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INTRODUCTION

matrix, have garnered significant interest in recent years due to their exceptional mechanical properties, lightweight

nature, and versatility in applications ranging from aerospace to automotive industries. The synergetic effect of
carbon fibres, which possess high stiffness and strength, combined with the toughness and relatively low cost of glass fibres,
makes these hybrid composites an attractive choice for structural applications subjected to complex loading conditions.
However, understanding the failure mechanisms of these materials under bending loads is critical for optimising their design
and ensuring reliability in real world applications.
Bending tests are a widely to evaluate the mechanical performance of composite materials because they simulate the bending
stresses encountered in service. However, experimental testing alone can be insufficient for fully understanding the
phenomena that occur during bending testing as these events often occur in fractions of a second. Numerical methods,
such as finite element (FE) analysis, can serve as valuable tools for understanding the material response during bending.
Several studies have employed this approach to investigate mechanical behaviours under flexural loading. For instance,
Dong et al. [1, 2] used FE models to examine the bending characteristics of hybrid composites incorporating carbon, glass,
and flax fibres. Their findings revealed that the combination of carbon and glass fibre enhanced the bending strength of the
composite, exceeding predictions based on the rule of mixtures. The study identified an optimal stacking sequence in which
carbon/epoxy plies were positioned on the extetior and glass or flax plies were positioned on the intetior, enabling material
optimisation. Gopalraj et al. [3], for example, employed FE models to evaluate the mechanical properties of recycled carbon
fibre and recycled glass fibre reinforced epoxy composites. Their investigation demonstrated that damage initiation in tensile
tests primarily occurs due to fibre-matrix interface failure and internal defects. Additionally, the authors found that
composites with higher fibre volume fractions exhibited enhanced impact resistance. In another study, Shaikh et al. [4] used
numerical models to analyse the structural properties of hybrid composites comprising carbon fibre, glass fibre, and basalt
fibre under static loading conditions. Through numerical simulations, it was determined that hybrid laminates with carbon
fibres positioned at the outer layers exhibit superior bending strength, as this configuration enables the carbon fibres to bear
most of the transverse load, thereby improving the overall performance. Furthermore, composites incorporating basalt
fibres displayed better bending strength than those containing glass fibre.
While numerous studies in the literature have focused on the use of FE models to investigate the mechanical behaviour of
hybrid epoxy composites, many of these works primarily address sandwich configurations rather than double-layer
configurations. The latter can offer a more integrated and reliable structure for bending applications by maximizing material
performance where it counts, simplifying manufacturing processes, and reducing potential failure modes associated with
core-skin interfaces in sandwich structures. Despite the known advantages of this configuration, the exact mechanisms
governing the failure of such structures remain insufficiently understood. Therefore, the aim of this work is to investigate
the failure mechanisms that govern bilayer hybrid composites, with a particular focus on exploring the differences in hybrid
configurations and how failure evolves in these types of structures.

I I ybrid fibre-reinforced polymer composites, particularly those combining carbon and glass fibres with an epoxy

MATERIALS AND METHODS

matrix, while Rebelco supplied the woven bidirectional carbon fabric 195T (196 g/m?) and the woven bidirectional

glass fabric 1195P (195 g/m?) for the reinforcements. As shown in Fig. 1, a total of eight lay-up configurations were
manufactured using the following combinatons: "1G/7C," "7C/1G," "2G/6C," "6C/2C," "3G/5C," "5C/3G," "8C," and
"8G". In detail, after five minutes of mixing the resin and hardener using a mechanical stirrer at 300 rpm, followed by the
removal of air bubbles in a vacuum chamber, the resulting system was employed to manufacture composite laminates using
the hand lay-up technique. To ensure a consistent fibre volume fraction and uniform thickness, all configurations produced
were placed into vacuum bags and compressed in a hydraulic press for 24 hours with a force of 2.5 kN. For the first 30
minutes, the vacuum bag was connected to a vacuum pump to eliminate all air bubbles that might have been introduced in
the composite laminates during their production. Lastly, the various laminates underwent a 4-hour post-curing process at
40°C. Using the manufactured composite laminate panels, specimens of 60X10Xt mm? were cut for the bending tests. The
averaged thicknesses "' obtained were: 1.4 mm for the “8C” configuration, 1.52 mm for “8G”, 1.50 mm for “1G/7C” and
“7C/1G”, 1.49 mm for “2G/6C” and “6C/2G”, and 1.49 mm for “3G/5C” and “5C/3G”. The specimens wete subjected
to 3-point bending (3PB) tests following the ISO 178-2019 standard using a Shimadzu AG-X universal testing machine

I n terms of materials, Sicomin provided the two-component epoxy resin SR8100 and SD8824, which were used as the
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equipped with a 10 kN load cell, a 35 mm span between suppotts, and a displacement rate of 2 mm/min. To ensute statistical
reliability, a minimum of eight specimens were tested for each condition under the parameters illustrated in Fig. 2.

6C/2 Q 26/6 %
7C/1 Q 1G/7 Q

Glass fibre [ ] Carbon fibre [Jij

5C/3

Figure 1: Lay-up configurations of all composite laminates employed.

Crosshead —"

Radius: 5mm

Strain rate: 2mm/min Laminate
Dimensions: 60x10xt

Supports

Radius: 5mm

i gi il et il

Figure 2: Experimental setup for the bending tests in accordance with ISO 178-2019.

NUMERICAL MODELS

o replicate the experimental 3PB tests described in Section 2, 3D FE models were developed in ABAQUS® FE.

The laminate layers were modelled using 8-node continuum shell elements (SC8R), while the crosshead and supports

were represented using 4-node discrete rigid elements (R3D4). Due to the negligible thickness of the layer interfaces,
cohesive surfaces were employed to model the bonding, eliminating the need for explicit element definition. The 3D FE
mesh was refined in the contact regions be-tween the specimen/crosshead and the specimen/supports, as shown in Fig. 3.
This refinement ensures an accurate representation of stress concentrations and gradients near the loading points and
supports, leading to more precise predictions of the bending loads.
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Z X

Figure 3: 3D FE model developed to analyse the different laminate configurations under 3PB loading.

To recreate the experimental setup, fixed boundary conditions were set for both supportts, and a gradually increasing
displacement (%) was applied to the crosshead. For improved computational efficiency, only half of the geometry was
modelled, taking advantage of the symmetry. As a result, symmetric boundary conditions were enforced along the ZY-plane.
The 3D FE model comprises of 35,464 elements and 64,660 nodes. A friction coefficient of 0.3 was assigned to the
crosshead-composite and supports-composite interactions, while a coefficient of 0.5 was used for the layer interfaces [5].
To simulate the intralaminar (matrix cracking and fibre breakage) and interlaminar damage (delamination) mechanisms, two
damage models were used: the continuum damage mechanics (CDM) model used for intralaminar damage and the surface-
based cohesive behaviour (SbCB) model for interlaminar damage. The CDM was implemented using an ABAQUS®
VUMAT subroutine for fabric-reinforced composites. This model uses the maximum stress failure criterion to identify the
onset of fibre damage. The proposed approach also incorporates fracture energies to account for stiffness re-duction due
to matrix cracking, plastic deformation under shear loading, and fibre failure.

Tab. 1 lists the VUMAT subroutine inputs for the carbon- and glass-fabric-reinforced composite layers used in this study.
The subscripts “+” and “-” denote the tensile and compressive loading modes, respectively, while “1” and “2” refer to the
principal directions of the layer. The strength (Xi+.=XG+. and ), elastic properties (Ei+.=Es+. and Gi2), and the fracture
energies (G'?), were initially estimated from the experimental data. The remaining parameters required for the constitutive
model, such as the maximum shear damage (d3**), initial effective shear yield stress (oy), and the coefficient (C') and power
term (p) in the hardening function, were obtained from [6]. Nevertheless, it should be noted that these values were then
optimised through a parametric study to ensute a satisfactory correlation with the experimental results, thereby ensuring a
satisfactory representation of the laminate behaviour.

. P Ei+ =Es+. G2 X1+, =Xo+ h) Gyl max Oy
HCE kg/m? GPa GPa V2 MPa MPa N/mm 12 MPa ¢ ’
Carbon 1900 40 3 0.14 640 120 15000 1 55 800  0.552
Glass 1600 9.5 011 011 320 40 25000 1 25 800  0.552

Table 1: Intralaminar properties of the catbon and glass fabric-reinforced composite layers.

The interlaminar bonding between the layers was simulated using the SbCB model, which is suitable for interfaces with
negligible thickness. This model utilises a traction-separation constitutive model to govern cohesive behaviour. The required
parameters to define the model were based on previous studies conducted by the authors [6]. In this way, the stiffness
(kn=rks=£;) values used were 106 N/mm?3, the damage initiation (7,0 and 7o = 1) were 50 MPa and 42 MPa, respectively,
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damage evolution energies (Gic and Gue=Gme) were 0.5 J/m? and 2 J/m?, respectively, and the interaction parameter (7)) was
1.45. To ensure the accuracy and reliability of the numerical predictions of the quasi-static analysis using the ABAQUS®
explicit dynamic solver, the loading velocity was limited to 1.2 m/s, and the stable time increment was maintained below
1.5%10-8 s throughout the analysis [7, 8]. To minimise stress wave propagation within the model, a smooth ramp-up of the
loading velocity was applied.

RESULTS AND DISCUSSION

Experimental data
he experimental results are shown in Fig. 4. Since the standard deviations for the average force and displacement
I range from 2% to 15% and 2.5% to 12%, respectively, the typical force-displacement curves are representative of
each configuration and provide strong reproducibility of the results.

400
300 F
/7
% 200 F
2
(@]
[ad
—38C —7C/1G
100 F —6C/2G ——5C/3G
1G/7C —2G/6C
—3G/5C —38G
O L L L L L L
0 1 2 3 4 5 6 7

Displacement [mm]

Figure 4: Force-displacement curves for laminates with: a) Glass fibres in the compressive side; b) Glass fibres in the tensile side.

The force increases with displacement in all composites almost linearly until it reaches a peak value, at which point it rapidly
decreases. Furthermore, in the region of maximum force, certain curves exhibit a pronounced zigzag pattern, which is
explained by the successive failure of various fibres. This is especially evident for hybrid composites that have carbon fibres
on the compression side because the high stress concentration in the pin-load contact region associated with the low
compressive strength of the fibres encourages their breakage and the resulting zigzag appearance [9, 10].

Hybrid laminates, which exhibit a strong dependence on the hybridisation rate, exhibit load and displacement values between
those observed for nonhybrid carbon and glass laminates. For example, carbon fibre laminates exhibit the highest load
(366.6 £ 27.7 N), while glass laminates exhibit the lowest with a value of 219.6 * 5.5 N. This trend was reversed when the
displacement was considered in the maximum load, with values of 2.58 = 0.2 and 5.96 £ 0.18 mm, respectively. Further
evidence for hybrid laminates is the fact that, regardless of their location, the greater number of fibreglass layers leads to a
lower bending force and greater displacement. However, when these were in the compression region of the specimen, the
results for force and displacement are slightly higher. This is justified by the fact that glass fibres present strains around
650% greater than carbon ones and, consequently, greater toughness [11, 12], while carbon fibres are four times stiffer and
have 20-50% greater tensile strength [13, 14]. Furthermore, the latter are characterised by a compressive strength between
30% and 50% of the tensile strength, which makes them more sensitive to compression than glass fibres [15]. Based on
these intrinsic properties of fibres, damage in carbon fibres occurs by breakage on the compression side and some
delamination around them, whereas in glass fibres they break on the tensile side [9, 16, 17].
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Numerical predictions

Figs. 5 and 6 show that all numerical values fell within the standard deviation range of the experimental results,
demonstrating a good degree of correlation between the two sets of data.
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Figure 5: Comparison between experimental and numerical results for maximum force and corresponding displacement.

Particularly, as shown in Fig. 5, the numerical predictions are slightly higher than the experimental values, with errors of
3.1% for 8C, 5.3% for 1G/7C, 15.9% for 7C/1G, 11% for 6C/2G, 1.7% for 3G/5C, 1.7% for 5C/3G, and -0.5% for 8G.
The results for the maximum displacement indicate that the presence of more than one layer of glass fibre on the bottom
of the laminate (7C/1G, 6C/2G and 5C/3G), results in an overestimation of the numerical predictions with errors of 8.7%
for 7C/1G, 0.6% for 6C/2G, and 0% for 5C/3G. On the other hand, for the remaining configurations, the maximum
displacement obtained numerically was lower than that obtained experimentally. Specifically, the numerical results presented
errors of -6.6% for 8C, -3.67% for 1G/7C, -6.8% for 2G/6C, -17.5% for 3G/5C, and -4.7% for 8G.

Analysing the force-displacement curves represented in Fig. 6a and 6b, it is possible to notice that numerical and
experimental results have a similar behaviour throughout the 3PB test and that they present a satisfactory agreement for all
tested configurations.

400
Num. 1G/7C Num. 2G/6C Num. 3G5C
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Ex.p 2G6C Exp. 1G7C
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o
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Figure 6: Compatrison between expetimental and numerical results for: a) 1G/7C, 2G/6C, 3G/5C, and 8G; b) 8C, 5C/3G, 6C/2G, and
7C/1G.

Since the numerical simulations were conducted using the ABAQUS®/Explicit solver to model the behaviour of the material
under quasi-static loading, it is important to acknowledge that the explicit time integration scheme introduces minor dynamic
effects. These effects manifest as slight oscillations or waviness that can be appreciated in the force—displacement curves.
To ensure the accuracy and reliability of the results, quasi-static conditions were maintained by closely monitoring the kinetic
energy, which was kept below 5% of the internal energy throughout the simulations. Additionally, mass scaling techniques
were avoided.

The energy dissipation mechanisms associated with intralaminar, interlaminar damage, and frictional effects for all
configurations are shown in Fig. 7a, Fig. 7b, and Fig. 7c, respectively. In each figure, the dashed vertical lines indicate the
displacement corresponding to the peak force (denoted as “Max. disp.”) for each laminate configuration. This helps
contextualize the onset and evolution of damage mechanisms relative to the mechanical performance of the laminates. To
improve the clarity and comparability of the results, the axes were rescaled appropriately, allowing for a better visual
interpretation of the different energy dissipation mechanisms. Notice that the energy dissipation values were extracted
directly from the ABAQUS®/Explicit output database. Specifically, the intralaminar and intetlaminar damage enetrgy
dissipation values were derived from the built-in output variables ALLPD (Plastic Dissipation Energy) and ALLDMD
(Damage Dissipation Energy), respectively. Additionally, the energy dissipated through frictional effects was obtained from
the ALLFD (Frictional Dissipation Energy) variable.

When comparing the three types of damage, it can be concluded that intralaminar is the main damage mechanism for all
configurations, followed by delamination. Moreover, as shown in Fig. 7a, the samples with glass fibre on the compressive
side exhibit a reduced level of damage up to the maximum displacement point. Conversely, the samples with glass fibre on
the tensile side demonstrated a higher propensity for intralaminar damage before to reaching the peak force. These
observations are consistent with previously reported results [11-14]. Furthermore, a discernible change in slope is evident
in the samples with the aforementioned configuration after reaching the maximum peak force, while the samples with the
opposite configuration do not exhibit an increase in slope after this point. Analysing the results of the delamination in Fig.
7b it can be observed that delamination occurs only after reaching the peak force point for all samples. The 8C sample has
a higher degree of delamination compared to the hybrid samples, which a have a similar behaviour among all configurations
with no only a higher initial increase of delamination in the configurations with the glass in the tensile side, on the other
hand, the sample containing only glass fibre presents almost no delamination, which is in line with the works available in
the literature [18, 19]. Looking at the friction results in Fig. 7c two different behaviours can be observed depending on the
location of the glass layers. When the glass fibres are in the compressive side, the friction increased until the end of the test.
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Figure 7: Energy dissipated during the 3PB test for all laminate configurations by: a) Intralaminar damage; b) Delamination; c) Friction.
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On the other hand, the samples with glass fibre in the tensile side showed a sudden drop after reaching the maximum force.
Beyond this point, the layers may start to separate or fail, reducing the frictional forces between them. In addition, layer
separation can reduce the contact area between layers, resulting in a drop in friction energy as there is less interfacial
interaction [20-22].

As noticed by the preceding results, intralaminar damage was the primary damage mechanism in the bending tests for all
configurations. To further understand the intralaminar behaviour, energy dissipated by the intralaminar damage layer was
analysed, as shown in Fig. 8. In the context of these results, lamina #1 is defined as the lamina closest to the loading pin,
while lamina 8 is the lamina at the bottom. The data indicates that, for hybrid composites, the most external carbon fibre
layer exhibited an increase in intralaminar energy. In samples with glass fibre on the compressive side, this corresponds to
layer #8, whereas for samples with glass fibre on the tensile side, it corresponds to layer #1. It is noteworthy that the samples
with more interior layers exhibited minimal damage, with the layer #4 exhibiting the least damage overall across all
configurations. Furthermore, samples with higher numbers of glass layers demonstrated reduced intralaminar damage before
maximum force compared to samples with higher amounts of carbon fibre layers. A comparison of carbon- and glass-only
laminates with hybrid laminates reveals that for both configurations, the exterior layers were the first to experience damage.
For the 8C laminate (Fig. 8g), the damage was first observed in layers #1 and #8, while in the 8G composite (Fig. 8h), the
order was reversed, with layer #8 exhibiting the eatliest damage, followed by layer #1. A closer examination of the damage
evolution reveals that the 8C laminate undergoes a more pronounced and rapid increase in damage. These outcomes are
analogous to those observed in hybrid composites with a greater number of carbon layers, resulting in behaviours analogous
to those of 8C composites. In contrast, the 8G laminate exhibited a more gradual increase in intralaminar damage. Moreover,
to understand how damage propagates throughout the hybrid laminate samples, figures were captured at various
displacement points to document the progression of ten-sile, compression, and delamination damage. The outcomes for
the 6C/2G hybrid sample, which serves as a representative specimen in this case, are presented in Figs. 9, 10, and 11.
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Figure 8: Energy dissipated by intralaminar damage in each layer for: 2) 7C/1G; b) 1G/7C; ¢) 6C/2G; d) 2G/6C; ¢) 5C/3G; ) 3G/5C;
2) 8C; h) 8G. Bold represent laminas composed by glass fibre. The dashed lines represent the displacement at the peak force.
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As depicted in Fig. 9, the tensile damage results indicate that for the 2G/6C configuration, the damage is observed in layers
#7 and #8, which correspond to the final two layers of carbon fibre behind the centre of the specimen. As the sample
reaches the peak force, the damage propagates up to layer #06, at which point the sample's mechanical performance begins

Displacement=2.76 mm Displacement= 3.37 mm Displacement= 6.49 mm

000000
ounewmo

Figure 9: Tensile damage in hybrid laminate configurations 2G/6C and 6C/2G.
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to deteriorate. The specimen's failure is characterised by the propagation of damage up to layer #4, accompanied by severe
damage accumulation between layers #5 and #8. Upon reaching the maximum displacement, the damage does not continue
to spread upwards; rathet, it progresses further away from the centre of the sample. The results for the 6G/2C configuration
demonstrate that the initial damage manifests in the centre of the sample in the last layer. Upon reaching the peak force, the
damage propagates to the fifth layer. Beyond this point, the sample experiences complete failure accompanied by a more
pronounced intensification of the damage than in the 2G/6C configuration. It is noteworthy that as the maximum
displacement is attained, no further escalation in the tensile damage is observed. The disparity in behaviour exhibited by
these two configurations can be attributed to the inherent properties of the carbon fibres and glass fibres used. Due to its
higher stiffness, carbon fibre exhibits a greater capacity to absorb tensile damage than the glass fibre. Consequently, the
progression of damage is observed to be more gradual in the 2G/6C configuration in comparison to the 6C/2G
configuration, in which glass fibres are positioned along the tensile side [11, 13, 23].

The findings of the compressive damage investigation in Fig. 10 indicate that, for the 2G/6C configuration, the damage
initiates in the primary glass fibre layer. Upon attaining the maximum force, there is no escalation in the number of affected
layers. After this point, the compressive damage disseminates to layer #2, resulting in substantial damage in these regions.
When the maximum displacement is reached, there is no further augmentation of the damage. In the 6C/2G configuration,
the damage is initiated in layer #2 of the glass fibre. As the maximum force is reached, the damage disseminates to layer #3,
which corresponds to the initial layer of carbon fibre. After reaching the maximum force, the damage disseminated to the
lower layers of carbon fibre, extending to layer #4. The difference between 2G/6C and 6C/2G is attributed to the properties
of the glass fibres. The position of the glass fibre in the compression side has a delaying effect on the formation of
compression damage, which consequently forces it to initiate in the carbon fibre, which exhibits a reduced capacity to absorb
this particular type of damage. This effect is in contrast with the behaviour observed in tensile damage and with previous
reports [11, 24].

Damage at maximum

Beginning of damage Damage at peak force g
displacement

0.8
0.7
ﬁ §.§ Displacement=2.89 mm Displacement= 3.37 mm Displacement= 3.37 mm

Figure 10: Compressive damage in hybrid laminate configurations 2G/6C and 6C/2G.

The delamination damage shown in Fig. 11 indicates that for the 2G/6C laminate, the delamination damage starts in the
last two layers of carbon fibre.

When the maximum force is reached, the delamination spreads further away from the centre of the specimen. As the failure
spreads through the laminate, the delamination damage increases upward to the other carbon fibre layers but does not
spread to the glass fibre layers. For the other configuration the behaviour is similar. The initial damage manifests in the same
layers. However, due to the absence of glass fibre on the compressive side to absorb the damage, the delamination became
more severe and extended farther from the centre of the laminate. Upon reaching the maximum displacement, visible
separation occurs between the glass and carbon fibre layers, as well as between the initial carbon fibre layers. This behaviour
is similar to that previously observed and is consistent with the existing literature [12, 25].
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Figute 11: Delamination damage in hybrid laminate configurations 2G/6C and 6C/2G.
CONCLUSIONS

his study analysed the failure mechanisms of hybrid composites consisting of carbon and glass fibres within an

epoxy matrix when subjected to bending loads. The results demonstrate the influence of hybridisation on mechanical

performance, particularly in terms of strength, displacement, and damage evolution. Based on the experimental and
numerical analysis conducted, the following conclusions can be drawn:

- Carbon fibre laminates achieved the highest bending strength (366.6 * 27.7 N), while glass fibre laminates recorded the
lowest (219.6 = 5.5 N). However, this trend reversed when considering displacement at maximum load, with carbon
fibre laminates showing the lowest values (2.58 = 0.2 mm) and glass laminates the highest (5.96 * 0.18 mm).

- The hybrid laminates exhibited mechanical properties that are between those of non-hybrid carbon and glass laminates.

- The positioning of glass fibres plays a crucial role in determining the bending strength and displacement, because when

placed on the compression side of the specimen they promoted higher bending strength and lower displacement, while

on the tensile side they led to lower strength but higher displacement.

In terms of failure mechanisms, intralaminar damage emerged as the primary mode of failure across all configurations,

followed by delamination. Hybrid samples where glass fibres were positioned in the compression region exhibited

reduced damage up to the point of maximum displacement. In all specimens, delamination initiated at the peak force,
with carbon fibre laminates displaying a greater degree of delamination than hybrid configurations. In contrast, laminates
composed entirely of glass fibres exhibited minimal delamination.

Frictional behaviour was also influenced by the fibre arrangement. When glass fibres were positioned in the compression

zone, friction increased steadily until the test was concluded. Conversely, when the glass fibres were placed on the tensile

side, a sudden drop in friction occurred immediately after reaching the peak load.

Intralaminar energy dissipation was most pronounced in the outermost carbon fibre layers of the hybrid laminates.

- Composites with a higher proportion of internal layers exhibited less damage propagation, whereas increasing the
number of glass fibre layers led to lower intralaminar damage before reaching the peak force, compared to configurations
with more carbon fibre content. Delamination behaviour also differed between hybrid configurations. In the 2G/6C
laminate, delamination first appeared in the last two carbon fibre layers and progressively spread through additional
carbon layers without reaching the glass fibres. In contrast, the 6C/2G configuration exhibited a similar initial damage
pattern but with more severe delamination progression.

In summary, understanding the influence of the fibre arrangement on the mechanical performance and failure evolution

can contribute to the optimisation of hybrid composite designs, particularly in structural applications where bending

resistance and controlled damage progression are of critical importance.
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