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ARTICLE INFO ABSTRACT

Keywords: In this paper, the effect of intra-yarn fibre hybridisation on the homogenised elastic properties and micro- and
Fabrics/textiles meso-scale matrix stress fields in 2D woven composite laminae (i.e. plain, 2/2 basket, 2/2 twill and 5-harness
Hybrid

satin) is studied with a two-scale homogenisation scheme—employing a representative volume element model
at micro-scale and a repeating unit cell model at meso-scale. The study is focused on S-glass/polypropylene/
epoxy woven laminae with intra-yarn fibre hybridisation. A modified random sequential expansion algorithm
generates microstructure for the micro-mechanical model, and a periodic meso-structure is used to generate the
weave architecture for the meso-mechanical model. Both models are verified using analytical models. It is found
that intra-yarn fibre hybridisation can significantly alter the homogenised properties as well as the micro- and
meso-scale matrix stress fields—depending on the degree of hybridisation (i.e. the combination of S-glass and PP
fibre volume fractions). Moreover, the homogenised lamina properties are found to be less sensitive to weave
architecture and yarn thickness, but more so to the degree of intra-yarn fibre hybridisation, yarn width and yarn
spacing. It is shown that the lamina properties can be tailored, and the micro- and meso-stress fields can be

Micro-mechanics
Finite Element Analysis
Intra-yarn fibre hybridisation

manipulated, by intra-yarn fibre hybridisation and weave architectures.

1. Introduction

Fibre-reinforced polymer composites offer high stiffness- and
strength-to-weight ratios, which enable tailored engineering designs in
many structural applications. Conventional uni-directional pre-preg
composite laminates provide excellent in-plane mechanical properties
(e.g. stiffness and strength in tension, compression and flexure), but less
damage tolerance is often a major challenge affecting structural integ-
rity. As the mechanical properties of reinforced composites largely
depend on the reinforcing fibres, fibre volume fraction, fibre distribution
(microstructure) and architecture, 2D and 3D textile pre-forms are used
to explore different fibre types and weave patterns for achieving desired
architectures and behaviour. 2D and 3D woven composite laminae are
widely used in aerospace, marine, defence, automotive, construction
and sports industries due to their high specific strength and stiffness,
good fracture toughness, damage resistance and impact resistance. A
significant amount of research conducted on the in-plane mechanical
properties, impact behaviour and damage tolerance of textile composite
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laminates showed that superior impact damage tolerance and resistance
can be achieved when compared with uni-directional pre-preg based
laminates [1-3]. Moreover, in recent years, hybrid laminates have been
extensively explored to introduce hybrid effects at multiple length scales
for tailoring intra- and inter-laminar properties [4,5]. Novel material
systems and manufacturing processes have been proposed and studied,
e.g. matrix-toughening routes via nano-, micro- and/or macro-scale
mechanisms and fibre architectures via hybrid textile preforms [6].
Furthermore, recent studies have shown that an effective approach to
enhance the impact performance of woven composite laminates is to use
fibre-hybrid systems—by combining either different fabric types (i.e.
hybrid layup) or different warp and fill yarns (i.e. hybrid weave), or
commingled fibres (i.e. hybrid yarns) [7-10]. In addition, matrix-hybrid
systems, e.g. nano- or micro-filler modified thermoset resins and non-
woven thermoplastic interlayers, could provide opportunities to
manipulate failure mechanisms at multiple length scales. Although
matrix-hybrid systems could be used to enhance the impact performance
of thermoset composite laminates, a few issues exist with matrix-hybrid
systems, e.g. non-uniform dispersion of nano-fillers, high viscosity of
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Nomenclature

Axj Coordinate increments

£;i(X) Micro-strain tensor field

B Meso-strain components

Ej(X) Meso-strain tensor field

?ij Macro-strain components

0j(X) Micro-stress tensor field

Gjj Meso-stress components

G5(X) Meso-stress tensor field

?ij Macro-stress components

OvM The von Mises stress

Sij(x)  Local compliance tensor in the RVE

§ijk1 Effective compliance tensor from the RVE
gijkl(x) Local compliance tensor in the RUC

§iﬂd Effective compliance tensor from the RUC
00 The boundary of the RVE

00 The boundary of the RUC

Q The volume of the RVE

Q The volume of the RUC

Q, The volume of the yarns in the RUC

L The length of the RUC alone i — direction
fij Generalised nodal forces for the RVE

I?ij Generalised nodal forces for the RUC

E—j Young’s modulus of the yarn

Ejy Young’s modulus of the composite

U Poisson’s ratios of the yarn

ﬁij Poisson’s ratios of the composite

Gy Shear modulus of the yarn

a'ij Shear modulus of the composite

p Density of the constituent

P Density of the yarn

ﬁ Density of the composite

Tpp Number of PP fibres

s Number of S-glass fibres

n; Boundary normal

t Boundary traction

u; Displacement components

Vipp The PP fibre volume fraction in the RVE
Vs The S-glass fibre volume fraction in the RVE
Vf Effective fibre volume fraction

Vi Fibre volume fraction within yarns

Vin The matrix volume fraction in the RVE
¥s Yarn spacing

Ye Yarn thickness

Yw Yarn width

Superscripts

+, — Along the positive, or negative axis
Subscripts

1,2,3 Belong to the RVE

x,Y,2  Belong to the RUC

RUC Repeated unit cell

RVE Representative volume element

PP Polypropylene

RSA Random Sequential Adsorption

RSE Random Sequential Expansion

NNA Nearest Neighbour Algorithm

PBC Periodic Boundary Conditions

kdofs Key degrees of freedom

RCVP Reversed Cumulative Volumetric Percentage
SAF The von Mises stress amplification factor

nano-modified resins, and increased laminate thickness with interlayers.
While most of these novel materials and processes can enhance material
properties, it is useful to develop cost-effective approaches by exploring
low-cost raw materials and manufacturing processes.

Several studies have been conducted to use two or more fibre types in
textile composites to tailor their mechanical properties [4,5]. Hybrid
composites can be manufactured by inter-laminar (stacking layers with
different fibres), intra-laminar (introducing different fibre yarns, but
with each yarn having one fibre type) and/or intra-yarn (mixing two
fibre types within each yarn) hybridisation processes [4]. The desirable
mechanical properties of laminates can be achieved by combining two
or more fibre types—potentially balancing the deficiencies introduced
by the primary fibres with the presence of the secondary fibres. Fibre-
hybrid composite laminates can thus provide opportunities to achieve
beneficial characteristics that non-hybrid composites cannot offer. For
example, soft and high elongation polypropylene (PP) fibres were
commingled with high stiffness and high strength S-glass fibres to pro-
duce intra-yarn hybrid 2D woven laminates and shown that impact
damage tolerance can significantly be enhanced by suppressing delam-
ination damage [11-13]. The experimental results from intra-yarn
hybrid laminates also showed that micro- and macro-damage mecha-
nisms can be altered and the post-impact residual strength can be
enhanced [11-13], by varying the fibre architecture and the degree of
hybridisation. The observed failure mechanisms confirmed that the
micro-scale damage was modified by changing the cracks within yarns,
between yarns and between the laminae, which helped to absorb impact

energy while suppressing multiple delamination.

The relationship between the continuum properties of a material
neighbourhood and its microstructure and microconstituents is impor-
tant for heterogeneous materials, especially for fibre-reinforced polymer
composites with heterogeneity at micro- and meso-scales. The notion of
a representative volume is used as the physical basis for the transition
from the micro-scale to the macro-scale, and the associated boundary
value problem is formulated in terms of field variables by imposing
traction and/or displacement boundary conditions. In this regard,
computational mechanics play a major role in understanding the
deformation and damage processes at different length scales as well as in
estimating the homogenised properties of woven composites by
considering intra-yarn microstructure and meso-scale weave archi-
tecture—allowing the analysis and design of composite structures by
using the estimated anisotropic homogenised properties. Computational
micro- and meso-mechanics are often used to study the effect of fibre
volume fraction, microstructure (fibre distribution), and weave archi-
tecture on the homogenised lamina properties [14]. In addition, multi-
scale models are employed to analyse hierarchical materials such as
composite laminates while connecting different material length scales.
Computational homogenisation methods are particularly important for
estimating the properties of hybrid composites, especially with intra-
yarn fibre hybridisation and hybrid weave architectures. Multiscale
models would also help to understand the mechanical behaviour of
hybrid composites as fibre hybridisation could significantly alter the
micro- and meso-scale deformation and damage processes. Considering
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Fig. 1. A two-scale model: (a) a 2D woven lamina with intra-yarn fibre hybridisation, (b) a micro-scale RVE for hybrid yarn with random fibre distribution, and (c) a

meso-scale RUC for weave architecture.

the scales of material heterogeneity and hierarchy, a suitable subdomain
is assumed as a representative volume, and then a boundary value
problem is formulated within the framework of the finite element
method. Representative volume element (RVE) models for non-periodic
microstructures, while repeated unit cell (RUC) models for periodic
micro- and meso-structures (which are assumed) are used [15,16].
Although numerous computational models are developed for conven-
tional textile composites, the literature indicates that no attention is
given to intra-yarn fibre-hybrid woven laminates, while a limited
number of studies can be found on fibre-hybrid laminae. For example,
Banerjee and Sankar [17] analysed fibre-hybrid unidirectional laminae
using RUC models with regular hexagonal fibre packing. However, pe-
riodic RUC may not reflect the microstructure of fibre-hybrid unidirec-
tional laminae. Furthermore, woven laminates with fibre-hybrid yarns
need to be analysed by considering both the micro- and meso-scales.
RVE models can include randomly or regularly distributed fibres.
Trias et al. [18] investigated the micro-stress and strain of periodic and
random microstructures in carbon fibre-reinforced composites and the
periodic model was found to be sufficient for predicting the mesoscopic
homogenised properties but could underestimate damage initiation and
propagation. However, random models must be considered when ana-
lysing local phenomena such as matrix damage initiation and propaga-
tion. Ghayoor et al. [19] found that local stress concentrations in
random microstructures are higher than in periodic microstructures and
are likely to cause stress concentrations in single-fibre reinforced com-
posites. The RVE size is an important parameter. If the size of RVE is
enlarged to include a larger volume of material, the estimated meso-
scopic homogenised properties remain unchanged, and the stress dis-
tribution does not fluctuate. If the size of RVE is not sufficiently large,
the mesoscopic homogenised properties evaluated and stress distribu-
tion will fluctuate and no longer be representative. Trias et al. [20] re-
ported that, for a square RVE with a volume fraction of 0.5, the size of
the RVE must be at least 50 times the fibre radius to ensure the
randomness of fibre distribution and to accurately predict the meso-
scopic homogenised properties. Ghayoor et al. [19] observed that, for a
square RVE with three different fibre volume fractions (0.4, 0.5 and 0.6),

the mesoscopic homogenised properties converge when the length of the
RVE is equal to 40 times the fibre radius. In the literature, only the effect
of RVE size on the homogenised properties and stress distribution of the
non-hybrid microstructure was investigated, but not of the fibre-hybrid
microstructure.

To date, three main algorithms have been developed to generate
random fibre distributions in RVE: random sequential adsorption (RSA)
[21], random sequential expansion (RSE) [22] and nearest neighbour al-
gorithms (NNA) [23]. RSA is the simplest algorithm for generating
random fibre distributions, where fibres are added to the domain
sequentially without overlapping. However, RSA is difficult to use for
generating RVEs with fibre volume fractions greater than 0.55 due to the
jamming limit [24]. RSE is developed to overcome the jamming limit. In
this algorithm, the first fibre is randomly added to the unit cell. Subse-
quent fibres are inserted around existing fibres within bounded inter-
fibre spacing without overlapping. A maximum fibre volume fraction
of 0.68 can be achieved using RSE [22]. Building upon RSE, NNA is
developed to model real random RVEs [23]. RVEs are generated by
extracting inter-fibre spacing parameters from the cross-sectional im-
ages of the composite. The fibre diameter distribution and inter-fibre
distance distribution were used to produce the same microstructure as
the experimental sample. However, this method requires experimental
parameters and is time-consuming. Micromechanical RVEs or RUCs for
yarns and meso-mechanical RUCs for weave patterns have been used in
two-scale FE modelling of 2D woven composite laminae. The former can
reveal the micro-stress distribution in the yarn and predict the homo-
genised yarn properties. The latter provides the macroscopic homoge-
nised properties of 2D woven composite laminae. In the literature, two-
scale modelling has focused on woven composite laminates with non-
hybrid yarns [25], hybrid at the intra-laminar level [26] and/or
hybrid at the inter-laminar level [27]. The effective mechanical prop-
erties of carbon fibre-reinforced textile composites with different fibre
architectures were predicted via a two-scale homogenisation approach
in [25]. The effect of intra-yarn hybridisation on the compressive me-
chanical behaviour of carbon-Kevlar woven fabric unit cells using a two-
scale homogenisation was studied in [26]. The effect of inter-laminar
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[l Epoxy matrix

(0.60, 0.0, 0.40)

(0.24, 0.36, 0.40)

(0.48,0.12, 0.40)

(0.12, 0.48, 0.40)

(0.36, 0.24, 0.40)

(0.0, 0.60, 0.40)

Fig. 2. Typical microstructures generated by the modified RSE algorithm for different fibre volume fractions (i.e. the volume fractions of S-glass, PP and matrix (Vis,
prp,Vm)): (a) (0.60, 0, 0.4), (b) (0.48, 0.12, 0.4), (c) (0.36, 0.24, 0.4), (d) (0.24, 0.36, 0.4), (e) (0.12, 0.48, 0.4) and (f) (0, 0.60, 0.4).

hybridisation on the mechanical performance of glass/Kevlar woven
layers is investigated in [27]. However, no studies have been reported
on the two-scale modelling of woven composite laminae with intra-yarn
fibre hybridisation.

Although experimental studies have shown that intra-yarn hybrid-
isation can play an important role in the behaviour of 2D woven com-
posite laminae [11-13], few studies are reported on micro- and meso-
scale computational models with yarn-level fibre hybridisation in liter-
ature, and the potential of intra-tow or yarn hybridisation is not inves-
tigated in detail. In this regard, the current study aims to investigate the role
of intra-yarn hybridisation and weave architecture on the homogenised
properties and micro- and meso-scale matrix stress fields of 2D woven hybrid
composite laminae. A two-scale homogenisation framework—by using an
RVE model at the micro-scale and an RUC model at the meso-scale—is
proposed to predict the homogenised properties of 2D woven laminae
with intra-yarn fibre hybridisation. The RSE algorithm [22] is modified
to generate microstructures with random fibre distributions with two
fibre types and a micromechanical RVE model is developed for esti-
mating the homogenised material properties and the micro-stress fields.
A meso-mechanical RUC model is developed to study the effect of intra-
yarn hybridisation and weave architecture on the homogenised prop-
erties and meso-stress fields. The open-source software TexGen [28] is
used to model the geometry of 2D woven composite laminae with intra-
yarn fibre hybridisation for the meso-mechanical RUC model. The two-
scale homogenisation framework is implemented in Python and is inte-
grated with Abaqus/Standard [29]. The work is focused on
polypropylene/S-glass/epoxy woven laminates, and the effect of intra-
yarn fibre hybridisation, microstructure and weave architecture on the
macroscopic properties and micro- and meso-stress fields is investigated.

2. Two-scale homogenisation framework

A two-scale homogenisation scheme is developed for 2D woven
composite lamina with fibre-hybrid yarns (i.e. primary and secondary
fibres within a matrix) by using a micro-mechanical RVE model for yarn-
level homogenisation and a meso-mechanical RUC model for weave-
level homogenisation (Fig. 1). As schematically shown in Fig. la, a
hybrid yarn with two different fibres is considered. To account for the
degree of material heterogeneity and non-periodic fibre distribution

within the hybrid yarns, an RVE model is developed with a large number
of primary and secondary fibres, where the size of the RVE employed is
typically an order of magnitude larger than the diameter of the two fibre
types. It is assumed that the size of the RVE represents a unidirectional
lamina with such fibre hybridisation and that the response of the RVE
represents the intra-yarn micro-stress/strain fields (Fig. 1b). The RVE is
then used to obtain the homogenised yarn properties. Assuming a pe-
riodic meso-structure, an RUC model is developed for 2D woven lamina
(Fig. 1c). With the homogenised yarn properties estimated from the RVE
model, the RUC model is used to analyse the homogenised lamina
properties and meso-stress fields.

2.1. Micro-mechanical RVE model

As shown in Fig. 1b, a 3D RVE model is developed by considering
primary (S-glass) and secondary (polypropylene) fibres with random
fibre distribution. The two fibre types are assumed to be continuous,
homogeneous, and isotropic, with circular cross-sections and perfect
fibre-matrix interface bonding. The matrix is assumed to be void-free.

The volume of the RVE is Q with boundary Q. The micro-stress and
micro-strain tensor fields are denoted by ¢;;(X) and &;(x), and the local
compliance tensor of the constituents is by Sy (x), which varies within
the RVE depending on the microstructure. The microstructure of the
RVE model is generated by using the RSE algorithm, which is modified
to populate the two fibre types as well as to ensure geometric period-
icity. In Fig. 2, typical microstructures that are generated for S-glass/PP/
epoxy hybrid yarns with different fibre volume fractions are shown,
where Vg and Vpp are the S-glass and PP fibre volume fractions,
respectively. The length (and width) of the RVE is chosen to be ~ 50
times the radius of the primary fibre (S-glass) for hybrid yarns and 20
times the radius of fibre for non-hybrid yarns [19,20]. The RVE sizes are
chosen such that the predicted homogenised properties of the hybrid
yarns and the von Mises stress distribution within the matrix of the
hybrid yarns are not sensitive to the random fibre distribution. As the
RVE is modelled with unidirectional primary and secondary fibres, the
thickness of the RVE is chosen to be small (comparable to the primary
fibre diameter). The microstructure is meshed using 8-node and 6-node
elements (C3D8R and C3D6) in Abaqus/Standard. Only a single layer of
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Fig. 3. The meso-mechanical RUC model with 5H satin weave.

elements is chosen in the thickness direction. A hexahedral dominant
mesh is generated, allowing triangular prism elements in transition re-
gions. The mesh is generated using a sweep technique with an advancing
front algorithm to obtain a symmetric mesh for implementing node-
based periodic boundary conditions (PBCs). The homogenised yarn
properties are obtained from the unweighted volume average of the
local compliance tensor (§l—jk1) as a function of yarn-level fibre hybrid-
isation, and are then used in the RUC model for different weave
architectures.

2.2. Meso-mechanical RUC model

The meso-mechanical RUC models with different weave architec-
tures are generated by TexGen and are shown in Fig. 3. The yarn is
modelled as a solid volume representing an approximate boundary of
the fibres contained within it. Three geometric parameters are consid-
ered for meso-scale modelling: yarn cross-section, yarn path and yarn
volume fraction. The local fibre orientation is assigned along the yarn
path [28]. The yarn cross-section is assumed to be a constant lenticular
shape along the yarn path, and the shape is defined by polar coordinate
interpolation functions by specifying the height, width, and power of the
cross-section. The detailed polar coordinate parameter equations
employed in TexGen can be found in [30,31]. The volume of the RUC

(?2) can be obtained with the dimensions Ly, Ly, L; in x-, y- and z-di-
rections, respectively (Fig. 3). From the fibre volume fraction within
yarns (V) and the volume of the yarns in the RUC (ﬁy ), the effective
fibre volume fraction (f/f) of the RUC is calculated using Eq. (1).

fo)}

VrQy

V= €)

o

The weave architecture is generated by interlacing the yarns in the weft
and warp directions while avoiding yarn overlaps and small yarn gaps
[28]. The homogenised yarn properties obtained from the micro-
mechanical RVE model are employed for the RUC model. The voxel-
based meshing method is used to implement node-based PBCs. It is
adapted as voxels can be repetitively refined without mesh distortion
problems and the yarn volume fraction can be controlled [32]. Abaqus
input files are exported from TexGen with voxel mesh and PBCs. The

RUCs are analysed in Abaqus/Standard, and the homogenised lamina
properties and meso-scale stress fields are obtained.

2.3. Periodic boundary conditions

The periodic boundary conditions (PBCs) are applied to the micro-
mechanical RVE model of fibre hybrid yarn and the meso-mechanical
RUC model of 2D woven composite lamina by assuming translational
symmetries along the three orthogonal axes—ensuring the compatibility
and periodic traction conditions. In the case of micro-RVE, the volume
and the translational symmetric boundaries are denoted by & and 0Q,
respectively. The boundary 0Q is split into three pairs of surfaces and
denoted as 9Q " and 9Q  with surface normals along the positive and

negative axes. Considering the matching points on 90" and 0Q ", the
relative displacements are related to the meso-scale strain as in Eq. (2).

ui(x+) — ui(Xi) = /E\UAX] (2

In Eq. (2), the displacement components are u;, the position of the

. . S+ ~— .
matching points on 0Q and 0Q are x* and x~, the meso-scale strain
components are ¢, the coordinate increments are Ax;. Similarly, the
PBCs are applied by relating the relative displacement components to

the macro-scale strain components (?ij). This complete set of constraint
equations for applying the PBCs on the micro-RVEs and meso-RUCs are
implemented using a Python script in Abaqus/Standard [33].

2.4. Two-scale homogenisation

The homogenised elastic yarn and lamina properties are obtained by
identifying the relation between the unweighted volume average of the
local stress and strain fields within the RVE and RUC models. The
concept of applying the average stress on the unit cell to analyse the
effective strain through the unweighted average of local strain fields is
used in the literature [17,34]. To simplify the homogenisation proced-
ure, the concept of the key degrees of freedom (kdofs), proposed by Li and
Sitnikova [33], is employed. These kdofs involve six independent nodes,
which are not attached to any part of the RVE or RUC models and serve
as reference points. Each kdof corresponds to an average strain compo-
nent, allowing PBCs (i.e. Eq. (2) to be implemented via Equations in
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Table 1
The material and geometric properties of the constituents [11,35-37].
Constituent E(GPa) G(GPa) v Density,p Fibre diameter
(g/cm®) (um)
S-glass fibre 87.00 35.40 0.23 2.46 9
PP fibre 1.20 0.42 0.42 0.90 24
Epoxy 2.55 0.94 0.35 1.15 -

Abaqus. The six average strains correspond to the nodal displacements at
each reference point. Six generalised forces (f‘ij, wherei, j=1,2and 3

for the micro-scale RVE model, and f«'ij, where i, j = x, y and z for the
meso-scale RUC model; see Fig. 1) are applied to these reference points,
resulting in six generalised displacements. Using the principle of energy
equivalence, it is shown that these generalised nodal displacements and
forces are related to the unweighted volume averages of the strain and
stress fields within the domain of the model [33]. As in Egs. (3)-(4), the
generalised nodal forces are proportional to the average stress compo-

nents, where Qand O represent the volume of the RVE and the RUC, ¢; is
the boundary traction, and n; is the boundary normal.

?ij = /Uijdg = / GikaledS = / tin ds = Euﬁ (3)
[9) e} o6

To calculate the homogenised elastic yarn (lamina) properties, six
independent loading conditions (corresponding to the six independent
stress components) are applied as the generalised nodal forces, with a
magnitude equal to the volume of the RVE (RUC), using the kdofs. The
generalised nodal displacements are analysed from the RVE (RUC)
models. For the RVE model, the six generalised nodal forces are 1311 , 1322,

F33, F15, F13 and Fo3, which are associated with the corresponding meso-
stress components 61y, 622, 633, 612, 613 andd,s. For the RUC model, the

six generalised nodal forces are F, F,y, F,;, Fy,, F;andF,,, which are
associated with the corresponding macro-stress components G, 6yy,

G, Oxy, Ox; and6y, (see Fig. 1). The generalised nodal displacements,
which correspond to €11, €20, €33, €12, €13 andé,3 in the RVE model and to

?XX, ?W, ?ZZ, ?xy, ?xz and §yz in the RUC model, are obtained as direct
outputs at the reference points. Note that subscript 1 refers to the
quantities in the longitudinal direction, while subscripts 2 and 3 refer to
the quantities in the transverse directions of the RVE model. Subscripts
1, 2 and 3 are replaced with x, y and z for the RUC model. To determine
the homogenised elastic constants, as six independent loading cases are
required, each loading case is applied with a concentrated force on the
model at a time. For the RVE model, the first loading case, Fnu=20Qis
applied while the other forces are set as zero. Therefore, a uniaxial unit
meso-stress o1; = 1 is applied to the model and the following homoge-

nised properties (Eu, V12 and y3) are obtained using Egs. (5)-(7) [33]:

~ 011 1 . €22~ €33
En == == V2= —xVizs= —=x - (5-7)
€11 €11 €11 €11

All the homogenised yarn and lamina properties are similarly obtained
from the RVE and RUC models. A complete set of equations can be found
in [33] and is not presented here.

3. Mechanical behaviour of hybrid yarn and its 2D woven
composite laminae

The S-glass, PP and epoxy material properties used in the analyses of
S-glass/epoxy and S-glass/PP/epoxy composites are given in Table 1,
together with the S-glass and PP fibre diameters. The total fibre volume
fraction is assumed to be fixed at 0.6 for the S-glass/PP/epoxy hybrid
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Table 2
The fibre and matrix volume fractions (stAprp.,Vm), the fibre count (ng, n¢pp)
and the RVE size.

(Vss, Vipp, Vin) (ngs, nypp) RVE dimensions (in ym)
(0.60, 0.00, 0.40) (76, 0) (0.5625 x 90 x 90)
(0.48, 0.12, 0.40) (435, 15) (0.5625 x 240 x 240)
(0.36, 0.24, 0.40) (326, 31) (0.5625 x 240 x 240)
(0.24, 0.36, 0.40) (217, 46) (0.5625 x 240 x 240)
(0.12, 0.48, 0.40) (109, 61) (0.5625 x 240 x 240)
(0.00, 0.60, 0.40) (0, 76) (0.5625 x 240 x 240)

yarn, and six combinations of the individual fibre volume fractions, fibre
count and RVE size used in the analyses are given in Table 2.

3.1. The homogenised fibre-hybrid yarn properties: The micromechanical
RVE model

The micromechanical model is first verified by passing a sanity
check, achieved by setting the same material properties for both the
fibres and matrix within the RVE and then by analysing the six inde-
pendent loading cases (Sec 2.4). The homogenised material properties
are then obtained and checked whether in agreement with the material
properties assigned to the fibres and matrix, as well as verifying a uni-
form stress distribution without any local stress concentrations within
the RVE—ensuring that the PBCs, loading cases and post-processing are
correctly implemented [38].

The RVE model is used to analyse S-glass/epoxy, S-glass/PP/epoxy,
and PP/epoxy composite yarns. Five different microstructures are
generated for each combination of fibre volume fractions, i.e.
(st, Viep, Vm). After conducting a mesh convergence study for different
mesh sizes based on the radius of the primary fibre (S-glass), an element
mesh size of 0.5625um is chosen for all the RVEs. The homogenised yarn
properties in each case are obtained by averaging the properties calcu-
lated for the five different microstructures and are presented in Table 3.
The low standard deviations indicate that the RVE size in Table 2 is
sufficiently large as the effect of the microstructure (random fibre dis-
tribution) on the homogenised material properties appears negligible,
with coefficients of variation below 5 %. For S-glass/epoxy and PP/
epoxy yarns, the homogenised material properties are estimated by
using the Chamis, Halpin-Tsai and Mori-Tanaka analytical models
[39-41]. The results obtained from the analytical models and the RVE
model are compared in Tables 4 and 5. The Chamis model agrees closely
with longitudinal properties but less so with the transverse properties
(average variation 4 %) for the S-glass yarn, while the Halpin-Tsai model
shows closer agreement (average variation 1 %) for PP yarn, thus veri-
fying the RVE model. However, there is no analytical/experimental data
in the literature on the homogenised elastic properties of yarns with
intra-yarn hybridisation. Based on the homogenised properties pre-
sented in Table 3, it is observed that by reducing the high-stiffness S-
glass fibre content, while increasing the low-stiffness PP fibre content,
the longitudinal and transverse moduli of the S-glass/PP/epoxy hybrid
yarn decrease considerably. The homogenised properties of S-glass/PP/
epoxy hybrid yarn lie between the upper and lower bounds provided by
S-glass/epoxy and PP/epoxy yarns. In addition, as the densities of PP
and S-glass fibres are considerably different, the effective densities of the
hybrid yarns are calculated for each combination of the fibre volume
fractions. The specific homogenised properties of the hybrid yarns are
presented in Table 6. The specific tensile and shear moduli of S-glass/
epoxy are significantly higher due to the presence of high-stiffness S-
glass fibres (although with relatively high density).

3.2. Fibre-hybrid yarns: Micro-stress fields

The micro-stress fields in fibre-hybrid yarns are obtained using the
RVE model. The effect of intra-yarn hybridisation on the von Mises stress
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Table 3

The homogenised properties of non-hybrid and hybrid yarns (with a sample size, N = 5).
(Vs Vipp, Vm) E11(GPa) Y1z Ej»(GPa) G12(GPa) G23(GPa) pg/em?)
(0.60, 0.00, 0.40) 52.85+0.01 0.26 +0.01 11.28 +£0.25 4.51+0.11 4.00+0.10 1.94
(0.48, 0.12, 0.40) 42.89 £0.01 0.28 £0.01 7.52+0.09 3.04 +0.04 2.58 +£0.04 1.75
(0.36, 0.24, 0.40) 32.58 £0.01 0.31+0.01 5.09+0.12 2.01+0.04 1.59+0.05 1.56
(0.24, 0.36, 0.40) 22.27 £0.01 0.33+0.01 3.41 +£0.05 1.27 +£0.04 1.10£0.01 1.37
(0.12, 0.48, 0.40) 12.06 +0.01 0.36 £0.01 2.44+0.01 0.85+0.01 0.78 £0.01 1.19
(0.00, 0.60, 0.40) 1.75+0.01 0.39+0.01 1.65+0.01 0.59+0.01 0.58 +£0.01 1.00

Table 4

The homogenised properties of S-glass/epoxy from the RVE model and analytical models.

RVE Chamis [39] Halpin-Tsai [40] Mori-Tanaka [41]
Estimation Variation (%) Estimation Variation (%) Estimation Variation (%)
E11(GPa) 52.85+0.01 53.22 0.70 53.22 0.70 53.23 0.72
V12 0.26 +£0.01 0.278 6.92 0.278 6.92 0.271 4.23
Ey2(GPa) 11.28 +0.25 10.28 —8.87 12.51 10.90 7.7 —31.74
G12(GPa) 451+0.11 3.84 —14.86 3.7 -17.96 3.43 -23.95
G3(GPa) 4.00 £0.09 3.84 -4 3.7 —-7.50 3.02 —24.50
Table 5

The homogenised properties of PP/epoxy yarn from the RVE model and analytical models.

RVE Chamis [39] Halpin-Tsai [40] Mori-Tanaka [41]
Estimation Variation (%) Estimation Variation (%) Estimation Variation (%)
E11(GPa) 1.75 4+ 0.00 1.74 -0.57 1.74 —-0.57 1.74 -0.57
D12 0.39 £ 0.00 0.39 0.51 0.39 0.51 0.39 0.26
B,5(GPa) 1.65+ 0.01 1.36 —-17.45 1.68 2.00 1.45 —-12.21
G12(GPa) 0.59 £ 0.01 0.48 -18.64 0.59 0.85 0.59 0.08
G23(GPa) 0.58 +0.01 0.48 —-17.24 0.59 2.59 0.58 0.00
within the matrix of S-glass/PP/epoxy yarn is analysed by considering
Table 6 five different microstructures for the case of (Vi Vpp,V, ) =
The specific homogenised properties of the non-hybrid and hybrid yarns. v ) . 52 VPP ms
— — — — (0.48,0.12,0.4). In Fig. 5, the reversed cumulative volumetric per-
(Vss: En1/p(GPa Ex2/p(GPa Gi12/p(GPa G23/p(GPa centage (RCVP) of the matrix versus the von Mises stress amplification
Vipp, Vin) cm®/g) cm®/g) cm®/g) cm®/g) X ~ s .
factor (SAF, defined as oyym/6) within the matrix of S-glass/PP/epoxy
(0.60, 0.00,  27.24 5.81 2.32 2.06 yarn under the six independent loading cases are shown for the five
0.40) microstructures considered. From Fig. 5a-f, it is seen that the micro-
(0.48,0.12,  24.51 4.30 1.74 1.47 . . e
0.40) structure has only a marginal effect on the von Mises stress distribution
(0.36,0.24,  20.88 3.26 1.29 1.02 within the matrix.
0.40) The RCVP-SAF plots for the matrix stress distribution in yarns with
(0.24,0.36,  16.26 2.49 0.93 0.80 different combinations of fibre volume fractions under the six inde-
0.40) . R
endent loading cases are shown in Fig. 6. For S-glass/epoxy and S-
(0.12,0.48,  10.13 2.05 0.71 0.66 p & . . & - FO S-glass/! poxy .S
0.40) glass/PP/epoxy yarns, either without or with intra-yarn fibre hybrid-
(0.00, 0.60, 1.75 1.65 0.59 0.58 isation, the SAF within the matrix is < 1 under longitudinal tension
0.40) (611 = 1MPa, Fig. 6a) because of fibre-dominant material response.

distribution within the matrix is analysed for the six independent
loading conditions (i.e. 611 = 1 MPa, 632 = 1 MPa, 633 =1 MPa, 612 =1
MPa, 613 = 1 MPa, and 633 = 1 MPa). The von Mises stress distributions
within the matrix, for (Vjs, Vpp, Vi) = (0.48,0.12,0.4), are shown in
Fig. 4 for the six independent loading cases—with a deformation scale
factor of 500 used and the fibres removed for the contour plots. From
Fig. 4b-f, it is observed that the von Mises stress within the matrix
around the high-stiffness fibres (i.e. S-glass) is significantly higher than
that around the low-stiffness PP fibres under transverse tension, trans-
verse shear, and in-plane shear loading. The maximum von Mises stress
within the matrix is found where the inter-fibre distance between two S-
glass fibres is a minimum. In particular, the von Mises stress within the
matrix is found to be significantly higher around S-glass fibres under in-
plane shear and transverse shear (613, 612 and 633, Fig. 4d-f).

The effect of the microstructure on the von Mises stress distribution

From Fig. 6b, it is seen that the volume percentage of the matrix with
SAF > 1 is ~ 1.5 % under transverse tension (622= 1MPa) for S-glass/
epoxy yarn. For S-glass/PP/epoxy yarns, the volume percentage of the
matrix with SAF > 1 increases significantly with increasing PP fibre
content (Fig. 6b) because of matrix-dominant material response. Under
in-plane shear (612 = 1MPa and 613 = 1MPa), Fig. 6d-e, the SAF within
the matrix is found to be significantly higher when compared to that
under transverse tension. These highly stressed matrix regions are again
observed around the high-stiffness S-glass fibres which are close to each
other. For S-glass/epoxy yarn, the volume percentage of the matrix with
SAF > 1is ~ 10.8 % and with SAF > 2 is ~ 1.6 %. Only a small volume of
the matrix (<0.2 %) has SAF > 5. For S-glass/PP/epoxy yarns, the
volume percentage of the matrix with SAF > 1 is considerably found to
increase with increasing PP fibre content. Under transverse shear (623 =
1MPa, Fig. 6f), for S-glass/epoxy yarn, the volume percentage of the
matrix with SAF > 1 is ~ 1.5 % and with SAF > 2 is ~ 0.1 %. The volume
percentage of the matrix with SAF > 1 is seen to increase significantly
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Fig. 4. The von Mises stress fields within the matrix in S-glass/PP/epoxy hybrid yarn with (st,prp,Vm) = (0.48, 0.12, 0.4) under: (a) 611 = 1 MPa, (b) 622 =

1MPa, (c) 633 = 1 MPa, (d) 612 = 1 MPa, (e) 613 = 1 MPa and (f) 623 = 1 MPa.

with higher PP fibre content. These results indicate that intra-yarn fibre
hybridisation can significantly alter the micro-stress distribution within
the matrix, which in turn influences the fibre-matrix interfacial normal
and shear stresses on the S-glass and PP fibres with highly stressed
matrix around. In S-glass/PP/epoxy yarns, an increase in low-stiffness
PP fibre content can thus influence the intra-yarn micro-damage initi-
ation and mechanisms. From the homogenised properties in Tables 3
and 6 and the micro-stress distributions in Figs. 4-6, it is shown that the
elastic properties of fibre-hybrid can be tailored by varying the combi-
nation of fibre volume fractions and that the intra-yarn damage mech-
anisms can be altered. The experimental work conducted on S-glass/PP/
epoxy woven laminates [11-13] showed that intra-yarn, intra-laminar

and inter-laminar damage mechanisms can be manipulated (and thus
the elastic response and damage tolerance of laminates) by using intra-
yarn hybridisation and weave architecture.

3.3. The homogenised lamina properties: The meso-mechanical RUC
model

The RUC model is used to analyse the elastic behaviour of 2D woven
composite laminae with four different weave architectures and intra-
yarn hybridisation. The homogenised yarn properties obtained from
the RVE model are employed in the RUC model. The weaving parame-
ters considered in the RUC model (yarn width, yarn spacing, and yarn
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Fig. 5. The reversed cumulative volumetric percentage of the matrix versus the von Mises stress amplification factor (SAF) within the matrix, with (st, Vipp, Vm) =
(0.48, 0.12, 0.4), under: (a) 611 = 1 MPa, (b) 622 = 1MPa, (¢) 633 = 1 MPa, (d) 612 = 1MPa, (e) 613 = 1 MPa and (f) 623 = 1 MPa for five different microstructures.
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Fig. 6. The reversed cumulative volumetric percentage of the matrix versus the von Mises stress amplification factor (SAF) within the matrix for the yarns with five
different combinations of fibre volume fractions under: (a) 611 = 1 MPa, (b) 620 = 1 MPa, (¢) 633 = 1 MPa, (d) 612 = 1 MPa, (e) 513 = 1 MPa and (f) 623 = 1 MPa.
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Table 7
The geometric parameters of the RUC models.

Weave Yarn Yarn Yarn RUC Vi = Vg
architectures  width spacing thickness thickness Vis +

Ow) ) ) prp
Plain 0.8 1.0 0.1 0.22 0.60 0.32
2/2 Basket 0.8 1.0 0.1 0.22 0.60 0.33
2/2 Twill 0.8 1.0 0.1 0.22 0.60 0.33
5-H Satin 0.8 1.0 0.1 0.22 0.60 0.34

thickness) are shown in Fig. 3 in the case of a 5H satin weave. The
geometric parameters considered for the RUC model are given in
Table 7. As a lenticular cross-section is assumed, the major and minor
axes represent the yarn width and yarn thickness, respectively. The yarn
spacing is measured as the distance from the centre of the yarn to the
centre of its adjacent yarn. The RUC thickness is assumed to be equal to
twice the yarn thickness, with a matrix-rich region (20 % of the yarn
thickness) between the yarns (Table 7). After a mesh convergence study,
80 x 80 x 40 voxel mesh count is employed for all the RUC models.
For S-glass/PP/epoxy plain weave laminae, by using the homoge-
nised yarn properties from the RVE model, the homogenised lamina
properties are obtained by using the RUC model and the analytical
model proposed by Naik et al. [42] to verify the model. The comparison
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is shown in Fig. 7. Cubic spline interpolation is employed for curve
fitting through the data points obtained from the RUC and analytical
models. This method is selected for its capability to smoothly connect
data points with high accuracy. A good agreement is observed for

Ex, Eyy, Uy, Uyss E?Xy (Fig. 7a-e), except for the transverse shear

modulus (@yz) when the PP fibre content is low (Fig. 7f). The difference
between the homogenised properties from the two models decreases
with increasing PP fibre content as the material properties of the PP
fibres are comparable to those of the matrix.

The effect of weave architecture and intra-yarn hybridisation on the
homogenised elastic properties of hybrid 2D woven laminae are ana-
lysed using the RUC model and shown in Fig. 8. The intra-yarn fibre
volume fraction is fixed at 0.6, while the S-glass and PP fibre volume
fractions are varied. The homogenised lamina properties are found to be
only marginally sensitive to the weave architecture (for constant yarn
width, y,, = 0.8, yarn spacing, y; = 1.0 and yarn thickness, y;= 0.1).
The plain weave has the lowest tensile modulus, while the 5H satin
weave has the highest tensile modulus because of the variation in yarn
crimp (waviness). The results in Fig. 8a-d show that intra-yarn fibre
hybridisation can significantly affect the lamina properties of the S-

glass/PP/epoxy woven laminae. The tensile and transverse moduli (Eyy,

—FEA Analytical
n 20 m 20
15 [ 15 L
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Fig. 7. The verification of the meso-mechanical RUC model with the analytical model by Naik et al. [42]: The variation of the homogenised lamina properties of 2D
plain weave with S-glass/PP/epoxy warp and weft yarns, with varying S-glass and PP fibre volume fractions (Vpp and Vyg), with a fixed total fibre volume fraction of
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Fig. 8. The comparison of the homogenised properties ( ﬁxx, Eyy, ﬁxy, ixz, éxy and éxz) obtained from the RUC model with S-glass/PP/epoxy yarns for four weave
architectures and with varying S-glass and PP volume fractions (Vpp and Vis), with a fixed total fibre volume fraction of 0.6: (a) plain weave, (b) 2/2 basket weave,

(c) 2/2 twill weave and (d) 5H satin weave (with y,, = 0.8, y,=1.0 and y,= 0.1).

Eyy, G xy» and G xz) significantly decrease, while Poisson’s ratios (ﬁxy and
ixz) marginally increase, with increasing PP fibre volume fraction.

The effect of geometric weave parameters (i.e. yarn width, yarn
spacing and yarn thickness) on the homogenised elastic properties of the
four weave architectures are analysed—by considering (i) non-hybrid
warp and weft yarns (i.e. S-glass/epoxy with (Vs, Vp, Vi) = (0.6,0.0,
0.4)) and (ii) hybrid warp and weft yarns (i.e. S-glass/PP/epoxy with
(‘/fs,VﬂJp, Vm) = (0.48,0.12, 0.4))—and presented in Figs. 9-11. The
baseline geometric weave parameters considered for yarn width (y,) is

11

0.8, yarn spacing (y;) is 1.0 and yarn thickness (y;) is 0.1. The variations
in the homogenised elastic properties are obtained from the RUC model
by varying the geometric weave parameters: y,, from 0.6 to 1, y; from 0.8
to 1.4, and y; from 0.06 to 0.14. The effect of varying yarn width, while
yarn spacing and yarn thickness are fixed, is shown in Fig. 9 for the four
weave architectures. Similarly, the effect of varying yarn spacing, while
yarn width and yarn thickness are fixed, is shown in Fig. 10 for the four
weave architectures. The effect of varying yarn thickness, while yarn
width and yarn spacing are fixed, is shown in Fig. 11 for the four weave
architectures.



N. Yang et al.

&RPSRVLWH 6 WUXFWXUHV

Fig. 9. The homogenised elastic lamina properties (Exx, Eyy, ixy, fxz, ny and f}xz) of the four weave architectures using non-hybrid (S-glass/epoxy with (st,
Vipp, Vi) = (0.6, 0.0, 0.4) and hybrid (S-glass/PP/epoxy with (Vs, Vipp, Vin) = (0.48, 0.12, 0.4) yarns with varying yarn width y,, (for y, = 1.0 and y, = 0.1): (a)

plain weave, (b) 2/2 basket weave, (c) 2/2 twill weave, (d) 5H satin weave.

From Figs. 9-11, the variations in yarn width and yarn spacing are
found to be influential factors for the homogenised lamina properties as
the yarn volume fraction—and thus the effective fibre volume fraction in
the lamina—varies with yarn width and yarn spacing. In Fig. 9, the
variation in the homogenised lamina properties with decreasing yarn
width (for fixed yarn spacing and yarn thickness) is higher in non-hybrid
2D woven laminae when compared to that in hybrid 2D woven laminae.
In addition, from Fig. 10, it is also seen that the variation in the
homogenised lamina properties with decreasing yarn spacing (for fixed
yarn width and yarn thickness) is higher in non-hybrid laminae when
compared to that in hybrid laminae. In contrast, the variation in the
homogenised lamina properties with decreasing yarn thickness (for
fixed yarn width and yarn spacing) is only marginal (except the in-plane

Poisson’s ratio, fxy, which is found to vary considerably) in both non-
hybrid and hybrid 2D woven laminae. Theoretically, the higher the
yarn width, the higher the yarn cross-sectional area and the higher the
yarn volume fraction of the yarn (thus the higher the effective fibre
volume fraction), consequently the higher the lamina tensile and shear
moduli. Likewise, the smaller the yarn spacing, the higher the yarn

12

volume fraction (the higher the effective fibre volume fraction), and
consequently the higher the lamina tensile and shear moduli. The lamina

tensile moduli (Exx and Eyy) and shear moduli (Er‘ xy and ayz) are
considerably increased with increasing yarn width or with decreasing
yarn spacing, while only marginally varied with increasing yarn thick-
ness. As increasing PP fibre content in S-glass/PP/epoxy considerably
decreases the yarn tensile and shear moduli, it is seen that the lamina
tensile and shear moduli of the 2D woven laminae with S-glass/PP/
epoxy yarns are lower than those of the 2D woven laminae with S-glass/
epoxy yarns. The results from Figs. 9-11 show that the homogenised
elastic properties of 2D woven laminae can be tailored by varying the PP
fibre content in S-glass/PP/epoxy hybrid yarn as well as the geometric
weave parameters.

3.4. Fibre-hybrid 2D woven laminae: Meso-stress fields
The meso-stress fields in 2D woven plain weave with S-glass/PP/

epoxy hybrid warp and weft yarns are obtained using the RUC model
(for y,, = 0.8, y; = 1.0, and y, = 0.1). The effect of intra-yarn hybrid-
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Fig. 10. The homogenised elastic lamina properties (EXX, Eyy, fxy, fxz, f}xy and ze) of the four weave architectures using non-hybrid (S-glass/epoxy with (st, Vepp,
Vi) = (0.6, 0.0, 0.4)) and hybrid (S-glass/PP/epoxy with (Vgs, Vipp, Vin) = (0.48, 0.12, 0.4)) yarns with varying yarn spacing y, (for y,, = 0.8 and y, = 0.1): (a) plain

weave, (b) 2/2 basket weave, (c) 2/2 twill weave, (d) 5H satin weave.

isation on the von Mises stress distribution within inter-yarn matrix-rich
regions is analysed for the six independent loading conditions (i.e. ?Xx =
1MPa, 5,y = 1 MPa, 5; = 1 MPa, 55, = 1 MPa, 6,; =1 MPa, and 5, =
1 MPa). The von Mises stress distributions within inter-yarn matrix-rich
regions, with (Vys, Vpp, Vin) = (0.48,0.12,0.4), for each load case, are
shown in Fig. 12, where the stresses in inter-yarn matrix-rich regions
(only the bottom half is shown) and yarns are presented separately. In
Fig. 12a-c, it is seen that the von Mises stress distribution within the
inter-yarn matrix-rich region is significantly different, with highly
stressed regions, under transverse shear and in-plane shear (?xz, §xy and
§yz) in comparison with the von Mises stress distribution under in-plane

tensile and transverse tensile loading (ém §yy and §zz). Similarly, the
meso-scale von Mises stress distributions in the yarns are found to have
high stress gradients under transverse shear and in-plane shear loading
compared to the stress distributions under in-plane and transverse ten-
sile loading.

In Fig. 13, the reversed cumulative volumetric percentage of inter-
yarn matrix-rich region versus the von Mises stress amplification

13

factor (SAF, defined as oyy/ (:7,-1) within inter-yarn matrix-rich region
under the six independent loading cases are shown for 2D plain weave
laminae with hybrid warp and weft yarns. 2D plain weaves with five
different yarns are considered, with increasing PP fibre volume fractions
(Fig. 13). In the 2D plain weave laminae with S-glass/epoxy as well as S-
glass/PP/epoxy yarns, the SAF within the matrix-rich region is < 1

under in-plane tensile loading (§xx = 1MPa or (ﬁryy = 1MPa, in Fig. 13a-
b) because of a yarn/fibre-dominant response. In addition, under out-of-

plane tensile loading (?m = 1MPa, in Fig. 13c), although relatively
higher stresses are observed, the SAF within the matrix-rich region is

found to be < 1. In contrast, under in-plane shear loading (§xy = 1MPa,
in Fig. 13d), with S-glass/PP/epoxy yarns, the volume percentage of the
matrix-rich region with SAF > 1 is found to increase significantly with
increasing PP fibre content. Similarly, under transverse shear loading
(?xy = 1MPa or §xz = 1MPa, in Fig. 13e-f), the SAF within the matrix-
rich region is found to be significantly higher with increasing PP fibre
content. These results indicate that intra-yarn fibre hybridisation can
significantly alter the meso-scale stress distribution within the inter-
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Fig. 11. The homogenised elastic lamina properties (Exx, Eyy, ﬁxy, ixz, f}xy and f}xz) of the four weave architectures using non-hybrid (S-glass/epoxy with (st, Vipp,
Vi) = (0.6, 0.0, 0.4)) and hybrid (S-glass/PP/epoxy with (Vis, Vpp, Vin) = (0.48, 0.12, 0.4)) yarns with varying yarn thickness y, (for y,, = 0.8 and y, = 1.0): (a)

plain weave, (b) 2/2 basket weave, (c) 2/2 twill weave, (d) 5H satin weave.

yarn matrix-rich regions. With S-glass/PP/epoxy yarns, an increase in
low-stiffness PP fibre content can thus influence the inter-yarn meso-
damage initiation and mechanisms. From the homogenised lamina
properties in Figs. 8-11 and the meso-scale stress distributions in Fig. 13,
it is shown that the elastic properties of 2D woven laminae with fibre-
hybrid yarns can be tailored by varying the combination of fibre vol-
ume fractions and that the inter-yarn damage mechanisms can be
altered. This agrees with the experimental observations made in S-glass/
PP/epoxy woven laminates [3-5] with intra-yarn hybridisation.

4. Conclusions

2D woven composite laminae with intra-yarn fibre hybridisation,
with an emphasis on fibre-hybrid S-glass/polypropylene/epoxy yarns,
are investigated by using a two-scale computational approach. The
homogenised elastic properties of and the micro- and meso-scale matrix
stress fields in 2D woven laminae are studied for four different weave
architectures (i.e. plain, 2/2 basket, 2/2 twill and 5-harness satin)—
employing an RVE model at micro-scale and an RUC model at meso-
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scale. A modified random sequential expansion (RSE) algorithm is
used for the RVE, and a periodic meso-structure is used for the RUC.
From the numerical studies performed on S-glass/polypropylene/epoxy
2D woven laminae, it is shown that: (a) intra-yarn fibre hybridisation (i
e., polypropylene fibres together with S-glass fibres) can significantly
alter the homogenised yarn and lamina properties as well as the micro-
and meso-scale matrix stress fields—depending on the degree of intra-
yarn hybridisation (i.e. the combination of fibre volume fractions); (b)
intra-yarn matrix micro-stresses are typically higher around high-
stiffness S-glass fibres, with increasing low-stiffness PP fibre volume
fraction, especially under in-plane and transverse shear loading; (c) the
homogenised tensile and shear moduli of 2D woven laminae can
significantly be altered by intra-yarn hybridisation, yarn width and yarn
spacing; and (d) the meso-scale stress fields within inter-yarn matrix-
rich region can significantly be higher with increasing low-stiffness PP
fibre volume fraction, especially under in-plane and transverse shear
loading. As a general outlook, the observations made indicate that 2D
woven composite laminae (and laminates) with yarn-level fibre
hybridisation, with contrasting fibre properties (e.g. combinations of
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Fig. 12. The von Mises stress distribution in the matrix-rich regions and yarns from the RUC model of 2D plain weave with hybrid warp and weft yarns, with (st,
Vipp, Vm) = (0.48, 0.12, 0.4), y,, = 0.8, y; = 1.0, and y, = 0.1, under: (a) 5« = 1 MPa, (b) 3y, = 1 MPa, (¢) 5,, = 1 MPa, (d) 55, = 1 MPa, (€) 55, = 1 MPa and (f)
Gy = 1MPa.
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Fig. 13. The reversed cumulative volumetric percentage of the matrix-rich region versus the von Mises stress amplification factor (SAF) in 2D plain weave with

hybrid warp and weft yarns, for five different combinations of fibre volume fractions, under: (a) 5“ = 1MPa, (b) §yy = 1MPa, (c) §ZZ = 1MPa, (d) %txy = 1MPa,

(€) 5y, = 1MPa and (D) 5y, = 1MPa.

low-stiffness thermoplastic fibres, high-stiffness synthetic and/or natu-
ral fibres), with varying weave architectures, can effectively be explored
not only to tailor the yarn and lamina properties but also to significantly
alter the micro- and meso-scale matrix stress fields, which could in turn
offer opportunities to manipulate intra-yarn and intra-laminar damage
mechanisms for enhancing impact resistance and damage tolerance. The
two-scale modelling approach presented could potentially be extended
by considering damage mechanics get insights into such intra-yarn and
intra-laminar damage initiation and evolution mechanisms.
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