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HIGHLIGHTS

GRAPHICAL ABSTRACT

o Sliding behaviour of carbon fibre tow is
simulated with a Discrete Element
Model.

e Variability in experimental results is
explained by numerical parametric
study.
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1. Introduction

Sliding friction of raw composite plies or bands under some kind of
pressure is ubiquitous in all manufacturing processes for composite
materials requiring a tool or a mould, which excludes only additive
manufacturing. Although a large number of manufacturing processes
exist, four moulding techniques — layup, injection moulding, compres-
sion moulding, and resin transfer moulding — share more than % of the
global market for composite materials [1].

From a tribological point of view, the manufacturing processes of
composite materials can be grouped into two families depending on
whether the sliding contact of fibre reinforcement is lubricated by liquid
polymer or not. In some processes, such as compression moulding, hand
or automated layup, vacuum or diaphragm moulding, the fibre rein-
forcement is first impregnated with resin and then moulded into a
desired shape. The curing of the resin occurs under heating and/or
pressure. In other processes, such as simple or vacuum-assisted resin
transfer moulding or injection moulding, a dry preform composed of
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fibre mats or woven fabrics is shaped prior to impregnating it with
polymer. A first advantage of the second family of processes is that they
do not require the manufacturing of a semi-product mixed with resin,
which reduces the cost and the environmental impact. A second and
major advantage is that parts of complex shape and variable size can be
manufactured with accuracy from unidirectional stitched cloths or
woven fabrics and a variety of polymer matrices. Indeed, there has been
a growing pressure to replace thermosetting polymer matrices with
thermoplastic polymers due to recyclability issues. However, the pro-
cessing of thermoplastic matrices usually requires high pressure due to
high polymer melt viscosity, which means that these polymers cannot be
used in all processes cited above [2]. More recently, the processes
traditionally used with thermosetting resins, such as low pressure or
vacuum infusion and resin transfer moulding, have been successfully
employed with reactive thermoplastic polymers [3,4].

In both types of processes, the sliding between the composite mate-
rial and the mould plays a crucial role and conditions the final shape and
quality of the part. That is why a number of researchers have been
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studying the friction of composite semi-products. However, since the
composite materials are multiscale, the approaches to study this friction
also differ depending on the considered scale: macroscopic ply on tool or
ply on ply friction [5-8], mesoscopic tow on tool or tow on tow friction
[9-15], and microscopic fibre on tool or fibre on fibre friction [16-19].
Each scale matters since they are interdependent. To understand and
model the friction between plies correctly, which is responsible for the
correct global shape of the part, it is necessary to consider smaller scales.
The friction at the scale of a tow is responsible for local sliding defects in
the final part, which can have a crucial impact on the mechanical
properties of the part.

It was highlighted by Potter et al. [20] that some variability in
composites is inevitable due to design and cannot be attributed to poor
manufacturing. However, there are also a number of defects that can be
avoided by improving the process. Hamidi and Altan [21] reviewed the
defects in composites produced by resin transfer moulding methods.
Among them, the dry preform defects, which are of interest for the
present study, refer to irregularities of reinforcement path and geome-
try. These are fibre misalignments and in-plane and out-of-plane un-
dulations, called wrinkles and waviness. It is the latter that induces the
highest loss of mechanical properties in final parts that can reach a 70 %
reduction in flexural strength [20], 70 % in the elastic modulus, and a
15-year reduction in fatigue life [21,22]. These defects have been
observed in woven as well as in non-crimp fabric preforms. In particular,
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Viisainen and Sutcliffe [23] found that some variability in these defects
comes from inter-ply friction. On the other hand, Guzman-Maldonado
et al. [24] and Boisse et al. [25] revealed by experiments and model-
ling that the two main causes of wrinkles are quasi-inextensibility of
fibres and slippage between them.

The friction of fibres and tows was studied previously in a number of
experimental works. Although it is natural to expect that the slippage
behaviour of these long, thin, and flexible fibres is related to their
bending and torsional stiffness, which in turn are dependent on the
boundary conditions and, in particular, axial tension, this dependency
has never been investigated. Unfortunately, it is impossible to control
the axial tension of each fibre accurately when it is applied to a tow
composed of thousands of fibres. In this context, the first aim of the
present work was to design and conduct an experiment that highlights
the variability of the sliding response of a tow in terms of frictional force,
its sliding displacement, and its transversal strain under compressive
and shear load imposed by a smooth tool. To understand and explain this
variability, the second and main aim of this work was to develop a
simple numerical model of a sliding tow and to conduct a parametric
study of varying mechanical and frictional parameters of the fibres. The
effects of the tow shape, the number of cycles of sliding, and the
compressive load were also studied to help adjust manufacturing pro-
cesses with respect to this sliding behaviour and to attempt to better
control the appearance of the defects in final composite products. A
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Fig. 1. (a) Schematic drawing of the experimental setup, (b) tow fixed on the stage and (c) microscopic image of the carbon fibre tow through the glass window.
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Discrete Element Method, implemented with the open-source software
LMGC90 developed at the University of Montpellier by Moreau [26] and
Jean [27], was chosen to create this model since it enables simulations of
a large number of interacting bodies with a low computational cost.

2. Materials and experiments

Sliding experiments were carried out on T700SC-12 k-60E carbon
fibre tow with an average diameter of carbon fibres of 6.7 pm, a small
amount of sizing to enhance compatibility with epoxy, and 12,000 fibres
in a tow. Several pieces of tow were cut from the same spool and handled
and tested in the same way. The experimental set-up to study the sliding
of carbon fibre tow was already described elsewhere [28,29]. This
home-made tribometer, schematised in Fig. 1(a), is equipped with a
force sensor to measure small friction forces in the sliding contact be-
tween the carbon tow, which can be fixed in different orientations with
respect to the sliding direction, and the moving glass plate under a
constant normal weight of 6.55 N. The weight is applied through a mass
suspended under the sliding plate. Fig. 1 (b) presents the tow as it was
used in the present study, clamped at two edges with a distance of 100
mm between them and positioned transversely to the sliding orientation.
The axial tension of the tow, 4.9 N nominally, is applied by suspending a
weight of 500 g to a free end of the tow while the other end is clamped.

057
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The second end is then clamped by screwing a rubber/aluminum part to
the bottom plate, as seen in Fig. 1 (b) and the weight is removed. Due to
the small size of the tribometer, it is possible to place it under a mi-
croscope or a camera to observe the contact through the glass plate
during sliding. A previous paper using this setup [28] focused on the
correlations between the three-dimensional shape of the tow after in-
cremental sliding, measured with a 3D optical microscope, and the
friction signal. The results presented in the current paper were obtained
in a slightly different configuration. Firstly, the manual micrometric
screw used to apply the sliding to the upper part of the tribometer was
replaced by a linear stage. This permitted the application of a constant
sliding speed and minimised the human factor in the obtained data. The
stage was MFA-CC from Newport equipped with a DC motor. This stage
offers a precise motion of linear trajectory with minimal incremental
motion of 1 ym and a maximum run of 25 mm. Secondly, in the work
presented here, the tribometer was placed under an optical stereomi-
croscope in order to observe the whole width of a tow at once and to be
able to record images during the sliding of a tow. A stereomicroscope
Zeiss Discovery.V12 was used with an objective of x8. The video files of
sliding were recorded with a frequency of 5 images per second.

The images from the stereomicroscope, such as the one presented in
Fig. 1(c), were then analysed with a Matlab routine to detect the edges of
the tow and to deduce the tow displacement and its transversal strain at

0.14 , ; : :
.......... Tow1 ~'r-l‘-.~.
012 | [===-= Tow2 o ‘.,‘\ ]
- = =Tow4 V7~ %
(" 1
01+ Towe| /i DRV %
’ . ;17" "Hl"'
’ *
0.08 PR Y |
-~ ’h.~u,\

Tow strain, -

Towdisplacement, mm

0 1 2

3 ) 5

Glass displacement, mm

Fig. 2. Experimentally measured friction coefficient, tow strain and tow displacement as a function of the displacement of the sliding glass.
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each time step. The displacement of the centre of the tow dr is computed
as the relative position of the 2D centroid of the black tow in the white
microscope image compared to the initial image before sliding. The
Hencky strain er of the tow is computed as

WT(t)
WT(to)

(€Y

er(t) =1In

where wr(t) is the width of the tow as a function of time and ¢, is the
reference time after compression but before the beginning of sliding. The
instantaneous friction coefficient u(t) is calculated as a ratio of the
friction force constantly measured during sliding by the load sensor and
the constant normal load applied by the weight.

Four sliding cycles of 5 mm of sliding distance with a sliding speed of
0.1 mm/s were applied to most of the tows. The sliding speeds of 1 mm/s
and 0.01 mm/s were also tested, but no significant difference in the
results was recorded.

The results presented in Fig. 2 were obtained during the first sliding
experiment, right after the compression of the tow. The friction coeffi-
cient, displacement of the tow, and tow strain are presented as a function
of the sliding distance of the glass during the first cycle of sliding. Six
friction experiments, with four of them under the stereomicroscope,
demonstrate rather significant variability in response. This is not very
surprising given the manual handling of the tows and their highly
deformable nature. The dispersion in the initial width of these tows was
between 6.5 and 8.8 mm. In some tests, the tow separated into two parts
during the forward pass and rearranged together during the backward
pass. The movements of individual fibres were also visible in the images,
but the resolution was not sufficient to analyse them quantitatively. It
appeared, for instance, that some tows also separated into layers and the
top layer slid on the bottom layer for some distance.

The friction signal is smooth in some tests, while other tests present
some instabilities that could be attributed to the stick-slip behavior of
the contact. This type of behavior is usually controlled by the stiffness of
the system, its mass and the sliding speed. Since the sliding speed and
the mass were identical in all tests, the observed vibrations are probably
due to the difference in the stiffness of the tows. The average friction
coefficient at the last 50 % of sliding was 0.38 4 0.036 in the forward
pass and 0.33 +£0.019 in the backward pass. The displacement of the
tow after one pass is 0.58 +£0.149 mm, and after the return, it is
—0.42 + 0.155 mm. Finally, the strain of the tow is 0.07 + 0.015 and
0.04 + 0.029 with one tow finishing the cycle in a compressed state and
the three others in a stretched one.

3. Numerical model
3.1. Discrete Element Method

In contrast to the Finite Element Method (FEM), which is classically
used to model continuum mechanics problems, the Discrete Element
Method (DEM) deals with interactions of a large number of particles.
The DEM was initially developed to simulate the mechanics of granular
geological materials [30]. In these numerical simulations, a set of mo-
tion and contact equations is solved iteratively for the whole assembly of
rigid and usually spherical particles. Due to the development of cohesive
interaction laws, the DEM has later been successfully used to simulate
continuum mechanics problems with local discontinuities, like brittle
fracture, impact, or wear of homogeneous and heterogeneous materials
[31,32].

In the classical so-called smooth contact particle methods, there is
only one contact between each pair of particles, and interpenetrations
are allowed. In the first step of computation, the interaction forces are
computed based on the interpenetrations. In the second and last step,
Newtonian dynamics is applied to find new velocities and positions of
the particles. These iterations are repeated until the end of the simula-
tion. The algorithm used in this work is based on a different formulation
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of the DEM, called the Non-Smooth Contact Dynamics Method
[26,27,32,33]. The interpenetration is prohibited and, instead, a dry
Signorini contact law with Coulomb friction governs the contacts be-
tween particles. An iterative process is used to compute forces and ve-
locities of all particles until a convergence criterion is fulfilled.

The work presented in this paper has been numerically implemented
using the LMGC90 open-source software [34] developed at the Uni-
versity of Montpellier, France. LMGC90 uses the Non-Smooth Contact
Dynamics Method with implicit time integration (theta method). The
contact solver used by the software is Stored Delassus Loops with the
Non-Linear Gauss Seidel algorithm.

3.2. Model of the carbon fibre tow

Since the friction tests are conducted on the central part of fibres that
are much longer (100 mm), it can be assumed that this is a plane strain
problem. Therefore, a two-dimensional approach will be adopted. Some
3D effects, resulting from the fact that the fibres are not perfectly
aligned, cannot be captured by the 2D model, where the fibres are
assumed to be parallel. However, the computational cost of solving a full
3D problem is too high for a parametric study like the one presented in
this paper.

The reference model is constituted of 3,000 circular particles rep-
resenting the cross-section of the fibers in the middle of the tow and
1,000 ghost particles inserted at the beginning of the simulation in order
to create voids in the tow cross-section. These ghost particles disappear
from the beginning of the compression, leaving the fibres to take their
place. The radii of the fibres are generated as a random normal distri-
bution with a mean value of 3.45 ym and a standard deviation of 0.125
um. These values are taken from the experimental work of [35], who
measured the diameters of T700 carbon fibres and provided the statis-
tics. The radii of the ghosts are taken as between 7.5 and 11 pym arbi-
trarily. The particles are shuffled and deposited in a rectangular box of
1.2 mm x 0.4 mm (300 x 100 Rmax) using the deposit function of
LMGC90 code by minimising the gravitational potential.

The two glass plates are modeled as rectangular bars of 2.9 mm x 16
um. One bar is beneath the box of fibres, just in contact, and the other
one is on the top of the box at 0.4 mm. Since the box is not fully filled,
there is a small space of about 20 um between the top fibres and the
upper plate initially. The bottom plate is horizontally aligned with the
middle of the tow, and the top plate is shifted horizontally from the
middle of the tow to the left by 0.2 mm. A schematic drawing of the
model with some characteristic dimensions is presented in Fig. 3.

Both particles and plates are modeled as rigid bodies with a density
of 0.0001 g/mm3 (0.1 g/cm3) and 0.0025 g/mm3 (2.5 g/cm3),
respectively. Note that the density of the fibres has no effect on the re-
sults because of the low speed, so a low (not realistic) value of the
density was chosen to reduce computation time and improve
convergence.

In 2D space, there are three degrees of freedom (DoF): horizontal (u,)
and vertical (uy) displacements and in-plane rotation (¢,). For the bot-
tom plate, the three DoF are fixed. The upper plate is under imposed
vertical force and horizontal speed, and its rotation is not restricted, as in
the experiments where the top plate is attached to an elastic beam
allowing tilt. Firstly, a load is applied onto the top plate, calculated as
the average experimental normal pressure multiplied by the width of the
box: 0.046MPa x 1.2mm = 0.055N/mm. This load is applied as follows:
from O to 0.5 s, the top plate falls under gravity only; then, from 0.5 to 1
s, the normal load increases exponentially up to the maximum value.
After one second, the normal load remains constant, and the top plate
starts to move horizontally with the prescribed speed. From 1 s to 3 s, the
speed is 0.2 mm/s; then it becomes 0 mm/s for 0.5 s, and then the plate
comes back with the speed of —0.2 mm/s for 2 more seconds. The whole
experiment of 1 cycle of sliding, including the compression phase, lasts
5.5s.

The movements and rotations of the particles representing fibres are
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Fig. 3. Schematic drawing of the initial configuration of the model with dimensions. White and dark circles represent respectively voids and fibres.

restricted by linear springs accounting for the third dimension of the
fibres. Indeed, since the fibres are very long (100 mm) compared to their
diameter (6.9 um on average), the movement of the section of each fibre
is controlled by its bending, and the rotation is governed by its torsion.
The torsional stiffness of a carbon fibre was roughly estimated with the
Euler-Bernoulli double-clamped beam model using the shear modulus in
torsion measured by [36]. The authors measured the torsional modulus,
G, between 22 and 25 GPa for high modulus and high strength fibres,
respectively. The torsional stiffness of a fibre k; [Nm/rad] is defined as
My GJ

kr = 0 12 (2)
where @ is the rotational angle of a fibre in rad. With the length of a fibre
L =100mm, its diameter d =7 x 10~3mm, the torsional moment of area
J =20 = 235um*, the kr = 1.2 x 107°Nm = 1.2 x 10~ Nmm.

To estimate the bending stiffness of the fibres, a simple 2D FE model
of a beam with nonlinear behavior was used. The relation between the
bending stiffness of a fibre and its axial load was found to be linear, with
a coefficient of proportionality of 0.043 mm ™! for the axial load in the
range of 4.17 x 1076 to 4.17 x 1073 N. These results were used in the
LMGC90 simulation to explore the effect of the bending stiffness of fibres
k, which was chosen between 2.7 x 10~7 and 1.8 x 10~% N/mm.

Torsional moment My and bending forces Fx and F, were applied to
each fibre at the beginning of each computation step as spring forces
proportional to the relative displacement and rotation of the particle.
The bending and rotational stiffness are constant during the simulation
and are similar for all particles. However, different kpx and kyy values
are used to account for differences in compression and sliding behavior.
The contact between the particles and the walls is governed by an in-
elastic quasi-shock contact law coupled with Coulomb’s friction law.
Two distinct coefficients of friction are used in the carbon fiber tow
model: the friction between carbon fibers (/tff) and the friction between a
fiber and a glass plate (ug). The static forces acting on each fiber are
illustrated in Fig. 4.

The model developed using the aforementioned procedure was
employed to conduct a parametric study aimed at understanding the
impact of various parameters on the sliding behavior of the tow. Spe-
cifically, the study examined the following factors: the fiber/fiber fric-
tion coefficient (,uﬁ), the fiber/glass friction coefficient (,ufg,), vertical
bending stiffness(kyy), horizontal bending stiffness (kpx), torsional
stiffness (kr), the number of particles, the normal load applied to the
sliding glass, and the shape of the box filled with fibers, as detailed in
Table 1. The results from these 19 simulations, along with two addi-
tional simulations involving repeated sliding cycles (each repeated four
times), are presented and discussed in the following section. Each
simulation of a sliding cycle required approximately 4 h of computation
time. Convergence was verified after each simulation, and the maximum

F Tc2

FNcl

Fig. 4. Free body diagram of a fibre in a tow.

number of iterations was set to 25,551, which was sufficient to ensure
convergence at all steps.

4. Results and discussions

The thickness of the tow under compression was measured in our
previous paper [29] using a 3D microscope. It ranged from 100 to 300
um, depending on the width of the tow. This corresponds to a thickness
of 14 to 42 fibers. In the reference model, the thickness and width of the
tow after compression were 108 ym and 1.259 mm, respectively. For the
models with the same initial box, these values did not vary by more than
11 pm for thickness and 125 um for width. This thickness is at the low
end of the experimental values, but it represents a compromise between
the number of fibers and the width of the tow. Indeed, the DEM tow is
likely denser than the real tow. The particles in the two-dimensional
model are subject to the gravity and normal load of the glass, and
each particle must rely on either another particle or the glass bottom
plate. In contrast, in the real tow, the fibers are not perfectly aligned,
leaving spaces between the fibers in each cross-section [12]. Therefore,
the model with 12,000 fibers (N19) is only 113 pm thick and 4.828 mm
wide.
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The values of the variable parameters for all simulations. The value different from the reference configuration is bold and underlined.

Simulation Frictional parameters Structural parameters Number of particles Normal load, Initial size of the box,
N/mm mm?
Mg Hrat kox, N/mm kyy,N/mm kr,
N mm
N1 (Ref) 0.1 0.35 107* 10°° 1077 3000 —0.055 1.2x0.4
N2 0.1 0.35 107* 107 1077 3000 —0.055 1.2x0.4
N3 0.1 0.35 107* 10°° 1077 3000 —0.055 1.2x0.4
N4 0.3 0.35 1074 10°° 1077 3000 —0.055 1.2x 0.4
N5 0.5 0.35 1074 10°° 1077 3000 —0.055 1.2x0.4
N6 0.1 0.5 1074 10°° 1077 3000 —0.055 1.2x 0.4
N7 0.1 0.7 1074 10°° 1077 3000 —0.055 1.2x 0.4
N8 0.1 0.35 107* 10°° 1078 3000 —0.055 1.2x0.4
N9 0.1 0.35 107* 107 10°° 3000 —0.055 1.2x0.4
N10 0.1 0.35 107* 10°° inf 3000 —0.055 1.2x0.4
N11 0.1 0.35 10~° 10°° 1077 3000 —0.055 1.2x0.4
N12 0.1 0.35 1074 10~° 1077 3000 —0.055 1.2x0.4
N13 0.1 0.35 107* 10°° 1077 3000 —-0.074 1.6 x 0.3
N14 0.1 0.35 107* 10°° 1077 3000 —0.037 0.8 x 0.6
N15 0.1 0.35 107* 10°° 1077 3000 —-0.037 1.2x0.4
N16 0.1 0.35 1074 107 1077 3000 —0.074 1.2x0.4
N17 0.1 0.35 107* 10°° 1077 3000 -0.110 1.2x0.4
N18 0.1 0.35 10°* 10°° 1077 6000 —-0.110 2.4x0.4
N19 0.1 0.35 1074 10°° 1077 12,000 —0.220 4.8x0.4

4.1. Reference model and repeatability

In the reference model, the values of the frictional and mechanical
parameters are based on the literature as much as possible. The friction
coefficient between carbon fibres was chosen asy; = 0.1 based on the
experiment by Tabor [16]. The friction coefficient between the fibres
and the glass was fixed at yzy = 0.35, as this value is an average of the
experimental friction coefficients measured in this and our previous
experiments [28]. The torsional and bending stiffnesses are fixed based
on the mechanical calculations presented earlier. The box with the same
distribution of fibre diameters was generated three times, and the
simulation of one sliding cycle was repeated to evaluate repeatability.

The images of the reference model at different moments of sliding are
presented in Fig. 5. In the initial configuration, shown in Fig. 5 (a), one
can see the rectangular box filled with fibres and the voids created by the
ghost particles. The second image in Fig. 5 (b) illustrates the tow just
after the end of compression. The absolute vertical reaction of the upper
plate is slightly higher than that of the bottom plate due to a slight tilt of
the upper plate and the bending resistance of the fibres. The rotation is
not restricted, and as the load is applied at the center of the plate, which
is shifted to the left with respect to the tow, a slight inclination of the
plate is observed (consistent with experimental results). In the third
image, Fig. 5 (c), the tow is shown just after the end of the forward
sliding pass. The colour scale represents the horizontal displacement of
the particles and the plates. The scale is saturated at 0.15 mm to high-
light the displacements of the individual particles. A closer look at the
image reveals that a layer of particles right under the sliding glass plate
has a higher displacement values compared to other particles. The fibres
in this layer are partially adhered to the glass plate due to a higher
friction coefficient between glass and carbon fibre (Mfgl = 0.35) than
that between carbon fibers (u_ff = 0.1), and due to the allowed rotation,
which creates rolling. Fig. 5 (c) shows that while most of the particles
have not rolled significantly, some of them, especially in the top and
bottom layers in contact with the plates, rotated by up to + 4 and —16
rad. The high torsional angles experienced by the fibres are not sur-
prising because of their long length and small torsional stiffness (Eq. (2).
The last image in Fig. 5 illustrates the final state of the tow after 5.5 s of
compression and forward and backward sliding. One can notice that the
shear of the tow is in the opposite direction compared to the state after
the forward sliding. The horizontal displacement of most of the particles
is negative, and the top layer is distinguished again.

To compare the results of different models, three parameters were
chosen and calculated at the end of each pass during the first sliding

cycle similarly to the experiment. The friction coefficient between the
tow and the sliding glass plate y; was calculated as the ratio of the
horizontal and vertical reaction forces of the sliding glass plate. The
displacement dr and the strain e are also calculated at each time step
using the same method as in the experiments. The values extracted at the
end of each pass as well as the friction coefficient averaged on the last
50 % of sliding of the numerical and experimental results are presented
in Table 2.

The results of simulations N1, N2 and N3, as presented in Table 2 and
Fig. 6, exhibit variability in behavior across the three repetitions. To
determine whether this variability arises from different arrangements of
the fibres in the initial model, the simulation was repeated using the
exact same initial tow. The variability observed between these two re-
sults closely resembles that seen among simulations N1, N2 and N3, as
illustrated in Fig. 6. This similarity can be partially attributed to nu-
merical truncation errors, which contribute to the displacements of the
numerous particles involved.

However, it is essential to understand the stochastic nature of both
the model and, to some extent, the real tow. Due to the large voids
present in the initial configuration of the tow (as shown in Fig. 5 (a)) and
the significant displacements of the particles during compression, a
variety of configurations can emerge after compression and before
sliding, all stemming from the same initial setup. Consequently, some
degree of variability in the behaviour of this system is inevitable.

The friction coefficient in simulations, 0.3 and 0.25 on average of
three repetitions, is lower than the one measured experimentally, 0.38
and 0.33 respectively in forward and backward passes. However, the
difference between the forward and backward friction coefficients is
similar in both simulations and experiments. It is interesting to note that
the friction coefficient between the tow and the sliding glass plate u;
calculated from the simulations is different from the friction coefficient
between the carbon fibre and the glass ug = 0.35 used as an input
parameter. The instantaneous friction varies all over the cycle and
presents similar features to the experimental curves shown in Fig. 2: the
initial phase of progressive increase in friction and the stabilised phase
with some oscillations from the average value. These phases were
observed in our previous incremental friction experiments [28] and
were explained as the shear phase and the macroslip phase. The results
of the continuous experiments presented here confirm this
interpretation.

The friction increases gradually on the first 0.1 mm, which corre-
sponds to a high gradient in the strain of the tow. The displacement must
be non-zero mostly due to its definition: the geometrical centre of the
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Fig. 5. Reference model at several time steps of the simulation with different colour scales: (a) O s initial geometry, (b) 1 s vertical reaction highlighted, (c) 3.5 s
horizontal displacements and rotation of the particles highlighted and (d) 5.5 s horizontal displacement highlighted.

tow moves with the changes of its area due to stretch or contraction. The
same behaviour is observed in Fig. 2 on experimental curves. Although
the dispersion between the tows is obvious, the friction coefficient of all
of them seem to stabilise close to the point of the end of the rapid in-
crease of the strain.

Once the shear of the tow reached its mechanical limit, the macroslip
of the tow/glass interface starts and the friction coefficient stabilises.
This shear limit is a balance between the bending behaviour of indi-
vidual fibres, conditioned by the axial force in each fibre, and the fric-
tion force. From that point, the displacement increases continuously, but
the increase in strain is less pronounced than in the first stage.

It is not possible to compare quantitatively the values of strain and
displacement with the experiment since there are only 3000 fibres in the
model compared to the 12,000 fibres in the real tow. The compacity of
the tow plays a significant role as well. It is clear that real fibres are not

all well aligned, parallel and straight, which creates voids in a cross
section of the tow and a variation of bending stiffness. This cannot be
represented in the two-dimensional DEM model. Nevertheless, the
experimental and numerical results are qualitatively similar: the
displacement in a cycle is an open loop with a negative residual
displacement at the end, and the strain increases during the forward
sliding and remains rather stable on the backward pass.

4.2. Influence of local friction coefficients

In this section, the global sliding behavior of the tow with respect to
local frictional coefficients between fibres y; and between fibre and
glass g will be discussed.

The simulations N4 and N5 assume that the friction coefficient be-
tween fibres is not 0.1 but 0.3 and 0.5 respectively. The results presented
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Table 2
Results of the simulations and the experiments of one cycle sliding.

Composites Part A 193 (2025) 108818

Simulation Friction coefficient Displacement at the end of the pass dr, mm Strain at the end of the pass er
Hr
Forward Backward Forward Backward Forward Backward
N1 (Ref) 0.290 0.274 0.045 —0.021 0.098 0.102
N2 0.318 0.244 0.048 —0.024 0.082 0.095
N3 0.281 0.229 0.055 —0.020 0.096 0.082
N4 0.204 0.142 0.053 —0.019 0.080 0.086
N5 0.259 0.187 0.052 —0.017 0.089 0.097
N6 0.281 0.234 0.050 —0.019 0.092 0.092
N7 0.282 0.233 0.055 —0.020 0.112 0.103
N8 0.263 0.221 0.069 —0.003 0.065 0.069
N9 0.365 0.349 0.045 —0.035 0.085 0.127
N10 0.357 0.343 0.028 —0.016 0.053 0.073
N11 0.291 0.214 0.155 —0.064 0.262 0.345
N12 0.316 0.231 0.077 —0.024 0.089 0.082
N13 0.280 0.206 0.037 —0.035 0.053 0.083
N14 0.298 0.257 0.096 —0.020 0.105 0.093
N15 0.314 0.261 0.044 —0.019 0.064 0.078
N16 0.280 0.242 0.066 —0.026 0.082 0.113
N17 0.281 0.211 0.074 —0.027 0.119 0.138
N18 0.292 0.266 0.038 —0.029 0.038 0.041
N19 0.253 0.242 0.026 —0.025 0.010 0.010
Experiment 0.376 £ 0.036 0.335+£0.019 0.581 +£0.149 —0.415+0.155 0.070 £ 0.015 0.037 £0.029
o ,‘"=0.1, #'g|=0.35, kx =1e-4, ky = 1e-6, kt= 1e-7 ire yﬁ=0.1, ufg|=0.35, kx =1e4, ky =1e-6, kt =1e-7
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Fig. 6. Results of three repeated simulations on the reference model with different initial configurations.
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in Table 2 demonstrate that this parameter has an impact on the global
friction coefficient y;. In both simulations, this coefficient is lower than
in the reference configuration, but the tendency is not monotonic. On
the contrary, there is no difference in displacement and strain of the tow
when the friction coefficient between fibres is changed. It could be
explained by the higher loss of frictional energy inside the tow which
results in smaller friction loss at the interface with the glass plate. The
number of fibres in contacts with the glass plate is lower with higher y.
It is on average 185 for N1, 175 for N4 and 165 for N5 during the last 50
% of the forward sliding pass.

The effect of fibre/glass friction coefficient on the tow coefficient
was tested in simulations N6 and N7. The values of 0.5 and 0.7 for pgy
compared to 0.35 in the reference simulation were chosen. The results of
these simulations presented in Table 2 are surprising. They show that
there is no effect of the fibre/glass friction coefficient neither on the
global friction of the tow i, nor on its displacement and strain.

These results reveal that the friction measured between the tow and
the sliding plate is a combination of both fibre/fibre and fibre/glass
friction. If the fibre/glass friction is significantly higher than the fibre/
fibre friction as in simulations N1, N6 and N7, the global friction is
governed mostly by the fibre/fibre value since the top layer of fibres is
partially stuck to the plate. The value of the fibre/glass friction

101, 1y =035, k, = Te-4, k = 1e-6

Friction coefficient, -
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0.4 L L h L L

0.15 0.2 0.25 0.3
Glass displacement, mm

Composites Part A 193 (2025) 108818

coefficient is not important. If, on the opposite, the fibre/glass friction is
lower than the fibre/fibre friction as in N5 or close to it as in N4, the
global friction is lower probably due to easier sliding and rolling of the
fibres on the glass.

4.3. Influence of bending and torsional stiffness of the fibres

The simulations N8, N9 and N10 explore the differences in the
behaviour of the tow when the torsional stiffness of the fibres is different
from the reference value of 10~’N mm. This value is estimated with very
strong hypotheses; therefore, it can easily be at least one order of
magnitude higher or lower. A simulation with restricted rotation of the
fibres, N10, was also tested. The results presented in Table 2 and Fig. 7
show the great significance of this parameter in the sliding behaviour of
the tow.

The average friction coefficient of the tow/glass interface changes
from 0.26 to 0.36 when the torsional stiffness of the fibres varies be-
tween 107% and 10™°N mm. The frictional curve with the higher
torsional stiffness is flat by portions meaning that fibres do not move
with glass, which is also revealed by the plateaux on the tow strain and
displacement graphs. With infinite torsional stiffness, after the initial
shear phase, the sliding is almost smooth with few spikes in friction
coefficient corresponding to sudden changes of strain and displacement.
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Fig. 7. Effect of torsional stiffness on tow sliding behaviour.
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It is also interesting to note that when the torsional stiffness is low, the
tow displacement is the highest and presents no hysteresis between the
forward and backward sliding. However, the strain is very similar be-
tween low and infinite torsional stiffness since it is related mostly to
local events seen as drops in friction and corresponding to rapid rear-
rangements of fibres.

Simulations N11 and N12 explore the effect of the linear bending
stiffness of the fibres. The values of 10~* and 107°N mm™! have been
tested for vertical and horizontal stiffness. The results show that this
parameter has no impact on the average frictional coefficient of the tow.
However, the displacement and strain increase significantly in simula-
tion N11 when the horizontal stiffness is 10 times lower than in the
reference configuration. The impact of the vertical linear stiffness (N12)
on these parameters is very limited. Despite its limited impact, the
vertical stiffness should not be too high since it is responsible for the
compression step during the first second. If it is high, the particles are
attracted not realistically to their initial position above the glass plate
during sliding.

The results presented in this paragraph highlight the high impor-
tance of the torsional stiffness and horizontal linear stiffness of the fibres
for the sliding behaviour of the tow. The influence of mechanical pa-
rameters of the fibres is significantly higher than that of their individual
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frictional coefficients. This holds for the average friction coefficient of
tow, its strain and also its displacement. In the next paragraphs, the
impact of the initial tow shape and of normal load will be studied.

4.4. Influence of the shape of the tow

In this section, the initial width and height of the rectangular box
filled with particles are changed to study its impact on the results. The
number of fibres is kept constant and the value of the normal load is
adjusted for each simulation depending on the width of the tow to have
the same normal pressure. The initial position of the top glass plate is
also adjusted with respect to the centre of gravity of the tow. The boxes
with the initial width of 2/3 and 4/3 of the reference value are studied in
simulations N13 and N14. Since the number of fibres is constant, the
thicknesses of the initial box are 600 pm and 300 um respectively. After
compression, the tow was 155 um in the first case and only 84 ym in the
second. The results of these simulations, presented in Table 2 and in
Fig. 8, shows that the shape of the tow has an impact on all three pa-
rameters and their evolution during the sliding cycle.

When the tow is narrow and thick, as in simulation N14, the sliding
glass plate’s initial tilt is higher than in other cases because its centre of
gravity is closer to the end of the tow. During sliding, the glass plate goes
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Fig. 8. Effect of the shape of the tow.
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over the tow and the tilt inverses the sign. This is visible on the frictional
curve, which is not flat as the other two curves presented in the same
figure. However, the friction coefficient of this test is similar on average
to the reference configuration as can be seen in Table 2. Although the
strain behaviour is similar between the narrow and the reference tow,
the displacement of the narrower tow is higher and does not present any
hysteresis. This means that there is no delay between the forward and
backward sliding of the tow. On the other hand, the wider tow presents
higher hysteresis in sliding and lower strain levels. But the strain in-
creases almost linearly after the initial shear despite the change in
sliding direction at the end of the first pass.

4.5. Influence of the normal load

Normal (compression) load is the parameter that can be adjusted in
forming processes. In this section, its effect on the sliding behaviour of
the tow is examined. The simulations N15, N16 and N17 use the values
of normal load 2/3, 4/3 and 2 times the reference normal load distrib-
uted over the same width of the tow. The results in Table 2 indicate that
there is no significant effect on the friction of the tow, but the strain and
tow displacement increase with normal load.
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4.6. Influence of the number of fibres

Finally, two last simulations, N18 and N19 are meant to explore the
scale effect of the model on the behaviour of the tow. The number of
fibres is 6000 in the N18 simulation and 12,000 in the N19 simulation.
Normal load, maximal displacement of the glass, its sliding speed and its
width are also scaled, while the individual friction coefficients and the
stiffness parameters of the fibres are kept constant. The thickness of the
tow is identical to the reference configuration, while its width is 2 and 4
times higher. The results are presented in Fig. 9 and Table 2.

The curves presented in Fig. 9 show that the maximal displacement
of the tow and, even more significantly, its strain are the highest for the
tow of 3000 fibres and decrease with the number of fibres. This is similar
to the effect of the width of the tow explored previously. Tow strain is
actually a movement of individual fibres, which are restrained by the
same bending stiffness in small and large models. The same displace-
ments of fibres create lower strain for the larger tow than for the nar-
rower one since it is normalized by the initial width of the tow. The
internal friction must play a role as well since the global displacement of
the tow is also affected by the number of fibres, but to a lesser extent.
The stabilised friction between the sliding glass plate and the tow is
similar on average between 3000 and 6000 fibres models, but it is lower
for the 12,000 fibres model. The significant difference between these
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models resides in the length of the initial shear phase, which is shorter
for a smaller number of particles both in the forward and backward
sliding.

4.7. Cyclic response of the reference model versus experiment

It is likely that during forming processes, tows slide repeatedly in
different orientations either accidentally or on purpose. In the presented
experiment, it is also possible that during the manual handling of the
tows and the setup of the experiment, there was some sliding before the
recorded data. The effect of repeated sliding is explored in this section
both with simulations and experiments.

Four forward and backward sliding cycles were simulated on the
models N1 and N2 with similar parameters and different particle
deposition. A holding phase of 0.5 s was introduced after each sliding
pass, so the cycles startat 0's, 5s, 10 s and 15 s. The results presented in
Fig. 10 are to be compared qualitatively with the experimental results
presented in Fig. 11. The simulated curves reveal that there is some,

Composites Part A 193 (2025) 108818

rather limited, variability between the resulting curves of four cycles in
friction coefficient and displacement of the tow. There is also a small
difference between the two simulations, in the same range as observed
previously in Fig. 6. However, the strain behaviour of the first cycle is
completely different from the further cycles in both simulations. There is
a significant positive strain during the first sliding pass, which stays
rather constant during the backward sliding. In the second cycle, a small
increase in strain during sliding forward is reversed during the backward
sliding. From the third cycle, the strain behaviour seems to stabilize with
an amplitude of 0.02 reversible after each cycle.

During longer experiments, the frequency of the capture of micro-
scopic images appeared not to be constant. Therefore, to improve the
readability of the figure, the time scale of the displacement and strain
curves presented in Fig. 11 was scaled to coincide the end of the sliding
cycles with the friction signal which was measured with high frequency
and accuracy. The four tests differed also in the time of break between
the sliding passes, but this parameter did not have any significant in-
fluence on the results. These curves demonstrate highly dispersed
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Fig. 11. Experimental response of four tows during four sliding cycles.

behaviour between the four tows, similarly to Fig. 2 presented previ-
ously. Although the friction curves seem stabilised after the first cycle
and similar between the four tows, the displacement and strain behav-
iour continue to change during the cycling, but seem to tend to some
stabilization as well. However, this stabilised level of strain and
displacement amplitude is different for each tow. The simulations car-
ried out in previous paragraphs can explain now these discrepancies by
the initial width of the tow, axial tensile force in the fibres and unin-
tentional sliding previous to measurement. As mentioned before, the
width of four tows varied between 6.5 and 8.8 mm which corresponds to
the ratio of 4/3 that was explored in Fig. 8. The effect on the strain
revealed by the simulations was significant. The variations of axial
tension force in 12,000 fibres cannot be measured unfortunately and the

13

difference between the tows remains a hypothesis. After analysis of the
numerical results of the cyclic tests, it is possible to suggest that the first
cycle of sliding for Tow 1 presented in Fig. 11 was not actually the first,
because its strain curve looks more like the one from the simulations
starting from the 2nd cycle.

5. Conclusions

A frictional experiment on a dry carbon fibre tow in transversal to
fibre orientation sliding direction was carried out on four pieces of tow
cut from the same spool. A specially developed experimental setup en-
ables simultaneous measurement of friction force and observation of the
tow through a glass window sliding on its surface. The microscopic
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images are analysed to calculate the displacement of the tow centre and
the transversal strain, both induced by the sliding of the glass plate
under compression load. The results show high dispersity in these three
signals for four tested tows. Despite the axial tension load applied on the
tow before clamping it at both ends, the displacement and strain are
non-negligible, which evidences displacements of individual fibres.

To understand this behaviour, a two-dimensional discrete element
model of the tow and glass plates, representative of the experiment, is
created. The sliding behaviour of the tow is conditioned by four pa-
rameters: two structural parameters, the bending and torsional stiffness
of the fibres, and two frictional parameters, the friction coefficient be-
tween two fibres and the friction coefficient between fibre and glass.
Former parameters are dependent on the axial tension in the fibres and
the latter ones are seen as material parameters, independent of the
structure. These coefficients are a priori unknown, especially since the
axial tension in fibres is very likely to differ between 12,000 fibres
composing the tow. A parametric analysis was then performed to eval-
uate the impact of each of these parameters. The conclusions can be
summarized as

e Two phases of sliding, shear of the tow and actual sliding, suggested
in our previous paper [28] were clearly distinguished in numerical
results. The extent of the shear phase is dependent on the number of
the fibres and the shape of the tow.

The model with exactly the same parameters and the same set of
fibres run three times with different arrangements of the fibres in the
tow gave some variability in the results (at least 10 %).

The frictional coefficients between fibres and fibres and glass have a
limited effect on the sliding behaviour of the tow. When the fibre/
glass coefficient is higher than the fibre/fibre coefficient, its actual
value has no impact at all on the results. When the fibre/fibre coef-
ficient is close to or higher than the fibre/glass coefficient, the
apparent friction coefficient between the tow and the sliding glass
plate changes significantly due to a separation of the tow into two
layers sliding one on top of another.

The structural parameters are found to be the most significant in this
study and especially torsional stiffness. If fibres are free to roll,
friction and strain of the tow decrease drastically, while its
displacement increases in the same proportion. On the contrary,
when the rotations are restrained, the friction signal is high and
almost constant during sliding, only changes in displacement and
strain are due to local instabilities of some fibres.

Bending stiffness has a small impact on the friction when fibre can
roll, but conditions the displacement and the strain of tow.

After this parametric study, the impact of normal load, shape of the
tow and number of fibres was studied to provide useful guidance for
forming optimisation. It was found that the normal load does not have a
significant effect on the friction of the tow, but the strain and tow
displacement increase with the normal load. A narrower tow presents
higher displacement than the wider one under the same load, it is more
mobile and responds quickly to the change of sliding direction. When
comparing the response of 3000, 6000 and 12,000 fibres models, it is
necessary to remember that the sliding behaviour of the tow is the
combination of the sliding behaviour of its fibres, which are conditioned
by the stiffness and local frictional parameters of each one. Thus, with
the same structural and frictional parameters, the model of 12,000 fibres
moves and deforms significantly less than the two other models. The
friction is less affected except for the shear phase, which is dependent on
the ratio between the thickness and the width of the tow.

Finally, four cycles of sliding were simulated and compared with four
cycles performed on the experimental setup. While, the simulations
revealed similarities of friction and displacement curves between the
four cycles, the increase of strain during the first sliding pass was
significantly higher than the further cycles. The strain behaviour stabi-
lised after the second cycle due to the accommodation of the tow. Based
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on these numerical results, the high dispersity in experimental results is
explained by differences in the initial width of the tow, tensile force in
the fibres and unintentional sliding prior to measurement. Overall, the
tendencies in experimental and numerical results are rather similar.

The results of this paper are believed to be highly significant for
understanding and preventing sliding-induced deformations of the tows
during composite fabric forming processes. By optimising the parame-
ters cited above, it is possible to minimize the sliding defects and control
the friction for the fabric from any nature of fibre. It needs to be
emphasised though that the fibres used in this work have circular cross-
sections, thus it would be necessary to test fibres of less perfect shape in
future work.

Above all, the Discrete Element Method proved itself to be a very
interesting and powerful tool to investigate the friction problems of
composite materials during manufacturing due to the possibility to
handle a high number of fibres with a low computation cost. The model
can be easily adapted to other types of processes with different contact
geometries and boundary conditions. A possibility of extension of the
model to three dimensions exists [37], but it comes with an increase in
computational cost.
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