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Abstract. Wear resistance and thermal stability are not fundamental properties of materials, but their effects are
inevitable in applications involving two-body contact because of friction-induced wear and heat. Wear resistance and
thermal stability of epoxy containing 10% by weight of 66.34 lm aluminium particles were examined using mass loss per
sliding distance approach and glass transition temperature (Tg) was used as a parameter for thermal stability. The results
obtained revealed a reduction in the wear rate due to addition of aluminium particles. About 62, 58 and 39% reductions at
9 N/0.65 m s-1; 9 N/1.3 m s-1 and 25 N/1.3 m s-1, respectively imply that both sliding speed (v) and the applied load
(F) contribute to an increase in the wear rate. A lower coefficient of friction of epoxy aluminium composites signifies
lower surface wear rate in comparison with that of the epoxy polymer upon contact with another body in applications. The
linear model establishes that v with a P value of 0.0046 has a greater significant influence on the wear resistance of the
composite than F with a higher P value (0.0103). By the model, the epoxy aluminium composite under 24.63 N is
expected to experience a wear rate of 0.000537 g m-1 which is 1380% lower than that established by the results of the
experiment. About 36% increase in Tg is observed and 2FI model affirms that there is a gradual increase in Tg with heat
flow through the sample during the glass transition period. Hence, the 2FI model having adequate precision of 164 [ 4 is
appropriate to be used for navigating a design phase for thermal stability properties.
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Introduction

Epoxy composites belong to a class of high-performance
structural materials with high specific strength and modulus
[1–10]. Their light-weight properties have formed a basis
for their current applications as alternative materials to
heavy metals and/or alloys [6–12]. Applications of epoxy
composites have been found in automotive, aircraft, mining
and agricultural industries in which individual components
are in contact with one another and some are in relative
motion with other components such as in bearings, conveyor applications, clutch and quarrying where the basic
parameter for selection of materials is the wear behaviour
under non-lubricating conditions [13,14]. Although wear
resistance is not a fundamental property of the material, a
system in which many materials are used may demand the
knowledge of wear resistance properties of the materials.
Wear occurs when hard surface and hard particles on a
surface under load move over a soft surface, penetrating and
chopping particles off the soft surface and leaving impressions. Abrasive wear has been found with many polymeric

epoxy composites in different engineering applications
[13,15].
Polymeric epoxy composites can be classified into
three, depending on the nature of reinforcement, which
can be fibres, nanotubes or particles. Globally, researchers
have been focusing their studies on wear resistance
properties of fibre-reinforced epoxy composites perhaps
because of long-standing engineering applications of
fibre-reinforced epoxy composites, dated back to the
1980s [12] to provide their specific wear rates in addition
to required mechanical properties in the specification of
the fibre-reinforced composites for applications. For
instance, abrasive wear resistance properties of carbonized
rice husk fibre composite was studied by Samantrai et al
[16] using a pin on a disc-type machine, 23 lm (400
grades) abrasive paper mounted on EN 32 steel disc at
0.63 m s-1 and loads of 5–20 N applied on the examined
composite samples. It was reported that the specific wear
rate decreased with an increase in weight fraction of the
carbonized rice husk fibres and the increase in the
specific wear rate above 30 wt% was attributed to poor
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wetting of the fibres with the epoxy matrix [16]. Novel
behaviour of friction and wear of carbon nanotubes
(CNTs)-reinforced epoxy composites was studied using
volume loss per sliding distance approach. Findings
revealed a 1.7 times reduction in the wear rate at 0.1
wt% CNTs addition to epoxy. No debonding and cracking of CNTs was detected but CNTs in bulk debris were
bent and had deformed walls with small changes in
length and diameter. The distribution of CNTs on the
epoxy composite sample surface was not uniform [17].
Similarly, abrasive wear behaviour of epoxy (3501-6) and
polyether ether ketone (PEEK) reinforced with carbon,
glass and aramid fibres using pin on flat test apparatus
was studied [14]. The results obtained by researchers
showed an increase in dimensionless wear rate as the
apparent normal pressure increased and a decrease in
dimensionless wear rate with an increase in the contact
area. Microscopic observation of the worn-out surface
indicated wear mechanism by fibre orientation and PEEK
reinforced with aramid fibres orientated normally to the
contacting surface and carbon fibre reinforced epoxy
oriented parallel to the contacting surface are composites
having low wear rate as reported in [14]. Surface wear of
fibre-/tube-reinforced polymeric composites during dry
sliding wear was reported to have dominated by matrix
wear, fibre or tube wear, fibre or tube fracture and fibre
or tube pull-out or debonding. Wear debris if abrasive
acts as a third body and aggravates surface wear of the
composites. Carbon fibre-reinforced epoxy composites
have better wear behaviour than glass fibre-reinforced
composites due to a higher lubricating property (lower
abrasiveness) of the carbon fibres [18]. Furthermore,
differences in wear rates of polymeric composites due to
change in orientation of the fibres were divulged by NakHo and Suh [19], who investigated fibre orientation on
wear and friction of fibre-reinforced composites. Fibrereinforced polymeric composites have proven useful in
numerous applications [20] ranging from low-performance
to high-performance composites such as carbon fibres/
epoxy [21], however, anisotropy in properties still exists
[14,17]. In addition to the cited articles, there are
numerous reports on the wear behaviour of polymeric
fibres and nanotube-reinforced composites and its
knowledge is common in the literature.
Currently, efforts have been made to solve fibre inhomogeneity within polymeric composites. One of many
possible solutions is the emergence of particle-reinforced
composite technology, which involves additions of particles to a polymeric matrix for producing many particulatereinforced composites which are potential substitutes for
anisotropic fibre-reinforced composites. Recently, a viable
application of epoxy aluminium and carbonized coconut
shell particulate composites for automobile bumpers has
been reported [22,23]. Similarly, many studies
[3,4,22,24–42] have reported particle-reinforced epoxy
composites with focus on mechanical, structural,
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rheological, magnetic and thermal properties but study of
wear-resistance properties have not been considered in any
of the articles. For instance, effect of weight fraction of
epoxy, clay type, weight fraction of clay, type of curing
agent, sonication frequency, sonication time, mixing speed,
temperature and time on tensile properties of bio epoxy/clay composites were investigated by Salam et al [43]
using Taguchi mixed-level DoEs with an L16 orthogonal
array and each factor had two or four levels. Authors
concluded that the epoxy weight fraction, the mixing speed
and the weight fraction of clay particles with 66.63, 19.09,
7.01% contributions, respectively, were the significant
factors among others [43]. Wear resistance was not
included in this study, likewise those of Sarkar et al [44]
and Pargi et al [45] as the next reviewed articles indicated.
Epoxy-E glass fibre-reinforced 5–15 wt% aluminium
powder was developed and the friction behaviour was
examined by Sarkar et al [44] using TR-282 DUCUM
Friction Tester. Authors declared that the friction coefficient decreases with an increase in the normal load. Also, a
comparison of friction properties of epoxy filled with iron,
aluminium and copper particles under influence of magnetic field was reported in El-Zahraa et al [46]. Although,
authors of both articles [44,46] focused their studies on
friction, investigations on specific wear rate were not
included in their scope. Mechanical, thermal and electrical
properties of epoxy reinforced copper particles were
studied, as found in Pargi et al [45]. The authors showed
that copper addition to epoxy caused a decrease in coefficient of thermal expansion but an increase in flexural
strength, hardness and electrical conductivity of the composite. As most engineering systems contain many components (i.e. a material or component hardly works in
isolation), knowledge of wear resistance properties of
particulate polymeric composites such as epoxy/aluminium
particle composite in this study is important and is worthy
of investigation to add to other properties database on
polymeric particulate composites for right specification of
such materials for engineering applications. Knowledge of
wear behaviour in addition to mechanical properties of
particle-reinforced composites is necessary because of their
contact with other materials at point of installation/
assembly. Although some articles [47–50] on particulate
epoxy composites focusing on wear resistance properties
have been found, these are few and not enough to completely fill the existing gaps. Review of one of them
reveals addition of microparticle Al2O3 to epoxy for producing umbilical cable accessories for oil and gas production systems [47]. Authors’ findings showed 30 and
50% enhancements in wear resistance and adhesion to the
matrix and resistance to chemical attack increased with an
increase in the thickness [47]. Epoxy-aluminium dross
composite was produced, specific wear was measured
using volume loss per sliding moment and thermal stability
was evaluated with the use of thermogravimetric analysis.
It was reported that aluminium dross addition to epoxy
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increased the wear resistance and thermal stability of the
composite [48].
Epoxy-glass 2–12 wt% graphite particle composite with a
focus on mechanical, wear resistance and thermal stability
properties was reported [49]. Improvement in mechanical,
wear resistance and thermal stability with a fall in tensile
strain and impact energy values above 6 wt% of glass
particle was reported [49]. Measurements of specific wear
rate using volume loss per time, mass loss per sliding distance and topographic tracking of the epoxy-aluminium
composite worn-out surface were carried out [50]. Wear
mechanism by crack nucleation, propagation and pinning
and worse damage on the epoxy polymer surface justifying
its greater wear rate than that of the composite were
established by the authors [50]. This study aims at the effect
of 10% micro aluminium particles on wear resistance and
thermal stability properties of epoxy aluminium composite.
The study was concentrated on experiments and developing
models (mathematical equations) to predict specific wear
rate and glass transition temperature (Tg) of the epoxy
composite at any weight fraction of micro aluminium particles with the proposition of a micro aluminium particle
weight fraction that would give minimum wear rate and
maximum Tg.
Different techniques have been used in measuring the
wear rate of materials during abrasive wear. Volume loss
per sliding distance was used [14]. Use of mass loss per
sliding distance and wear coefficient was reported in the
literature [13,49,51]. In this current study, mass loss per
sliding distance was used to investigate effects of operation
parameters on the wear resistance and friction properties of
epoxy reinforced with 66.34 lm aluminium particles. The
experiment was designed using historical response surface
model and analysis of variance (ANOVA) was carried out
to determine which of the parameters has higher significant
influence on the wear property of the composites. Since
every surface wear is accompanied by heat generation,
thermal behaviour of materials for wear application is
another paramount factor. Therefore, thermal degradation
of epoxy/aluminium composites was studied. This work is
unique and different from that reported by Agunsoye and
his co-researchers [48] who focused their work only on
experimental study, used volume loss per sliding moment
for measuring the wear rate, thermogravimetric approach
for their thermal analysis and that of Bello and his supporters who studied wear resistance, topographic tracking
of epoxy aluminium composite worn-out surfaces and
compared use of volume loss per time and mass loss per
sliding distance for measuring specific wear rates via linear
and polynomial regression models while in this study,
differential scanning calorimetry was used for the thermal
analysis, wear rate was measured based on mass loss per
sliding distance, chemical properties of the composite were
studied, thermal and wear resistance properties were
evaluated via response surface linear and two function
interaction models.
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Materials and methods
Materials

Micro aluminium particles used as reinforcement were
produced from discarded aluminium cans collected from the
Waste Management Centre, Kwara State University, Malete, Nigeria through casting, rod splitting and optimized ball
milling in line with [52]. Size of aluminium particles varied
between 6 and 192 lm with an average size of 66.34 lm.
Figure 1 presents aluminium particles and some of facilities
used in this research. Resin/curative agent (MAX 1618A/B)
supplied by Polymer Composite Institute, Ontario Canada
(through Tony Chemical Enterprise, Ojota, Lagos, Nigeria),
mixed in 2:1 was used as a matrix.

2.2

Production of epoxy aluminium composite

In producing epoxy/aluminium composites, micro aluminium particles (Almp) were dissolved in ethanol (supplied by Guangzhou Jinhuada Chemical Reagent, China),
stirred mechanically at 350 revolutions per minute (rpm)
followed by addition of epoxy resin. Stirring was carried out
mechanically for 10 min after which the ethanol was
evaporated at 110°C for 1 h using a Stuart Hotplate/stirrer
(model: UC 152, capacity: 400°C, 9 rev s-1). Then hardener
was added, the mixture was stirred again for 3 min
mechanically and the composite mixture was degassed
using Shel lab vacuum oven model SVA S2E after which

Figure 1. Material/facilities: (a) aluminium particles, (b) locally
fabricated mechanical stirrer, (c) hotplate/stirrer in operation,
(d) metallic half moulds for polymeric epoxy composite casting.
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Table 1.

Experimental design layout for prediction of wear rate of epoxy-aluminium composites.

Standard order
1
2
3
4
5
6
7
8
9
10
11
12
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Run order

F (N)

v (m s-1)

Am (%)

Wear rate (g m-1)

4
2
1
6
5
3
7
9
10
11
12
8

9
9
25
9
25
9
25
9
9
25
9
25

0.65
1.3
1.3
0.65
0.65
1.3
1.3
0.65
1.3
1.3
1.3
1.3

0
0
0
10
10
10
10
0
0
0
10
10

0.02067
0.02445
0.02445
0.00795
0.01098
0.01025
0.01479
0.02067
0.02446
0.02446
0.01025
0.01479

the composite was poured into a metallic mould (see figure 1). The composite mix was left to cure at room temperature for 72 h. Epoxy composites obtained were post
cured at 130°C for 4 h.

2.3

Characterization of epoxy aluminium composite

The developed composites were examined using Shimadsu
Fourier transform infrared spectroscope (FTIR) at the
Chemistry Department, Redeemer’s University, Ede; scanning electron microscope (ASPEX 3020) at Department of
Materials Science and Engineering, Kwara State University,
Malete and differential scanning calorimeter (DSC) at
Chemical, Metallurgical and Materials Engineering
Department, University of Johannesburg, South Africa.

2.4

Wear analysis of epoxy aluminium composite

Wear and thermal analyses were carried out on pristine
epoxy polymer and epoxy composites containing 10 wt%
micro aluminium particles. Wear pins of 10 9 6 mm2 surface with height 20 mm were cut from the pristine epoxy
and epoxy/10% aluminium particle composite using a
mechanical slitter. Wear test was carried out with the aid of
disc wear tester using P 60 SiC emery paper mounted on the
disc of 150 mm track length. During wear analysis, the wear
pin was pressed against the rotating emery paper and moved
through a sliding distance of 4 km. The wear rate was
determined using mass loss per sliding distance approach.
Initial and final masses of the pin were obtained using an
electronic weighing scale (Pioneer Weighing Scale by
Ohaus Corporation) of ±0.001 readability, before and after
each test run. Wear test operation parameters such as
applied loads and sliding velocity were at two levels, 9 and
25 N and 0.65 and 1.3 m s-1, respectively. Experimental
design was guided by response surface linear model

(RSLM) through historical approach involving 12 columns
as shown in tables 1 and 2 presents a design layout for the
model. Wear rate was modelled as a function of the applied
load (F), the sliding velocity (v) and percentage weight of
aluminium particles (Am) at 95% (a = 0.05) confidence
level. ANOVA was conducted to determine significance of
each predictor variable to the response (wear rate). The
model was diagnosed using outlier, t and Cook’s distance
and optimization was performed choosing minimum wear
rate as a target or goal.

2.5

Thermal analysis of epoxy aluminium composite

Thermal behaviour of epoxy polymer and epoxy-aluminium
composites was evaluated in terms of glass transition temperature (Tg) with the aid of differential scanning
calorimetry (model: DSC 2920, TA instrument). Before
heating the samples, the furnace was purged with high-purity nitrogen to prevent unwanted oxidation of the samples.
About 5–8 g sample in a hermetically sealed pan and an
empty pan acting as a reference were heated using the same
heating source from room temperature to 500°C at a heating
ramp of 10°C min-1. Nitrogen flow was continuous at 25 ml
min-1 at room temperature and 1 atm. Time-dependent heat
flows to both reference and sample pans were plotted as a
function of temperature difference between them and time
of heat flow using TA universal analysis software

Table 2. Model design layout for wear rate of epoxy/aluminium
microparticle composite.
Factors

Units

Min

Max

A: F
B: v
C: Am

N
m s-1
%

9
0.65
0

25
1.3
10
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Experimental design layout for thermal stability of epoxy-aluminium composites.
Standard order

Am

q (mJ)

T (s)

Tg (°C)

15
20
8
16
2
4
3
14
17
11
7
19
12
1
6
13
21
9
18
5
10

0
0
0
10
10
10
0
0
0
0
10
10
10
10
0
0
10
10
10
10
10

-2.70345
-2.64682
-2.5675
-2.43931
-2.43931
-2.43
-2.51095
-2.51114
-2.47734
-2.4775
-2.40207
-2.30897
-2.22517
-2.16931
-2.44372
-2.39858
-2.12276
-2.12276
-2.10414
-2.10414
-2.05759

13.6042
13.8292
14.1668
7.11604
8.13231
9.62993
14.6169
14.8982
15.4045
15.7418
10.7534
12.037
13.2673
14.2836
16.4171
16.8108
15.086
16.0497
18.601
19.4033
25.4652

163.224
163.799
163.808
191.517
197.921
204.8596
166.088
170.065
174.046
177.455
209.663
211.264
212.865
215.002
182.005
185.988
217.669
221.405
227.275
232.612
249.691

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Key: q, heat flux; T, relaxation time; Tg, glass transition temperature.

2000/Origin Pro 8.5 software. Glass transition temperatures
(Tg) from onset through relaxation peak to end set were
analysed as a function of heat flow, relaxation time and
percentage weight (Am) of aluminium particles using historical design response surface two-function interaction
model (RS2FIM) involving 21 columns as shown in table 3.
Table 4 presents the matrix design layout for the model.
Significant influences of predictor variables on the Tg were
investigated using ANOVA and the model was diagnosed.

3.
3.1

Results and discussion
Chemical and structural properties

Figure 2 displays transmittance (%) as a function of
wavenumbers of bonds/functional groups of DGEBA,
epoxy polymer and epoxy/10% Almp composite. Values of
transmittance and wavenumbers are presented in supplementary figure 2 data. It is observed from figure 2 that each
spectrograph reveals similar peaks both at functional group
and finger print regions but with different % transmittances.
All peaks of DGEBA spectrograph appear at highest
transmittances when compared with those of epoxy polymer
and composites. This establishes the fact that many molecules of DGEBA have reacted with the hardener and Almp
in the formation of epoxy polymer and or epoxy-Almp
composites. A shift in the peak such as those at 3485 and
1728 cm-1 also affirms formation of new compounds due to

chemical interaction between DGEBA and hardener or
DGEBA, hardener and Almp reinforcement. Peaks at 3485
and 2926 cm-1 refer to OH stretching of oxirane ring and
CH of aromatics ring, respectively. The peak at 1510 cm-1
confirms the aromatic ring. Furthermore, the peak at 1038
signifies a stretching C–O–C ether bond, it is re-established
by C–O–C of oxirane group at 831 cm-1 and peak 585
cm-1 indicates C–H bending of unsaturated hydrocarbon
(alkyne). All peak interpretations are in line with
[28,53,54].
Micrographs in figure 3 reveal micro structural features
of Almp, epoxy polymer and epoxy/10% Almp composite,
respectively, with their corresponding energy-dispersive
X-ray spectrographs (EDX). Energies and intensities values
for the spectrograph are shown in supplementary figure 3
data. It is observed according to figure 3a that Almp exist as
solid particles of varied shapes. The shapes are identified as
cuboid, sector-based solid, prism, triangular-based solid and
many have irregular shapes. Shapes of particulate

Table 4. Design matrix for thermal stability property of the
epoxy/aluminium microparticle composite.
Factors

Units

Min

Max

A: Am
B: q
C: T

%
mW
s

0
-2.70
7

10
-2.06
25
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Figure 2. Stacked chemical behaviour of developed polymeric
epoxy composites.

Figure 3.

Bull Mater Sci (2020)43:261
reinforcements determine relative packing of the particles
within the matrix [55]. Circular (sector) and angular (triangle and prism) shapes allow spaces among the particles
which are occupied by the matrix for effective and strong
linkages/bond among the reinforced fillers. This gives a
premise for all reinforced particles to behave as a single
continuous solid phase enabling resistance to externally
applied stress on the composite and effective stress transfer
and distribution among the particles. According to EDX
spectrograph in figure 3a, Almp contains mainly aluminium
(63.33 wt%) with other metals (7.47 wt% Ca, 7.44 wt% Ti
and 0.24 wt% Fe) acting as alloying elements while C (6.74
wt%) and Si (7.30 wt%) are traced to coconut shell-based
carbon used as a solid lubricant during refinement of aluminium particles. Oxygen (7.52 wt% O) could be traced to a
jet of water used for cooling aluminium rods during lathe
machine splitting. An infusible solid in figure 3b is a
structure of epoxy polymer produced after curing of epoxy
prepolymer (MAX 1618A) with the hardener (MAX
1618B). According to EDX (figure 3b), the cured epoxy
polymer contains 74.27% C, 22.82% O and 3.45% Cl. Both
C and O are attributed to epoxy resin while Cl may form
part of the hardener. This structure contains different layers

SEM/EDX of (a) aluminium particles, (b) epoxy polymer, (c) epoxy/10% composites.
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which the opposite is the case whereas epoxy aluminium
composite has maximum coefficient of friction (0.44) at the
sliding distance of 2425 mm. A lower coefficient of friction
of the epoxy composite implies that the epoxy composite is
more slippery (lower friction property) than the epoxy
polymer. This is in line with conventional knowledge of
friction, which indicates that the higher the coefficient of
friction the higher is the friction [56]. This property can
enable easy glide of another material on the surface of the
epoxy composite which means that when it is used as a
member of an engineering structure, its surface wear may be
difficult because of its slippery nature that does not give
room for much friction. Moreover, a low friction property
of the epoxy-aluminium composite is not suitable for
automobile brake pad application where a good friction
property is needed at the point of brake application to
reduce speed of a vehicle or gradually bring it to a stop
[56–58]. Therefore, modification of epoxy polymer with
aluminium microparticles reduces the friction property but
improves the wear resistance of the composite as shown in
figure 4a and b, respectively.

Wear rate ¼ ð0:016355Þ þ 1:47543  104 F


þ 4:35820  103 v  1:2081  103 Am

fusing together during the cross linking/curing process to
form a single solid network. A few pores within the structures could be linked with air trapped into the epoxy system
during manual stirring after the vacuuming process prior to
pouring of the system into the die cavity mould. Figure 3c
presents epoxy composite containing 10% Almp additions.
Based on EDX in figure 3c, the epoxy composite has
61.15% C, 18.34% O, 17.68% Al and 2.83% Cl. Aluminium
(17.68%) is due to addition of micro aluminium particles to
epoxy which causes C, O, Cl compositions of the composite
to be smaller than those of the epoxy polymer. Geometrically, the structure in figure 3c appears dendritic showing
homogeneous epoxy-Almp phase as a base with grain
boundary Almp. The structure is free from pores unlike that
in figure 3b. The presence of Almp in the epoxy system
does not only act as a reinforcement but also as fillers,
which does not give room for air entrapment into the epoxy
composite. Therefore, the structure is of high integrity,
enabling excellent resistance to wear. The presence of Al as
indicated by EDX spectrograph in figure 3c unlike that in
figure 3b is attributed to Almp addition to the epoxy polymer matrix during composite development.

3.2

ð1Þ

Friction and wear resistance properties

Equation (1) presents the linear model developed to
describe the wear rate as a function of F, v and Am. Positive
b coefficients ? 1.47543 9 10-4 for the applied load,
F and ? 4.3582 9 10-3 for sliding speed, v signifies that
both F and v contribute positively to an increment in the
wear rate. That is, increments in the applied load and sliding
velocity of the sample automatically led to an increase in
the wear rate. This implies that both F and v aggravate the
sample surface wear. The epoxy sample under investigation
became more pressed against the rotating disc modified to
abrasive emery paper whenever there was an increase in the

Experimentally, epoxy polymer and composite show different behaviour under wear investigation as observed in
figure 4a and b. Values of coefficient of friction, sliding
distance, wear rate, velocities and applied loads for figure 4
are displayed in supplementary figure 4 data. Although the
relationship between coefficient of friction of both materials
cannot be easily defined by any function, there are different
deductions in figure 4a. It is clear from figure 4a that
coefficient of friction of the epoxy polymer increases from
zero to about 0.55 at the sliding distance of 2300 mm above
0.6

a
Wear Rate (gm )

0.5
0.4

-1

Coefficient of friction
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0.3
0.2
Epoxy
Epoxy-Almp

0.1

Sliding distance (mm)

00
40

00
35

00
30

00
25

00
20

00
15

00
10

0
50

0

0.0

0.030
0.028
0.026
0.024
0.022
0.020
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

b

@9N_0.65m/s
@9N_1.3m/s
@25N_1.3m/s

0

2

4

6

Weight fraction (Am) (%)

Figure 4. Properties of epoxy-aluminium composite (a) coefficient of friction and (b) wear rate.

8

10
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applied load. This caused the emery paper to cut the sample
surface much deeper. Also, the rate of contact of the sample
surface with the emery paper increased with an increase in
the sliding speed. In addition, increasing sliding speed
aggravates the epoxy composite surface wear compared to
when the load applied increases. This is established from
the higher b value of v than that of F. Moreover, negative b
contribution (-1.20813 9 10-3) of Am to the wear rate
reveals that addition of aluminium microparticles to the
epoxy system reduces the wear rate of the epoxy composites
and therefore intensifies the wear resistance. Neglecting
positive and negative signs of F, v and Am b values and
comparing their magnitudes, Am has the highest b values
among others. It implies that the degree of contribution of
Am to a reduction in the wear rate of the epoxy/aluminium
microparticle composite is higher than the contribution,
each of F and v to the increase in the wear rate. Structural
integrity of the epoxy/aluminium microparticle composite
confirmed in the micrograph in figure 3c is a basis for
intensification of wear resistance of the epoxy composite
compared with that of the pristine epoxy polymer. During
wear of polymeric material, tribo-thermal effect occurs
leading to softening of the matrix, detachment of the reinforcement from the matrix and easy surface cut of the
matrix. The presence of aluminium microparticles within
the epoxy matrix and their strong bond with the matrix
plays an advantageous role in enhancing load-bearing
capacity, hardness and thermal stability of the composites,
thereby reducing the tribo-thermal effect. This is evident
from a lower wear rate of the composite than that of the
epoxy polymer. A similar observation was made in a related
research [48].
Figure 5 displays one factor plot of epoxy composite
wear rate, explaining influence of a particular factor which
can be Am (keeping v and F constant), v (keeping Am and
F constant) or F (keeping Am and v constant) as in figure 5a–c, respectively. A decrease in wear rate with an
increment in the weight fraction (%) of aluminium particle
noticed in figure 5a is in agreement with a result of the
experimental study in figure 4b and in line with [59].
Moreover, positive linear relations between the wear rate
and v in figure 5b and the wear rate and F in figure 5c are in
perfect agreement with deductions from equation (1). When
a predictor variable is kept constant such that two predictor
factors/variables interact, behaviour of the response (wear
rate) is explained by surface plots in figure 6. Figure 6a and
b display respective influences of Am and v; Am and F on
the wear rate. Behaviour of the wear rate with Am can be
sectioned into three regions namely, from 0 to 2.5%, 2.5 to
about 6% and about 6–10% aluminium particles. The wear
rate is at maximum value at 0% (Am) corresponding to the
wear rate of epoxy polymer. From 0 to 2.5%, there is a
slight decrease in the wear rate because the surface plot
within this region is nearly parallel to the Am axis. This
implies that improvement in the wear rate of epoxy composite due to addition of aluminium particles up to 2.5% is
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not easily noticeable and this is classified as a region of mild
improvement in the wear rate. This behaviour can be linked
to sparse distribution of the reinforcing micro aluminium
particles that is, their low density at this loading level
(2.5%) is insufficient to cause a significant increase both in
the load bearing capacity and thermal stability of the epoxyaluminium microparticle composite. Sloping of the surface
plot from 2.5 to about 6% indicates a noticeable decrease in
the wear rate with an increase in aluminium content of the
epoxy system. That is, the density of the aluminium
microparticles within the epoxy matrix is enough and the
matrix has sufficient capacity to bind the particles together
and cause significant improvement in the wear resistance of
the epoxy-aluminium microparticle composite. Therefore,
this region is described as the region of active improvement
in the wear rate. However, above 6% reinforcement addition, the surface plot appears nearly parallel to the Am axis,
and implies an approach of the matrix saturation level such
that further increase in Am may aggravate the surface wear
of the epoxy composites because of likely inability of the
epoxy matrix to bind all the particles together. The presence
of freely existing non-bonded aluminium particles between
the epoxy polymer and emery paper will enhance the
composite surface wear especially when the freely existing
non-bonded aluminium particles are in contact with composite surface when there is no reinforcement since the
aluminium is harder than the unreinforced epoxy. It is a
well-known fact in the state of the art that matrix saturation
level usually reaches a certain level of reinforcement above
which impairment of the composite properties resumes.
Reduction in tensile strength above 2 wt% addition of an
amino-terminated hyperbranched polymer grown on glass
fibre was reported by Li and Cui [60]. Liu et al [61] disclosed a decrease in fracture toughness and strain energy
release rate above five additions of clay per hundred of
epoxy prepolymer. Similarly, Bello [42] reported a decrease
in fracture toughness and strain energy release rate above 4
wt% of micro aluminium particles addition to epoxy.
In addition, figure 6c displays a linear increase in wear
rate with an increase in v and F. Higher sloppiness of the
surface plot in respect of v than that of F implies that the
increase in v caused a higher tribo-thermal effect, leading to
softness, easy removal of the composite surface in contact
with the abrasive disc and worsens the wear scenario of the
sample compared to that of the F increase. This means that
more attention needs to be paid to the increase in sliding
speed in the real-life application of the epoxy-aluminium
microparticle composite. This explanation is in reasonable
agreement with [59, 62]. Wear resistance is not the fundamental property of the material. However, its knowledge is
paramount to every material since no material can be used
in isolation, especially in a complex system such as automobiles containing about 250 components assembled
together [63]. The bumper system contains bumper damp,
bumper beam and bumper cover/fascia and is influenced by
weight and speed of vibration of the body to which the
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Figure 5.
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Wear rate of epoxy/Almp composite with (a) Almp weight fraction, Am, (b) sliding speed, v and (c) applied load, F.

bumper is anchored at the points of installation. Deductions
in figure 6 are more reliable than those obtainable by the
one-factor plot in figure 5 since figure 6 truly represents a
real-life material wear scenario where more than one predicting variable influences the material behaviour under
service at the same time. Wear-rate ANOVA for epoxyaluminium microparticle composite in table 5 shows the
model F-value of 113.84 implying that model is significant.
There is only a 0.01% chance that a ‘Model F-value’ having
this large value could occur due to noise. Value (\0.0001)
of the model ‘Prob [ F’ less than 0.0500 signifies that the
model terms (F, v and Am) are significant. Probability
values greater than 0.1000 indicate non-significant model
terms. Therefore, F, v and Am are all significant model
terms. Probability value, 0.0046 for v smaller than 0.01303
for F affirms that v has a higher significant effect on the
response (wear rate) than F and Am having the least
probability value (\0.0001) is the most influencing factor.
This is in perfect agreement with b coefficient in equation

(1). Regression coefficient of determination, R2 in table 6 is
0.97712; the predicted R2, 0.9520 is in reasonable agreement with adjusted R2 0.9685; meaning that the model has
at least 95.2% confidence out of 100%. The model accounts
for 9520 data out of every 10,000. Remnants (480) account
for residuals in table 7; which are differences between the
predicted and actual wear rates of the epoxy-aluminium
microparticle composites. Close explanation has been
established in a published article in the literature [64]. The
predicted wear rates can be obtained via substitution of Am,
v and F in equation (1). Adequate precision (Adeq Prec)
determines a signal to noise ratio. A signal-to-noise ratio
greater than 4 is acceptable or desirable. 25.897 value
(much greater than 4) for signal to noise of this model
demonstrates an adequate signal. Therefore, this model is
excellent and can be used to navigate the design space,
implying that the model is appropriate to establish a relationship among the wear rate, v, F and Am and can be used
for prediction of the wear of polymeric composite within
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Figure 6.
Table 5.
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Wear-rate surface plot as a function of (a) weight fraction, Am and speed, v, (b) Am and applied load, F and (c) v and F.
ANOVA for wear rate of epoxy/aluminium microparticle composite.

Source

Sum of squares

DF

Mean square

F value

Prob [ F

Model
F
v
Am

0.000456
1.49 9 10-5
2.01 9 10-5
0.000425

3
1
1
1

0.000152
1.49 9 10-5
2.01 9 10-5
0.000425

113.8446
11.13239
15.0877
318.0724

\0.0001
0.0103
0.0046
\0.0001

Table 6. Diagnostics parameter for wear rate of epoxy/aluminium microparticle composite.
R2

Adj R2

Pred R2

Adeq precision

0.977112

0.96853

0.951952

25.89673

and outside the scope of the experiment. Data identified
with standard order 1 and or run order 4 has the highest
leverage value, 0.375 as shown in table 7. The leverage
value is less than 0.67 establishing the absence of outlier in
the predicted data. This is confirmed by Cook’s distance and

outlier t values less than 1 and ±1.75, respectively.
Therefore, the model is free from any critical case or violation of assumptions in the null hypothesis [65]. The
minimum wear rate obtained from the experiment was
0.00795 g m-1 at 10 wt% of particle addition (Am), 9 N
and 0.65 m s-1. However, numerical optimization performed on the wear rate choosing minimum wear rate as the
goal indicates 10 solution with desirability (prediction ratio)
varies from 0.831 (with F = 24.63 N, v = 0.65 m s-1, Am
=10 and the wear rate = 0.000537 g m-1) to 0.968 (with F =
9 N, v = 0.65 m s-1, Am = 9.97 and the wear rate =
0.000424 g m-1). The desirability of 0.831 can be chosen as
the best because of the load accommodation up to 24.63 N
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with the wear rate of 0.000537 g m-1 which is 26.65%
higher than 0.000424 g m-1 which the composite is
expected to experience at 9 N. The increase (26.65%) in

Table 7.

wear rate is not noticeable with 173.66% increase in the
applied load. Therefore, this model predicts that epoxy
having 10 wt% 66.34 lm aluminium particles can be used

Diagnostics case statistics for wear rate of epoxy aluminium microparticle composite.

Standard order
1
2
3
4
5
6
7
8
9
10
11
12

261

Actual value

Predicted value

Residual

Leverage

Cook’s distance

Outlier

Run order

0.007951
0.02445
0.020667
0.010252
0.010975
0.02445
0.020666
0.024455
0.024456
0.010253
0.014794
0.014792

0.008434
0.023348
0.020515
0.011267
0.010795
0.025709
0.020515
0.023348
0.025709
0.011267
0.013627
0.013627

-0.00048
0.001102
0.000152
-0.00101
0.00018
-0.00126
0.000151
0.001107
-0.00125
-0.00101
0.001167
0.001165

0.375
0.273438
0.34375
0.335938
0.5
0.335938
0.34375
0.273438
0.335938
0.335938
0.273438
0.273438

0.041931
0.117793
0.003444
0.146911
0.012186
0.226043
0.003398
0.118865
0.223893
0.146622
0.132008
0.131555

-0.50344
1.139617
0.151941
-1.09045
0.207154
-1.41909
0.150936
1.145755
-1.4104
-1.08919
1.220154
1.217619

4
2
1
6
5
3
7
9
10
11
12
8

Figure 7. Thermal properties of (a) polymeric epoxy and (b) polymeric epoxy
composites.
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under a load of 24.63 N (approximated to 25 N) with the
wear rate of 0.000537 g m-1 which is 1380.44% higher
than 0.0095 established by the experiment.

3.3

Thermal properties

Time-dependent heat flow-temperature curves of the epoxy
polymer and composite obtained from the DSC are presented in figure 7. A negative energy (endothermic)–positive energy (exothermic) convention was used in plotting
the curve in line with [66]. Figure 7 shows a fall in heat
flow from beginning of the analysis until above 50°C when
the curves appear closely parallel to the time and temperature axes. Behaviour of the material below 50°C does not
represent any endothermic event but the artefacts attributing
to evaporation of moisture from the analysed sample. In
figure 7a, an exothermic event indicating a transition from
brittle to rubbery ductile phase known as glass transition
begins at 163.44°C and ends at 183.29°C with a peak at
167.85°C. A change in mechanical properties such as the
reduction in strength and hardness but an increase in ductility and toughness is expected above the transition [67].
Above the glass transition range, an increase in the heat is
supplied to the samples with a proportionate increase in
both time and temperature difference between the analysed
sample and the reference pan. The increase in heat energy
enhances the thermal agitation of the epoxy polymer while the
mass of the epoxy polymer remains unchanged [66], resulting in
weakness of the bond and or intermolecular forces joining the
epoxy polymer together [7,68]. Another transition due to further
curing of the epoxy polymer starts at 317.40°C and ends at
347.29°C with a peak at 337.03°C. Next to this is the onset of the
decomposition of the epoxy polymer due to degradation of
properties resulting from excessive thermal agitation overcoming the bond and forces within the epoxy polymer. Similar
explanation has been divulged in a published literature [69].
However, evidence of the glass transition and the thermal
decomposition of the epoxy polymer is seen in figure 7b.
The increase in the peak glass transition temperature (Tg)
from 167.85°C in figure 7a to 221.45°C equivalent to
31.93% increase is attributed to micro aluminium particles
added to the epoxy polymer. This establishes the fact that
the aluminium particles display influence on the mobility of
the epoxy molecules due to heat flow through them. Aluminium particles absorbed most of the heat energy flow into
the epoxy composite during thermal analysis with rapid and
effective transfer/distribution to the intervening particles
because of their good thermal conductivity. Such heat distribution among the particles embedded within the epoxy
matrix reduced the localized thermal vibration that might
weaken the binding forces within the epoxy molecules.
Therefore, a higher amount of heat with a proportionate
increase in the temperature difference between the analysed
sample and the reference pan is needed to bring any of the
transition into occurrence. Moreover, there is no sign of any
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transition in figure 7b unlike figure 7a signifying that micro
aluminium particle addition interfered with the curing of the
epoxy resin with the hardener, resulting in an increase in the
rate of cross linking reaction. An increase in Tg reported in
this study is in perfect agreement with those of [70–72].
Moreover, a reduction in Tg with particle additions to the
epoxy polymer was reported in [70].
Tg ¼ 23:73727 þ 15:48642Am þ 8:11050q þ 2:02830T
þ 0:04874Amq  0:060194AmT3:63848qT
ð2Þ
Figure 8a–e present results of the mathematical model
developed to describe Tg as a function of a heat flux
(q) from the onset to the endset of glass transition, relaxation time (T) and wt% of aluminium microparticle
embedded in the epoxy polymer. It is observed that a linear
plane describes the relationship among Tg, q and Am.
Nearly parallel appearance of the plane with the q axis
implies that q slightly varies with Tg at the transition region
(figure 8a). However, noticeable increases in Tg with Am is
established by the upward sloppiness of the plane along the
Am axis (figure 8a). A similar observation is made in figure 8b with respect to Tg with q. However, Tg is constant
with relaxation time at the onset of glass transition upto 16
min when a rise in Tg prevails upto 21 min after which the
Tg remains constant till the end of the glass transition.
Observations in figure 8a and b are confirmed in figure 8c,
meanwhile contour in figure 8c establishes a non-linear
relationship between Am and relaxation time. Generally, it
is inferred that heat energy absorbed by the examined
sample remains unchanged during glass transition while the
Tg remains constant at the onset, then increases and finally
remains unchanged till the end of the glass transition.
Formula in equation (2) can be used for estimation of Tg via
substitution of each predictor variable. The formula establishes that Tg relies on all predictor variables and their
bifunctional interaction. Increase in variables Am, q, T and
the bifunctional variable qAm causes an increase in Tg
while the remaining bifunctional variables (TAm and qT)
contribute negatively to Tg. However, Am has the greatest
unique contribution. Since both two-functional interactions
involving T are negative, it is worth noting that increase in
relaxation time may lead to a decrease in Tg. Total degree of
freedom 20 in the third column of table 8 indicates that at
least 19 matrixes were solved during the analysis to give the
response data. The high F value predicts that there is a very
low chance for noise to occur affirming the model accuracy
and freedom from systematic error during the analysis. Prob
[ F for the model is \0.0001 proving that the model is
significant for establishing the mathematical relationship
among the variables. This is affirmed by \ 0.0001 P value
for all the predictor variables except the bifunctional variable Amq, which is not significant (P value 0.9654 [ 0.05)
since the model is at 95% confidence level. Value of 0.9991
(see table 9) for coefficient of determination, R2 indicates
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Figure 8. Thermal properties of epoxy aluminium microparticle composites (a–c) glass transition temperature (Tg)
with predicting variables, (d) normal plot of residuals, (e) actual and predicted values of Tg and (f) model diagnostic
tools.
Table 8.
Source
Model
A (Am)
B (q)
C (T)
AB (Amq)
AC (AmT)
BC (qT)
Residual
Cor total

ANOVA of thermal properties of epoxy/aluminium composite.
Sum of squares

DF

Mean square

13,285.22
602.4471
45.33692
264.1612
0.001632
43.10764
23.05565
11.74415
13,296.96

6
1
1
1
1
1
1
14
20

2214.203
602.4471
45.33692
264.1612
0.001632
43.10764
23.05565
0.838868

F value
2639.513
718.1668
54.04536
314.902
0.001945
51.38787
27.48424

Prob [ F
\0.0001
\0.0001
\0.0001
\0.0001
0.9654
\0.0001
0.0001
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Table 9. Regression coefficient of determination and adequate
precision.
Statistics
R2

Adj R2

Pred R2

Adeq precision

0.9991

0.9987

0.9979

163.9578

Nigeria; Department of Chemical, Metallurgical and Materials Engineering, University of Johannesburg, South Africa
and Department of Materials Science and Engineering,
Kwara State University, Malete, Nigeria for their support in
making this work a reality.

References
the data coverage level of the model. That is out of every
10,000-input data, the developed two-functional interaction
(2FI) model explains 9991, meanwhile the differences
between the actual and predicted values give residuals (see
figure 8f). The predicted R2 (0.9979) agrees with adjusted R2
(0.9987). The adequate precision of this model (163.958)
greater than 4 is excellent and shows the adequate model
signal. This implies that the model is appropriate to navigate
the design phase. Moreover, Cook’s distances represented by
red columns in figure 8 have values\1 implying that there are
no outliers in the responses. This is confirmed by the outliers
having values less than ±1.75 which are much smaller than
individual values of the responses. All these observations
support the fact that the model is significant, appropriate to
explain the relationship between the response and the predictor variables and the model is free from any critical cases
that may demand additional attention to the model.

4.

Conclusion

Based on findings obtained from this study, the following
conclusions are made:
1. Reinforcement contains aluminium particles of different
sizes and shapes.
2. Addition of 10 wt% of 66.34 lm sized aluminium
particles to epoxy improves both wear resistance and
glass transition temperature of the epoxy aluminium
composite.
3. Presence of voids within the epoxy polymer is attributed
to unavoidable air molecules entrapped into the polymer
during manual stirring after the degassing process.
4. The reinforcing aluminium particles within epoxy not
only intensified the thermal and wear properties, but also
acted as fillers limiting the air entrapment into the epoxy
during manual stirring.
5. The 2FI response surface model indicates that the glass
transition temperature increases gradually with heat supplied
to epoxy materials during glass transition interval.
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