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A B S T R A C T

The tow-sliding defect also referred to as gapping that appears during complex shaping of woven reinforcements
is due to a loss of cohesion in the fabric. The cohesion of the fabric tends to keep the tows from sliding under
tension. This cohesion depends on the frictional behavior of the tows mainly. Other factors such as the weave of
the fabric, the tensions and shear state of the fabric during forming play an important role as well. An analysis of
the frictional behaviors of the tows coupled to out of plane pull-out tests to determine the influence the
aforementioned parameters on the cohesion of the reinforcements was then carried out. It was showed that the
cohesion of the fabric, limiting the risk of appearance of tow sliding defect, can be improved by increasing the
transverse tow tension in low shear region, and by the in-plane shear itself in highly sheared zones.

1. Introduction

The resin transfer molding (RTM) is a manufacturing process, which
consists of preforming a fabric between two parts of a mold and in-
jecting pressurized resin through the preformed reinforcement. Since its
early versions in the 1970s, RTM became a widely used process to
manufacture lightweight, complex, mechanically adapted, structural
components for innovative industries such as in the aeronautic and
automotive areas [1–4]. Despite its interest, the process is still prone to
defects. The defects lower the mechanical properties of the finished
product [5]. Some defects are due to the resin injection part of the
process. Others are due to the preforming part. Some of these defects
have been the subjects of different experimental and numerical in-
vestigations, e.g. fabric wrinkling [6–11], unidirectional prepreg
wrinkling [6,11–13], fabric waviness [14,15], prepreg waviness
[13,14,16–18], tow buckling [19–25], prepreg buckling [26,27]. Defect
such as the tow sliding (also referred to as fabric unweaving, gapping or
reinforcement de-cohesion) has also been investigated in the past but it
still needs to be fully understood and characterized.

Tow sliding was observed by Ouagne et al. [22] on plain weaves
during preforming on a highly curved tetrahedral punch. It was re-
ported that the pressure applied by the blank holders on the fabric was
a key factor in the apparition of the tow-sliding defect. Allaoui et al.
[28] observed similar results with interlock multilayer reinforcement
on a prismatic punch. It was observed that the appearance of defects
during multilayer forming occurred mostly when the relative sliding

between layers was larger than the length of a fabric unit cell. In that
case, the higher the fabric-to-fabric friction is, the prompter the ap-
pearance of defects takes place. Nezami et al. [29] explored several
parameters on the preforming of woven reinforcements. The fabric-to-
tool and fabric-to-fabric dynamic frictions were tested using a sliding
test bench. Fabric cohesion was tested during in-plane shear using a
dedicated picture frame test by pulling out one tow from the center of
the fabric. The influence of the blank holder pressure on the defects
appearance was investigated using a segmented blank holder with
differential pressure. Labanieh et al. [30] stated that the tow sliding
defect is the consequence of a loss of cohesion between tows due to an
increase in the tows tensions. They demonstrated experimentally and
analytically the influence of the tows tensions and fabric-to-tool friction
coefficient on the appearance of the defect. Gatouillat et al. [31] used a
mesoscale model to simulate the shape forming process and predict the
in-plane shear and sliding defects that may occur. Shell elements were
used to represent the tows as they allow introducing a bending rigidity
and induce a normal inter-tows load, which in turn allowed for a more
accurate frictional behavior of the fabric. Iwata et al. [23] used a hybrid
meso-macro scale model to simulate the forming process. The macro-
scale part was used to simulate the boundary conditions while the
mesoscale part was used to simulate the defects in areas expected to
exhibit them. The tows were modeled like a sandwich: membrane
element between two shell elements. The membrane elements manage
the tensile rigidity of the tow and shell elements manage the bending
and frictional behaviors.
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The tow sliding defect is heavily dependent on the cohesion of the
fabric due to the interweaving of the tows constituting the reinforce-
ment fabric and as a consequence dependent on the friction behavior
between the tows at the tow crossing points. To further understand the
appearance conditions of this defect, the characterization of this co-
hesion is needed. Some authors started to investigate the frictional
behaviors of fabric using a single sliding/pulling approach with some
variations. Allaoui et al. [9] denoted that the friction between fabrics is
mainly due to two phenomena; i.e. the transversal and longitudinal
tows friction. The smaller the relative angle between fabrics is, the
higher the friction coefficient is measured. The same goes for single
yarn-to-yarn friction. Mulvihill et al. [32] studied the effect of the
contact area of tow-to-tool and tow-to-tow on their frictional behavior.
It was found that an increase in normal load also increases the contact
area, creating more contact zones between end fibers from both tows
and thus increases the friction coefficient. Najjar et al. [33] investigated
the tool-to-fabric and fabric-to-fabric frictional behavior of a powder-
coated prepreg. The device used was developed based on a tension test
with a heating element to control the sizing. The nature of the tool was
also considered as a parameter that can vary. They determined that the
increase in temperature and/or pressure of the tool increased the con-
tact conditions, which in turn increased the friction coefficient. Ajayi
et al. [34] studied the effect of the fabric structure (weave) on the
frictional behavior of the fabric. They found that an increase in the
fabric crimp increased the friction coefficient as well. Montero et al.
[35] studied the effect of the normal pressure and velocity on fabric-to-
fabric and tow-to-tow friction with multiple orientations of the samples.
The increase in pressure decreased the friction coefficient in the case of
the fabric-to-fabric tests as the compression made the topology of the
fabric less crimped and lowered the interaction of transversal tows. The
increase of pressure had a small increase on the tow-to-tow friction
coefficient. The increase of velocity slightly increased the friction
coefficient in both cases. Valizadeh et al. [36] used a geometrical ap-
proach to calculate the bending angle, friction coefficient and normal
loads in the plane of the fabric during an in plane pull-out test. The
calculated parameters were used to evaluate a pull-out load that was
found to be in good agreement with experimental data. Das et al. [37]
proposed the determination of the tow-to-tow friction coefficient
through a simple in plane pull-out test. The displacement/pull-out load
curve was partitioned according to the behavior of the pulled tow. From
said curve, the static and dynamic pull-out loads were established. An
analytical model based on the Euler friction belt theory and the geo-
metrical profile of the pulled tow was used to determine the inter-tow
friction coefficient, which was found to be in good agreement with the
literature. López-Gálvez et al. [38] studied numerically the tow-to-tow
friction coefficient from an in plane pull-out test on a Kevlar fabric.
They used an explicit model on Abaqus of the fabric from which they
pulled a tow to identify the inter-tow friction coefficient.

Other authors used a tribological approach to determine the fric-
tional behavior of the fabric. Cornelissen [39] used capstan (winch) to
evaluate the frictional behavior of technical fibers. Different parameters
of the method were investigated to validate the results [40]. In later
work, the capstan method was compared to the plate sliding technique
to characterize the frictional behavior of tow-to-tool and fabric-to-tool.
Both methods provided similar results but with different advantages for
each (easier set-up and control of the process). Tourlonias et al. [41]
used a rotating nano-tribometer to study the effect of friction velocity,
initial normal load and wear on the friction coefficient of fiber-to-fiber
and tow-to-tow configurations. The samples were slid against each
other at ~90° angle. The velocity and normal load had minimal effect
on the friction coefficient of both configurations. The wear on the other
hand decreased the amount of sizing on the tows and as such, the
friction coefficient. Then, in another paper, Tourlonias et al. [42] in-
vestigated the effect of the angle between fibers or tows on the fiber-to-
fiber and tow-to-tow friction coefficient. they found out that the friction
coefficient evolves little except for angles very close to zero, reaching

the highest friction coefficient for both configurations. Finally, an
analytical model based on Hertz’s theory was proposed to determine the
friction coefficient from the normal force, the shear strength and the
real area of contact. The analytical model was found effective for angles
superior to zero. Dong et al. [15] determined the tow-to-tow friction
using a drum set up and used it to simulate the pull-out behavior of
Kevlar fibers.

As stated before, the tow sliding defect during the complex shape
forming of woven reinforcement is mainly due to the loss of cohesion,
tow to tow binding, within a fabric. Literature works mainly focus on
the fabric-to-tool, fabric-to-fabric or tow-to-tow frictional behaviors
and how the normal load and fabric orientation affects the respective
friction coefficient. Yet, most of them disregard the cohesive effect of
the mesoscale of the fabric and even fewer account for the nature of the
reinforcement (weave type and material). In this work, it is proposed to
investigate the cohesion of different fabrics by performing out of-plane
pull-out tests (for in-plane sheared fabrics) and link the results of these
tests to the tow-to-tow frictional behavior. A special picture frame set-
up, designed to avoid in-plane bending traditionally observed in such
devices, was used with individual controls of the tension applied to
each tow.

2. Experimental study

In order to assess the cohesion behavior of the considered re-
inforcement, the friction coefficient of individual tows need to be de-
termined. The friction coefficients of technical yarns are scarce in the
literature and even more so for the natural tows. Tows are bundle of
oriented fibers and as such their coefficient behavior might be affected
by their orientation. Once the friction coefficients are determined, we
need to determine the effect of the structure of the reinforcement as a
whole. To this effect proposed the pull-out test as an indicator.
Parameters such as transversal tow tension in the fabric, shear angle
and weave pattern need to be addressed. The pull-out load will mainly
be the qualitative indicator for the fabric cohesion.

2.1. Materials

Three woven fabrics are chosen for the tests. The first fabric is the
‘Hexforce 48.600 U 1250’; a commercially available carbon fiber re-
inforcement manufactured by the company “Hexcel ©.” The carbon
tows have 12k filament count with a filament diameter of 7 µm. The
carbon fiber tows are arranged in a twill 2 × 2 weave. The second
reinforcement material is a twill 2 × 2 fabric constituted from desized
flax tows. It was custom-made by “Groupe Depestele company”. This
flax twill weave fabric shares similar dimensions (width 8% difference,
length of pick 4% difference and same thickness according to measuring
precision) and weave pattern with the carbon twill. Both fabrics are
expected to show different frictional and mechanical behaviors due to
the nature of the tows alone. Finally, the third fabric was manufactured
from similar flax tows but in a plain weave pattern. The dimensions of
the fabrics and their tows were determined optically; the properties of
the tows listed in Table 1 have been experimentally measured.

In Table 1, the tensile modulus (E1) of the tows were determined
from the linear portion of a tow tensile test. The bending rigidity was
determined using the cantilever overhang test with Peirce’s formula
[43]. Even if some elements of Table 1 are results, these ones are only
given here as characteristics of the tested fabrics which will be used
further to understand observations.

2.2. Tow to tow friction testing device

One way to assess the inter-tow frictional behavior is, as mentioned
before, through a tribological approach. For this purpose, the linear
tribometer “UMT TriboLab Bruker” was used.

All tribological tests were accomplished at identical conditions with



a yarn-to-yarn configuration at ambient air. The rig has a 2-axis fric-
tion/load sensor with a range from 0.20 N to 20 N and a 1 mN re-
solution. The acquisition system records the tangential (Ft) and the
normal (Fn) forces during the test.

Two tows with a width of 2.6 ± 0.1 mm were used as antagonist
materials and tied with a 1.2 N-tension. The tribological tests are
configured with a load of 0.8 N, a sliding distance of 10 mm, and a
sliding frequency of 0.5 Hz. The test duration is set to 400 s. The tow
holders are in-house developed and allow to configure a sliding angle
from 0° to 90°. The tribological tests were carried out for angles: 0°, 15°,
30°, and 45° (Fig. 1).

Two sample holders were custom-designed, and 3D printed for both
parts of the tribometer. The two sample holders fitted a tow between
two stands so to limit the influence of the holder on the friction.

As illustrated in Fig. 1(c), the tow is attached on one end at a fixed
holder (1) using bolts and nuts. The other side of the tow is fixed on a
sliding part (2) of the holder that slides on two rods (3) attached to the
main body of the sample holder (1). Inside the sliding part, a nut (4) is
embedded to hold the tensioning bolt (5). When turned, the tensioning
bolt (5) pushes against the intermediate plate (6), which, in turn,
compresses the springs (7). Since the sliding part has the tow is fixed on
it, the load generated from the compressed springs is transferred to the
tow.

The lower sample holder is designed with an extra circular center-
piece (see Fig. 1(b)), allowing the holder to rotate to test several friction
angles between the upper and lower tows.

2.3. Out of plane pull-out setup

It is crucial to consider the normal load generated by transversal
tows (Fig. 2), the orientation of the tows and the type of woven fabric to
determine the fabric cohesion behavior. For this purpose, it is proposed
to perform the out of plane pull-out test on a picture frame test set-up,
as represented in Fig. 3. This out of plane pull-out technique on a
picture frame device was carried out at shear angles susceptible to be
found on a highly double curved preforms [19]; i.e. 0°, 15°, 30° and 45°.
Similar setup can be found in literature [29]. The used shear frame that
was designed at the “Laboratoire Génie de Production de Tarbes” by A.
Labanieh et al. (see acknowledgements) in the frame of a regional
project has additional features such as the individual control of the yarn
tensions together with a dedicated kinematic in order to prevent the
bending of tows introduced in classical picture frame designs. These
features are essential as they permit to better control the tensions on the
transversal tows and thus the applied normal load on the pulled-out

tow. The orientation of the tows is controlled via the in-plane shearing
of the device.

Each arm of the frame has a removable needle bed, which allows
redirecting the tows in the specified shearing angle (defined by the
sheared state of the frame (Fig. 3(c, d)) with limited parasite shearing
tensions. This permits to control the orientation of tows with respect to
the pulled tow. Each arm has redirection eyelets, in the loading zones
(Fig. 3(c)), in order to redirect each tow to a tensioning system and
avoid artificial in plane deformation of the tows. In this work, each tow
is linked to a weight that can be changed and adapted to control the
level of tension in the tow. The resulting tension (especially on the
transverse network) plays a significant role in the pull-out load. The
needle beds were 3D-printed to the characteristics of each tows and
fabrics dimensions.

The samples are cut in a cross-shape manner with 37 × 37 tows
(roughly 10 cm × 10 cm central zone) and arms of 70 cm × 10 cm
(Fig. 3(b)). The transversal tows in the sample arms are kept in for
adding structural stability until the needle bed are mounted on the
sample and closed. Then, the sample and the four needle beds are slid
inside the shear frame.

Once the sample is well positioned, the shear frame is placed hor-
izontally in a tension universal testing machine “INSTRON 400 II®”
instrumented with a 500 N load cell. A hook pulls a tow from the center
of the sample. It is fixed to the load cell. Weights are attached to all the
tows (at the exception of the pulled one) in order to control the ten-
sions. The shear frame is indexed at the desired angle using pre-drilled
holes marking the distance required for a given angle. The final setup is
represented in Fig. 3(c). Finally, as the hook goes up, the central tow is
pulled from both sides of the sample. The resulting pull-out load on the
hook may then be recorded.

The out of plane pull-out test (schematized in Fig. 4) was carried out
on the samples by pulling out the central tow at a rate of 5 mm/min.
Each tow except the pulled out one was put under a tension of 1.04 N/
tow.

Compared to a classical in-plane pull-out test where the recorded
load is directly the pull-out load response of a given length L of fabric,
in this out of plane pull-out test, the measured load Fp represents twice
the response of a fabric of a length of about L/2 majored by the pull-out
direction change induced. The pull-out load was recorded for different
tests investigating the variation of the following parameters:

- Fabric shear angle: 0°, 15°, 30° and 45°.
- Transversal tension (on carbon tows): 1.04 N/tow and 3.12 N/tow.
- Weave patterns (on de-sized flax tows): plain and twill 2 × 2.
- Nature of the material (on twill 2 × 2 weaves): de-sized flax and

carbon fiber.

Each test was carried out three times.

3. Experimental results

3.1. Friction tests at the tow scale

The tribological tests are carried out on carbon fiber tows and de-
sized flax tows (from twill and plain weave fabrics). The coefficient of
friction (COF) is defined as the ratio of the tangential force to the
normal loads. The COF, calculated for the three tows, are recorded and
plotted against the displacement of the sample holder. Fig. 5 represents
a sample of the obtained curves for the three tows.

The curves are globally symmetrical against the x axis in the central
zone. The negative COF is just due to the fact that the longitudinal load
is positive in a direction and negative in the other. On the extremities of
the graphs, the COF may be affected by direction changes and device
accelerations. The average friction coefficient of each tow was mea-
sured at the central zone of the curves (the decreased values due to
direction changes were filtered). The average COF was also taken from

Reinforcement Twill 2 × 2
carbon fiber

Twill
2 × 2 flax

Plain flax

Fabric properties
Surface density (g/m2) 600 465 458
Warp density (m-1) 380 380 380
Weft density (m-1) 380 430 385
Thickness measured optically: e

(mm)*
1.36 1.43 1.32

Tows properties
Linear density (g/m) 0.813 0.494 0.478
Tensile modulus: E1 (GPa)* 132.7 7.9 7.6
Length of apparent section (pick): Lt

(mm)
5.42 5.26 2.63

Width: b (mm)* 2.60 2.40 2.59
Thickness measured optically on a tow

extracted from the fabric: h
(mm)*

0.45 0.45 0.45

Diameter of the fiber (µm) 7 20 20
Bending rigidity: Bx (N⋅mm2)* 19.63 1.73 1.67

Table 1
Reinforcement properties (values with a * have been experimentally measured, 
others are from the manufacturer).



the 10th to 20th cycles to avoid considering the influence of early setup
variations and the wear that occurs sometimes after 50/100 cycles.
Each material/angle combination was repeated three times on different
samples and the average, max and min of the results are displayed in
Fig. 6.

For each tow, four shear angles were tested (0°, 15°, 30°, 45°) as
illustrated in Fig. 1(d). Theses angles represent the evolution of in-plane
shear angles where a setup 0/90° between the upper and lower tows
represent the base shear angle of 0°.

3.1.1. Effect of the material on the friction coefficient
At 0° shear angle (Fig. 6), carbon twill shows a friction coefficient of

0.21 with a relatively low dispersion ( ± 0.01) whilst flax twill tow is
24% higher at 0.26 with larger dispersion (−0.04, +0.03) and flax
plain tow is even higher than the flax twill with a 52% increase over the
carbon tows at a friction coefficient of 0.32 ( ± 0.03).

The dispersion observed on the average friction coefficient of flax
tows can be attributed to the un-homogeneous surface of the tows
where disordered fibers, not aligned with the others in the main di-
rection, may be observed. The color-coded images, of the surfaces of
tows prior to the friction test, in Fig. 7 (a, b and c), obtained using

“fixed” 
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part

load cell

upper sample 
holder

“moving”
lower 
part

Reciprocating 
driver

lower sample 
holder

)b()a(
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4: imbedded nut

5: tensioning bolt6: intermediate bar
7: compression spring
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m
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Fig. 1. (a) Tribological friction test final setup (bottom moving part and top fixed one), (b) Sample holder fixed on the tribometer, (c) schematic view (bottom part
only), (d) considered shear angles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pull-out load

pulled tow
transversal 
tow

transversal load
generated normal 

Fig. 2. Loads on the pulled tows.



OrientationJ [44], an imageJ plugin, represents the orientations of
surface fibers on the considered tows. In Fig. 7(a, b, c), the direction of
the tow represents the 0°. The distribution of angles orientations is
summarized in the graph in Fig. 7(d). A certain amount of fibers
(normally the vast majority of them) is expected to be in the direction of
the tow length. In the flax tows, a little bit of entanglement may be
observed due to some false twist given to ensure a small cohesion be-
tween the fibers during the flax sliver preparation (up to ± 15°). Up
to ± 15°, these fibers can be assumed to be fully imbedded in the tow
and consequently harder to dislodge. For higher angles, it is safe to
assume that these fibers have a free-floating edge. In Fig. 7(d), one can

observe that fiber orientation distribution (from OrientationJ plugin
[44]) is spread all along the orientation range, where carbon fibers have
a high percentage of aligned fibers and flax fibers are distributed in all
directions. The carbon tows have less disordered free-floating surface
fibers (end of fibers/fibrils) as they are mainly manufactured from an
assembly of long filaments. Statistically, the longer the filaments, the
lower the frequency of end fibers in a certain area. Together with the
higher variability of orientation for flax fibers within the tows, this
relative homogeneity of the surface explains the lower dispersion in the
case of carbon tows. The flax tows show more disordered fibers than
carbon on the surface. The abundance of disordered fibers in the flax
tows, and particularly in the ones coming from the plain weave fibers
seems to cause the dispersion in the flax twill and more in the flax plain
COF. The increase of non-aligned fibers also means that fibers have
more chances to be entangled and increase the resistance to the sliding
movement (Fig. 8). This explains the higher friction coefficient at the
end of each cycle for the plain flax (Fig. 5(c)) compared to the twill flax
(Fig. 5(b)).

3.1.2. Effect of the weave on the friction coefficient
Another effect of the weave as observed in Fig. 7 is the abundance of

disordered surface fibers. As the tow is more compressed during the

(a) (b)

Hook

Sample

picture frame

needle bed

redirection eyelet

marked support 
for shear angles

weights 

pull-out direction

(c)
(d)

Fig. 3. (a) Picture frame unsheared, (b) out of plane pull-out sample, (c) final out of plane pull-out setup, (d) diagram of the out of plane pull-out test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Schematic of the out of plane pull-out test.



weaving process and gets crimped more severely, this tends to expose
more surface fibers especially in the case of desized tows with relatively
shorter fibers than synthetic ones. As a result, more disordered fibers
can cause dispersion in the frictional behavior (can be observed on the
dispersion of the flax frictional coefficient) and wear can generate
bonds or bridges as shown in Fig. 8.

Moreover, as the tows are extracted from woven fabrics, they are
undulated because the initially strait tows (before weaving) have a
tendency to relax inside the fabric and keep the shape of the imprint
from the weave of the fabric. This results in a crimp as illustrated in
Fig. 9. In the central zone of the curves in Fig. 5, one can observe crests
(better visible in flax tows Fig. 5(b, c)). These crests represent the lower
tow sliding over a crimp of the upper tow. This effect is less visible for
carbon tows as they tend to straighten up outside of the fabric
(Fig. 9(a)) while flax tows tend to keep the crimp because the level of
permanent deformation is reached during the weaving process even
after low bending strains due to fiber entanglement and misaligned fi-
bers. Above a permanent deformation level, the rearrangement of the
fibers is made difficult due to fiber entanglement and fiber misalign-
ments. This has for effect to “lock” the fibers in their deformed position.
As the tow is more undulated for the plain weave fabric, the lateral
effort is larger than in the case of the twill weave fabric and therefore, it
increases the friction coefficient and its dispersion.

Increasing the frequency of the undulation (due to more crimp), and
also the depth of the crests leads to an increase in the average friction
coefficient. The number of undulations on the plain tows on a same
distance is twice the one observed on 2 × 2 twill. It should result in
more crests in the friction coefficient curve. However, only one crest
can be seen in the plain curve and this is due to the real contact area. As
the test is performed, while the sample holder does a movement of
10 mm, the tow effectively moves 8 mm. This is due to the flexibility in
the setup as the moving tow gets slightly stretched due to the friction.
The 8 mm motion span can be short enough to only see the effect of a
single crimp.

3.1.3. Effect of the angle on the tow-tow friction coefficient
For carbon fiber tows, the results obtained in Fig. 6 are in line with

the literature [42] for similar tows and conditions. As the shear angle
increases, the friction coefficient increases as well with a noticeable
difference being at 45° (5% increase to initial 0° angle). This is ex-
plained in the literature by the increase in the contact area between the
tows (intimate contact at fiber scale is increased) as the friction is
proposed to be mainly governed by adhesion. For flax tows for both
weaves, the friction coefficient, at first glance, tends to decrease as the
shear angle increases (as opposed to the carbon tows), but the disper-
sion delta is high for the flax twill and even higher for the flax plain
tows. This makes the trend not valid. The dispersion could result from
the observed “randomness” of fibers on the surface; these free end
surface fibers could either be entangled and cause a rise in the COF or
act as roller bearings and decrease the COF. These two random and
antagonist effects increase the variability in the COF and overshadow
the effect of tow orientation.

Regarding the increase in contact area, further tests were conducted
with two tows placed on independent holders. This meant an increase
in the contact area four times over. Tensions and normal loads were
adjusted accordingly. Results, reported in Fig. 10, show that quad-
rupling the contact area leads to friction coefficient close to that of a
single tow, or within the dispersion margin, in good accordance with
Coulomb’s friction theory. This suggests that the evolution of the fric-
tion coefficient in Fig. 5 comes mostly from the orientation of the
surface fibers and how they interact with each other.

3.2. Out of plane pull-out test

Pull-out load results are presented in Fig. 11. The first maximum
attained by each of the curves represents the end of the un-crimping

Fig. 5. Friction coefficient during 10th to 20th cycle of the tow to tow friction
test for (a) twill carbon tows, (b) twill flax and (c) plain desized up flax tows.
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and transversal tow rearrangement during the pull-out and represents
the maximal pull-out load. After the maximal pull-out load, the tow
slides freely inside the fabric. The periodic aspect represents the in-
teraction of the residual crimp of the pulled-out tow with the trans-
versal tows. The average load in the periodic part is considered as the
pull-out load. The average of pull-out loads in each configuration is
reported in Fig. 12, with error bars reflecting the max and min pull-out
loads.

3.2.1. Effect of the material on the out of plane pull-out load
The twill 2 × 2 of carbon fiber and flax fibers have similar di-

mensions and were subjected to the same experimental conditions
(Fig. 12). Comparing the morphology of the curves in Fig. 13, the close-
up in pull-out loads, shape of the curve also reveals their behavior. High
frequency noise in the signal is due to entanglement and “fiber brid-
ging” from free-floating end fibers (more present on flax as seen in
Fig. 4) as opposed to the smoother signal encountered with carbon.
When two surface fibers get entangled, they behave like “chain links”
increasing COF. The prominent “saw tooth” behavior is due to the
crimp “bypassing”. This phenomenon is extremely severe in the case of
plain weave flax (due to the frequency and severity of the crimp imprint

as observed in Fig. 9) and still present in lesser extent for twill weave
flax and even less so for the twill carbon.

Comparing the results of the pull-out to the frictional behavior of
the two tows, one can observe that even if the friction coefficient of the
flax twill is 25% higher than for the carbon twill at a shear angle of 0°,
the average pull-out loads are very close to each other’s. However,
when looking closely at the pull-out loads of the two tows (Fig. 13), one
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Fig. 8. Entanglement of surface fibers observed after the friction test of flax
plain tows. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2 × 2, (c) flax plain. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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can observe that they replicate the trend of the friction coefficients of
their respective tows (Fig. 5(a, b)) as loads recorded on flax tend to get
higher crests. This is due to the effect of the residual crimp. As illu-
strated in Fig. 9(a, b), even out of the fabric, tows tend to retain a
certain undulation. It was observed that the flax tows retain their shape
better out of the reinforcement (residual crimp: thickness of the ex-
tracted tow from top of the crest to bottom of the trough is 85% of the
fabric initial thickness) while the carbon twill tends to straighten out of
the reinforcement (residual crimp: 70% of the fabric thickness). The
valley in the pull-out curve correspond to configurations “in phase”
with the initial configuration of the fabric (the pulled tow is extracted
with a distance multiple of the fabric unit cell length); no obstacles are

present nearby and we assume that the load is governed by friction. The
values at the valleys (around 3 N for both carbon and flax twill) are in
accordance with the tendency observed on the friction coefficients
“post direction change” (around 0.2 for each tow). The crests in the
curves, representing the effect of the crimp “collision”, is higher on the
flax twill (around a COF of 0.4 and 4 N in the pull-out loads) than the
carbon twill (around a COF of 0.21 and 3.5 N in the pull-out loads). This
explains why the flax twill shows higher loads than the carbon one.

3.2.2. Effect of the weave on the out of plane pull-out load
From the comparison of a twill 2 × 2 with a plain weave for the

same material (yarn) and transversal tension loads, one may observe an
increase in the out of plane pull-out load by about 280% for a shear
angle of 0° (Fig. 12). As illustrated in Fig. 13, the change in the weave
pattern from twill to plain weave consists mainly in a change in the
frequency of crossover points (going from 9 crossover points for 18
transversal tows in the twill weave to 18 crossover points for 18
transversal tows in the plain weave). A crossover point is the position
alternation of the warp and the weft. The plain weave possesses twice as
many crossover points per tow than the 2 × 2 twill (Fig. 4). The
crossover points are the cause of the crimp in the tows. Since the pull-
out load is heavily impacted by the crimp of the tows, the pull-out load
increases as the frequency of crossover points increases. The increase
crimp also increases the severity of contact between the tows, thus
increasing the chances of fibers to get entangled and detangled. This
has the effect of increasing the COF and the load required to pull-out
the tow.

3.2.3. Effect of the transversal tension on the out of plane pull-out load
The effect of the transversal tension increase for the carbon twill

fabric is shown in Fig. 12. An increase of ~200% in the tension of the
transversal tows, in the case of the carbon twill, increases the out of
plane pull-out load by an average of 100% for 0° shear angle.

In a fabric, two perpendicular tows intertwine creating a bent
geometry as represented in Fig. 4. The angled tension in the tows,
coupled with its bending-induced tension creates a normal load on the
crossing tow. Increasing the normal load by increasing the transversal
tension, in turn, increases the out of plane pull-out load. A nonlinear
behavior was expected since even for un-tensioned fabric, pulling a tow
still requires a fair effort. The increase in weaving in the pulled tow,
responsible for the pull-out load increase is a result of the competition
between the permanent crimp observed on a yarn, the bending beha-
vior and the imposed tension. The influence of the tension will reduce
as the crimp in transverse tows straightens.

3.2.4. Effect of the shear angle on the out of plane pull-out load
By considering the effect of the shear angle, it is possible to observe,

in Fig. 12, that an increase in the shear angle increases the pull-out
load. Increasing the shear angle from 0° to 15° leads to an increase of
the pull-out load by an average of 5% for the carbon fiber fabric in both
loads. At the same angles, only an increase of 1% in the respective
friction coefficient is observed. For the flax fabrics, an increase of 22%
is observed for the twill weave, while the friction coefficient increased
by 9%. For the plain weave fabric, an increase of 27% is observed
against 2% in the respective friction coefficient.

Going from 15° to 30° further increases the pull-out load to an
average of 28% for carbon fabric under a tension of 0.4 N/mm and 40%
for the carbon fabric under 1.14 N/mm. For the flax fabric, the friction
coefficient only increased by 1%. An increase of 50% for the twill and
60% for the plain weave is observed while both friction coefficient
decreased respectively by −1% and −15%.

Finally, getting up to a shear angle of 45° increases the pull-out load
to an average of 110% for carbon fabric under a tension of 0.4 N/mm
and 90% for the carbon fabric under 1.14 N/mm. As for the friction
coefficient, an increase of 2% is observed. For the flax fabric one can
observe an increase of the pull-out load of 180% for the twill and 80%

Fig. 11. Typical out of plane pull-out load aspect for 1.04 N/tow tension for (a)
carbon twill 2 × 2 weave, (b) flax twill 2 × 2 and (c) flax plain weave. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



for the plain weave even with the friction coefficient still decreasing of
16% for the twill and 6% for the plain.

A nonlinear increase in the pull-out force is observed for the four
tested configurations with different trends. One explanation is that the
friction of the tow is mainly due to adhesion. The increase of the contact
area between tows during shearing might increase the shear strength
and thus the tangential load required to slide the tow and so the pull-
out load. A quick geometrical estimation of the contact area (going
from a square at 0° shear to a rhombus at 45°) yields and increase of
25% in the contact area. As observed by quadrupling the contact area in
the friction test, a 25% increase should not affect the pull-out load that
much.

Since the pull-out loads and the friction coefficient trends are not
necessarily in accordance, other factor that might be of influence is the
shear locking phenomenon. As the fabric shears, the tows of the same
network (side by side) start to get into contact, adding friction (this is a
transitional zone). The in-plane shear continues until it reaches an
angle where it becomes too difficult to shear (locking angle). During the
out of plane pull-out test, it was observed that the shear angle of the
plain flax fabric was lower than the imposed angle. It seems that the
plain weave reaches a transitional zone earlier than the other fabrics
and is unable to increase at the same rate as the other fabrics. This has
been confirmed by other authors using bias and picture frame shearing

tests [45].

4. Conclusion

In this work, experimental investigation of fabric cohesion as a
whole and the influence of the frictional behavior of tows in particular
has been conducted. First an inter-tow friction test was carried out to
determine the friction coefficient of the tows and explore any influence
that a change in orientation might have. Then, using a pull-out method
the cohesion of the reinforcements was characterized for different
configurations. The chosen method consisted of pulling out a tow from
the center of a shear frame and to measure the pull-out load. This
method allows for a control of the shear angle and the orientation of the
tows, the tension (and thus the normal load) applied to the tows, the
type of material and weave of the fabric.

As the tow sliding during the shape forming of composite pre-
forming is mainly due to decohesion in the reinforcement, the previous
tests suggest that the cohesion of a fabric is directly correlated to the
pull-out test parameters. An increase in the angle of the tows due to in-
plane shear increases the tension required to pull-out tows and there-
fore increases the fabric cohesion for in-plane shear angles higher than
15° for plain weaves and 30° for the twill 2 × 2 weave fabric. However,
since the increase is nonlinear and mostly takes place above the pre-
viously mentioned angles, sliding may not be prevented only by in-
plane shear at low shear angles. An increase in the transversal tensions
also increases the pull-out load and therefore improves the fabric co-
hesion. The increase of the transversal tensions seems to have more
effect on lower shear angles and may be overshadowed by the effect of
the shear locking at high in-plane shear angles.

The effect of the fabric on the cohesion of the reinforcement de-
pends on the friction coefficient of the tow, the fiber lengths and the
shear angle. As an example, the flax pull-out load is slightly higher than
the equivalent 2 × 2 carbon twill weave while the carbon tows have
significantly lower friction coefficient. Though, the observed pull-out
load of flax twill as a function of the shear angle does not follow the
trend of the single tow. This may be due to disordered fibers on the
surface of the tow having more influence on a single tow while its effect
gets smoothed over a longer pull-out motion with more contact zones.
The type of weave mainly affects the frequency of crossover points. An
increase in crossover points either by frequency or by length of the
fabric increases the fabric cohesion linearly.
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In order to tackle the appearance of gaps during reinforcement
preforming, a weave with high crossover points and tow crimp such as
plain weaves should be preferred. A sizing that can increase the imprint
depth together with bending stiffness of the tow would also increase the
cohesion as it makes it harder for tows to “bypass” the crimp but must
be used with care as to maintain the drapabilty of the fabric. While
preforming, differential blank holders can be used to vary tensions in
certain areas of the reinforcement. Increasing the tension in the tow
transversal to the ones expected to slide (in unsheared and low shear
zones) will increase cohesion and decrease the apparition of gaps.

For future studies, the results presented in this work could be
gathered and used in computational models in order to have a better
understanding of the inter-tow frictional behavior and cohesion of the
fabric with the objective to improve the forming simulation of textile
reinforcement fabrics in the frame of complex shapes.
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