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Rigid particles have been incorporated into laminated composites, especially to enhance their 
bending performance attributed to the stiffening of the matrix phase (i) and the increased interlaminar 
shear resistance (ii). In order to better evaluate the improvement mechanism provided by the particulate 
inclusions, this work investigates the incorporation of micro-sized silica on the top, bottom and both 
surfaces of glass fibre laminates, mitigating the interference of the interlocking effect. Three-point 
bending, and impact tests are performed to evaluate the hybrid glass fibre composites containing 5, 7.5 
and 10 wt% of micro silica. In addition, the effect of the micro silica particles into epoxy polymers is 
verified under tensile, compressive and abrasion tests. A finite element model is developed to simulate 
the three-point bending test and to better assess the behaviour of the composite laminate. Although 
silica particles lead to increased compressive modulus of the epoxy polymers, their positive effect 
on glass fibre composites under flexural loads is more evident when placed on the bottom side of the 
laminates subjected to the maximum tensile stress. The incorporation of 7.5 wt% silica microparticles 
at the bottom surface of the laminates achieves higher flexural strength and lower impact resistance.
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1. Introduction
Hybrid composites consist of the combination of two 

different fibres and/or particles. This paper focuses on hybrid 
composites that combine synthetic fibres and micro-sized 
ceramic particles. The motivation of using micro rather 
than nanoparticles is the ability to spread easily over large 
surface areas with a constant concentration 1-3. According to 
the literature, the incorporation of microparticles into fibre-
reinforced polymers (FRPs) can bring benefits to mechanical, 
tribological and thermal performances 4-6.

The increase in the mechanical performance of FRPs 
obtained by the incorporation of particles can be attributed 
to the following mechanisms: matrix phase stiffening (i) 
7-9 and increased interlaminar shear resistance (ii), also 
namely as interlocking effect 4,9-10. The efficiency of such 
mechanisms depends on particle characteristics, such as: size 
distribution, geometry, volume fraction, stiffness, strength and 
microstructure (porosity level and chemical reactivity). Silica 
macro-sized particles used in polymer mortars significantly 
increase durability and mechanical properties 11. However, 
particle inclusions can cause decreased durability if the 
temperature increases with wear 12-16.

The fracture energy is increased when the front of the 
crack becomes pinned by a rigid particle within the matrix 

phase in the interlaminar region 7-8. The incorporation of rigid 
particles in the matrix phase makes it stiffer, affecting the 
stiffness of the composites 1,7-9. The amount of particles is 
extremely important to achieve a positive effect, since a large 
amount can reduce the contact with the surface and hinder 
the adhesion condition between the layers 3,8. The presence 
of particles in the interlaminar region of the laminate also 
provides increased friction under shear loads, leading to 
improved bending behaviour 16-18. This effect can be enhanced 
by the functionalisation of the reinforcement phases, obtaining 
an additional bond by the chemical reactions 18,19.

The impact behaviour of the laminates is largely 
dominated by the fracture mechanism between the fibres 
and the matrix phase. A strong interface condition leads to 
a brittle fracture of the fibres with a consequent reduction 
in impact resistance. In contrast, a significant portion of 
the impact energy is dissipated through the thermal energy 
generated by the friction in the pull-out effect of the fibre, 
which is more prone to weak bonding interfaces 20-25. In 
addition, the presence of rigid particles in the composites 
can also affect their impact behaviour, since it makes the 
matrix phase stiffer and more brittle. The impact resistance 
behaviour of hybrid composites reinforced with microparticles 
is quite controversial in the literature. Some authors have 
reported improvements in impact resistance without losing 
flexural strength 4,25,26. Experimental and computational 
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efforts have been addressed to understand the mechanism 
of strengthening 4.

When a composite is subjected to bending loads, 
maximum tensile and compressive efforts are generated on 
the bottom and upper layers, respectively. Stiffening of the 
matrix phase by the particle incorporation can also contribute 
to enhance the bending behaviour of composite materials. 
This phenomenon is controversial in the literature, especially 
when micro-sized particles are considered. An increase in 
flexural stiffness and a reduction in strength and toughness 
are commonly reported 1,3,15,17,27,28. In general, the mechanisms 
of improvement are attributed to the stiffening of the matrix 
phase and the shear interlocking effect. In order to better 
assess such mechanism, this work investigates a hybrid 
composite reinforced with silica particles added only on the 
bottom and/or upper surfaces, mitigating the interference 
of the interlocking effect. Moreover, the incorporation of 
rigid particles into the polymer composites can improve 
their surface durability 12-14. This effect is also verified by 
the characterisation of the particle reinforced matrix phase 
under abrasion test.

A full factorial design is performed to identify the effects 
of silica microparticle amounts and particle inclusion sites 
on flexural modulus, flexural strength and impact resistance 
of hybrid glass fibre reinforced composites. To further assess 
the findings for the hybrid composites, epoxy polymers 
reinforced with particles are evaluated in tensile, compression 
and abrasion tests. In addition, a non-linear finite element 
model is developed to evaluate the failure and damage of 
the hybrid laminate.

2. Materials & Methods

2.1 Design of experiment and fabrication

A full factorial design (32) is carried out to evaluate the 
effect of two factors at three levels, as follows, (i) amount 
of particles - 5 wt%, 7.5 wt%, and 10 wt% and (ii) particle 
site - top, bottom and both surface layers (Figure 1), leading 
to 9 experimental conditions (Table 1). A non-particulate 
laminate is manufactured as a reference condition.

Renlam M epoxy resin and Ren HY 956 hardener (5:1 ratio) 
are provided by Huntsman (Brazil). The glass fibre fabric 
is supplied by Texiglass (Brazil). The silica microparticles 
are supplied by Moinhos Gerais Company (Brazil). 

The silica particles are classified by sieving in a size range 
of 325-400 (44-37µm). Silica particles are hand mixed with 
the epoxy resin for 5 minutes, then the hardener is combined 
and mixed for another 5 minutes. Ten cross-ply fabrics 
of 200 g/m2 are hand-lay up using a 70% matrix volume 
fraction to obtain 2 mm thick laminate as recommended 
by the ATSM D790 29 and ATSM D6110 30 standards for 
flexural and impact tests, respectively. The laminates are 
cured at room temperature (21±1 ºC, RH 55%) under low 
vacuum (10 kPa) at 24 h. Two replicates are considered in 
the experiment. Five samples for each test and condition are 
fabricated, running the total of 200 specimens. The tests are 
performed after 15 days of curing.

Shimadzu AG-X plus test machine is used. The flexural 
strength and modulus are calculated based on ATSM D790 29. 
Samples with 50 × 12.7 × 2 mm3 are tested at 2 mm/min 
under three-point bending. An XJJ-50 pendulum machine 
is used to perform the Charpy impact test. Samples with 
80 × 10 mm2 are tested according to ASTM D6110 30. 
Minitab 18 software is used to statistically manipulate 
data through Design of Experiment (DoE) and Analysis 
of Variance (ANOVA).

Particulate composites consisting of epoxy polymer and 
silica particles, at the same fraction levels as shown in Table 1, 
are fabricated and tested under tensile and compressive loads 
to better support the discussions of the first experiment. The 
particles are hand-mixed with epoxy polymer for 5 minutes 
and then placed into silicone moulds manufactured according 
to ASTM standards for tensile 31 and compressive 32 tests. 

Figure 1. Illustration of the composite stacking sequence.

Table 1. Full factorial design (32).

Condition Particle site Silica inclusion 
(wt.%)

1 Top 5

2 Top 7.5

3 Top 10

4 Bottom 5

5 Bottom 7.5

6 Bottom 10

7 Both sides 5

8 Both sides 7.5

9 Both sides 10

10 Reference 0
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In addition, an abrasion test is performed based on the 
recommendations of EN 14617-4 33. In this case, two 
experimental levels with five samples each are tested: epoxy 
polymer in pristine condition (0 wt%) and reinforced with 
7.5 wt% silica. Abrasive corundum with a grain size of F80 
is used. The samples are fabricated via silicone mould of 
10 x 40 x 160 mm3. Abrasion is obtained by measuring the 
width of the wear mark at the centre of the sample.

2.2 Numerical simulations

Finite element (FE) model of the particulate composite is 
designed using commercial AbaqusTM/Standard software. A 
nonlinear FE model is used to simulate three-point bending, 
as shown in Figure 2a. Non-linearity effects are included in 
the FE model to simulate damage and failure behaviour, as 
well as geometric and contact nonlinearities. For the non-
linear solution, the Newton-Raphson method is used with 
automatic time step increment. A quarter of symmetry is 
considered along the X-axis and the Y-axis. The symmetry 
conditions are implemented in lateral planes. In X-Y and 
Y-Z planes, the boundary conditions (BCs) used are Uz = 
Urx = Urx = Ury = 0 and Ux = Ury = Urz = 0, respectively. The 
supports are modelled as analytical surfaces. Each support is 
fixed by a reference point (RP). RPs are modelled using rigid 
body constraints and BCs are applied. The displacements 
and rotations in the RP of the lower support are not allowed 
(Ux = Uy = Uz = Urx = Ury = Urz = 0). Displacement in the 
y-direction is allowed and the other directions and rotations 
are restricted in the RP of the upper support (Ux = Uz = Urx 
= Ury = Urz = 0). A static step is used to simulate the three-
point bending of the structure. In the upper support (at RP) 
a displacement of 4 mm is applied to the Y-axis and the 
reaction force in the RP is monitored.

The contact between the supports and the particulate 
composite part is modelled using normal and tangential 

behaviour. The hard contact is used in the normal direction, 
while frictionless is used in the tangential direction. The 
particulate composite plies are meshed with 3D elements 
(C3D8), i.e. eight-node linear brick elements, while the 
cross-ply laminates are meshed with continuum shell 
elements (SC8R), i.e. eight-node quadrilateral in-plane 
general purpose. Mesh refinement is performed based on 
three-point bending loads with a convergence of 50 and 8 
elements in the length and width directions, respectively, 
and one element per layer in the direction of thickness, 
as shown in Figure 2b. The modulus of elasticity and the 
flexural strength are calculated based on the displacement 
and the reaction force obtained at the reference point of 
the upper support.

Table 2 shows the parameters used in numerical simulations 
of particulate composite. The longitudinal elastic modulus 
(E11), Poisson’s ratio in plane 1-2 (ν12) longitudinal tensile 
strength ( T

11v ) of the glass fibre/epoxy composites are 
obtained from the experimental tests using the procedure 
of ASTM D3039 31. A 100kN Shimadzu testing machine 
equipped with video-extensometer is used to capture the 
axial and transverse strain at 2 mm/min considering a 
set of five samples. Longitudinal compressive strength 
( C

11v ) are obtained experimentally using the procedure of 
ASTM D6641 34. The compressive test is performed at 1.3 
mm/min. Other properties shown in Table 2 are obtained 
from the micromechanics analysis. The composite plies 
are implemented as transversally isotropic materials using 
engineering constants, strength, damage evolution and 
damage stabilisation. The damage evolution parameters 
and the viscosity coefficients are calibrated according to the 
results of the reference sample: longitudinal tensile fracture 
energy (GITc = 45 N/mm); longitudinal compressive fracture 
energy (GICc = 45 N/mm); transverse tensile fracture energy 
(GIITc = 0.6 N/mm); transverse compressive fracture energy 

Figure 2. Three-point bending analysis of the composite laminate: (a) FE model and (b) mesh visualisation.
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(GIICc=0.6 N/mm); viscosity coefficient in the longitudinal 
compressive/tensile direction (0.001) and viscosity 
coefficient in the transverse compressive/tensile direction 
(0.005). Hashin failure criterion 35 is used in the cross-ply 
laminate to analyse the failure of the hybrid composite. The 
progressive damage model is used to predict the mechanical 
response. Continuum damage mechanics (CDM) proposed 
by Lapczyk and Hurtado 36 is used to evaluate the damage 
of the laminates. The particulate matrix phase is modelled as 
isotropic material and its modulus of elasticity for different 
silica inclusions is obtained experimentally as shown in 
Table 3. The Poisson’s ratio of 0.35 is considered for all 
samples, which is obtained from the Huntsman datasheet for 
the Renlam M / HY 956 epoxy system. Then, the flexural 
strength and modulus of elasticity are calculated by same 
procedure described in ASTM D790 29.

3. Results

3.1 Effect of silica on matrix phase

Table 3 shows the mechanical properties of the silica 
microparticle-reinforced epoxy polymer. Tukey´s multiple 
comparison test, at 95% confidence interval, is conducted 
and presented in Table 3. Similar letter grouping indicates the 
means are statistically equivalent. The letter group classifies 
the means from highest to lowest starting with group A. No 
significant changes are evidenced for the tensile modulus (ET) 
response due to the same letter group A. The tensile strength 
(ST) is reduced by the increase of silica particles. In contrast, 
the compressive modulus (EC) is increased as the amount of 
particle increases. The levels of 5wt% and 7.5wt% provide 

similar means shown by letter group B. Higher compressive 
strength (SC) is achieved when 7.5wt% and 10wt% silica 
levels are incorporated (Group A). The level of 5wt% does 
not affect this response, since it is classified as the same 
letter group (B) of the reference condition. Tensile strength 
data are slightly decreased, while the compressive strength 
is increased by the incorporation of silica.

Table 4 shows the abrasion results analysed by ANOVA 
(one-way) and Tukey test. A P-value of 0.047 and different 
letter groups (A and B) indicate the incorporation of particles 
affects the tribological behaviour of the polymer. Silica 
reinforced polymers present 8.7% lower wear width than 
neat polymers, revealing a major durability against abrasion. 
This behaviour shows that the silica inclusions in epoxy 
polymer, as well as in composite laminates protect their 
surfaces against abrasive wear.

3.2 Flexural and impact behaviours

Table 5 shows the analysis of variance (ANOVA) for 
the mean flexural and impact data. P-values less or equal 
to 0.05 (5%) are considered significant at a 95% confidence 
level. Second-order interaction effects (in bold text) are 
significant for all responses, as shown in Table 5 (P-values 
≤ 0.05). R2 values close to 100% indicate well-fitted data 
to the statistical model.

Figure 3 shows the interaction effect plots for the mean 
flexural strength (a) and modulus (b). Higher values of flexural 
strength are obtained when silica particles are incorporated, 
especially in the composite bottom layer, followed by the 
top layer (Figure 3a). The inclusion of particles on the top 
surface does not provide greater flexural strength as expected, 

Table 2. Parameters used in numerical simulations of glass fibre/epoxy composite.

Material data Definition Value *

Experimental data

 E11(GPa) Longitudinal elastic modulus 10.6 ± 0.74

v12 =v13
Poisson’s ratio in planes 

1-2/1-3 0.39 ± 0.05

T
11v (MPa) Longitudinal tensile strength 224.5 ± 11.2

C
11v (MPa)

Longitudinal compressive 
strength 113.3 ± 9.5

Micromecanical analysis

 E22= E33(GPa) Transverse elastic modulus 10.6

v23 Poisson’s ratio in plane 2-3 0.40

 G12= G13(GPa) Shear modulus 2.7

G23(GPa) Transverse shear modulus in 
plane 2-3 2.9

T
22v (MPa) Transverse tensile strength 224.5

C
22v (MPa)

Transverse compressive 
strength 113.3

t12 = t13(MPa) Shear strength in plane 1-2/1-3 38

t23(MPa) Shear strength in plane 2-3 38
(*) Values obtained based on experimental tests, Average ± Standard deviation.
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as revealed by the particulate composite results previously 
shown in Table 3. It is noteworthy that the inclusion of particles 
on both sides leads to the reduction of strength compared 
to the reference condition. In general, the amount of silica 
does not substantially change the strength of the composites. 
In contrast, a silica level of 7.5wt% gives higher stiffness 
values for all inclusion sites (Figure 3b). The highest flexural 
modulus is achieved when 7.5wt% of silica is added to the 
bottom layer of the laminate. The hybrid composites only 
reach an elastic modulus higher than the reference condition 
when fabricated with 7.5wt% of silica placed in the lower 
or upper layers of the laminate. This finding indicates that 
the interlocking effect, achieved by the particles in the 
interlaminar region, plays an important role in the stiffening 
and strengthening of hybrid composites, as reported in the 
literature 1-4,7-9,16,18,22-23.

It is well known that the bending load combines tensile 
(bottom beam side), compressive (upper beam side) and 
shear loadings 1. In this work, no interlocking effect in the 
interlaminar region is considered, since the particles are 
incorporated upon the surfaces of the laminate. Considering 
the findings for the reinforced matrix phase shown in Table 
3, it was expected that the samples reinforced on the top 
surface (under compressive loads) would achieve higher 
bending performance. However, higher strength (13.6%) and 
modulus (16%) are achieved when the particles are placed 
on the bottom surface, which is under tensile stress (Figure 
3). The presence of particles on only one beam side can 
modify the moment of inertia of area affecting the distribution 
of the shear and normal loads generated by the bending. 

Table 3. Mechanical properties for particulate reinforced epoxy polymer (Tukey test).

Silica (wt%) ET(GPa) Group ST(MPa) Group EC(GPa) Group SC(MPa) Group

0 2.05 A 41.00 A 2.26 C 66.72 B

5 2.01 A 39.05 AB 2.36 B 71.16 AB

7.5 1.99 A 37.80 B 2.42 B 72.32 A

10 2.20 A 36.52 C 2.55 A 73.63 A

Table 4. Abrasion test results (Tukey test).

ANOVA P-value = 0.047

Silica (wt%) Mean wear width (mm) Tukey (Group)

0 17.91 A

7.5 16.47 B

Table 5. Analysis of Variance.

Experimental factor
P-value ≤ 0.05

Flexural Strength Flexural Modulus Impact Strength

Percent 0.045 0.000 0.000

Position 0.000 0.000 0.000

Percent*Position 0.030 0.003 0.014

R2-adjusted (%) 98.86% 96.96% 98.97%

This effect is better assessed through the FEA presented 
later. The presence of silica on the bottom surface may 
also contribute to delay the propagation of the crack, as 
reported in the open literature 1,16,18. It is noteworthy that the 
incorporation of particles in the two composite layers (TB) 
leads to a lower bending behaviour (Figure 3) in relation to 
the reference condition. This result also implies that the shear 
bonding effect provided by the particles in the interlaminar 
region is relevant to improve the flexural performance of 
hybrid composites.

Table 6 shows the numerical and experimental data 
comparison for bending behaviour. The numerical model 
cannot identify all the effects found in the experimental 
tests. However, good agreement is found between the two 
methods. The maximum difference obtained for the flexural 
strength is 20.3% when the composites are made with 5wt% 
of silica on the bottom layer. The maximum difference found 
for the flexural modulus is 21.7% when laminates are made 
with 10wt% of silica placed on both sides. The numerical 
model demonstrates that the maximum flexural strength 
occurs when silica is placed in the top layer of the laminate. 
This behaviour is attributed to the mechanical properties of 
the silica reinforced epoxy polymer. The minimum flexural 
strength is found when silica is placed on both sides. A minimal 
difference between the numerical model and experiments is 
also found for this condition, being attributed to the lower 
strength of the silica reinforced epoxy polymer compared 
to the glass fibre/epoxy laminate.

The FE model was not able to predict the variations in flexural 
strength caused by shear loads 16 and the interlocking effect 4. 
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Figure 3. Interaction effect plots for mean flexural (a) strength and (b) modulus.

Table 6. Numerical and experimental flexural behaviour.

Mechanical properties Ref.
Bottom (wt%) Top (wt%) Both sides (wt%)

5 7.5 10 5 7.5 10 5 7.5 10

Flexural 
strength 
(MPa)

Numerical 219.9 196.1 195.4 195.6 213.2 213.3 214.0 196.8 196.2 196.4

Experimental 220.0 246.0 241.0 244.0 228.0 226.4 221.0 198.5 201.7 204.0

Difference (%) -0.1 -20.3 -18.9 -19.9 -6.5 -5.8 -3.2 -0.8 -2.7 -3.7

Modulus of 
elasticity 

(GPa)

Numerical 12.42 10.86 10.86 10.91 10.89 10.90 10.78 9.21 9.22 9.28

Experimental 12.40 12.14 14.07 11.41 10.90 12.79 10.50 10.27 11.40 11.86

Difference (%) 0.2 -10.5 -22.8 -4.4 -0.1 -14.7 2.7 -10.3 -19.1 -21.7

However, FE model demonstrates that the effect of particle 
inclusions on the longitudinal stress of the laminates. 
Figure 4 shows the effect of longitudinal stress along the 
thickness of the laminate considering 20% of the maximum 
displacement. Lower stresses are observed in the region of the 
particle-reinforced matrix phase due to its lower modulus of 
elasticity compared to the laminate. The reference condition 
and the reinforcing samples on both sides demonstrate zero 
stress closer to the centre of the laminate (depth 0 mm) 
when compared to the other samples due to the symmetry 
of these laminates. Reinforced composites on the top side 
exhibit higher compressive stresses above the neutral axis 
when compared to the bottom silica sample. In contrast, 
the bottom-silica sample exhibits higher tensile stresses 
below the neutral line. This effect may have contributed 
to the reinforcing effect when the particles are placed on 
the lower beam side, which presents higher strength, due 
to its lower compressive strength of glass/epoxy laminate 
compared to the tensile strength. In addition, the presence 
of silica on the top of bottom surfaces modifies the centre 
of gravity of the sample cross section, affecting the stress 
distribution of the laminate.

The presence of particles on the top or bottom sides leads 
to an unbalance mass, dislocating the centre of gravity and 
the neutral axis (y1< y < y2) of the cross section (Figure 5). 
When the particles are incorporated on the bottom surface 
(Figure 5a), the centre of gravity is lower (y1<y), which 

Figure 4. Depth vs. longitudinal stress curves for the hybrid 
composite laminates.

increases the area of the section under compressive loads 
when subjected to bending. An opposite behaviour is obtained 
when the particles are added to the top beam side (Figure 
5b). It is well known that the matrix phase is responsible 
for the compressive loads while the fibres withstand the 
tensile loadings. In this case, the inclusion of particles on the 
bottom surface is more favourable because they strengthen 
the upper beam side by increasing the compressive area, as 
previously revealed by the FEA, i.e. a higher level of stress 
in the regions where the particles are incorporated.
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Figure 5. Scheme to illustrate the effect of silica particles on the neutral axis of unbalanced mass laminates with particles placed on the 
bottom side (a) and on the top side (b).

Figure 6 shows the plot of the interaction effect for the 
mean impact resistance. The impact performance reveals 
an opposite behaviour in relation to the bending test since 
the inclusion of particles makes the composites stiffer, 
consequently absorbing less amount of energy under a 
dynamic load. It is noted that the reference condition (without 
particles) achieves the highest impact resistance at 135 kJ/
m2. A significant reduction (62%) in impact resistance is 
evidenced by laminates made with 7.5wt% silica on the 
bottom surface. Cao and Cameron 4 reported positive effects on 
impact response by adding micro particles in the interlaminar 
region of glass fibre composites attributed to the presence of 
fibre pull-out mechanism and increased interlocking effect. 
The results presented here also corroborate to confirm that 
the increased interlaminar shear resistance caused by particle 
inclusions plays an important role in the impact behaviour 
of hybrid laminates.

• Glass fibre hybrid composites only reach a modulus 
larger than the reference condition (without particles) 
when fabricated with 7.5wt% silica on the bottom 
or top sides of the laminate.

• The incorporation of 7.5wt% silica microparticles on 
the bottom surface of the laminates results in higher 
bending behaviour and lower impact resistance.

• The highest impact resistance (135 kJ/m2) is achieved 
by the reference condition (without particles), 
followed by hybrid laminates made with 5wt% of 
particles added on the top surface.

• A non-linear FE model is developed to evaluate the 
failure and damage of the hybrid laminate. A good 
agreement between numerical and experimental 
results is found for flexural behaviour.

• FE model reveals that the higher flexural strength 
achieved by the incorporation of silica on the 
lower beam side modifies the stress distribution 
of laminate. The lower compressive stress is found 
for silica on the lower beam side, being attributed 
to the lower neutral axis. The lower compressive 
strength of glass/epoxy laminate when compared to 
tensile strength may be contributed to this behaviour.

• The findings imply that the shear bonding effect 
provided by the particles in the interlaminar region is 
relevant to improve the flexural and impact performance 
of hybrid composites, as reported in the literature.
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