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ABSTRACT

The objective of this paper is to understand and study the effect of morphological parameters on the
shear stiffness of an entangled cross-linked fibrous material made with carbon fibres where some of the
contacts are bonded by the epoxy resin. This current work presents a 3D finite element model using
ABAQUS/Standard in order to characterize the mechanical behaviour of different carbon fibre networks
rigidified by epoxy cross-links. Numerical simulations are achieved on a representative volume element
(RVE) with the orientation distribution of the fibres based on a tested sample. Since not all the strands
are perfectly separated, an equivalent diameter of fibre is determined to obtain the rigidity experimen-
tally measured in shear. Then, an investigation of the influence of morphological descriptors, such as the
distance between cross-links, distribution fibre orientations and junction properties, is carried out. For
the entangled cross-linked fibrous material with a small fibre volume fraction, the relationship between
the shear stiffness and the fibre volume fraction is a linear function whereas the relation between the
shear stiffness and the distance between junctions is a power law with exponent of —3/2. The shear stiff-
ness depends slightly on the twisting joint stiffness, and its relationship with the tension joint stiffness is
a logarithmic function. The effect of fibre stiffness is also investigated by taking Young’s modulus values
corresponding to those of glass fibres, inox fibres or aramid fibres. A linear function is obtained between
the shear stiffness and the Young’s modulus. These results are consistent with the analytical models in
the literature for a cross-linked fibrous material.

1. Introduction

structure, and many methods have been presented to enhance the
damping of the sandwich structure (Cai et al., 2004; Fotsing et al.,

Composites are increasingly used in industrial applications and
especially in the aerospace field due to their attractive stiffness to
weight ratios (Castanié et al., 2008; Belouettar et al.,, 2009). The
sandwich structure occupies an important place in the manufactur-
ing of composite parts. Its composition of two rigid skins spaced
by a light core of great thickness and low stiffness offers a high
stiffness for bending applications. Numerous core materials with
different configurations have been designed and studied in the lit-
erature (Mezeix et al., 2009). The honeycomb is still the most used
core material for the sandwich structure because it offers the best
stiffness to weight ratio. However, it presents many drawbacks,
such as the difficulty implementing it in complex structures, closed
porosity and difficult quality control processes. The low vibration
damping is still the most important problem with the honeycomb
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2013; Li, 2006).

Based on the study of Poquillon et al. (2005),
Mezeix et al. (2009),(2015a) developed a new entangled
cross-linked material that can offer good vibration damping
(Piollet et al., 2016) due to the energy dissipated through friction
between fibres. The honeycomb cannot yet be substituted by this
new material in the aerospace field because its shear stiffness is
very low. The numerical modelling of the entangled cross-linked
material seems necessary to understand and study its behaviour.
Whereas the honeycomb has been significantly studied in the
literature (Silva and Gibson, 1997; Kallmes and Corte, 1960), only
a few investigations have been conducted to study such fibrous
materials.

The creation of models aimed at enhancing the understand-
ing of the mechanical behaviour of fibre assemblies started with
analytical models (Gibson and Ashby, 1997; van Wyk, 1946). Al-
though the previous analytical models were confined to rather
simple uniform arrays, they provide data of great interest. In 1952,
Cox (Cox, 1952) proposed an analytical model in which the fibres
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were not supposed to interact with each other, extend from one
edge of the network to the other and transmit only an axial load.
His model derived the elastic coefficients as a function of the fi-
bre orientation distribution. According to Cox’s studies and for a
three-dimensional isotropic assembly, the results are:

The elastic modulus : E = g (1)
The shear modulus : G = 1’—; (2)

where k = &E f
Pg

and ps, oy and E; denote the fibrous material density, the density
of the fibre and the elastic modulus of fibre, respectively. The pre-
dicted stiffness values could be viewed as an upper limit that can-
not be reached in real fibre networks.

Van den Akker (1962) assumed that the non-bonded parts of
the fibres can also support shear and bending, apart from axial
strain. He considered the bonds to be rigid and to rotate to an ex-
tent equal to the mean of the rotations of the two cross-linked
fibres. He concluded that two groups of stress cause rupture of
fibre-to-fibre bonds: those associated with tension in the fibres
and those associated with torque on the bonds due to the shear
force in the fibre segments.

In 1960, Kallmes and Corte (1960) presented a model dealing
with the morphology of fibre networks. Their model was applied
to the study of paper. The authors assumed that the fibres were
independently deposited of each other and the fibre network had a
uniform orientation distribution. They stated that the geometric ar-
rangement of the fibres was an effect of the paper making process
and the cause of the paper’s properties. The relationships between
the paper properties and the different morphological properties of
the assembly, such as the average length of the straight segments
between contacts, the number of fibre crossings, the fibre volume
fraction and the elastic properties of the fibres, were presented.
Among its results, the following equation established the average
number of fibres crossings in a square of side length, L:

(nflf)2C2
ne = T I2r (3)
where n; is the number of fibres, I; is the average length between
contacts and c denotes the average curl index, which is the dis-
tance between the fibre end points divided by the fibre length.
Another equation from Kallmes and Corte provides the average
length Is of free segment without contact on a fibre:
TlflfC
= 4
b= (4)

Kallmes et al. (1963) proposed an investigation based on the
calculations of Van den Akker (1962) that emphasized the effect of
the free and bonded parts of the fibre segments.

Egs. (3) and (4) have been presented for 3D fibre networks by
Komori and Makishima (1977). Their theories used curved beams
and considered the influence of curliness, fibre sliding and crimp.
Although their model qualitatively presents the behaviour of fibre
assembly, its applicability is limited because it assumes affine de-
formation of the inter-fibre contact points.

The fibre network made by inducing cross-links at the fibre
contact can be considered to be a particular kind of foam-like
material. Thus, the Ashby and Gibson’s methods, concerned with
the modelling of open cellular solids (Gibson and Ashby, 1997b;
Ashby et al., 2000), can be used for the fibre cross-linked assem-
bly. The authors model is based on beam deflections. Ashby and

Gibson proposed an expression calculating the compression modu-
lus of open cell foam:

3mE
E= !

(5)

where E; is the Young’s modulus of fibre, L is the distance between
joints and D is the fibre diameter.

Heyden (2000) developed a finite element model for the ge-
ometrical linear deformation of cellulose fibre assemblies with
an isotropic orientation distribution. The fibres were modelled by
beam elements with a constant curvature and introduced in a pe-
riodic representative volume. The fibre contacts were represented
by a set of springs that allowed stick-slip. They were bonded in the
sense that once created, the springs cannot be broken. The model
provided simulation results that were in good agreement with ex-
periment results. However, it was tested only for low fibre volume
fraction, f=3%.

Delince and Delannay (2004) developed an analytical model
that was based on a periodic network architecture to deter-
mine the elastic properties of transverse isotropic steel fibre ar-
rays. The Young’s moduli calculated from their model were be-
low experimental values. They assumed that this difference was
due to the negligence of triangulation effects in the model.
Delannay (2005) proposed a new model that accounts for the neg-
ative Poisson ratio behaviour and the random triangulation. His
model predicted the shear stiffness, G;3, properly. However, no
such agreement was verified for the predictions of the in-plane
modulus, Eq, and the out-of-plane modulus, E3, which were no-
tably lower than the measured values. Even if the model did not
provide a full quantitative agreement with the experiment re-
sults, it can offer indications for optimizing the design of the fi-
bre orientation distribution that can give the most suitable elastic
anisotropy for the aimed application. It follows that the predictions
of the new model for the in-plane shear modulus, G;3, appeared to
agree with the value measured for the reference material.

A simple analytical model was developed by Markaki and
Clyne (2005) to predict the mechanical behaviour of non-periodic
bonded fibre assemblies when subjected to either magnetic or me-
chanical loads. This model assumed that the bending of the in-
dividual fibres dominated the deformation. None of the changes
in morphology during compression was taken into account. Only
the initial geometry of the material was considered. It can there-
fore be applied only to cases in which the fibre segments be-
tween the bonds are slender (L/D > 3). An expression was derived
for the Young's modulus, and it is similar to that of the Gibson
and Ashby’s model (Gibson and Ashby, 1997b; Ashby et al., 2000)
that is based on a regular and orthogonal set of fibres, except that
the fibre segment aspect ratio, L/D, and the fibre volume fraction,
f, can be independently specified. Compared with experiment, the
results provided by this model were limited due to the difficulties
in reliably estimating L/D.

Mezeix et al. (2015b) developed an analytical model to investi-
gate the behaviour of entangled cross-linked fibres under a tensile
and compressive load. Like the Markaki and Clyne (2005), the form
of their prediction was based on the fibres bending. However, the
cross-links (epoxy joints) were modelled by twisting springs that
were applied at the extremity of the beam. This model considered
the additional rigidity in tension due to the quasi-vertical fibres
that made the stiffness in tension higher than the one in compres-
sion. The quasi-vertical fibres were considered to buckle quickly
during the compression test.

Recently, a 3D periodic beam model was proposed by
Ma et al. (2018) to investigate the elasto-plastic characteristics of
porous metal fibre sintered sheets (MFSSs). The establishment of
the finite element model was carried out progressively with the



2D coordinates considered first. By piling up the fibres one by one
until N fibres were layered in the model, the growth in the out-
of-plane dimension was considered. At the fibre intersections, ad-
ditional beam elements were inserted to model the cross-linkers
whose density had a significant role in both the strength and the
stiffness of the stochastic fibre network. The simulation results
showed good agreement with the dimensional analysis and exper-
imental data (Jin et al., 2013).

In the literature, the previous analytical models, investigating
the stiffness of a fibrous material with permanent junctions, do not
consider the variations in the morphology of the assembly during
mechanical loading. In addition, the compression stiffness of a fi-
brous material was much more studied than the shear stiffness,
which can be more important when the fibrous material is used as
a core material in a sandwich structure, such as for the entangled
cross-linked fibrous material of the present study.

The objective of this work is to investigate the shear stiffness of
an entangled cross-linked fibrous material and the dependence of
the shear modulus on the morphological parameters, such as the
distance between the junctions, the fibre volume fraction, the joint
stiffness and the distribution of the fibre orientations.

2. Simulation methods

An entangled cross-linked material can be made by different
types of fibres, such as carbon, glass or aramid (Mezeix et al., 2009,
2015a), that were cross-linked by a thermo-hardening resin. Car-
bon fibres were mainly used to manufacture the entangled cross-
linked material in order to obtain a higher mechanical perfor-
mance, though its cost is higher. Filament carbon is characterised
by a diameter of 7um, an elastic modulus of 240 GPa and a bulk
density of 1770kg/m3. Epoxy was chosen as the resin for cross-
linking because it is widely used in aerospace applications. The
manufacturing process of these materials was carried out manually
at the laboratory scale and has been detailed in previous studies
(Mezeix et al., 2009, 2015a). The yarns were cut to a fixed length
(12 mm), introduced in a 64 | parallelepiped box in which a com-
pressed air flow (6 bars) was applied to separate the fibres. Sep-
aration and entanglement were carried out together. The material
thus obtained was exposed to an epoxy spray to obtain attached
epoxy droplets in some of contacts between fibres. A given mass
of this material was then placed into a mould for the last step of
the process: the polymerization of the epoxy resin (8 h into a tem-
perature chamber at 70°C). The samples were then demoulded. An
image of the manufactured material’s microstructure is shown in
Fig.1.

The numerical modelling was based on experimental tests in
which a sample of entangled cross-linked material, with a size
of 20 x 40 x 60 mm?3, was solicited in shear (Piollet et al., 2016).
The whole sample contained more than three million carbon fi-
bres for a fibre volume fraction of 8.5%. In this case, the numer-
ical modelling of an entire sample would be complicated and in-
cur a high computational cost. Therefore, a representative volume
element (RVE) was chosen for the model. Its side dimension was
1 mm, which is the most appropriate choice to guarantee the sta-
bility of the morphological parameters (distance between contacts,
distribution of fibre orientations) in each draw with a minimum
of computational cost (Chatti et al., 2018a). The architecture of
the RVE was generated from an in-house pre-processing program
coded in FORTRAN and presented in previous work (Chatti et al.,
2018a, 2018b).

This numerical modelling considered the initial distribution of
fibre orientations that were close to the architecture of the real
sample before loading. Indeed, when the fibres were packed in
the mould, the entangled fibres lost their initial isotropic distri-
bution, so a transversally isotropic material was obtained after the

Fig. 1. SEM observation of entangled cross-linked carbon fibres with a volume frac-
tion, f, of 8.5%; The Blue circles indicate some of epoxy cross-links.

polymerisation step. Then, a numerical technique was developed to
identify the fibre direction distribution after the moulding process.
Fig. 2 shows the distribution of fibre orientations (green curve)
that was used to represent the architecture of the real sample,
and it is compared to the theoretical isotropic fibre distribution
(black curve in Fig. 2). In the numerical anisotropic fibre distribu-
tion, there are more fibres with directions characterized by an an-
gle O close to 90°. This angle corresponds to the perpendicular di-
rection to the vertical axis and it describes the quasi-horizontality
of fibres after being packaged in the mould. More details of this
technique can be found in the previous paper (Chatti et al., 2018b).

The finite element solver in ABAQUS/Standard was used in the
actual work to accurately determine the shear stress. It uses tech-
nologies that are ideal for the determination of highly accurate
stress solutions. Each fibre was modelled by a series of 3D beam
elements (ABAQUS element type B31) depending on both the num-
ber of intersections between the fibres and on their orientation in
the RVE that determined their length in the computation. This ele-
ment type is based on the Timoshenko beam theory that allows for
shear deformation. The strains considered here are of small ampli-
tude, less than 1%. The dominant mode of deformation of the as-
sembly is the bending of the elastic carbon fibres. For this reason,
it is the tensile/compressive behaviour of individual fibres in the
fibre direction that must be taken into account. Moreover, even if
the transverse stiffness of the fibre is different of the longitudinal
one, this transverse behaviour does not affect the bending stiff-
ness of fibre. Then, based on previous work (Piollet et al., 2016;
Chatti et al., 2018a), the behaviour of the fibres has been simpli-
fied and each fibre is assumed to have an isotropic linear elas-
tic behaviour. Springs were introduced in the model through the
user element to model the epoxy cross-link. In the previous paper
(Chatti et al., 2018a), a finite element model of two fibres that were
bonded by epoxy junction was used to determine the stiffness that
should be introduced in the spring and can describe the behaviour
of the epoxy junction. The material properties of the epoxy cross-
links were assumed to be an isotropic linear material with Young’s
modulus E=5GPa and Poisson ratio v =0.3. At the end of the nu-
merical investigation, two stiffnesses were determined. The tension
stiffness, Ki, was equal to 0.4 N/mm, while the twisting stiffness,
Kpw, was equal to 3.10~#N.mm (Chatti et al., 2018a). Each simula-
tion used four parallel processors and 12 GB of memory in total,
and it lasted a few minutes. A few thousand carbon fibres were
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Fig. 2. Different fibre orientation distributions. The solid black curve (sinus) represents the theoretical distribution obtained in the case of a perfectly random orientation of
the fibres in 3D, i.e. an isotropic distribution of the fibre assembly. The solid green curve represents the anisotropic distribution that is closer to the experimental sample
(Chatti et al., 2018b). The angle 6 is the angle between the fibre direction and the vertical axis, z.
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Fig. 3. Three-dimensional view of the RVE with the size of 1x1x1 mm3. Kine-
matic coupling, of the nodes of the upper and bottom face with two reference
nodes, were used to apply the shear load.

generated inside the cubic RVE with a size of 1x1x 1 mm? in or-
der to reach a targeted initial volume fraction of 8.5%.

In the experimental tests, 3 mm-thick aluminium plates were
glued on each side of the entangled cross-linked sample
(Piollet et al., 2016) while the other faces were free. To apply the
boundary conditions that respected the general conditions of the
experimental test, the nodes for the upper and bottom faces of
the RVE were constrained to the upper reference node and bot-
tom reference node, respectively, as illustrated in Fig. 3. These two
reference nodes governed the motion of the nodes for the upper
and bottom faces. In order to apply the shear load, the upper one
moved to the left while no motion was allowed for the bottom

one. The shear strain applied to the upper reference node was
equal to 1% so that the expression of the shear strain was y =u/L.
All the other nodes were free to move.

The ABAQUS/Standard (User Documentation) cannot manage
the interaction between pairs of fibres and the interaction of one
fibre with itself. Indeed, this commercial software basing on im-
plicit schema of integration cannot detect the surface of contact
between the intermediate parts of beam elements; it just allows
the interaction between the extremities of beam elements. How-
ever, the other software “ABAQUS/Explicit” (User Documentation)
is more appropriate for the management of different contacts but
we did not use it in this actual work because the objective was
to obtain faster results for the linear part of the behaviour of the
entangled cross-linked fibre material, which corresponds to small
deformations and during which the morphology of the assembly
changes little as does the number of contacts (Piollet et al., 2016;
Gibson and Ashby, 1997b; Markaki and Clyne, 2005; Chatti et al.,
2018a). So, ABAQUS/Standard is the best candidate in this case,
when the rigidity of entangled cross-linked material is mainly due
to the fibre network and to the epoxy bonds (Mezeix et al., 2009).

The total time period used in the loading step was equal to 1s.
It is a fictive time that does not impact the elastic linear calcula-
tion. The initial time increment chosen was 0.1s. The time incre-
ment allowed was between 1 ps and 0.1s.

3. Results and discussion
3.1. Shear test

First, the 1 x 1 x 1 mm3 cubic RVE, that contained 2430 carbon
fibres with a diameter of 7um and Young’s modulus of 240 GPa,
was solicited in shear. The initial volume fraction was 8.5%. The
numerical fibre diameter corresponded to the real carbon fibre,
which was equal to 7um. Thus, a numerical case of perfect yarn
separation was treated. The anisotropic fibre orientation (Fig. 2)
was generated in this RVE following the previous data. This mix
of morphological parameters provided around 25,000 contacts be-
tween the fibres and more than 60,000 beam elements. The tech-
nique used to block the contacts (thus positioning the springs)
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Fig. 5. Comparison between the experimental curve (Piollet et al., 2016) in black and numerical simulation in green for f=28.5% and a fibre network with fibre orientation
representative of the experimental data. This consisted of perfectly separated strands with a fibre diameter of 7 um on which two out of three contacts were glued. The black
dashed black line corresponds to the value of the linear rigidity of the network identified in (Piollet et al., 2016), where G=6 MPa.

consists in blocking a given proportion of the contacts. This is il-
lustrated in Fig. 9. In the previously described configuration, two
thirds of the contacts were bonded with cross-links in the shape of
springs in order to get an average distance between the junctions
equals to 122 pm. This value is similar to the experimental value of
120*18° pm estimated experimentally by Mezeix et al. (2015a).
Fig. 5 shows the curve of the shear stress versus the shear
strain in the case of a perfect fibre separation. The curve is elastic
linear in view of the finite element hypothesis. It is shown with a
green line and is steeper than the experimental curve (Piollet et al.,
2016). The shear modulus for this case was equal to 12 MPa, which
is about two times the value obtained during experimental tests.
This difference can be explained by the yarns that were not
well separated during the manufacturing of the entangled cross-
linked samples (Fig. 6). The entangled cross-linked material was
heterogeneous and all yarns were not perfectly separated after the

entanglement step. The modelling of the yarns in the RVE was dif-
ficult due to the lack of the necessary data about the size and the
position of these yarns in the sample. Due to the small size of the
fibre, it was not possible until now to get statistical data for a RVE
through the 3D tomography work. Then, the quantity and the size
of the remaining yarns were not known enough to get statistical
data for modelling the RVE. Furthermore, the developed numerical
approach allowed the use of only beams with a homogeneous di-
ameter. It was then complicated to model the non-separated yarns
and these remaining yarns are beams of variable diameters (two to
ten fibres can be joined together) and of variable stiffness. The as-
sumption made is the following: this distribution can be replaced
by having a beam with a diameter greater than the one of a sin-
gle fibre, whose cross-section and rigidity are equal to that of two
adjacent fibres. This equivalence is explained in Fig. 7. A homo-
geneous fibre with a diameter D;, of 7+/2 pm and Young’s modu-



Fig. 6. The SEM observation of an entangled cross-linked material made with car-
bon fibres of @ 7 um; some of the yarns still existed and were heterogeneously
dispersed.

lus of E, =120GPa, which is the half of that for a real carbon fi-
bre, was used to target a bending stiffness equal to that of one of
yarn that is composed of two fibres. This assumption was success-
fully tested and used to model the hysteresis loop in the previous
work (Chatti et al,, 2018). As the deformation of the material re-
sults mainly from the bending of the beams (Markaki and Clyne,
2005; van Wyk, 1946), the decrease of the axial stiffness of seg-
ments by half, has not an important effect on the general results
because the stretching can be neglected against the bending de-
formation (Gibson and Ashby, 1997; Markaki and Clyne, 2005; van
Wyk, 1946).

In this new case, 1230 carbon fibres were generated in the
RVE to obtain a fibre volume fraction equal to 8.5%. The distribu-

tion of fibre orientations is the same than in the previous calcu-
lations and induced anisotropy, as illustrated in Fig. 2. The aver-
age distance between the junctions was around 160 pum. This aver-
age distance was obtained by blocking two out of three contacts
(Fig. 9-b). Around 6000 among 9000 contacts were blocked by the
springs. This value of 160 um is comparable to the experimental
value of 120714% pm reported by Mezeix et al. (2009) but slightly
larger.

Fig. 8 shows curve of the shear stress versus shear strain that
allowed the evaluation of the shear modulus in the case of non-
separated fibres. The comparison between the numerical curve and
experimental data indicates a good agreement in terms of shear
stiffness. Numerically, the shear modulus value is of the same
order of magnitude as the experimental one. It is equal around
7 MPa, whereas the experimental value is about 6 MPa (Silva and
Gibson, 1997).

In order to check the repeatability of the results of the nu-
merical simulation, three different geometries were generated. In-
deed, in the previous works (Chatti et al., 2018a, 2018b), we have
checked the volume chosen for the simulation (a cubic millime-
tre), was a RVE in the morphological sense (Kanit et al., 2003).
It was then important to verify that we had a representative ele-
mentary volume for mechanics. Table 1 presents the parameters of
each draw and the values of the shear modulus calculated in each
case. Numerical values are very close with a small dispersion that
can be explained by the dispersion between the draws that were
generated. In this small dispersion, the numerical results show that
the shear stiffness increased linearly with the fibre volume fraction
and it increased non-linearly with the average distance between
junctions. These observations agree with the previous studies of fi-
brous materials.

In the following sections, some morphological parameters will
be modified in the geometry of the RVE made with homogeneous
fibres in order to study the evolution of the shear modulus. Five
parameters will be involved: the fibre volume fraction, the ini-
tial distribution of fibre orientations, the average distance between
cross-links, the joint tension stiffness and the joint twisting stiff-
ness.

2x(I1 D*/4)

Yarn composed of
two fibres

1D’ /4

2X(E) =

Homogeneous fibre

o> D=2 %D

(Eil) " £3=172

Fig. 7. Technique used to consider the non-separated fibres. A big fibre with a diameter D, = 7+/2 wm is equivalent to two non-separated fibres with a diameter 7 pm in

terms of bending stiffness.
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Table 1

Details of the three different simulations carried out with three different random draws of the position of the fibres.

Number of Fibre Volume Number of Average distance Average distance Shear modulus
beam elements fraction (%) cross-links between non-bonded between cross-links G (MPa)
contacts (pm) (pm)
RVE 1 21646 8.58 6115 330 165 72
RVE 2 21543 8.45 5952 336 168 6.8
RVE 3 21608 8.51 6082 334 167 7

3.2. Effect of morphological parameters on the shear modulus

3.2.1. Effect of the distance between cross-links on the shear modulus
for different distributions of fibre orientations

The distance between the cross-links is considered to be one of
the principal parameters related to the stiffness of a fibrous mate-
rial. It depends on the quantity of pulverized resin and on the fibre
volume fraction.

In this paragraph, the influence of the distance between cross-
links for different distributions of fibre orientations will be evalu-
ated. The values of other morphological parameters were fixed. The
initial fibre volume fraction was equal to 8.5%, the tension stiffness,
K, was equal to 0.4N/mm while the twisting stiffness, Ky, was
equal to 3.10~4N.mm.

In this work, four initial distributions of the fibre orientations
were studied, as illustrated in Fig. 10-b. The red colour curve rep-
resents the distribution obtained in the case of a random orienta-
tion of the fibres in 3D, i.e. an isotropic distribution of the fibre
assembly. The three other distributions were anisotropic charac-
terised by more fibres with horizontal directions (the shear load-
ing direction in the Fig. 3). In Fig. 10-a, four curves are plotted and
each curve was formed by four points corresponding to the ratio
of the bonded contact. The method that was used to perform each
ratio is presented in the Fig. 9 (a, b, ¢ and d), which correspond
to the four ratios of the bounded contact, namely 1/1, 2/3, 1/2 and
1/3, respectively.

In Fig. 10, four curves present the shear modulus as a func-
tion of distance between the cross-links, D., When the last one

increased, the shear modulus decreased for the four cases. More
precisely, for the four assemblies of fibres tested with four differ-
ent fibre orientation distributions, the results between the shear
stiffness G and the distance between junctions D seem to fol-
low a power law G=a.D" with an exponent b= —3/2. This ex-
ponent is slightly lower than the one deducted by Markaki and
Clyne (2005) (—2). This may be due to our boundary conditions
at the level of the junctions which are more flexible than the
infinite rigid cross-links in the analytical model of Markaki and
Clyne (2005). The shear stiffness increased in the same way, re-
gardless of the distribution of the fibre orientations (Fig. 10-a).
Thus, the effect of the distance between the cross-links did not
change if the distribution of fibre orientations was isotropic or
anisotropic.

The shear modulus clearly depended on the two morphological
parameters, namely the distribution of orientation fibres and the
distance between cross-links, as illustrated in Fig. 10-a. For the dis-
tribution of experimental samples (the green curve), the numerical
simulation result provided a shear modulus equal to 16 MPa when
each contact between the fibres was bonded.

The high shear modulus value was obtained when the distri-
bution was isotropic and the average distance between cross-links
was around 110 pm, which corresponds to the case in which all the
contacts between the fibres were glued by epoxy junctions. It can
reach more than 50 MPa. This shear modulus value is still smaller
than for a Nomex honeycomb, which is equal to about 120 MPa
(Zenkert, 1997). However, it is close to the shear modulus of foam
PMI 110, which is equal to about 50 MPa.



0 non-bonded contact
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Fig. 9. The way used to generate springs linking the contacts of one fibre, which is coloured in green, to the other fibres. These are illustrations in the case where (a) all
contacts were blocked, (b) two out of three contacts were blocked, (c) one out of two contacts was blocked and (d) one out of three contacts was blocked.

The manufacturing of an entangled cross-linked fibrous mate-
rial in which all contacts would be bonded by epoxy cross-links
could increase the stiffness of the material but probably reduce
the vibration damping, which is the most important property of
the cross-linked material. A compromise between energy dissipa-
tion through dry friction and shear stiffness should be considered.

3.2.2. Effect of the distance between cross-links and fibre volume
fraction on the shear modulus

In this section, the influence of the distance between the cross-
links on the shear stiffness was evaluated for different fibre volume
fractions. Maintaining the same size of the RVE as 1x 1x 1 mm?3
and the same distribution of fibre orientations (Fig. 2), the vari-
ation of the fibre volume fraction was followed necessarily by a
variation in the number of contacts and a subsequent variation in
the distance between junctions. As in the previous section, four ra-
tios of bonded contact were studied: 1/1, 2/3, 1/2, and 1/3. The ef-
fect of the distance between the cross-links on the shear modulus
for different fibre volume fractions is shown in Fig. 11-a. Three dif-
ferent initial fibre volume fractions were tested. The smaller fibre
volume fraction, which was tested, was equal to 6.5%. As checked
in (Chatti et al., 2018a), a cubic volume with the size of 1 mm is
a morphological RVE for a fibre volume fraction equal to 6%. As
long as the fibre volume fraction is bigger than 6%, the conclu-
sion is the same. For the three fibre volume fractions, f, tested:
6.5%, 8.5% and 10.5%, as seen in the previous paragraph, the rela-
tionship between the shear modulus and the distance between the
cross-links is again a power law function with an exponent value
of —3/2 (Fig. 11-a). In the considered range, the dependence of the
shear stiffness, as a function of the distance between cross-links
distance, does not seem to depend on the fibre volume fraction.

The fibre volume fraction is among the principle morphological
parameters in a fibrous material. It can greatly influence the char-
acteristics of an entangled cross-linked material. It does not influ-
ence only the mechanical properties but also thermic and acoustic
properties. In this work, the influence of the fibre volume fraction
on the shear stiffness was studied. Concerning the fibrous mate-
rial, the relationship between the stiffness and the fibre volume
fraction is considered as one of the most important properties in
practical applications. The fibre volume fraction can be adjusted by
changing the number of fibres introduced in the box of the RVE for
FE simulations.

The technique to generate the cross-links illustrated in
Fig. 9 does not allow the fixation of the average distance be-
tween cross-links. This value is computed in each case and de-
pends on fibre volume fraction, on fibre diameter and on the pro-
portion of. So, three average distances between cross-links were
taken from the curve plotted in Fig. 11-a (D= 150 um, D, =205 pm,
D.=260um). For each average distance between the cross-links,
the effect of the fibre volume fraction on the shear modulus is
shown as a function of fibre volume fraction (Fig. 11-b). The finite
element simulation results indicate that the shear modulus is a lin-
ear function of the fibre volume fraction of the entangled cross-
linked fibrous material. This result is consistent with Eq. (2) that
provides the shear modulus proposed by Cox (1952). It agrees also
with the stiffness study of Markaki and Clyne (2005). The slopes of
the three curves in Fig. 11-b are different because they depend on
the average distance between cross-links. The slope of each curve
increased with the decrease of the average distance between cross-
links. Thus, the fibre volume fraction impacted the shear stiffness
more for the small average distance between cross-links (Table 2).
The increase of the fibre volume fraction slightly impacted the
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Table 2
Values of slope for different average distance between cross-links:
D¢ =150pm, D, =205um and D, =260 pum.

Average distance between cross-links D. (um)  Value of slope(MPa/%)

150 0.77
205 0.75
260 0.45

shear modulus. Nevertheless, it should be chosen carefully so it
does not impact the good ratio weight/stiffness of material.

3.2.3. Effect of nature of fibre on the shear modulus for different
distributions of fibre orientations

An entangled cross-liked material can be manufactured by dif-
ferent types of fibres, such as carbon, stainless steel, aramid or

Table 3
Young’s modulus of different fibre nature: car-
bon, Inox, glass and aramid.

Nature Young's modulus E (GPa)
Carbon 240

Stainless steel 180

Glass 73

Aramid 36

glass. The actual numerical model can provide a good idea about
the effect of the fibre type by comparing four different materials.
The study of the effect of the fibre type is always done for the
no-perfect separated fibres case (D, =+/2D). The Young’s modulus
for each kind of fibre is presented in Table 3. To respect the ap-
proach of homogenization, half of the Young’s modulus was intro-
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Table 4
Values of the slope for three different distributions of fibre orientations
presented in Fig. 12-b.

Distribution of fibre orientations Value of slope

(%)
Anisotropic Green curve 13
distribution (Fig. 12-b)
Purple curve 4.2
(Fig. 12-b)
Isotropic distribution 12

duced numerically in the model for each case. The volume fraction
was equal to 8.5% for each case and the same joint stiffness was
used, namely 0.4N/mm for the spring tension stiffness, K, and
3.10~4N.mm for the joint twisting stiffness, Kuy. 2/3 of contacts
between fibres were bonded by 6000 springs. Thus, the average
distance between the cross-links was around 160 um for all RVE
made with the three different types of fibre.

The effect of the type of fibre on the shear modulus for an en-
tangled cross-linked fibrous material can be evaluated from the
relationship between the shear modulus and the Young’s modu-
lus of the fibre. The influence of the type of fibre on the shear
modulus was tested for different distributions of fibre orientations
(Fig. 12-b). In each one, the shear stiffness increased with the
increase of the fibre Young’s modulus. The relationship between
the shear stiffness and the Young’s modulus was a linear func-
tion, which agrees with the literature studying the stiffness of a
fibrous material (Cox, 1952; Gibson and Ashby, 1997b; Markaki and
Clyne, 2005).

The slope of the curve corresponding to the isotropic distri-
bution of fibre orientations is the biggest, with a value of 12%.
The value of the slope decreased when there were more fibres
with horizontal direction (anisotropic distribution), as illustrated in
Table 4. The intrinsic stiffness of the fibres seems to have a more
pronounced effect on the shear modulus for an isotropic distribu-
tion of fibre orientations. As the anisotropy of the distribution in-
creases (increase of the proportion of fibre between 45° and 135°),
the shear modulus decreases but the effect of the intrinsic stiffness
of the material also seems to decrease.

3.2.4. Effect of joint tension stiffness on the shear modulus

In this section, the influence of the spring tension stiffness on
the shear modulus for different distances between the cross-links
was studied (Fig. 13). The other morphological parameters were
fixed. The initial fibre volume fraction was equal to 8.5%, two-
thirds of the contacts were bonded by epoxy junctions and the dis-
tribution of fibre orientations was as shown in Fig. 2 (green curve).
The twisting stiffness was equal to 3.10~4 N.mm.

For all tested geometries, the shear stiffness of the fibrous
material increased with the value of the joint tension stiffness
(Fig. 13). The shear stiffness of material can be significantly in-
creased by using a higher rigidity resin. The relationship between
the shear modulus and the joint tension stiffness is well fitted by
logarithmic function, as illustrated in Fig 13. However, the change
of the resin also caused a modification in the viscosity, and the av-
erage distance between the junctions in the real material and these
effects on the manufacturing process, cannot be modelled here but
must be kept in mind.

The effect of the spring stiffness for different distances between
the junctions is shown in Fig. 13. Firstly, as expected, when the
average distance between junctions, D, is shorter, then the shear
stiffness of the material is higher. Secondly, the more the distance
between junctions decreases, the more the material stiffness can
increase when the joint tension stiffness increases, as shown in
Fig. 13 (curves I and II). The displacement of the fibres in this
case was mainly due to the bending displacement of the beam.
When the distance between the junctions decreased, the stiffness
was mainly due to the spring stiffness, which indicated that the
spring had a greater influence.

3.2.5. Effect of joint twisting stiffness on the shear modulus

In Fig. 14, the twisting stiffness of the joint was varied to
study the influence of this parameter on the shear behaviour. The
other morphological parameters were fixed. The initial fibre vol-
ume fraction was equal to 8.5%, the distribution of fibre orien-
tations is as presented in Fig. 2 and the tension stiffness was
equal to 0.4 N/mm. Three different values for the distance between
the cross-links were studied. The shear modulus increased slightly
with the increase of the spring twisting stiffness, and it became
stable starting with K, equal to 0.0015N.mm. There was not a
clear effect of the twisting stiffness on the shear modulus for
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different distances between the cross-links. Even if the twisting
stiffness, Ky, was increased significantly (log scale of the curve),
there was not a clear change on the shear modulus. It was ne-
glected compared to the influence of the tension stiffness. This re-
sult shows that the junctions were more solicited in tension than
in twisting.

4. Conclusions

The main objective of the current work was to study the stiff-
ness in shear of the entangled cross-linked fibrous material. The
numerical model focused on the influence of the morphological
parameters on the shear behaviour of the entangled cross-linked
material. This investigation was an interesting tool to understand
the behaviour of entangled cross-linked materials in order to op-
timize it and enhance their mechanical properties. The work rep-
resents a robust base for developing a manufacturing process that

can offer an entangled cross-linked material with the best of its
stiffness rigidity.

A finite element model was developed to predict the stiffness
of an entangled cross-linked material in shear. It used 3D beam el-
ements to simulate all modes of fibre deformation. The comparison
between the numerical results and the experimental data showed
a good agreement in terms of shear modulus when an assumption
concerning non-separated yarns was considered. Then, a numeri-
cal investigation was carried out to study the effect of morpholog-
ical parameters on the shear stiffness. The obtained results showed
that the perfect separation of yarns during manufacturing process
can improve the mechanical properties of the fibrous material.

The relationship between the shear modulus and the average
distance between cross-links was fitted by a power law function
with an exponent of —3/2. The increase of the number of epoxy
cross-links, which causes the decrease of the average distance be-
tween junctions, can allow the increase of the rigidity of our fi-
brous material. This can be done by spraying more resin, but in



this case, the density of the sample will increase and the ratio
stiffness/mass will then decrease. Process improvements, in order
to have a more efficient bonding of the junctions, are to be stud-
ied. The question is: how to have the finest droplets condensing
on all the contact points while minimizing the presence of resin
elsewhere? The creation of a greater number of junctions requires
a spraying of very fine drops of resin of good fluidity. An improve-
ment in the actual manufacturing process, and in particular, the
process of entanglement and spraying of the resin, could thus gen-
erate significant gains in the actual rigidity of our entangled cross-
linked material.

The relationship between the shear modulus and the fibre vol-
ume fraction or the Young’s modulus is a linear function. This re-
sult is in good agreement with the former studies. It confirms that
these two parameters have a first-rate effect on the rigidity of
these types of fibrous material. Due to their high specific rigidity,
high modulus carbon fibres are the ideal candidates for this appli-
cation. The increase of the tension joint stiffness can increase the
shear modulus, but the twisting joint stiffness did not have an im-
portant effect on the shear stiffness of the entangled cross-linked
fibrous material. The increase of the rigidity of the junctions can
be obtained experimentally through the modification of the me-
chanical properties of the resin and / or the increase of the size
of the sprayed resin droplets. The latter is quite delicate to control
during the phase of spray. Surface treatments of the fibres could
modify the surface energy of the fibres and thus modify the size
and morphology of the junctions.

It is also important to remember that in a targeted application
of sandwich panel core materials, the properties of the complete
sandwich must be studied and modelled for both static and vibra-
tory loads, for which the damping potential of the interlocking ma-
terials is very interesting.

The management of morphological parameters can improve the
shear stiffness of entangled cross-linked fibrous material such that
a good value of the shear modulus can be reached that is com-
parable to that of Nomex honeycombs and PMI foam. Neverthe-
less, these morphological parameters should be carefully chosen to
enhance the mechanical properties of the entangled cross-linked
material without impacting its good vibration damping properties
(Piollet et al.,, 2016; Chatti et al., 2018). This improvement will
make the entangled cross-linked fibrous material relevant for use
in structural applications as a core material for vibration damping.
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