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ANALYSIS OF RANDOMLY DISTRIBUTED PARTICLES AND MATRIX
INTERFACES OF EPOXY-BASED MULTILAYERED COMPOSITES
In this study, the surface morphology of composites, the effect of the particle geometry like the size and shape of the filler
materials, their dispersion efficiency and interfaces are analyzed by morphological characterization. According to the tensile
tests, it was found that the composites fabricated with CuO exhibit increasing trends of tensile strength in all the experiments
compared to that of the composites with TiO2, which is verified by the degree of composite crystallinity determined by the
strong interfacial interaction as well as the size, shape and compactness of the filler particles as observed by SEM micrograph
analysis using Mountains software. Evaluation of this analysis shows similar amplitude variations in all the PSD curves of the
composites and indicate a fatigue-like behavior. The stable isotropic properties in the composite samples with CuO result in
a better surface finish, which was also well defined in the analysis of its surface texture and density function. Due to all these
positive correlations, a significant rising trend in tensile strength (55.50, 105.53 and 20.40%) was found in every composite
modified with CuO in comparison toTiO2. The highest tensile strength of the fabricated composite incorporating the CuO
functional filler was found to be 105.530%. Such composites with TiO2 and CuO having a tensile strength of 117.9 and
141.95 N/mm2 respectively, may be used for the interior design of aircraft, watercraft, offices, residences, car and sports accessories and others.
Keywords: functional fillers, particle size and shape, interface, epoxy composites, morphology

INTRODUCTION
Over the last few years, many advanced characterization techniques have gradually been introduced for
testing nano-, micro- and macro-scaled composite materials modified with different functional fillers, with the
help of transposition and mathematical operations [1-2].
Notable development has also been made in applying
these processes to analyze the interface between the
matrix and the fiber (or particle) as well as the size and
shape of particles, taking into consideration how the
fiber, particle and the matrix material interact and function. Consequently, the solution helps manufacturers
to select appropriate matrices, functional fillers and
fibers for fabricating composites with the desired
properties.
The particle size, shape and their interfaces in fabricated composites modified by functional fillers or reinforced by fibers play a significant role in the field of
composites. These particles may be of different size and
shape and are being used in various materials, leading
to a reduced load in the matrix [3-5]. The interconnections between the reinforcing materials and the matrices
have a specific impact on composite properties (morphological and mechanical). For homogeneous distribution of the load and stress transformation among functional fillers, fibers and the epoxy-matrix interfaces
play a crucial role [6, 7]. If interfacial adhesion exists

between them, then the development of microcracks at
the edge of the fiber or encompassing the particle of
functional fillers is unavoidable. However, due to the
presence of good adhesion among the epoxy, fiber and
filler particles, these microcracks cannot propagate easily alongside the facet of the fibers and filler particles
[8]. The effectiveness of these correlations depends on
the components used in manufacturing the fiber, filler
particles, and epoxy matrices [9-10].
Many leading compositions and manufacturing
techniques have been developed to fabricate fibers, fillers and matrices to meet the desired requirements as
composite materials continue to play a significant role
in their broad applications in the field of aerospace to
biomedical engineering [11-13]. The mechanical and
tribological properties are significantly enhanced due to
the addition of silicon carbide as reinforcement in
polymer-based composite materials [14]. Their improved properties established them as prime materials
in the aviation industry, where these composites require
precise drilling for assembly purposes and other applications [15, 16].
A group of parameters is generally responsible for
the characterization of nanocomposites. Nevertheless,
the size and shape of the filler particles, their interfaces
and dispersion efficiency play a crucial role in deter-
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mining the behavioral characteristics of composites.
The adhesion performance between nanofibers and the
matrix is enhanced owing to the increased aspect ratio,
the projected surface area and the decreasing diameter
of the fibers, which ultimately lead to the improved mechanical performance of composites [17]. By means of
the homogeneous dispersion technique of nanocellulose
in a matrix of starch, the tensile strength canbe raised in
bio-nanocomposites [18]. The fragile bond between
the filler and matrix may lead to crack formation, which
ultimately leads to the mechanical failure of composites
[19].
Furthermore, the quality of the interfaces depends
upon better adhesion properties between the filler and
the matrix, which is the outcome of different processes
(diffusion, attraction, chemical reaction, interlocking
etc.) happening at the time of composite fabrication
[20]. Surface uniformity is improved if SiC particles
(99.5% purity and approximate size of 37 microns) are
incorporated in a polymer matrix composite (PMC) as
reinforcement. This ultimately leads to great improvement in the machinability of a fibrous composite material. In both the different evolution (DE) and base algorithm (BA) approaches, the material removal rate
(MRP) is enhanced (8.08 and 7.9% respectively) compared to Taguchi’s methodology (TM) [21].
Therefore, investigation of the types of fiber, matrix
and particle (size and shape) is necessary to know how
functional fillers and fibers are incorporated into
the matrix material to ensure proper reinforcement of
composites. Furthermore, to bring synergism to particle
distribution and to create effective bonding between the
matrix, fiber and functional particles, some physical and
chemical modifications are also needed to be pursued
[22-28]. With this background, this paper concerns
the fabrication of composites using CaCO3, Al2O3,
MgO, TiO2/CuO functional fillers. The primary aim of
this analysis is to evaluate the effect of the particle
size, shape and interfaces of functional fillers in composites and the effects on their mechanical properties,
particularly the tensile strength, aided by Mountains

Software analysis of SEM micrographs of composite
samples. Additionally, the particle distribution, their
dispersion efficiency, and synergism of the functional
fillers in the matrix in addition to their interrelationship
with the glass fiber are ascertained by investigating the
microstructures of the composite samples.

EXPERIMENTAL PROCEDURE
Materials and Fabrication Process
Epoxy resin (LY556), E-type woven glass fiber,
hardener (araldite HY951) and functional fillers
(CuO/TiO2, MgO, Al2O3 and CaCO3) were used to fabricate the desired composite specimens. Different percentages of materials as presented in Tables 1 and 2
were applied during the fabrication process of the composites [29]. The wet hand lay-up technique was used to
fabricate the composites by applying a similar compression pressure. Glass fiber mats were initially cut to
a size of 200x150 mm2. Then the epoxy (LY556) and
hardener (HY951) were mixed together at the ratio of
10:1 to prepare the matrix. Functional fillers (powder
particles) of various wt.% were gradually added to the
mixture according to Tables 1 and 2. The mixture was
stirred with a magnetic stirrer for a period of 10-15 min
to achieve the desired homogeneity. The mold was then
prepared and OHP sheets were placed on the floor. For
easy removal of the composite from the OHP sheet,
wax was applied to it before hand. In order to increase
the robustness, the prepared mixture was then poured in
the mold. The fiber mat is placed the as the initial
surface and is uniformly embedded on the OHP sheet
with a roller. Then the matrix mixture was placed on the
initial mat surfaces and rolled on it. Another layer
of fiber mats was then placed on the initial surface,
and the matrix mixture was applied on it uniformly by
rolling. To obtain the required thickness, five consecutive layers were then produced. The prepared laminates
were kept for curing in atmospheric conditions for
two days [30].

TABLE 1. Composite composition in Experiment 1

Composite

Fiber layer
number
&sequence

Epoxy [wt.%]
Resin
(LY556)

Hardener
(HY951)

Functional fillers [wt.%]

Woven
glass fiber
[wt.%]

CaCO3

Al2O3

MgO

TiO2

Total

S1

G/G/G/G/G

35.00

5.00

55.00

1.25

1.25

1.25

1.25

5.00

S2

G/G/G/G/G

33.00

4.00

53.00

2.50

2.50

2.50

2.50

10.00

S3

G/G/G/G/G

31.00

3.00

51.00

3.75

3.75

3.75

3.75

15.00

TABLE 2. Composite composition in Experiment 2
Epoxy [wt.%]

Functional fillers [wt.%]

Resin
(LY556)

Hardener
(HY951)

Woven
glass fiber
[wt.%]

CaCO3

Al2O3

MgO

CuO

G/G/G/G/G

35.00

5.00

55.00

1.25

1.25

1.25

1.25

5.00

G/G/G/G/G

33.00

4.00

53.00

2.50

2.50

2.50

2.50

10.00

G/G/G/G/G

31.00

3.00

51.00

3.75

3.75

3.75

3.75

15.00

Composite
sample

Fiber layer
sequence

S4
S5
S6

Total
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Scanning Electron Microscopy (SEM)
A Hitachi SU-1510 SEM was used to examine
the microstructure of the composites. The fabricated
composite samples were designed according to the
ASTM standard D5299. The morphological properties of the composites were analyzed by means of the
above mentioned microscope. The produced samples

were properly cleaned, air-dried and were prepared to
observe by SEM. Thereafter, a thin and small-sized
platinum film was evaporated on the composite
specimens so as to increase the conductivity before
taking the micrographs. With the same setup, six
similar micrographs of the composites were taken as
shown in Figure 1.

(a) Sample 1

(b) Sample 2

(c) Sample 3

(d) Sample 4

(e) Sample 5

(f) Sample 6

Fig. 1. SEM micrographs of all composite samples
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Tensile Strength Test
Composite specimens were prepared as per the
ASTM D638 (ISO 527-2-1B)
1B) standard. Tensile testing
was performed by a M350-10
10 (Testometric) twin
column range universal testing machine (Fig. 2).

Surface Roughness
The roughness values of the prepared composites
were measured by a Taylor Hobson Surtronic S-128
S
surface roughness tester (Fig.
(Fig 3). The recorded values
are shown in Figure 4 and Table 5.

a)

Fig. 3. Surface roughness tester (Surtronic S-128),
S
Taylor and Hobson

b)

RESULTS AND DISCUSSION
ON
Mountains Software Analysis of SEM micrographs
SEM micrograph analysis was conducted to study
the morphology of the composites and visualize the
homogeneous distribution of the functional fillers using
Mountains software. Notable variations in the uniformity of the functional fillers and internal structures were
found (Figs. 5-12).
The entire specimen (Fig. 1) shows homogeneous
distribution and uniformity of the fiberglass in all the
samples. The composites fabricated with CuO exhibit
ex
the accepted tolerance limit in all the instances of samsa
ples 4, 5, and 6.
d
Edge detection is a fundamental tool for feature detection and feature extraction through image processproces
ing, machine vision and computer vision. This techtec
nique identifies and differentiates
ifferentiates the genuine and in
consistent edge pixels of the texture on the surface [31].

Fig. 2. Testometric machine and specimens for tensile
tensil strength test:
a) specimen
pecimen loading arrangement in Testometric machine, model
M350-10, b) specimens
pecimens after tensile test (ASTM D638)

The machine operated at the speed of 1 mm/min for
this test atambient temperature. The tensile strengths of
the composites were recorded automatically (Table 3).
Other mechanical properties of the composites were
also considered, as determined in previous research
work (Table 4) [30].

TABLE 3. Variations in tensile strength for difference of functional fillers
Epoxy [wt %]

Functional fillers [wt.%]

Resin
(LY556)

Hardener
(HY951)

Woven
glass fiber
[wt %]

CaCO3

Al2O3

MgO

TiO2

S1

35.00

5.00

55.00

1.25

1.25

1.25

S4

35.00

5.00

55.00

1.25

1.25

S2

33.00

4.00

53.00

2.50

2.50

S5

33.00

4.00

53.00

2.50

S3

31.00

3.00

51.00

S6

31.00

3.00

51.00

Composite
specimen

CuO

Tensile
strength
[N/mm2]

Variation in
tensile
strength [%]

1.25

-

72.800

55.500

1.25

-

1.25

113.200

2.50

2.50

-

65.050

2.50

2.50

-

2.50

133.700

3.75

3.75

3.75

3.75

-

117.900

3.75

3.75

3.75

-

3.75

141.950

105.530
20.400

TABLE 4. Different mechanical properties of composite specimens
Experiment

Composite specimen

Impact strength
[J/m]

Flexural strength
[N/mm2]

S1

796.3075

Experiment 1

S2

534.9007

S3
S4
Experiment 2

Stiffness [N/mm2]

Tensile strength [N/mm2]

198.238

1686.174

72.700

88.941

2323.361

65.045

741.3225

169.544

1741.334

117.886

755.1055

179.632

2106.130

113.080

S5

957.0081

110.259

2565.205

133.666

S6

837.2154

214.732

2819.752

141.879
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S1

S2

S3

S4

S5

S6

Fig. 4. Surface roughness profile curve

TABLE 5. Surface roughness (Ra) data of composite specimens
Experiment

Experiment 1

Experiment 2

Composite
specimen

Measuring
data 1 [µm]

Measuring
data 2 [µm]

Measuring
data 3 [µm]

Average roughness
[µm]

S1

0.30

0.30

0.30

0.30

S2

0.20

0.20

0.20

0.20

S3

0.50

0.60

0.70

0.60

S4

0.60

0.80

0.70

0.70

S5

0.70

0.90

0.80

0.80

S6

1.00

0.90

0.80

0.90
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S1

S2

S3

S4

S5

S6

75

Fig. 5. Filler particle geometry (size and shape)
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S1

S2

S3

S4

S5

S6

Fig. 6. Particle parameters (edge detection method)
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Fig. 7. Average power spectrum density (PSD) of composite specimens
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S1

S2

S3

S4

S5

S6

Fig. 8. Texture direction of composite specimens
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Fig. 9. Composite specimen profile curve
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Fig. 10. Continuous wavelet decomposition of composite specimens
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S1

S2

S3

S4

S5

S6

81

Fig. 11. Abbott-Firestone curve of composite specimens
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S1

S2

S3

S4

S5

S6

Fig. 12. 3D view of all composite specimens

To obtain an accurate size distribution from the micrographs, hundreds of particles were taken into account.
Generally, the particle size is measured manually, which is
very tiresome and painstaking. Moreover, human interference may affect manual measurement [32]. Therefore,
scientific and more reliable methods are required to measure the particle size [33]. The edge detector helps to create
a set of connected curves from the SEM micrograph,
which indicates the boundaries of objects, the boundaries
of surface markings as well as the curves of discontinuities
in the surface. As a result, this detection technique reduces
the data and filters out information which is less relevant
for preserving the important structural properties of a micrograph. When the edge detection technique becomes
successful, the interpretation of information in the original
micrograph becomes significantly easier [34].
Composites Theory and Practice 21: 3 (2021) All rights reserved

From Figure 5 and Table 6, it is observed that the
compactness as well as tensile strength of the composites increased due to the growing aspect ratio of
its functional fillers. This is noticeable in the composites fabricated with CuO, but it shows some abnormality in the case of the composites prepared
with TiO2. This may be caused by the creation of unexpected voids and inadequate adhesion among the
epoxy, functional fillers and glass fibers as depicted in
composite specimen S2. Similarly, with an increasing
mean equivalent diameter and projected area of the
filler particles (as shown in Fig. 6 and Table 7), the
good interfaces of the fiber and particles and good
adhesion between them are seen. As a result, the
composite fabricated with CuO exhibits better mechanical properties than that with TiO2.
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TABLE 6. Particle size and shape of composite samples
Composite
sample

Mean projected
area [mm2]

Mean
diameter
[mm]

Aspect
ratio

Angle of
maximum
diameter [º]

Volume from
threshold [mm2]

Roundness

Compactness

S1

3.596

0.5476

1.793

1.731

476.5

0.5977

0.6787

S2

1.366

0.4175

1.663

4.202

170.2

0.6085

0.7775

S3

3.184

0.5803

1.720

2.675

513.3

0.6041

0.7740

S4

1.941

0.4032

1.646

1.404

298.2

0.6077

0.7771

S5

2.543

0.5104

1.701

4.354

517.4

0.6044

0.7742

S6

2.514

0.5522

1.784

6.973

411.2

0.6013

0.7716

The strength of the difference in energy protection
by composites is determined by power spectral density
(PSD) as a function of frequency. The amplitude differences shown in Figure 7 and Table 8 illustrate the
fatigue of the materials, which is almost the same for
all the prepared composites except Specimen 4 (amplitude 2.52300 GL). This may be caused by the agglomeration of some filler that does not achieve synergism
during fabrication of the composite.
TABLE 7. Particle parameters of composite samples by edge
detection method
Composite
sample

Mean
projected
area [mm2]

Mean
equivalent
diameter
[mm]

S1

96.61

10.78

0.3777

79.27

S2

103.7

11.13

0.3865

72.11

S3

115.3

11.59

0.4027

76.67

S4

100.0

10.92

0.4164

101.6

S5

94.58

10.62

0.3827

74.80

S6

107.1

11.29

0.3803

67.67

Mean
Mean
orientation
form factor
[º]

TABLE 8. Average power spectrum density (PSD) of composite samples
Composite
sample

Wavelength Amplitude
[mm]
[GL]

Dominant
wavelength
[mm]

Maximum
amplitude
[GL]

of the composite sample with TiO2, the variations in the
anisotropic properties are very dramatic, whereas in the
composite sample with CuO, the variation is less (Fig. 8
and Table 9). This ultimately signifies that the composites fabricated with CuO exhibit improved mechanical
properties in comparison with the composites modified
with TiO2.
From Figure 1, it was found that specimens S4, S5
and S6 have adequate adhesion between the epoxy,
functional fillers and glass fibers (Fig. 1d, 1e and 1f) as
opposed to composite specimens S1, S2 and S3 (Fig.
1a, 1b and 1c), which were analyzed by the profile
curve, wavelet decomposition and Abbott Fire Stone
curve as shown in Figures 9-11. After being fractured,
inadequate adhesion is observed between the fiber layer
and the filler particles. It indicates unsatisfactory synergy among the components in their bonding state,
which is potentially responsible for deterioration of the
mechanical properties of composites. A useful ratio is
observed among the compositions of the specimens in
both Experiment 1 and 2. Nonetheless, the composition
and synergy of Experiment 2 demonstrate an improved
transformation and dispersion of stress in the composite
samples (Figs. 12 and 13).
TABLE 9. Texture directions of composite samples
Composite
samples

Isotropy
[%]

First
direction
[º]

Second
direction
[º]

Third
direction
[º]

S1

33.33

0.02604

3.200

83.44

S2

33.33

0.03410

2.933

81.95

S1

8.250

6.978

0.03754

159.50

S3

33.33

0.65130

1.333

83.84

S2

-

13.780

180.000

29.26

S4

33.33

2.52300

1.067

772.60

S3

74.28

20.460

0.02021

131.70

S5

33.33

0.41880

1.067

83.76

S4

13.93

90.010

131.800

159.50

S6

33.33

0.70390

4.000

82.72

S5

49.85

20.500

180.000

48.27

S6

48.95

20.300

48.2500

36.73

Due to the difference in texture directions, particle
distributions, particle size and shape of CuO and TiO2,
a difference in isotropy exists between the CuO and
TiO2 composites. The orientation of the reinforcing
phase also affects the isotropy of the system. If the reinforcing particles have the same shape and dimensions in
all directions (for example powders), the composites
behave basically as an anisotropic material and therefore, their properties are the same in all directions. On
the other hand, systems with cylindrical reinforcement
(fibers) exhibitan isotropic properties [35]. In the case

The profile curves, wavelet decompositions and 3D
views of the composites as shown in Figures 9-12
represent the entire images of the composites and indicate disintegration as per the orientation and defined
scale. The development of wear and erosion of the
functional particles is evaluated by the wavelet decomposition technique. The above mentioned figures illustrate that the composites fabricated with CuO exhibit
less wear and erosion phenomena (S4, S5 and S6) than
that of the composites with TiO2 (S1, S2 and S3).
Composites Theory and Practice 21: 3 (2021) All rights reserved
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(Fig. 14). The differences in the filler particles is responsible for the growth in tensile strength. Particles havha
ing good bonding quality with their interfaces, uniform
stress transformation and increasing diameter,
d
projected
area and aspect ratio can contribute substantially to imi
provement in the tensile strength of composites as conco
firmed by SEM and Mountains software (Figs.
(Figs 1-12).
The abnormality in Specimen 2 of Experiment 1 may be
the result of inadequate
te adhesion among the epoxy,
functional fillers, and glass fiber (Figs.
(Fig 13 and 14).

Tensile Strength (N/mm2)

Among these composite samples, S6 showed a more
dominant wave length because of its greater
great surface
uniformity. This ultimately led to great improvement in
the machinability of fibrous composite materials [21].
The roughness parameter represents the surface tot
pography of the composite surface (Fig.
(Fig 4 and Table 5).
The Abbott-Firestone
Firestone curve of a material and its pap
rameters is one of the surface characterization techtec
niques that best represents its functional properties. In
this curve, the cumulative distribution of profile heights
as a percentage of the material is graphically expressed.
The Abbott-Firestone
Firestone bearing curve makes the distribudistrib
tion of the heights of the peaks and depths of the valleys
in the profile visible. If the functional characteristics of
a surface are to be studied, the Abbott-Firestone
Abbott
curve
is the suitable course of action [36]. The surface texture
of the composite sample is the cumulative probability
density function of the surface profile height, which is
determined by integrating the profile trace with the help
of the Abbott-Firestone curve (Fig. 11). Upon observing
these profile traces, it is proved that the composites fabfa
ricated with CuO have a better surface texture and imi
proved mechanical characteristics in comparison with
the composites modified with the TiO2 functional filler.

160
140
120
100
80
60
40
20
0

Experiment 1

S1 S4
72,8

S2 S5
65,05

S3 S6
117,9

Experiment 2

113,2

133,7

141,95

Composite Materials of Different Composition
Fig. 14. Tensile strength due to variation of functional fillers

The unexpected formation of voids may also be one
of the reasons for this deviation. A rising trend of the
tensile strength (55.50, 105.53 and 20.40%) was noticed
in the composites fabricated with the CuO functional
filler compared to that of TiO2 (Table 3). Other mechanical properties of the composite specimens (impact
strength, flexural strength and stiffness)
stiff
as determined
in our previous research work also support the statestat
ment [37].

S2
CONCLUSIONS

S6
Fig. 13. SEM micrograph of composite samples 2 and 6

Tensile strength
By adding functional fillers, a change in the tensile
strength is observed, which is enhanced owing to
the increasing amount of fillers in all the instances of
Experiment 1 and 2 of the composite specimens
Composites Theory and Practice 21: 3 (2021) All rights reserved

To analyze the material morphology and understand
the uniform distribution of the filler particles in the
composite based on the SEM micrographs, two types of
composites
mposites with varying filler materials (CaCO3, Al2O3,
MgO and TiO2/CuO) with discrete weight ratios were
successfully fabricated. The following conclusions can
be drawn:
• With an increasing aspect ratio, the compactness of
the functional fillers was found to
t increase, which is
significant in the fabricated composites modified
with CuO rather than TiO2.
• Similarly, with an increasing diameter and projected
area of the filler particles, the bonding effect of the
matrix, fibers and particles is enhanced, and imi
proved adhesion among them is achieved.
• Variations in the amplitude were found to be almost
the same for all the PSD curves, which indicates
a nearly similar fatigue behavior of the composite

Analysis of randomly distributed particles and matrix interfaces of epoxy-based multilayered composites

•

•

•

•

•

specimens except for Specimen 4. This may be
caused due to the agglomeration of some functional
fillers that do not achieve synergism in the fabricated composites.
The isotropic properties are stable in the composite
samples with CuO in comparision to that of TiO2,
which indicates a better surface finish of the
composites with CuO.
The 3D view, profile cuve and wavelet decomposition phenomena acting on the particles reveal less
wear and erosion exhibited by the fabricated
composites modified by CuO than that of TiO2.
The composites modified with the CuO functional
filler have a comparatively rougher surface than that
of the composites modified with TiO2, which is also
distinct in the analysis of its surface texture and
density function.
Due to all the above positive correlations, a significant rising trend of the tensile strength (55.50,
105.53, and 20.40%) is noticed in every composite
fabricated with the CuO functional filler compared
to that ofTiO2. The maximum increment in tensile
strength of the composite fabricated with the CuO
functional fillers was found to be 105.530%.
The composites fabricated with TiO2 and CuO
having a tensile strength of 117.9 and 141.95 N/mm2
respectively can be used for the interior design of
aircraft, watercraft, offices, residences, car and
sports accessories, and others.
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