 — 635 % 10 AT (18)

Here, the static friction coefficient is determined as a function of
sliding velocity v, normal force Nand temperature difference AT. This
static friction model can be fit into a modified Coulomb friction model
by combining Eq. (1) and Eq. (2) where y = k-N"! with a friction index
n = 0.88. The modified friction model considers temperature effects and
the friction constant kis also influenced by sliding velocity. It is known
from the model that the test temperature has the largest influence on
static friction, followed by the applied normal force and the sliding
velocity. As a result, an inter-ply friction model considering the static
and kinetic friction coefficients under different sliding parameters can
be applied in process simulation.

6. Finite element model

The commercially available finite element package Abaqus/Explicit
allows for the implementation of user-defined frictional behaviour via a
subroutine. A finite element model of the experimental friction setup
was run to validate the ability of the proposed friction model to replicate
the response of the inter-ply friction test. This validation can give
credibility that a finite element model of the forming simulation will
correctly calculate friction based on normal forces, velocities and tem-
peratures which may occur during the hot-pressing process. A finite
element model of the inter-ply friction test shown in Fig. 21 consists of a
top platen, a bottom platen and a laminate sample with surface to sur-
face contact. Four node rigid shell elements were used to model the top
and bottom platens, which assumed to be rigid bodies relative to the
laminate. For the simulated fibre metal laminate, the aluminium sheet
was modelled as deformable bodies using eight-node solid elements
(C3D8R) and the glass fibre reinforced prepreg was created as deform-
able bodies with eight-node quadrilateral continuum shell elements
(SC8R). The simulated laminate was represented in the composite layup
module where all layers and their parameters such as orientation,
thickness, material data and relative location were defined.

A normal force corresponding to the inter-ply friction characterisa-
tion experiments was applied on the fixed top and bottom platens in first
step of the analysis. In the subsequent steps, the applied force was held
constant and a velocity was prescribed in the pull-out direction on the
middle aluminium sheet for a maximum distance of 20 mm. A static-
kinetic exponential decay equation (Eq. (19)) was used to model the
transition from static to kinetic friction under different sliding effects,

H=p + (g — ) 19

whereyis the static friction coefficient pis the kinetic friction coef-
ficient,f is the decay constant and 7 is the slip rate. The decay constant

Laminate Sample

$ 1 41 1 41 1 111

rtT 1111111
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defines the transition rate from zero velocity to the final velocity, and a
decay constant of 0.16 is calculated to best-fit the experimental data
points which can be used in the finite element models. The friction co-
efficient versus displacement curves from Abaqus/Explicit friction-test
and experimental validation are plotted in Fig. 22 under some condi-
tions. The model can capture a peak state as it is associated with the
static friction and a steady sliding state for the kinetic friction. However,
the static peak force and onset sliding displacement calculated from the
model is lower than the experimental values and does not correspond to
the experimental data. Because the kinetic friction coefficient is the
dominating factor, the peak value is less important and can be fixed by a
contact stiffness constant in the model. Therefore, the friction coefficient
results indicate that the finite element model accurately accounts for the
variations in sliding velocity, normal force and temperature to update
the friction coefficient as a function of the test conditions. Through
incorporating the inter-ply friction model into Abaqus/Explicit as a user-
defined friction subroutine, an accurate hot-pressing simulation of
thermoset based fibre metal laminates can be established.

7. Conclusion

The inter-ply friction coefficient at the metal-prepreg interfaces for
glass-fibre reinforced aluminium laminate (GLARE) under different
sliding parameters has been measured using a designed friction-test
apparatus. The influenced sliding parameters were normal force,
sliding velocity, fibre orientation, resin viscosity coupled with the
temperature. Friction coefficient outcomes are further studied by the
sliding displacement and cross-section thickness measurements. The
sliding parameters which would decrease the friction coefficients are
obtained and an inter-ply friction model based on the experimental
result is incorporated into Abaqus/Explicit as a user-defined friction
subroutine. The main achievements are:

e The static friction coefficient increases with the increasing sliding
velocity and decreases with the increasing normal force, while the
kinetic friction coefficient drops with the increasing normal force at

1.0
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Fig. 22. Friction coefficient versus displacement curves from simulation model
and experimental validation.

Top Platen

Bottom Platen

Fig. 21. Finite element model of the inter-ply friction test of the pre-stacked laminates.
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various sliding velocities before reaching a minimum value and
plateau. Also, the static friction coefficient drops quasi-linear with
the increase of test temperature. In contrast, the kinetic friction co-
efficient gradually converges at elevated temperature due the
decreased of resin viscosity. Combining the effect of the sliding ve-
locity and normal force has a small influence on kinetic friction when
the temperature becomes higher.

The fibre orientation has limited influence on the coefficient of static
friction while the fibre oriented at 45°/45° exhibits the highest ki-
netic friction coefficient and the 0°/0° interfaces show a lower fric-
tion coefficient compared with 90°/90° interfaces under the same
conditions. Inter-ply sliding dominates the evolution of the friction
coefficient but the intra-ply shear behavior within the prepreg also
affects the friction. In addition, the decreasing viscosity at elevated
temperature has a significant influence on both inter-ply sliding and
intra-ply shear behaviours.

The kinetic friction for various combinations of sliding effects results
in a relationship similar to the Stribeck curve, which plots in the
transition region between mixed and hydrodynamic lubrication. The
static friction coefficient versus Hersey number does not match the
trend in Stribeck-curve theory but obeys a modified Coulomb type of
friction where resin viscosity has limited influence.

A static-kinetic exponential decay equation in Abaqus/Explicit was
used to model the transition from static to kinetic friction. The ki-
netic friction was validated to be the dominating factor in the finite
element model, and the friction coefficients obtained from the sim-
ulations correlate well with the experimental results.
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