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Abstract: This study investigates the novel role of yarn-level fibre hybridisation in tailoring
thermomechanical properties and thermal residual stress (TRS) fields in the resin at both
micro- and meso-scales of 3D orthogonal-woven flax/E-glass hybrid composites. Unlike
previous studies, which primarily focus on macro-scale composite behaviour, this work
integrates a two-scale homogenisation scheme. It combines microscale representative vol-
ume element (RVE) models and mesoscale repeating unit cell (RUC) models to capture the
effects of hybridisation from the fibre to lamina scale. The analysis specifically examines
the cooling phase from a curing temperature of 100 ◦C down to 20 ◦C, where TRS devel-
ops due to thermal expansion mismatches. Microstructures are generated employing a
random sequential expansion algorithm for RVE models, while weave architecture is gen-
erated using the open-source software TexGen 3.13.1 for RUC models. Results demonstrate
that yarn-level hybridisation provides a powerful strategy to balance mechanical perfor-
mance, thermal stability, and residual stress control, revealing its potential for optimising
composite design. Stress analysis indicates that under in-plane tensile loading, stress
levels in matrix-rich regions remain below 1 MPa, while binder yarns exhibit significant
stress concentration, reaching up to 8.71 MPa under shear loading. The study quanti-
fies how varying fibre hybridisation ratios influence stiffness, thermal expansion, and
stress concentrations—bridging the gap between microstructural design and macroscopic
composite performance. These findings highlight the potential of yarn-level fibre hybridi-
sation in tailoring thermomechanical properties of yarns and laminae. The study also
demonstrates its effectiveness in reducing TRS in composite laminae post-manufacturing.
Additionally, hybridisation allows for adjusting density requirements, making it suitable
for applications where weight and thermal properties are critical.

Keywords: three-dimensional orthogonal-woven weave; yarn-level fibre hybridisation;
two-scale homogenisation; thermal residual stress; finite element method

1. Introduction
Natural fibre-reinforced polymer composites (NFRCs) are gaining popularity in auto-

motive, civil, sports, and aerospace industries due to their availability, biodegradability, and
processability [1,2]. However, NFRCs have limitations, including lower stiffness, strength,
durability, and thermal performance [3]. To address these limitations, natural/synthetic
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fibre-based hybrid composites (NFHCs) have been developed [4–6]. By integrating natural
and synthetic fibres, these NFHCs achieve a balance of mechanical properties and thermal
stability. This makes them suitable for a variety of structural applications. Understand-
ing the thermal behaviour of NFHCs is particularly important in temperature-sensitive
environments where structures are exposed to variable temperature conditions.

During manufacturing and use, composites develop thermal residual stress (TRS) due
to differences in thermomechanical properties between fibres and the matrix [7,8]. This
stress arises primarily during the curing process, which includes isothermal curing and
thermal cooling phases. During isothermal curing, the composites undergo polymerisation
at elevated temperatures, usually between 100 ◦C and 250 ◦C for most traditional polymeric
resins. This process leads to polymer contraction and increased stiffness, while the fibres
remain unaffected. In the subsequent thermal cooling phase, the composites cool down to
room temperature, leading to shrinkage and thermal cooling stresses [9]. Shrinkage stress
occurs due to volume changes during polymerisation, as the polymer becomes rigid at its
glass transition temperature. Thermal cooling stress, on the other hand, is caused by the
different coefficients of thermal expansion (CTE) between the matrix (20–100 × 10−6/K)
and fibres (e.g., carbon fibres with a CTE range of −1 × 10−6/K to 0.5 × 10−6/K). During
cooling, both the matrix and fibres contract. However, the matrix’s contraction is restricted
by its bond with the fibres. In contrast, fibres not only contract but also experience compres-
sion due to matrix constraints, leading to compressive residual stresses in fibres and tensile
residual stresses in the matrix [9]. These stresses have the potential to induce defects, such
as delamination, interface debonding, or matrix cracking in composites [10]. Thus, consid-
ering these stresses during composite design and manufacturing is essential for achieving
precise dimensions and optimal properties of composites in engineering structures [11–14].

Experimental techniques for measuring TRS in composites are divided into two cate-
gories: those performed during manufacturing and those conducted post-manufacturing.
The former includes embedded strain gauges, fibre optic sensors, and interrupted warpage
tests. The latter can be either destructive (e.g., successive grooving, layer removal, first-ply
failure, blind hole drilling) or non-destructive (e.g., warpage/curvature measurement, in-
terferometry, photoelasticity, Raman spectroscopy, electrical conductance techniques) [15].
However, these techniques are often costly, time-consuming, and may not fully capture the
influence of TRS on composite failure behaviour [16,17]. Additionally, the use of embedded
sensors may induce defects such as voids or resin-rich regions, which can lead to premature
cracking. To overcome these challenges and better interpret measurement results, analytical
and numerical approaches have been explored. Analytical models offer cost and time
advantages but are less effective for complex geometries and boundary conditions [10].
While classical laminate theory and other analytical models can estimate macroscopic
TRS in composites, they struggle to predict 3D microscopic TRS, strain distribution, and
damage mechanisms [17]. In contrast, numerical thermomechanical modelling predicts
TRS distribution at the microscale based on constituent properties. This approach provides
insight into stress and deformation distribution at the microscale, leading to improved
predictions of thermomechanical properties and damage evolution [14].

Studies often use either the repeating unit cell (RUC) model [9,14,18–23] or the represen-
tative volume element (RVE) model [17,24–28] to explore TRS development in composites.
The evolution of TRS is influenced by fibre distribution, spacing, and volume, particularly
in the absence of symmetry. These factors have a greater influence on transverse and shear
failures than on longitudinal failure [19]. For instance, in unidirectional carbon composites,
microscale TRS is significantly affected by fibre distribution [24]. Transitioning from a
regular to a random distribution results in higher tensile stress in the matrix, with stress
concentration occurring between closely spaced fibres. Similarly, a study on randomly
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distributed carbon fibres in unidirectional composites revealed that while fibre distribution
significantly affects TRS, its influence on CTE is minimal [7]. Extending this understanding,
another study [26] analysed failure in transversely loaded unidirectional carbon compos-
ites, revealing that a random fibre distribution enhances transverse tensile strength due to
TRS, while a hexagonal distribution weakens it. For E-glass composites, an RVE model is
employed to investigate how inter-fibre spacing affects TRS and transverse failure [17]. The
findings revealed that reducing inter-fibre spacing and increasing fibre volume fraction led
to higher TRS, yet adversely influenced the transverse strength of composites. A related
study [18] explored how matrix viscoelasticity affects TRS in cross-ply E-glass fibre/epoxy
composite laminae. Higher cooling rates were observed to produce greater initial residual
stresses. Over time, these stresses relaxed and converged to a consistent value, regardless
of the cooling rate applied. Interestingly, even though the constituent CTEs remained con-
stant, the composite laminae initially displayed a time-dependent CTE due to a mismatch
constraint. However, this behaviour stabilised after an extended period of stress relaxation.

Several studies have investigated how microscale TRS influences damage in unidirec-
tional composites under transverse loading. One such study [9] used the RUC model to
assess TRS effects, including matrix volume shrinkage and resin/matrix thermal contrac-
tion during cooling. The results revealed that TRS caused shifts and contractions in the
failure envelopes of the composites. Similarly, other studies [20,21] used an RVE model to
investigate the influence of TRS on glass composite failure, revealing significant effects on
damage initiation and evolution. González and Llorca [25] focused on transversely loaded
carbon and glass composites using an RVE model, suggesting a minimal effect of TRS on
compressive strength in their results.

A multiscale three-dimensional model was presented in [14], incorporating thermo-
mechanical and residual stress components and accounting for time-dependent material
properties during curing. This approach led to significant variations in microscale TRS.
In a related study [22], a similar multiscale modelling approach was employed to assess
microscale TRS in carbon composites, revealing compressive TRS in the fibres and tensile
TRS in the matrix. He et al. [27] also investigated microscale TRS in carbon composites,
finding that longitudinal loading was relatively unaffected, while transverse tensile and
shear strengths decreased with the presence of TRS. These observations highlight the
dependence of TRS-induced effects on the loading conditions. Specifically, under trans-
verse compressive loads, TRS initiates early shear-based failure due to matrix plasticity
and debonding. Conversely, under transverse tensile and shearing loading, TRS allevi-
ated interface debonding and lowered interface stress, reducing stress concentration and
enhancing strength.

NFHCs have demonstrated superior thermal stability, reduced variability, and de-
creased reliance on synthetic fibres in several studies [29,30]. While traditional composites
have been numerically studied for their TRS, there remains an incomplete understanding of
how TRS influences emerging NFHCs. Specifically, previous studies have not investigated
how TRS affects the thermomechanical properties of NFHCs using computational methods.
This study is the first to employ a two-scale homogenisation scheme—integrating mi-
croscale RVE models and mesoscale RUC models—to systematically predict the thermome-
chanical properties of NFHCs while analysing the TRS distribution within 3D orthogonal-
woven flax/E-glass hybrid composite laminae. These composites, chosen for their high
specific modulus and strength compared to other natural fibres, are used to deepen the
understanding of the relationship between TRS and the thermomechanical behaviour
of NFHCs. Unlike prior work, which has largely focused on macroscale properties of
single-fibre systems, this study bridges the micro-to-meso-scale transition and offers new
insights into how yarn-level fibre hybridisation influences von Mises matrix stress fields.
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These findings not only enhance the understanding of TRS effects in NFHCs but also
offer a computational framework for optimising hybrid composite design for improved
thermomechanical performance.

2. Two-Scale Homogenisation Scheme
To analyse the influence of TRS on the thermomechanical response of 3D orthogonal-

woven flax/E-glass composite laminae, a two-scale homogenisation scheme is implemented.
This approach integrates microscale RVE models with mesoscale RUC models. At the
microscale, the homogenised thermomechanical properties of unidirectional impregnated
hybrid flax/E-glass yarns are calculated based on their constituent properties (i.e., fibre
and matrix). Furthermore, to evaluate the structural behaviour of the hybrid yarn, the von
Mises stress distribution within the matrix is analysed in both TRS and non-TRS cases. At
the mesoscale, the thermomechanical properties of the 3D orthogonal-woven composite
laminate are calculated based on the constituent properties (impregnated hybrid yarn
and matrix), which were determined in the initial phase of the two-scale homogenisation
scheme. Similarly, the von Mises stress distribution in composite laminae is evaluated,
considering both cases with and without TRS.

The proposed two-scale homogenisation scheme, which integrates microscale RVE
and mesoscale RUC models, offers a significant advantage in its ability to accurately
capture microstructural details, including random fibre distributions at the microscale and
complex geometries such as weave architecture and yarn shape at the mesoscale. Given the
computational demands of simulating hybrid fibre systems, all simulations were executed
on the high-performance computing cluster at the University of Manchester. This approach
allows for precise stress and strain field predictions within matrix-rich regions, which is
critical for analysing composite mechanical performance. Furthermore, the two-scale FE
model can be adapted to incorporate damage mechanics, offering insights into micro- and
meso-scale damage initiation and evolution under different loading conditions. Since this
two-scale homogenisation scheme is based on previous work by the author [31], only a brief
summary of the RVE and RUC models is presented here, with a more detailed discussion
available in [32].

2.1. Material

For the sake of simplicity, the current study makes several assumptions regarding
the constituents of 3D orthogonal-woven composite laminae reinforced with flax and E-
glass fibres. Firstly, all constituents are treated as linear elastic, homogeneous, and free of
voids. The E-glass and matrix are modelled as isotropic, while the flax fibre is modelled as
transversely isotropic. Secondly, the constituents are considered to possess temperature-
independent properties. Lastly, perfect interfacial bonding is assumed between constituents,
with fibres considered perfectly aligned and infinitely long along their direction. This avoids
complexities like interfacial degradation or micro-cracking, which would require advanced
models such as cohesive zone models. While perfect bonding is idealised, strong adhesion
is typical in well-manufactured composites, ensuring full load transfer between fibres
and the matrix. The influence of interfacial properties can be addressed in future studies
using interface modelling techniques. To analyse the thermomechanical behaviour, input
parameters include five elastic constants (Young’s moduli: E1 and E2; shear moduli: G12

and G23; Poisson’s ratio: ν12), along with two CTEs (α1 and α2). Subscripts 1, 2, and 3
correspond to the longitudinal and two transverse directions.
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Evaluating CTE is crucial in designing orthotropic unidirectional composites [16], as
it quantifies the fractional change in length per unit temperature rise. CTE is important
for assessing the distribution of TRS during the manufacturing of composite laminae
under varying temperature conditions. Flax fibre has different CTEs perpendicular to and
along the fibre axis due to its anisotropic nature. According to findings in the literature,
longitudinal CTE values for flax fibres range from −8.0 × 10−6/K to 2.8 × 10−6/K, while
transverse CTE values span from 75 × 10−6/K to 83 × 10−6/K [33–35].

Longitudinal (α11) and transverse (α22) CTEs of composites are commonly determined
via established equations, such as the Schapery equation [36] (Equations (1) and (2)),
the Hashin equation [37] (Equation (3)), and the Chamis equation [38] (Equation (4)).
Here, E, v, α, and V denote elastic moduli, Poisson’s ratio, CTE, and volume fractions,
respectively, with subscripts ‘ f ’ and ‘m’ indicating properties related to the fibre and matrix.
However, these equations do not consider geometric variations within the constituents,
such as the random positioning of fibres within impregnated hybrid yarns, which are
addressed in microscale RVE modelling. Thus, microscale RVE modelling provides a more
precise method for predicting homogenised CTEs in 3D orthogonal-woven composites.
Nevertheless, these analytical equations remain useful for verifying the results obtained
from microscale RVE models.

α11 =
α f E f Vf + αmEmVm

E f Vf + EmVm
(1)

α22 =
(

1 + v f

)
α f 1Vf + (1 + vm)αmVm − α1

(
v f Vf + vmVm

)
(2)

α22 =

(
1 + v f

α1 f

α2 f

)
α f 2Vf + (1 + vm)αmVm − α1

(
v f Vf + vmVm

)
(3)

α22 = α f 2

√
Vf +

(
1 −

√
Vf

)(
1 + Vf vm

E f

E f Vf + EmVm

)
αm (4)

2.2. Generation of Microstructures

The microstructure of the microscale RVE model for the flax/E-glass hybrid yarn is
shown in Figure 1. The total fibre volume fraction is held at 0.6, with different microstruc-
tures created by varying the volume fractions of the two fibre types. RVE dimensions
were determined relative to the characteristic length of the larger flax fibres, incremen-
tally increased until homogenised properties converged. Based on this convergence study,
both the width and length of the RVE were set at 10 times the mean flax fibre diameter
(580 µm). This size exceeds the minimum specified by Trias et al. [39] for reliably analysing
homogenised properties and stress distributions in composites. Maintaining this mini-
mum RVE size is crucial, as failing to do so can lead to inaccuracies in material behaviour
representation, deviations in effective mechanical properties, and unreliable stress and
strain field results. Meanwhile, the thickness of the RVE was set at a sufficiently small
value due to its unidirectional nature and independent properties along the longitudinal
direction. A thickness-to-diameter ratio (d) below 20 was deemed appropriate, ensuring it
does not influence the effective mechanical properties while maintaining computational ef-
ficiency. Compared to smaller RVE sizes tested during the study, these dimensions ensured
convergence and accurately captured size-independent thermomechanical properties.
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(
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)
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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).

The microstructures were generated using a random sequential expansion (RSE)
algorithm [40], modified to accommodate fibres of two distinct radii: larger flax fibres and
smaller E-glass fibres. Initially, larger flax fibres were placed within the RVE domain, as they
have fewer placement options compared to smaller E-glass fibres. When a fibre touches the
edge of the RVE, any part that extends past this boundary is moved to the opposite edge to
maintain geometric periodicity. To avoid mesh distortion, a minimum inter-fibre spacing
of 2% of the smaller fibre’s diameter (0.3 µm) was enforced. The modified RSE algorithm
ensured a consistent total fibre volume fraction within a tolerance range of ±0.2%. While
the model could also use microstructure data digitised from X-ray CT scans of the specific
composite, the modified RSE algorithm was chosen to better explore the effects of yarn-level
fibre hybridisation.

2.3. Microscale RVE Model

The microscale RVE model was discretised using C3D8R and C3D6 elements. To ensure
convergence of homogenised properties, element sizes were progressively reduced as a
fraction of the smaller E-glass fibre’s radius. Following a convergence study, a final element
size of one-tenth of the smaller fibre’s radius (∼ 0.75 µm for the flax/E-glass hybrid yarn)
was selected, with a single layer of elements in the fibre direction. This size, though smaller
than the optimal value reported in the literature [41–43], was chosen to guarantee reliable
convergence of the homogenised properties for the RVE models. To maintain continuity in
stress, strain, and displacement fields across the microscale RVE model boundaries, periodic
boundary conditions (PBCs) were imposed. This involved implementing equation-based
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constraints on the surface node sets of the model. A comprehensive description of these
PBCs, including their integration into the Abaqus/Standard 2023 finite element software [44],
is provided in reference [32].

The homogenisation scheme was implemented to determine the homogenised thermo-
mechanical properties of the hybrid yarn. These properties are defined in Equation (5), with
σ̂ij and ε̂kl denoting macroscopic stresses and strains, Ĉijkl being the fourth-order stiffness
tensor, α̂kl representing the CTE, and ∆T indicating the temperature variation (thermal
loading) from a reference state in the absence of mechanical loading.

σ̂ij = Ĉijkl : (ε̂kl − α̂kl∆T) (5)

The homogenised elastic properties are derived from the stiffness tensor, which is
obtained by subjecting the material to six independent isothermal macroscopic stress load-
ing cases (∆T = 0 ◦C), comprising three normal and three shear loads. To determine
the homogenised CTEs for impregnated hybrid yarns, a uniform temperature change
(∆T = 1 ◦C) was applied throughout the microscale RVE model as a thermal loading.
Subsequently, three normal macroscopic thermal strains (ε̂11, ε̂22, ε̂33) were extracted. Con-
sidering only temperature-induced loads, Equation (5) simplifies to Equation (6). Therefore,
the three directional homogenised CTEs of the hybrid yarn are α̂11, α̂22, α̂33, respectively.

ε̂ij = α̂ij∆T wherei, j = 1, 2, 3 (6)

To examine the influence of TRS, an additional thermal analysis step has been included.
Although epoxy resin undergoes chemical shrinkage, its contribution to TRS is minimal due
to its lower modulus at elevated temperatures. Therefore, this study focuses exclusively on
the thermal cooling component of TRS. Specifically, the cooling process is analysed as the
composite transitions from a curing temperature of 100

◦
C to room temperature at 20 ◦C.

To simulate this process, a microscale RVE model was exposed to a uniform thermal drop
of ∆T = −80 ◦C, which resulted in the development of TRS within the composites.

2.4. Mesoscale RUC Model

The structure of the mesoscale RUC model used to analyse 3D orthogonal-woven
flax/E-glass composite laminae, developed using TexGen [45], is presented in Figure 2. The
composite comprises flax/E-glass hybrid yarns and matrix, with warp, weft, and binder
yarns aligning with the X, Y, and Z axes, respectively. The model includes three weft yarn
layers, two warp yarn layers and a single binder yarn, with a warp-to-binder yarn ratio
of 2:1. Warp and weft yarns measure 1.0 µm in spacing, 0.8 µm in width, and 0.1 µm in
thickness, while binder yarns have dimensions half those of warp and weft yarns. In this
mesoscale RUC model, the fibre volume fraction (Vf ) is 0.60, and the yarns occupy 45%
(Ωyarn= 0.45) of the total volume. Hence for a cuboid RUC domain, the effective fibre
volume fraction (V̂f ) is calculated to be 0.27 using Equation (7). In TexGen, a default value
of 10% is added to the domain height to increase the amount of matrix.

V̂f = Vf×Ωyarn (7)

Yarns are assumed to maintain a constant elliptical shape while traversing an undu-
lating path described by sinusoidal functions, with this path representing the central line
within the local fibre orientation. This path corresponds to the central line within the local
fibre orientation. To ensure accurate determination of local yarn orientation, a polynomial
interpolation method with a minimum requirement of C1 continuity is applied to create
evenly spaced yarn nodes in three-dimensional space. Due to the transversely isotropic
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nature of yarns, material orientation is defined for each yarn element in Abaqus. Two
principal axes are used: one along the yarn path and the other perpendicular to it. All
yarns share identical thermomechanical properties derived from the microscale RVE model.
More detailed information regarding the geometric parameters of the yarn used in TexGen
can be found in [46].
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Figure 2. Mesoscale RUC model—3D orthogonal weave (unit : µm).

The mesoscale RUC model was discretised using C3D4 elements. To ensure con-
vergence of homogenised properties, element sizes were progressively reduced relative
to the warp yarn width. Following a convergence study, the optimal element size was
determined to be 1/32 of the warp yarn width (0.025 µm) for meshing RUCs. This choice
aimed to balance element quality and computational efficiency in the RUC models. In
TexGen, models were generated via a Python script (version 2.7) allowing for parametric
creation of geometry. This involved defining geometry, specifying material properties,
mesh generation, setting up loading conditions, and incorporating PBCs. The model was
then exported as Abaqus input files for simulation. These simulations aimed to determine
thermomechanical properties and predict the development of TRS within the composites,
using the homogenisation scheme as detailed in Section 2.3.

3. Thermomechanical Analysis of Hybrid Yarns and Their 3D Woven
Composite Laminae

The microscale RVE analysis was used to predict the thermomechanical behaviour
of impregnated hybrid yarn, whereas the mesoscale RUC analysis was used to pre-
dict the thermomechanical behaviours of its 3D orthogonal-woven composite laminae.
The constituent material properties required for these simulations are presented in
Table 1 [33–35,47–50].

Table 1. The properties of the constituents [33–35,47–50] used in the RVEs.

Constituent E1
(GPa)

E2
(GPa)

G12
(GPa)

G23
(GPa) ν12 ν23

α11
(10−6/K)

α22
(10−6/K)

Density
(g/cm3)

Diameter
(µm)

E-glass 73 73 30.4 30.4 0.2 0.2 5.4 5.4 2.5 15
Flax 52 7 3 2 0.3 0.75 2.8 79.3 1.4–1.5 58

Epoxy 2.55 2.55 0.94 0.94 0.35 0.35 70 70 1.15 −

Initially, a sanity check was performed to validate both the microscale RVE model and
the mesoscale RUC model. This process included assigning identical material properties to
both the matrix and fibres and then subjecting the models to six mechanical loading cases
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and one thermal loading case. The verification included ensuring uniform stress distribu-
tion within both models and verifying that the resulting homogenised thermomechanical
properties matched input matrix properties. This verification process aimed to confirm
the capability of the models to generate intended outputs in a simplified scenario [51].
Consequently, it serves to ensure the accuracy of the modelling steps, including PBCs,
loading conditions, and post-processing techniques in both the RVE and RUC models.

A comparison of mesoscopic homogenised thermomechanical properties for E-
glass/epoxy lamina is presented in Table 2, showing results from the proposed RVE
model, experimental data [52], and Chamis model [38]. The RVE model, using constituent
properties from reference [52] and a fibre volume fraction of 0.6, demonstrates strong
agreement with both experimental measurements and the Chamis model, with only minor
differences. For instance, the RVE model predicts a longitudinal Young’s modulus (Ê11) of
45.48 GPa, which closely aligns with the experimental measurement of 45.60 GPa [52] and
the Chamis model of 45.74 GPa [38]. Furthermore, the RVE model predicts longitudinal
and transverse CTEs of 6.90 × 10−6/K and 25.10 × 10−6/K, which are also closely aligned
with the experimental values of 8.60 × 10−6/K and 26.40 × 10−6/K, whereas the Chamis
model provides slightly lower values of 6.46 × 10−6/K and 21.31 × 10−6/K. The close
match, especially for CTEs, confirms the validity of the RVE model both experimentally
and analytically.

Table 2. Comparison of mesoscopic homogenised thermomechanical properties of E-glass/epoxy
lamina based on RVE, experiment results [52], and the Chamis model [38].

Lamina Method Ê11 (GPa) ν̂12 Ê22 (GPa) Ĝ12 (GPa) Ĝ23 (GPa)
α̂11

(10−6/K)
α̂22

(10−6/K)

E-glass/epoxy
RVE 45.48 0.24 13.60 5.40 4.82 6.90 25.10

Experimental 45.60 0.278 16.20 5.83 5.79 8.60 26.40
Chamis 45.74 0.26 12.86 4.84 4.84 6.46 21.31

3.1. Homogenised Thermomechanical Properties of the Hybrid Yarn

The literature currently lacks empirical data regarding the elastic properties of flax/E-
glass yarns, but existing analytical models can verify the homogenised properties of single-
fibre yarn. Figure 3 presents a comparative analysis of the error percentage in predicting the
homogenised thermomechanical properties of flax and E-glass yarn obtained from various
analytical models [36–38,53,54] and the present RVE model. The results indicate a high level
of consistency between the microscale RVE model and the analytical models, particularly
in the longitudinal moduli and CTEs of the yarns. For flax yarn, the Halpin-Tsai model [53]
predicts all five mesoscopic homogenised properties within a 1.3% maximum relative
difference, while the Hashin model [37] achieves a 0.9% difference in CTEs. However,
the Schapery model [36] significantly overestimates transverse CTE (α̂22). Conversely, for
E-glass yarn, the Chamis model [38] predicts all five properties with a maximum relative
difference of 13.5%, while CTEs show a 15.6% difference from the RVE model. The com-
parisons reveal minor differences in predicted longitudinal CTEs between the microscale
RVE model and the analytical models, but significant differences in transverse CTEs. The
difference between analytical models and the microscale model is more pronounced in
pure E-glass yarn than in pure flax yarn, possibly due to similarities in transverse modulus,
shear modulus, and CTEs between flax yarn and the matrix.
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Homogenised thermomechanical properties of hybrid yarns were determined based
on five microstructures generated for each combination of fibre volume fraction ratios.
Table 3 presents these properties, showing that increasing the E-glass volume fraction
(Vf E) significantly enhances both longitudinal (Ê11) and transverse modulus (Ê22), indi-
cating greater structural stiffness. The shear moduli (Ĝ12 and Ĝ23) also rise, suggesting
improved shear stiffness. The transverse CTEs (α̂22 and α̂33) in these hybrid yarns exceed
their longitudinal CTE (α̂11). This difference arises from the diverse transverse CTEs of
the constituents, where both the matrix and flax fibre exhibit higher transverse CTEs than
E-glass fibre. While the longitudinal CTE increases slightly, the transverse CTEs decrease
significantly, indicating enhanced thermal dimensional stability with higher E-glass fibre
content. The transverse CTEs were nearly identical, confirming the transversely isotropic
nature of the hybrid yarns. However, α̂22 and α̂33 differ more in pure E-glass yarn than
in other volume fraction combinations. Increasing Vf E leads to a substantial decrease in
transverse CTEs, while longitudinal CTEs slightly increase, but this trend levels off when
Vf E exceeds 0.4. This suggests that E-glass fibre volume fraction has a more significant
influence on transverse CTEs due to the high longitudinal stiffness of E-glass fibres. During
thermal cooling, fibres exert tensile stress along the matrix, leading to pronounced trans-
verse contraction and an elevated transverse CTE. While adding E-glass fibres enhances
the thermal stability of the hybrid yarn, this improvement is accompanied by an increase in
density and reduced biodegradability. The higher density may limit use in aerospace and
automotive applications where lightweight structures are critical. Additionally, the poor
biodegradability of E-glass fibres raises environmental concerns, particularly for applica-
tions requiring sustainable end-of-life management. Therefore, balancing performance and
ecological sustainability is essential for specific applications.

Figure 4 presents specific mesoscopic homogenised properties of impregnated hybrid
yarn as a function of the E-glass fibre volume fraction (Vf E), derived from the microscale
RVE model. In Figure 4a, the specific longitudinal modulus slightly decreases as the E-
glass fibre content increases. Conversely, in Figure 4b–d, specific transverse modulus and
specific shear moduli increase with higher E-glass fibre content. The specific longitudinal
CTE (Figure 4e) shows a negative parabolic relationship for the specific longitudinal CTE,
peaking at a Vf E of about 0.20. Figure 4f reveals a significant decrease in specific transverse
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CTEs, indicating that E-glass fibres effectively restrict thermal expansion in the transverse
direction. These results highlight the anisotropic thermal properties of hybrid yarns.
Thus, the microscale RVE model accurately predicts the specific mesoscopic homogenised
properties of the hybrid yarn.

Table 3. Mesoscopic homogenised thermomechanical properties for hybrid yarn with varying

volume fractions of flax and E-glass fibre and matrix
(

Vf F, Vf E, Vm

)
, averaged from five different

microstructures for each set.

(VfF, VfE, Vm) Ê11
(GPa)

ν̂12
Ê22

(GPa)
Ĝ12

(GPa)
Ĝ23

(GPa)
α̂11

(10−6/K)
α̂22

(10−6/K)
α̂33

(10−6/K)
ρ̂

(g/cm3)

(0.60, 0, 0.4) 32.07 0.32 4.69 1.84 1.45 4.97 83.53 83.56 1.33
(0.48, 0.12, 0.4) 34.67 0.30 5.33 2.08 1.68 5.59 73.63 73.01 1.46
(0.36, 0.24, 0.4) 37.31 0.29 6.22 2.43 2.00 6.13 62.83 62.87 1.58
(0.24, 0.36, 0.4) 39.92 0.27 7.41 2.91 2.45 6.59 52.02 52.19 1.71
(0.12, 0.48, 0.4) 42.17 0.26 8.77 3.46 3.05 7.02 41.61 41.57 1.83

(0, 0.60,0.4) 44.55 0.24 10.96 4.34 3.86 7.30 29.66 32.89 1.96
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3.2. Micro-Stress in the Hybrid Yarn

Matrix failure is the primary failure mode in composite materials, driven by the micro-
stress distribution within the yarns. Although a comprehensive failure analysis is ideal, this
study simplifies the analysis by focusing on how hybridisation affects matrix von Mises
stress. The stress values are extracted at the integration point of the elements. Figure 5
shows the typical von Mises matrix stress distribution of a microscale RVE of yarn with
constituents:

(
Vf F, Vf E, Vm

)
= (0.48, 0.12, 0.4) under different mechanical loading cases.

The visuals highlight stress concentrations in the matrix, excluding the fibres. High stress
gradients are observed around E-glass fibres due to their contrasting material properties,
while lower gradients are seen around flax fibres due to their lower elastic properties. The
highest von Mises matrix stresses—3.19 MPa under transverse tensile (σ̂22), 8.38 MPa under
longitudinal shear (σ̂12), and 6.00 MPa under transverse shear (σ̂23)—occur in regions where
E-glass fibres are closely spaced. Although the E-glass fibres experience higher stress than
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the matrix, their inclusion significantly increases the von Mises matrix stress, shifting the
failure mode from fibre-driven to matrix-driven failure.

J. Compos. Sci. 2025, 9, x FOR PEER REVIEW  12  of  24 
 

 

loading cases. The visuals highlight stress concentrations in the matrix, excluding the fi-

bres. High stress gradients are observed around E-glass fibres due  to  their contrasting 

material properties, while lower gradients are seen around flax fibres due to their lower 

elastic properties. The highest von Mises matrix stresses—3.19 MPa under transverse ten-

sile (𝜎̂ଶଶ), 8.38 MPa under longitudinal shear (𝜎̂ଵଶ), and 6.00 MPa under transverse shear 

(𝜎̂ଶଷ)—occur in regions where E-glass fibres are closely spaced. Although the E-glass fibres 

experience higher stress  than  the matrix,  their  inclusion significantly  increases  the von 

Mises matrix stress, shifting the failure mode from fibre-driven to matrix-driven failure. 

To understand the role of yarn-level fibre hybridisation in stress amplification, Figure 

6 presents the relationship between the reverse cumulative volumetric percentage of the 

matrix and the von Mises stress amplification factor (SAF). This analysis includes yarns 

with different fibre volume ratios under varying mechanical loading conditions. The SAF 

represents  the  ratio between  the von Mises  stress and  the applied  load  (i.e.,  the meso 

stress). Logarithmic scales are employed for better visualisation of matrix volumetric per-

centages at higher SAF levels. Each curve represents a unique combination of fibre volume 

fraction  ratios,  showing minimal  deviation  across  the  five microstructures.  This  con-

sistency indicates statistically similar microstructures, confirming the accuracy of the RVE 

size chosen. In pure flax yarn, the SAF within the matrix is consistently lower across all 

mechanical  loading cases. However, after  incorporating E-glass fibre  into  the yarn,  the 

SAF in the matrix increased marginally. This rise is due to localised stress concentrations 

in the matrix, particularly in regions where two high-stiffness E-glass fibres are in close 

proximity. As a result, hybridisation at the yarn level significantly affects the micro-stress 

distribution within the matrix, making early matrix failure more likely. This may improve 

the damage tolerance of the composite materials, as matrix failure often does not lead to 

the catastrophic collapse of laminated composite structures. However, this hybrid com-

posite material may reduce the specific homogenised properties. 

 

Figure 5. Flax/epoxy lamina von Mises matrix stress distribution for a volume fraction of(
Vf F, Vf E, Vm

)
= (0.48, 0.12, 0.4), under various mechanical loading cases (unit: MPa): (a) σ̂11 = 1,

(b) σ̂22 = 1, (c) σ̂12 = 1 and (d) σ̂23 = 1.

To understand the role of yarn-level fibre hybridisation in stress amplification, Figure 6
presents the relationship between the reverse cumulative volumetric percentage of the
matrix and the von Mises stress amplification factor (SAF). This analysis includes yarns
with different fibre volume ratios under varying mechanical loading conditions. The SAF
represents the ratio between the von Mises stress and the applied load (i.e., the meso
stress). Logarithmic scales are employed for better visualisation of matrix volumetric
percentages at higher SAF levels. Each curve represents a unique combination of fibre
volume fraction ratios, showing minimal deviation across the five microstructures. This
consistency indicates statistically similar microstructures, confirming the accuracy of the
RVE size chosen. In pure flax yarn, the SAF within the matrix is consistently lower across
all mechanical loading cases. However, after incorporating E-glass fibre into the yarn, the
SAF in the matrix increased marginally. This rise is due to localised stress concentrations
in the matrix, particularly in regions where two high-stiffness E-glass fibres are in close
proximity. As a result, hybridisation at the yarn level significantly affects the micro-stress
distribution within the matrix, making early matrix failure more likely. This may improve
the damage tolerance of the composite materials, as matrix failure often does not lead to the
catastrophic collapse of laminated composite structures. However, this hybrid composite
material may reduce the specific homogenised properties.
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The RVEs exhibit similar thermal residual von Mises stress (TRS) distributions across
different microstructures with the same fibre volume fraction ratios. Figure 7 presents
typical matrix TRS distributions for flax/E-glass/epoxy composites at four different volume
fractions, cooled from 100 ◦C to 20 ◦C (∆T = −80 ◦C). Residual stresses arise after cooling,
with the maximum von Mises stress increasing from 97 MPa in (a) to 144 MPa in (c), then
slightly decreasing to 126 MPa in (d). This increase is due to higher E-glass fibre content
significantly restricting matrix shrinkage, leading to increased TRS. Stress concentrations
occur around closely spaced E-glass fibres due to their higher stiffness compared to flax
fibres, making these regions potential crack initiation sites. Given that the typical tensile
strength of the epoxy matrix is around 100 MPa, stress-based failure criteria such as the
maximum stress criterion would predict matrix cracking in microstructures (c) and (d).
The results indicate that higher E-glass fibre content increases residual stress within the
matrix, due to the greater thermal mismatch between the E-glass fibres and the matrix.
Furthermore, in such composites, fibre/matrix interfaces often experience elevated stress
levels, making them probable sites for initial crack formation, as opposed to failure solely
within the matrix.

To analyse how yarn-level fibre hybridisation influences the TRS in hybrid yarns, the
reverse cumulative volumetric percentage of matrix against TRS for yarns with varying
fibre volume ratios subjected to thermal loading (∆T = −80 ◦C) is presented in Figure 8.
The findings indicate that the distribution of TRS varies with the fibre volume ratios. In
pure flax yarns, the curve shows a sudden drop at TRS of around 15 MPa, indicating a
more uniform distribution of TRS. In contrast, when E-glass fibres are incorporated into the
hybrid yarns, the decline in TRS is more gradual, suggesting a higher stress gradient within
the matrix. Moreover, a slight increase in cumulative volume percentage at higher stress
levels implies increased stress concentrations within the matrix. This analysis shows that
yarn-level fibre hybridisation influences TRS distribution within the matrix, with higher
E-glass fibre content leading to an increased TRS distribution within the matrix.
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3.3. Homogenised Thermomechanical Properties of the 3D Woven Fabrics

Table 4 compares the experimentally measured and RUC model-predicted thermo-
mechanical properties of E-glass/epoxy plain weave composites. Although the geometry
modelled in the RUC approach does not precisely replicate the microstructure used in [55],
it still shows a strong correlation with experimental results. The predicted in-plane Young’s
modulus and the Poisson’s ratio align closely with experimental results. While there is no
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available experimental data for the out-of-plane Young’s modulus for direct comparison,
the predicted CTEs are consistent with experimental values, despite some small differences.
Thus, the RUC model is verified as a reliable tool for predicting the homogenised properties
of these composites.

Table 4. Homogenised properties of E-glass/epoxy plain weave: Experimental data [55] vs. RUC
predictions.

Plain Weave Method ˆ̂Exx (GPa) ˆ̂νxy ˆ̂Ezz (GPa) ˆ̂Gxy (GPa) Ĝyz (GPa)
ˆ̂αxx

(10−6/K)
ˆ̂αzz

(10−6/K)

E-glass/epoxy RUC 19.13 0.16 9.06 3.32 2.63 18.2 55.8
Experimental 18.80 0.14 N/A N/A N/A 15.0 58.1

To investigate the thermomechanical behaviour of 3D orthogonal-woven flax/E-glass
hybrid composite laminae, the mesoscale RUC model is employed, incorporating yarn-level
properties derived from the microscale RVE model. Tables 5 and 6 show the macroscopic
homogenised thermomechanical properties and densities of these composites with different
levels of yarn-level fibre hybridisation. Increasing the E-glass fibre volume fraction while
reducing flax fibre content leads to a consistent rise in Young’s moduli ( ˆ̂Exx, ˆ̂Eyy, ˆ̂Ezz) and

shear moduli ( ˆ̂Gxy, ˆ̂Gxz, ˆ̂Gyz). This trend highlights the superior stiffness of E-glass fibres
compared to flax fibres. The Poisson’s ratios show minor variations, suggesting consistent
deformation behaviour despite varying volume fraction ratios within the hybrid yarns. The
limited contribution of Z-binder yarn in the Z-direction results in lower in-plane Poisson’s
ratios ( ˆ̂νxy, ˆ̂νxz) compared to the out-of-plane Poisson’s ratio ( ˆ̂νyz), reducing stiffness in the
out-of-plane direction. Moreover, the CTEs decrease as the E-glass fibre content increases,
indicating better thermal dimensional stability since E-glass fibres have lower CTEs than
flax fibres. This stability is essential for applications exposed to temperature fluctuations.
The in-plane CTEs (ˆ̂αxx, ˆ̂αyy) are lower than the out-of-plane CTE (ˆ̂αzz) due to greater
fibre yarn contributions in the weft and warp directions. Higher E-glass fibre content
improves thermomechanical properties and reduces CTEs but increases the density ( ˆ̂ρ) of
the composite. Therefore, designing hybrid composites demands a careful trade-off among
mechanical performance, thermal stability, and density, particularly in weight-sensitive
and thermally demanding environments.

Table 5. Macroscopic homogenised mechanical properties for 3D orthogonal-woven hybrid composite

laminae with varying volume fractions of flax and E-glass fibre and matrix
(

Vf F, Vf E, Vm

)
within

the hybrid yarn.

(VfF, VfE, Vm)
ˆ̂Exx

(GPa)

ˆ̂Eyy
(GPa)

ˆ̂Ezz
(GPa)

ˆ̂Gxy
(GPa)

ˆ̂Gxz
(GPa)

ˆ̂Gyz
(GPa)

ˆ̂νxy ˆ̂νxz ˆ̂νyz

(0.60, 0,0.4) 7.90 11.42 4.09 1.31 1.17 1.19 0.11 0.50 0.46
(0.48, 0.12, 0.4) 8.46 12.26 4.28 1.40 1.23 1.25 0.10 0.49 0.45
(0.36, 0.24, 0.4) 9.09 13.14 4.50 1.52 1.30 1.32 0.10 0.48 0.43
(0.24, 0.36, 0.4) 9.76 14.03 4.74 1.69 1.37 1.40 0.10 0.46 0.42
(0.12, 0.48, 0.4) 10.41 14.84 4.98 1.86 1.45 1.47 0.10 0.44 0.40

(0, 0.60,0.4) 11.22 15.77 5.21 2.13 1.51 1.54 0.10 0.42 0.39
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Figure 9 shows how the macroscopic properties of 3D orthogonal-woven hybrid
composite laminae vary with the E-glass fibre volume fraction (Vf E) in the hybrid yarn.
When normalised by density ( ˆ̂ρ), these properties reveal significant trends and insights.
Figure 9a–c show a consistent increase in specific in-plane moduli with higher Vf E, while

the specific out-of-plane modulus ( ˆ̂Ezz) remains stable due to the in-plane orientation of
the fibre yarns. Similarly, Figure 9d–f, show that the specific in-plane shear modulus ( ˆ̂Gxy)
increases with higher Vf E, indicating improved in-plane shear stiffness. In contrast, the

specific out-of-plane shear moduli ( ˆ̂Gxz, ˆ̂Gyz) remain relatively unaffected by variation
in E-glass fibre content. Furthermore, Figure 9g–i shows that the specific CTEs decrease
with increasing Vf E, indicating improved thermal stability per unit mass. This trend is
particularly significant for the out-of-plane CTE (ˆ̂αzz), which decreases significantly along
the z-direction with higher E-glass fibre content. As a result, increasing Vf E in hybrid
yarns enhances the specific thermomechanical properties of the composite laminae, which
are crucial for applications where weight, mechanical performance, and thermal stability
are critical.
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Table 6. Macroscopic homogenised coefficients of thermal expansion (CTEs) and densities for 3D
orthogonal-woven hybrid composite laminae with varying volume fractions of flax and E-glass fibre

and matrix
(

Vf F, Vf E, Vm

)
within the hybrid yarn.

(VfF, VfE, Vm)
ˆ̂αxx

(10−6/K)
ˆ̂αyy

(10−6/K)
ˆ̂αzz

(10−6/K)
ˆ̂ρ

(g/cm3)

(0.60, 0,0.4) 35.45 22.32 108.86 1.23
(0.48, 0.12, 0.4) 33.65 21.52 102.32 1.29
(0.36, 0.24, 0.4) 31.83 20.73 95.70 1.34
(0.24, 0.36, 0.4) 29.96 19.90 88.94 1.40
(0.12, 0.48, 0.4) 28.10 19.12 82.42 1.46

(0, 0.60,0.4) 25.66 18.01 77.17 1.51

3.4. Meso-Stress in the Woven Fabrics

Figure 10 presents the von Mises stress distributions within both matrix-rich
regions and yarns in 3D orthogonal-woven hybrid composite laminae reinforced
with E-glass and flax fibres. The analysis assumes a yarn volume fraction ratio of(

Vf F, Vf E, Vm

)
= (0.48, 0.12, 0.4) under various mechanical loading cases. The stress

levels in the matrix and yarns are represented with separate legends. While von Mises
stress provides insights into stress concentration in matrix-rich regions, its relevance to
transversely oriented materials like yarns is limited. Nevertheless, it is used here to quantify
stress concentration in yarns. Under in-plane tensile loading, matrix-rich regions experience
stresses below 1 MPa, while the warp or weft yarns primarily bear the load depending on
the loading direction. Out-of-plane loading results in stress concentration (∼ 1.18 MPa)
in matrix-rich regions near binder yarn, and stress concentration (∼ 4.84 MPa) in binder
yarns when the yarn path is vertically upwards. Shear loadings show a different behaviour,
with matrix-rich regions showing stresses exceeding 1 MPa, indicating a predominant
influence of matrix shear properties on composite shear responses. Additionally, stress
fields show shear stress concentrations, particularly at the intersections of weft yarns with
binder yarns under ˆ̂σxy and ˆ̂σyz loading cases. Moreover, binder yarn exhibits significant
stress concentration, with maximum von Mises stress reaching 8.71 MPa under the ˆ̂σxy

loading case, due to complex interactions between binder yarns and adjacent weft yarns.
To examine how yarn-level fibre hybridisation affects stress amplification in compos-

ite laminae, Figure 11 presents the reverse cumulative volume percentage of matrix-rich
regions against the stress amplification factor (SAF) under different yarn-level fibre hybridi-
sations. For the out-of-plane loading case ( ˆ̂σzz), the curves indicate that a higher E-glass
fibre content leads to a lower proportion of matrix-rich regions with SAF > 1. Conversely,
for shear loading, the curves shift to the right, indicating an increase in the proportion
of matrix-rich regions experiencing higher SAF values as E-glass fibre content increases.
Specifically, under the in-plane shear loading case ( ˆ̂σxy), the curves show a gradual decline
in the cumulative volume percentage of matrix-rich regions with increasing SAF, indicating
a non-uniform stress distribution. However, for out-of-plane shear loading cases ( ˆ̂σxz and
ˆ̂σyz), the curves exhibit a steeper decline, suggesting a more uniform stress distribution.
Maximum SAF values range from two to three in some matrix regions, indicating potential
stress concentrations and localised failures under shear loadings if the matrix is not suffi-
ciently robust. This highlights the significant influence of fibre hybridisation at the yarn
level on stress distribution within matrix-dominated mesoscale regions.



J. Compos. Sci. 2025, 9, 135 18 of 24

J. Compos. Sci. 2025, 9, x FOR PEER REVIEW  18  of  24 
 

 

thermal mismatch stress due to the lower CTEs of E-glass yarns. Hence, the results high-

light the significant influence of yarn-level fibre hybridisation on TRS distribution within 

the composite. The transition from flax to E-glass yarns significantly reduces the TRS, sug-

gesting  that  tailoring  the hybridisation  ratio  could mitigate adverse TRS and  improve 

composite performance in high-temperature applications. 

 

Figure 10. Distribution of von Mises stress fields in the matrix-rich region (top) and yarns (bottom)
for the mesomechanical RUC model of 3D orthogonal-woven flax/E-glass hybrid composite laminae

with yarn volume fraction ratio
(

Vf F, Vf E, Vm

)
= (0.48, 0.12, 0.4), under: (a) ˆ̂σxx = 1 MPa,

(b) ˆ̂σyy = 1MPa, (c) ˆ̂σzz = 1MPa, (d) ˆ̂σxy = 1MPa, (e) ˆ̂σxz = 1 MPa, and (f) ˆ̂σyz = 1MPa.



J. Compos. Sci. 2025, 9, 135 19 of 24

J. Compos. Sci. 2025, 9, x FOR PEER REVIEW  19  of  24 
 

 

Figure 10. Distribution of von Mises stress fields in the matrix-rich region (top) and yarns (bottom) 

for the mesomechanical RUC model of 3D orthogonal-woven flax/E-glass hybrid composite laminae 

with yarn volume fraction ratio  ൫𝑉௙ி ,𝑉௙ா ,  𝑉௠൯  ൌ  ሺ0.48,0.12,  0.4ሻ, under: (a)  𝜎ො෠௫௫ ൌ 1 MPa, (b)  𝜎ො෠௬௬ ൌ

1 MPa, (c)  𝜎ො෠௭௭ ൌ 1 MPa, (d)  𝜎ො෠௫௬ ൌ 1 MPa, (e)  𝜎ො෠௫௭ ൌ 1 MPa, and (f)  𝜎ො෠௬௭ ൌ 1 MPa. 

 

Figure 11. Relationship between the reversed cumulative volume percentage of the matrix-rich re-

gion and the von Mises stress amplification factor (SAF) in 3D orthogonal-woven flax/E-glass hybrid 

composite  laminae with different  yarn-level  fibre  hybridisation  under  four  loading  cases  (unit: 

MPa): (a)  𝜎ො෠௭௭ ൌ 1, (b)  𝜎ො෠௫௬ ൌ 1, (c)  𝜎ො෠௫௭ ൌ 1, and (d)  𝜎ො෠௬௭ ൌ 1. 

The  reversed  cumulative  volume  percentage  of  the matrix-rich  region  is  plotted 

against  the TRS  for composites with varying degrees of fibre hybridisation at  the yarn 

level under thermal loading (ΔT ൌ െ80 ∘C), as shown in Figure 13. In flax yarn composites, 

about 95% of  the matrix  region has a TRS of around 15 MPa, while  the  remaining 5% 

exhibit maximum values up to 30 MPa. This suggests that while most of the matrix expe-

riences low stresses, there are localised areas with extremely high stresses that could ini-

tiate  failure.  Increasing  the E-glass fibre content reduces  the maximum TRS, consistent 

with  the  trend shown  in Figure 12, where  increasing  the E-glass fibre volume  fraction 

lowers the maximum TRS. As TRS approaches 25 MPa, the volume percentage of matrix-

rich regions with high TRS sharply decreases, indicating a more uniform TRS distribution. 

E-glass yarns, with  their  lower CTEs,  cause  less  thermal mismatch  stress,  resulting  in 

lower TRS. Therefore, yarn-level fibre hybridisation significantly affects TRS distributions 

in hybrid composites, with  increased presence of E-glass  in yarns correlating with  im-

proved mechanical properties and decreased maximum TRS. 

Figure 11. Relationship between the reversed cumulative volume percentage of the matrix-rich region
and the von Mises stress amplification factor (SAF) in 3D orthogonal-woven flax/E-glass hybrid
composite laminae with different yarn-level fibre hybridisation under four loading cases (unit: MPa):
(a) ˆ̂σzz = 1, (b) ˆ̂σxy = 1, (c) ˆ̂σxz = 1, and (d) ˆ̂σyz = 1.

Figure 12 shows the thermal residual von Mises stress (TRS) distribution within
the yarns and matrix-rich regions of a mesomechanical RUC model for 3D orthogonal-
woven flax/E-glass hybrid composite laminae This distribution is observed after a uniform
temperature decrease of 80 ◦C, with varying degrees of yarn-level fibre hybridisation. The
TRS distribution changes with the hybridisation ratios. In the composite with pure flax
yarns (Figure 12a), the stress in the matrix-rich regions and yarns is higher due to flax yarns
having a lower α̂11 and higher α̂22 than E-glass yarns, leading to higher thermal mismatch
stress. As the volume fraction of E-glass fibres in the yarns increases, the TRS decreases
in both the matrix-rich regions and the yarns. Specifically, the TRS drops from 29.77 MPa
to 25.21 MPa in the matrix and from 198.48 MPa to 165.71 MPa in the yarns, as shown in
Figures 12a and 12f, respectively. The highest TRS in the yarn is observed in the binder
yarns when the yarn path is oriented vertically upward. Figure 12f, with only E-glass in
yarns and no flax fibres, shows the least TRS, highlighting the reduced thermal mismatch
stress due to the lower CTEs of E-glass yarns. Hence, the results highlight the significant
influence of yarn-level fibre hybridisation on TRS distribution within the composite. The
transition from flax to E-glass yarns significantly reduces the TRS, suggesting that tailoring
the hybridisation ratio could mitigate adverse TRS and improve composite performance in
high-temperature applications.

The reversed cumulative volume percentage of the matrix-rich region is plotted against
the TRS for composites with varying degrees of fibre hybridisation at the yarn level under
thermal loading (∆T = −80

◦
C), as shown in Figure 13. In flax yarn composites, about 95%

of the matrix region has a TRS of around 15 MPa, while the remaining 5% exhibit maximum
values up to 30 MPa. This suggests that while most of the matrix experiences low stresses,
there are localised areas with extremely high stresses that could initiate failure. Increasing
the E-glass fibre content reduces the maximum TRS, consistent with the trend shown in
Figure 12, where increasing the E-glass fibre volume fraction lowers the maximum TRS.
As TRS approaches 25 MPa, the volume percentage of matrix-rich regions with high TRS
sharply decreases, indicating a more uniform TRS distribution. E-glass yarns, with their
lower CTEs, cause less thermal mismatch stress, resulting in lower TRS. Therefore, yarn-
level fibre hybridisation significantly affects TRS distributions in hybrid composites, with
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increased presence of E-glass in yarns correlating with improved mechanical properties
and decreased maximum TRS.
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Figure 13. Reversed cumulative volume percentage of the matrix-rich region plotted against thermal
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4. Conclusions
A two-scale computational approach was implemented to determine the thermome-

chanical properties of 3D orthogonal-woven flax/E-glass composite laminae with yarn-level
fibre hybridisation. Microscale representative volume element models and mesoscale repeating
unit cell models were employed. This study explores the homogenised thermomechani-
cal properties and thermal residual von Mises stress fields at both micro- and mesoscale
levels. These findings can be applied with stress-based failure criteria to estimate damage
initiation. The model employs simplifying assumptions, including linear elasticity and
temperature-independent material properties, to enhance computational efficiency while
accurately capturing thermomechanical interactions.

The numerical analysis reveals several key findings: (a) Incorporating E-glass fibres
improves the hybrid yarn’s elastic properties and thermal stability but increases its density.
(b) However, this addition also intensifies thermal residual stress in the matrix due to the
greater thermal mismatch between the fibres and the epoxy resin. (c) Integrating E-glass
fibres into yarns improves thermomechanical properties and diminishes coefficients of
thermal expansions, while simultaneously increasing composite density. (d) Yarn-level
fibre hybridisation significantly influences the distribution of thermal residual stress, with a
higher E-glass content leading to improved mechanical properties and reduced maximum
residual stress.

Overall, the study demonstrates that yarn-level fibre hybridisation in 3D orthogonal-
woven flax/E-glass composites enhances mechanical properties, improves thermal stability,
and reduces thermal residual stresses. This approach provides a tailored balance be-
tween performance and density, making these composites suitable for high-temperature
and structural applications. Future work could focus on experimental thermomechani-
cal testing to validate the assumptions made in the RVE and RUC models presented in
this study.
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