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Abstract
Effect of adding boron carbide  (B4C) particles to epoxy resin on dry sliding wear behavior was investigated. The weight 
percentages of 5 and 10 of  B4C were homogeneously dispersed into epoxy resin in order to produce test samples. Tribological 
characteristics of the reinforced composite specimens were compared with the properties of pure epoxy resin. Wear tests were 
performed according to ASTM G-99. Taguchi L9 orthogonal array was used to obtain test pattern. The tests were conducted 
under three different loads of 5, 10 and 15 N, at three different velocities of 0.8, 1 and 1.2 m  s−1 and at three different sliding 
distances of 750, 1000 and 1200 m. These tests were carried out under dry conditions at room temperature. Resulting data 
of each specimen were analyzed, evaluated and reported by qualitative and quantitative means. Metallurgical examinations 
were presented to assess the effect of  B4C particles on the wear mechanisms. Friction surfaces of the test specimens were 
examined by scanning electron microscopy (SEM). The results were also compared with Taguchi predictive results. The 
most dominant parameter which affected the tribological properties was determined as  B4C ratio. The enhancement of wear 
resistance was achieved with the addition of boron carbide reinforcement to epoxy resin.
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Introduction

Epoxy material is used in many industrial areas such as 
textile, electronics, aviation and space industry, automo-
tive industry, chemistry, construction and flooring. There-
fore, different desired mechanical properties are expected 
from the material. It is well known that epoxies are frag-
ile because their high cross-link density reduces fracture 
toughness. Therefore, they have poor resistance to crack 
initiation and it spreads out. The wear resistance of pure 
epoxy is not very good. These disadvantages can be pre-
vented by adding micro- or nano-sized reinforcing materi-
als to obtain high adhesion strength, leading to increased 
wear resistance [1–3]. One of the candidates is boron. The 
effects of boron waste addition and particle size of boron 
waste on physical, mechanical and tribological properties 

of epoxy matrix composites have been evaluated in litera-
ture. It has been determined that hardness, flexural modu-
lus and wear resistance properties are increased with the 
addition of boron wastes. Wear resistance increases with 
increasing boron waste particle size. The lowest specific 
wear rate is reported for composites including the largest 
particle size. Correlation of microstructure wear behavior 
as well as physico-mechanical properties is comprehen-
sively evaluated [2].

In the study conducted by Açıkbaş and Yaman, the wear 
and friction behaviors of hybrid polymer matrix composites 
used were investigated in areas where wear protection was 
required. The effect of filler particle size on the physical 
and mechanical properties was evaluated and the relation-
ship between these properties with the tribological behavior 
was investigated. The composites reinforced with fine par-
ticle size showed better wear resistance which was related 
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to improved mechanical properties. Fiber content in the 
composites led to poor mechanical properties and resulted 
in lower wear resistance. Coarse particle size-containing 
composites showed higher friction coefficient and increas-
ing content of the fiber increased the friction coefficient [4].

The prominent properties of composites generally depend 
on the characteristics, size and concentration of the rein-
forcing material, the nature of the matrix, the method of 
preparation, and the bond strength of the interface between 
the matrix and fillers [5–7]. Epoxy has a certain level of 
abrasion resistance when used without any additives. How-
ever, increasing the wear resistance by adding additives will 
increase the life of the material.

The main task of epoxy resin is to perform functions such 
as protection and repair. The wear rate should be kept at its 
minimum to be able to fulfill these tasks. Inorganic addi-
tives added to the epoxy resin-hardener mixture reduce the 
wear rate of the material. Thanks to the additives, by which 
a composite with high abrasion resistance will be obtained, 
and its usage area and service life can be increased.

Wear resistance and thermal conductivity properties of 
pure polymer materials are characterized with respect to 
their negative aspects which have been improved in recent 
years by means of production of polymer matrix compos-
ites. These materials started to be used rapidly and more 
commonly, especially in the field of tribology compared 
to metallic materials [8]. Some recently conducted studies 
[9–11] have analyzed wear behaviors, friction coefficient and 
wear resistance of epoxy nanocomposites with short carbon 
fiber, nano-TiO2 and particles, such as CNTs. It is seen that 
PTFE particles and graphite are used widely to reduce both 
friction coefficient and wear rate of polymeric composites.

B4C has recently become attractive to researchers, as an 
alternative reinforcement for polymer composites due to its 
attractive physical and mechanical characteristics. A study 
by Bhatia [12] is a review of the properties of  B4C-reinforced 
polymer composites. The elastic modulus of the composite 
was improved by addition of  B4C particulates. The plastici-
zation behavior of moisture-ingested epoxy was effectively 
restrained after  B4C addition. The influence of  B4C parti-
cle size and mass fraction on the mechanical properties of 
the layered Al–B4C composite was investigated by Xu [13]. 
Residual stresses increased near the matrix and reinforce-
ment interfaces. Thus, an increase in composite hardness 
was observed. In another study by Manjunatha et al. [14], it 
was stated that  B4C as a reinforcement agent improved the 
wear behavior of the metal matrix. They emphasized that 
the use of Taguchi technique was an efficient technique for 
interpreting the results of wear rate parameters [14].

A study by Abenojar [15] presented the effect of mois-
ture and temperature on the mechanical properties of an 
epoxy reinforced with boron carbide. The specimens were 
exposed to two moisture environments to quantify composite 

degradation level. Shore D hardness and pin-on-disk wear 
tests were used to determine the effect of humid environ-
ments. Wear can be diminished with humidity, especially in 
boron carbide-reinforced materials. However, this variation 
was rather small in a neat epoxy resin.

The study by Muthuvel et al. [16] revealed the possibil-
ity of coating ceramic material on polymer substrates using 
the spraying process for different applications. The author 
pointed out the opportunity to use ceramic, alloy or metal 
as heat spreader or as thermally efficient flexible substrates 
with polymers, thus helping to reduce initial cost, weight 
and area.

In recent years, boron carbide has been used as a thin hard 
coating to protect the surface against wear and corrosion and 
improve friction properties. Boron carbide  (B4C) ceramic 
and composites are crucial products of advance technology 
with specifically high hardness levels and low density [17]. 
Boron carbide coatings are preferred to increase the wear 
resistance of machine components, achieve superior hard-
ness, and improve metal cutting and forming tools due to 
their thermal stability. Especially,  B4C is the third hardest 
material following diamond and cubic borax nitride. It is 
used in numerous industrial applications due to this property.

Saravanan et al. [18] analyzed the change in wear loss 
of the ingredient of epoxy-added  B4C sealant material by 
means of a pin-on disc test device at various loading condi-
tions. In that study, the applied load was varied, but the slid-
ing velocity and sliding distance were kept constant and it 
was seen that there were less  B4C-added specimens formed 
in comparison to pure specimens. Nevertheless, mass loss 
was reported to decrease significantly parallel to the applied 
load increase. Suresha et al. [19] conducted many mixture 
experiments and concluded that SiC-reinforced glass/epoxy 
composite has higher abrasion resistance compared to other 
mixtures. Hanumantharaya et  al. [20] investigated the 
mechanical and tribological behavior of epoxy composites 
reinforced with boron carbide  (B4C) particles. The tribo-
logical properties of the composites were compared with the 
interpolation results of Taguchi experimental design. They 
determined that density, hardness and compressive strength 
increase and tensile strength decreases when the percentage 
of  B4C increases. According to their obtained results, 5% 
 B4C ratio reduced the specific wear rate. In another study, 
the curing process, wear behavior and mechanical properties 
of an epoxy adhesive reinforced with boron carbide  (B4C) 
were investigated. Two different particle sizes and reinforc-
ing  B4C quantities were tested. Gel time and degree of cur-
ing were measured to evaluate the effect of adding  B4C to 
the epoxy resin. The abrasion resistance against alumina was 
measured using a pin test on a disc, which was presented as 
mass loss. Abenojar et al. [21] emphasized that the mechani-
cal properties of epoxy resin can be enhanced by the small 
size  B4C particle reinforcement. The addition of 6%  B4C 
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particles did not change the density, while the addition of 
12%  B4C reduced the density slightly. This was explained by 
the increase in viscosity before curing, and therefore it was 
said to be difficult to fill molds.

Conducting an academic study requires performing many 
and replicated experiments in some cases. Taguchi/ANOVA 
methods on specific subjects, including specimen process-
ing, analysis, composite generation and production variation 
are also widely used [20, 22]. Pattanaik et al. [23] performed 
wear test using an epoxy-origin composite material gener-
ated at dry friction conditions by Taguchi approach.

According to our research, a systematic study dealing 
with the use of  B4C as a filler of epoxy resin has not been 
performed on wear. Therefore, the main purpose of this 
study is to add  B4C (5 and 10% by weights) to epoxy and 
specifically analyze the effects of reinforced epoxy on wear 
properties. The reinforcement ratio, load, sliding velocity 
and distance were selected as the design parameters. Design 
parameter levels are shown in Table 1. Taguchi analysis was 
made by Minitab statistical software. S/N ratio, coefficient of 
friction and specific wear rates were calculated. In this study, 
the designed L9 orthogonal arrays were used to determine 
both the effects and interactions of the main factor in order to 
scrutinize the effect of parameters and possible interactions.

Experimental

Material

In this study, Hexion MGS L285 Lamination epoxy and 
hardener purchased from DostKimya (Turkey) were used 
in the composite production. The mixing ratio was 100:40 
by volume in all specimens. Epoxy matrix was used due 
to its good adherence property and average viscosity and 
selected as the optimum matrix to study mechanical and 
tribological properties. The properties of the epoxy matrix 
were obtained from the manufacturer.  B4C powders were 
obtained from BM-Bor (Turkey). Boron carbide  (B4C) was 
preferred as a reinforcement material and its properties are 
shown in Table 1. The matrix was reinforced with boron 
carbide in two different weight ratios, namely 5 and 10%, 
for comparison with pure epoxy matrix data.

The average grain size of  B4C is approximately 4 microns 
as seen Fig. 1. Mechanical properties of  B4C and epoxy 
matrix are given in Table 1. The theoretical density of  B4C 
was calculated from the simple rule of mixtures taking the 
fully dense values.

Production of composite test specimens

First, the epoxy resin was heated within the temperature 
range of approximately 35–40 °C to make the particles 
diffuse more easily within the matrix to attain a homo-
geneous structure by assuring low viscosity. The  B4C 
matrix was weighed in advance with an electronic bal-
ance of 1/1000 g precision and dumped into the resin. 
Subsequently, the ultrasonic method was used to obtain 
a homogenous structure. An appropriate mixing tip and 

Table 1  Mechanical properties of  B4C and epoxy matrix

Theoreti-
cal density 
(g  mL−1)

Melting 
point 
(°C)

Modulus of 
elasticity 
(GPa)

Hardness (GPa)

B4C 2.52 2400 290–450 27.4–34.3
Epoxy 1.20 – 3.4 88

Fig. 1  Particle size analysis and 
SEM image of  B4C
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power were selected and it was mixed for 15 min. Then, 
it was left to cool down for 30 min to prevent formation 
of air entrained structure as a result of rapid hardening. 
A curing agent of 100:40 of ratio was added to the mix-
ture that approached the room temperature and mixed 
mechanically for 5 min. The generated new composite 
was kept under vacuum environment for a period and then 
molded in a multiple specimen mold, which was smeared 
with a mold-release agent in advance. The new compos-
ite mix was cured in a dry oven at 80 °C for 1 h and then 
cured at 120 °C for 30 min. Finally, all specimens were 
removed from the mold to prevent micro-crack formation 
and prepared for the test. Figure 2 shows the process of 
 B4C-modified composite structure and the prepared com-
posite specimen schematically.

Wear test

Wear and friction behaviors of  B4C-modified composite 
materials were analyzed according to ASTM G99-05 test 
standard. The tests were performed using the friction test 
stand shown in Fig. 3. The metal discs used in the test have 
15 mm thickness and 150 mm diameter. The specimens were 
tested by rotating the disc at a constant angular velocity and 
by keeping the specimen holder at a fixed position on the 
ground. Sliding velocity was varied at three different speeds, 
namely 0.8, 1 and 1.2 m  s−1. In addition, the tribological 
properties were studied by varying the tribological testing 
parameters, such as normal loads (5, 10 and 15 N). Tests 
were made in three different slip distances of 750, 1000 and 
1200 m. All tests were repeated three times. Friction coef-
ficients were calculated by averaging the repetitive values. 
The tangential friction force was measured by means of a 
load transducer, which was fixed to the specimen holder. 

Fig. 2  Preparation process of epoxy composites

Fig. 3  Schematic view of the wear test stand
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Acetone was used to clean the test discs before each test 
to remove any types of residues. During the test, a station-
ary pin was made to slide against a rotating disk. From the 
produced composite specimens, cylindrical samples (15 mm 
in length, 10 mm in diameter, and with a rounded contact 
surface) were prepared by machining. The disks were made 
of hardened 4AISI 4140 steels with hardness of 56 HRC and 
initial surface roughness (Ra) of 0.21 ± 0.05 μm. The disk 
dimensions were 100 mm in diameter and 10 mm in thick-
ness. The specimens were weighed before and after the test 
using a closed case sensitive electronic balance with 1 mg 
of precision with no air inlet–outlet. Thus, wear rates were 
determined by means of weight measurement. In addition, 
the linear wear loss was achieved by means of a linear vari-
able differential converter (LVDT) of 0.1 μ precision with 
an encoder that records the vertical displacement of the pin.

Morphology

After the tests, the worn surfaces were analyzed using SEM 
images. Each test was run on a different region of the disk. In 
this way, the transfer film effect on the disc was eliminated 
during the previous test. Also, the disc was cleaned with 
acetone after each test. The specimens were weighed before 
and after the test by a closed case sensitive electronic bal-
ance with 1 mg of precision with no air inlet–outlet. Thus, 
weight loss and friction rates were determined. Coefficient 
of friction was measured and recorded during the test using 
a computer program. Environmental temperature and humid-
ity percentage of the test were approximately 24 °C and 35%, 
respectively.

Experimental design approach

In this study, L9 orthogonal array design was used to deter-
mine both the effects and interactions of the main factors to 
scrutinize their implications. For this purpose,  B4C-modified 
epoxy was generated by applying 4 different parameters and 
3 levels, and L9 orthogonal sequences of the composites 
were generated as shown in Table 2. The optimum produc-
tion parameter setting is critical for alternative mix compos-
ite material. Hence, the final value was calculated by taking 
the average of 3 values. To achieve this, Taguchi analysis 
was conducted by ANOVA module of Minitab statistical 

software. Also, the design of experiment (DOE) procedure 
was applied to analyze the simultaneous effect of all param-
eters on specific wear rate and volume loss.

All parameters were analyzed to find the optimum 
numerical values of specific wear rate and other parame-
ters of reinforced composite materials. Experimental data 
were analyzed using a signal noise rate (SNR) that is the 
most important criterion. SNR value was calculated using 
Eq. (1) to achieve the optimum production conditions by 
Taguchi method. According to the equation the best feature 
was preferred.

Results and discussion

SN slopes

The experimental data were converted into signal-to-noise 
(S/N) ratios. Figures 4 and 5 show S/N ratios of specific 
wear rate and volume loss based on the analysis results that 
were prepared according to L9 orthogonal array. Here, the 
proximity and orthogonality of the line between parameter 
levels and the average horizontal line indicate the impor-
tance of the parameters and their levels. Taguchi suggests 
that the larger S/N ratio corresponds to the best quality prop-
erties regardless of the performance characteristic category. 
Figures 4 and 5 show that each parameter has certain sig-
nificance and there is no insignificant parameter. However, 
it is seen that reinforcement ratio has the dominant effect 
on the results in terms of effectiveness of the specific wear 
rate. This situation is clearer especially when there is a tran-
sition from pure specimens to  B4C-reinforced specimens. 
In other words, the high difference between the values in 
this range shows that critical threshold of this parameter 
is between the levels 1 and 2 when transition from the first 
level to the second level of the reinforcement parameter is at 
stake. Similar manifestation of the same transition range also 
occurs in case of the load parameter, especially for volume 
loss values. Considering the load parameter, while there is 
a low effective change between 5 to 10 N loads, it is clear 
that the dominance increases further during the transition 
to the highest level. In addition, the load has the efficiency 
close to the reinforcement rate in terms of volume loss. 
When the distance parameter is examined, it is seen that 
the level increase normally affects the specific wear rate. 
In addition, the particles separated from the sample contact 
surface increase as the test distance increases, as expected. 
The sliding speed does not show any dominance in terms 
of both specific wear rate and volume loss due to the high 

(1)SNR = −10log10

[

1

n

n
∑

i=1

1

y2
i

]

.

Table 2  Test parameters and levels

Design factor Unit Level

A—Reinforcement % 0 5 10
B—Load N 5 10 15
C—Velocity m  s−1 0.8 1 1.2
D—Distance m 750 1000 1200
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dominance of other parameters. Because, the level changes 
of other parameters have radically affected the specific wear 
rate and volume loss regardless of the sliding speed levels.

The general efficiency order of the parameters in terms 
of wear rate and volume loss is as follows: reinforcement 
rate, load, distance and sliding velocity. Accordingly, it is 
seen that the most effective parameter is the reinforcement 
ratio change in terms of both the volume loss and specific 
wear rate.

Taguchi experiment results and effectiveness of param-
eters were supported by ANOVA data. ANOVA data for 

specific wear rate and volume loss are given in Tables 3 and 
4, respectively. The data given in those tables are consistent 
with the interaction tables and SN data. In both tables, the 
F ratio and percentage contributions that affect the perfor-
mance characteristics of the factors can be seen. It is seen 
that the reinforcement rate is the most important factor for 
the wear rate. Also, the reinforcement rate and the normal 
load are two dominant factors for volume loss. It has been 
determined that the effects of reinforcement percentage to 
specific wear rate and volume loss are approximately 56 and 
36.5%, respectively. The contribution of other parameters 

Fig. 4  Main effects plot for means and S/N ratio of specific wear rate

Fig. 5  Main effects plot for means and S/N ratio for volume loss

Table 3  ANOVA table with 
adjusted for specific wear rate

Source DF Adj SS Adj MS F value p value Contribution %

Reinforcement (%) 2 4.70 7.35 16.38 0.000 56.23
Load (N) 2 1.59 0.79 1.78 0.198 6.09
Sliding velocity (m  s−1) 2 1.08 0.54 1.21 0.321 4.15
Distance (m) 2 1.36 0.68 1.52 0.245 5.22
Error 18 8.07 0.44
Total 26 26.14
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to the specific wear rate is around 5% and the contribution 
values are close to each other. However, the effectiveness of 
the normal load on the volume loss was found to be approxi-
mately 30%, since it is dominant as the reinforcement rate. 
Because of the fact that the sliding velocity cannot exert 
mechanical pressure on the material as much as other param-
eters its rate on volume loss turned out to be zero, as shown 
in Table 4.

Interaction plots

Figures 6 and 7 show the interaction states between the 
reinforcement ratio, load change, distance change and slid-
ing velocity change for specific wear rate and volume loss, 
respectively.

In Fig.  6c, e, f, the change in specific wear rate is 
observed as a result of the interaction of reinforcement 
ratios with other parametric changes. In addition to the 
increase in each parameter level, the increase in the rein-
forcement level has reduced the wear rate. Furthermore, 
in terms of the  B4C-modified specimens themselves, it is 
seen that they lower the wear rate, because of transmitting 
specific hardness and wear resistance properties of  B4C to 
the matrix. In addition, the increase in the percentage of 

 B4C also reduces the wear rate under the condition of each 
level of other parameters.

Figure 6a, b, d show the interaction of normal load-
sliding velocity, normal load-distance and sliding veloc-
ity-distance binary parameters, respectively. Except for 
some cases, it is seen that most level changes increase 
the wear rate. Because applying higher loads would cause 
the matrix material to remain longer in the abrasive disk 
and applying a constant load over longer distances would 
increase the test time, causing more sample wear. Values 
close to each other at short distances indicate the endur-
ance limit of epoxy resin. However, increasing the dis-
tance, especially increases the rate of wear on average.

As the sliding velocity increases, the  B4C reinforcement 
specific wear rate continues to decrease. The increased 
sliding speed means that the  B4C particles protrude at the 
micron level on the outer surface of the sample being sub-
jected to faster impacts by the rough surface of an abra-
sive disc. Thus, an increase has been observed in wear 
rate since the breakout event occurred by overcoming the 
bond strength between the particle and the matrix instead 
of the friction phenomenon. It can be understood that the 
increase in the reinforcement rate provided a better reduc-
tion compared to the increase in sliding velocity (Fig. 6e) 

Table 4  ANOVA table with 
adjusted for volume loss

Source DF Adj SS Adj MS F value p value Contribution %

Reinforcement (%) 2 10.04 5.02 21.83 0.000 36.50
Load (N) 2 8.38 4.19 18.23 0.000 30.47
Sliding velocity (m  s−1) 2 0.12 0.06 0.26 0.771 0.44
Distance (m) 2 4.54 2.27 9.88 0.001 16.51
Error 18 4.13 0.23
Total 26 27.51

Fig. 6  Interaction plot between 
input parameters for wear rate
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from the combined interpretation of S/N graphs and inter-
action plots.

Figure 7a–c show how the neat specimens and modified 
composites influence the volume loss in comparison to the 
increased loads. It can be said that reinforcing the resin 
generally reduces the volume loss. As a result of 15 N load 
application, the tendency of  B4C particles being embedded 
in the matrix increases mechanically. This situation results 
in lowering of volume loss and wear rate [24]. When the 
load is constant, increasing the speed and distance gener-
ally increases the volume loss. However, increasing the 
supplement reduces the volume loss. In addition, as seen 
in Fig. 7c, e, f, the transition from a pure sample to a rein-
forced sample has significantly reduced the volume loss. 
This downward trend has been realized as a result of the 
individual superior features of  B4C transfer to the matrix 
and continued with the increase in the reinforcement rate. 
The lowest volumetric losses are obtained in a reinforced 
structure with high  B4C ratio, as expected. Figure 7d, e 
show the effects of sliding velocity. Figure 7d shows an 
upward trend, while Fig. 7e shows a downward trend. 
These differences in trends are the result of the complexly 
created by L9 orthogonal array. Since the test results of the 
 B4C-reinforced composite structure have shown superior 
results compared to the results of pure resin which are not 
affected by other parameters, reinforcement ratio takes the 
first place in the dominance ranking among the parameters. 
This changes the direction of the level trends in the inter-
action tables. Since the sliding velocity parameter plays a 
more passive role compared to other parameters, Fig. 7d, 
e occur according to the effect of distance and reinforce-
ment ratio. It is considered that epoxy, softer than  B4C, is 

a plastering material. It was observed in faster plastering 
conditions that volume loss value increases more.

Wear test results

Tribological tests were performed to determine COF and 
specific wear rate, according to the design of the tests shown 
in Table 5 using the orthogonal array and they were regener-
ated to form a real L9 array. COF and specific wear rate were 
determined according to Table 5.

The friction coefficient, amount of wear, wear rate and 
wear volume values obtained from the wear tests were deter-
mined for 5%  B4C- and 10%  B4C-reinforced samples and 
compared with the values of epoxy resin control sample. All 
values are tabulated separately according to the reinforce-
ment rates. Values for the control, 5% and 10%  B4C- rein-
forced samples are given in Tables 5, 6 and 7.

Boron carbide  (B4C) ceramics and composites are 
crucial materials that are advance technology products 
depending especially on their high hardness level and low 
density. The specific wear rate was set to determine the 
effect of the change in  B4C content on sliding velocity 
and normal load. Figures 8 and 9 show the effects of slid-
ing velocity increase on specific wear rate and volume 
loss are different according to normal load change. It is 
seen that the wear rate decreased together with velocity 
increase and load increase. Moreover, as  B4C content 
ratio increased, wear rate values tended to decrease in all 
test parameters. As the  B4C reinforcement weight percent 
ratio increased, the tendency in wear rate became more 
conspicuous. Specific wear rates in unmodified specimens 
were higher than those of specimens with a certain ratio 

Fig. 7  Interaction plot between 
input parameters for volume 
loss
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of  B4C content added in all sliding velocities and normal 
load range. Figure 8 shows that approximately 34% less 
wear rate was attained in the specimen with 10%  B4C addi-
tive in comparison to the unmodified specimen under 5 N 
normal load. This ratio reached approximately 37% under 
the same sliding test conditions with load increases. It 

is understood that  B4C addition in epoxy increased the 
necessary cutting force at the surface. In other words, 
the particle breaks off from the surface in a more diffi-
cult manner. Therefore, volume loss and hence wear rate 
decrease. Figure 8 shows the wear rates according to the 
values obtained in Eq. (2):

Table 5  Experimental results for neat specimen

Load (N) Sliding velocity 
(m  s−1)

Distance (m) Density (g 
 cm−3)

Wear amount (g) 
(×  10–3)

Friction of coefficient 
(COF) (×  10–3)

Wear rate 
 (mm3  Nm−1)

Volume loss 
×  10–9  (m3)

5 0.8 750 1.2 1.1 453 24.44 0.916
5 1 1000 1.2 2.9 480 48.33 2.416
5 1.2 1200 1.2 3.5 558 48.61 2.916
10 0.8 1000 1.2 3.3 468 27.50 2.75
10 1 1200 1.2 3.1 483 21.53 2.583
10 1.2 750 1.2 2.2 481 24.44 1.833
15 0.8 1200 1.2 5.7 432 26.39 4.750
15 1 1000 1.2 3.4 457 18.89 2.833
15 1.2 750 1.2 4.4 487 32.59 3.666

Table 6  Experimental results for 5%  B4C-reinforced specimen

Load (N) Sliding velocity 
(m  s−1)

Distance (m) Density (g 
 cm−3)

Wear amount (g) 
(×  10–3)

Friction of coefficient 
(COF) (×  10–3)

Wear rate 
 (mm3  Nm−1) 
(×  10–5)

Volume loss 
×  10–9  (m3)

5 0.8 750 1.26 0.8 376 16.85 0.631
5 1 1000 1.26 1.0 431 15.80 0.789
5 1.2 1200 1.26 1.8 482 23.70 1.421
10 0.8 1000 1.26 2.3 370 18.17 1.816
10 1 1200 1.26 2.6 427 17.11 2.053
10 1.2 750 1.26 1.5 420 15.80 1.184
15 0.8 1200 1.26 3.3 381 14.48 2.606
15 1 1000 1.26 2.9 411 15.27 2.290
15 1.2 750 1.26 2.0 406 14.04 1.579

Table 7  Experimental results for 10%  B4C-reinforced specimen

Load (N) Sliding velocity 
(m  s−1)

Distance (m) Density (g 
 cm−3)

Wear amount (g) 
(×  10–3)

Friction of coefficient 
(COF) (×  10–3)

Wear rate 
 (mm3  Nm−1) 
(×  10–5)

Volume loss 
×  10–9  (m3)

5 0.8 750 1.32 0.5 373 10.09 0.378
5 1 1000 1.32 0.7 393 10.59 0.529
5 1.2 1200 1.32 0.9 468 11.35 0.680
10 0.8 1000 1.32 2.3 351 17.40 1.739
10 1 1200 1.32 3.4 417 21.43 2.571
10 1.2 750 1.32 1.2 414 12.10 0.907
15 0.8 1200 1.32 2.8 371 11.77 2.118
15 1 1000 1.32 2.4 388 12.10 1.815
15 1.2 750 1.32 1.7 394 11.43 1.285
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Here, Wr, FN, L, r, and ∆m, represent specific wear rate, 
applied load, shear rate, sample-specific material density and 
wear amount in the order given.

When the wear test results were analyzed, with the 
increase in  B4C reinforcement ratio, both volume loss and 
wear rate decreased. In particular, the volume loss of 10% 
 B4C doped sample decreased 1.5–2.42 times at low speed 
level, 1.5–4.56 times at medium speed level and 2–4.28 
times at high speed level compared to control sample. In 
the literature, it was determined that the specific wear rate 
decreased with the increase in  B4C ratio [25]. Figure 10 

(2)Wr =
Δm

�LFN

(

mm3 Nm−1
)

.

Fig. 8  Specific wear rate changes according to the increase at differ-
ent sliding velocities a 5 N load, b 10 N load and c 15 N load

Fig. 9  Volume loss changes according to the increase indifferent slid-
ing velocities a 5 N load, b 10 N load and c 15 N load

Fig. 10  Schematic representation of the wear mechanism a unmodi-
fied resin, and b  B4C-reinforced pin
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shows a schematic view of the wear mechanism. It is under-
stood from Fig. 10a that cracks are formed on pure epoxy pin 
surface in the direction perpendicular to the sliding direction 
by the effect of load and speed. These cracks are fatigued 
during the test and the shear force breaks the particles and 
separates them from the main structure. The ruptured parti-
cles can form a thin transfer layer partially on the opposite 
surface. With the increase of load and speed, these particles, 
which are detached from the surface start to move away. 
Figure 10b shows that the wear behavior of the epoxy resin 
changes with the  B4C reinforcement.  B4C particles on the 
surface of the opposite co-working material are embedded 
in epoxy and prevent crack formation. However, abrasion 
wear can occur with the increase of load and velocity [26, 
27]. The  B4C particles are partially smoothed by contact 
with the opposite surface. Meanwhile, some small particles 
break off and move away from the system. Although small 
particles cause triple abrasion wear, they do not change the 
friction coefficient much. Approximately ± 7% change in 
friction coefficient of the  B4C-reinforced epoxy composite 
was observed compared to that of pure epoxy. Due to the 
rupture of ceramic particles and triple abrasion at high loads 
and speeds, this value may increase to higher values in some 
tests.

The size of the  B4C ceramic particles in the compos-
ite that is broken off from the pin with cracks and shear 
stress during wear is important. If the ceramic particle size 
is too small, it is known that those particles can separate 
with abraded epoxy and perform triple abrasion since they 
would not be able to achieve the effect shown in Fig. 10b 
[28]. For this reason, the size of the particles to be added is 
also important.

More generally,  B4C appears to reduce the wear volume 
and the wear rate with the addition of ceramic particles to the 
matrix. This result is found to be compatible with the litera-
ture results obtained from  B4C-reinforced metal matrix com-
posites [25, 27, 29, 30]. In the study conducted, an increase 
in volume loss was observed with increasing sliding veloc-
ity under constant load. When the volume loss increase is 
compared with low (0.8 m  s−1) and high (1.2 m  s−1) sliding 
speed test conditions and at 750 m constant distance, while 
3.18 times more volume loss is observed in the unmodified 
sample, this ratio is 2.25 times in 5%  B4C and 1.8 times in 
10%  B4C.

During the wear test, temperature was measured on the 
abrasive disc by means of an infrared thermometer to see the 
effect of  B4C modification on thermal conductivity and to 
relate it with wear rate and COF depending on temperature. 
Temperature values were measured at a distance of 10 mm 
from the point of contact on the abrasive disc in the path 
followed in a circle. The values obtained in the measure-
ments are for the neat specimens, modified with 5%  B4C 
and 10%  B4C, respectively, and the values were received on 

the same disc and at different points from inside to outside 
in successive periods.

Morphological investigations

SEM examinations were carried out by the worn-out com-
posite surfaces coated with gold film to observe the mor-
phology of wear tracks of epoxy resin filled with the  B4C 
particles after the tribology tests. Figures 11 and 12 show 
the  B4C-modified nanocomposite specimen morpholo-
gies for various loads and velocities. Deep cracks and sur-
face fractures on the eroded surface were observed in the 
enlarged images of the unmodified samples. Contact pres-
sure increases in parallel to the increase in applied load. 
Increased amounts of abrasion residues were especially gen-
erated in pure specimens due to high compressing and shear 
stresses along with the sliding velocity increase. However, 
the modified samples were able to show greater resistance 
to abrasion. In addition, fewer particles were broken from 
the surface and smoother surfaces were obtained, because 
reinforcement material gives the composite more mechani-
cal resistance and enables the material to carry more loads. 
It is understood that due to the good bond strength of  B4C, 
the resistance to abrasion has increased. This situation dem-
onstrates that the composite is more suitable for dry sliding 
applications, i.e., it has more resistance toward abrasion and 
load conditions.

SEM micrographs show the formation of contact marks 
in the sample, and it can be clearly seen that plastic-based 
samples erode when they come in contact with the rotating 
metal disc. In general, epoxy materials remain under the 
influence of shear stress caused by the effect of the flash 
temperature and load formed during the test. Pin surface 
was fatigued under these effects and capillary cracks were 
formed. In some cases, damage and wear losses increased 
due to the contact temperature passing through the glass 
transition zone. With the effect of normal force, a contact 
stress occurred on the surface of the spherical test sample. 
With the effect of stretching, fatigue occurs in the mate-
rial. Under the influence of sliding motion, the shear stress 
parallel to the surface occurs, particles begin to rupture and 
cracks form. In particular, thermosetting resins generally 
turn into a fragile structure due to high cross-linking density 
and immobility of molecules and separate from the surface 
as particles [31].

In Fig. 11a, the unmodified epoxy sample subjected to 
wear test in dry conditions is seen in the direction of slid-
ing deeper and wider grooves lines on the abrasion surface. 
This deep grooves formation causes the particle to move 
away from the surface, which increases the amount of wear. 
There is also an agglomeration of eroded resin due to the 
heat generated on the sliding surface. With the increase of 
wear, an increase in the amount of wear is observed with the 
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breaking of the flanges from the sliding surface. When the 
SEM images of the neat samples are examined, two types 
of wear damage are seen due to the fragile nature of the 
material. One of them is abrasion wear, which is caused by 
particles that detach from the surface with cracks.

As seen in Fig.  11b, thinner groove wear lines are 
observed on the eroded surfaces due to the 5%  B4C added 
to the epoxy. On these surfaces,  B4C epoxy is seen to be 
embedded. In this way, it is observed that the ruptures in 
the form of the flanks are partially reduced by creating 
abrasion resistance. It is seen that, the abraded parts fill the 
crater-shaped areas, where breaks occurred by plastering. 
In addition, as seen in Fig. 11c, as the  B4C additive amount 
increases, it is seen that particles increase in the unit wear 
surface and are well embedded in the resin by not staying on 
the surface. By means of these particles, it is seen that the 
number of grooves formed on the surface decreases though 
the small flanges break. The change in speed and load lev-
els did not change the positive contribution of the  B4C. In 
Figs. 11d and 12c, more plastic flow of resin can be seen 

after the wear test under an increasing sliding velocity or 
load. However, even under variable parameter conditions, 
 B4C reinforcement seems to prevent this by minimizing the 
effect (Fig. 12a, b, d, e). The smooth state that can be seen 
on the fracture surfaces of  B4C-reinforced samples occurs 
at high speed and load conditions, resulting in a low rate of 
wear. This situation has been associated with the increase of 
friction heat in the literature [32]. It is seen that fillers gener-
ally cover the matrix region which results in reduced COF 
and wear rate, evaluating from Fig. 11 for the worn surface 
of  B4C-reinforced epoxy composites.

In general, it is difficult to observe the  B4C ceramic par-
ticles but a small number of  B4C particles are dispersed on 
the surface. With the increase in load, the non-reinforced 
resin parts were eroded and severed from the surface in 
the form of layers or craters. In addition, groove width 
magnitudes increased in neat samples. All these imply 
that the parts remaining on the surface of the neat epoxy 
coating were exposed to plastic deformation. Plastic 
deformation increases with increasing load and sliding 

Fig. 11  Morphologic analysis images of neat and  B4C-reinforced epoxy resin under different loads and sliding velocities
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velocity. However, due to the homogeneous dispersion 
of  B4C particles on the surface with the increase in the 
reinforcement ratio, the wear resistance increased, the 
width of the grooves lines was formed on the surface in a 
decreased manner and the wear craters formed on the sur-
face occurred in smaller regions. It has been observed that 
the addition of  B4C particles results in smaller indication 
of wear on the eroded surface of the composite coatings.

Conclusion

Composite samples reinforced with 5 and 10% by weight 
of  B4C particles were successfully fabricated in order to 
enhance the wear performance of the pure epoxy sample. 
In this study, the wear effects of the contribution of  B4C 
ceramic particles were investigated experimentally by 

Fig. 12  Morphologic analysis images of neat and  B4C-reinforced epoxy resin under different loads and sliding velocities
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means of asystematic approach. The conclusions obtained 
from the results can be summarized as follows:

• Experimental and statistical test results obtained by 
specimens modified with  B4C particle were more favora-
ble in comparison to the results received by unmodified 
samples. As the  B4C reinforcement rate increased, both 
volume loss and wear rate decreased. In particular, 10% 
 B4C-reinforced sample has the lowest volume loss.

• Thanks to the  B4C ceramic reinforcement, it has been 
observed that the friction coefficient of the unmodified 
epoxy composite varies approximately ± 7%.

• While the load was constant, the volume loss increase 
was observed as a result of increasing the sliding veloc-
ity. While the distance was constant at 750 m, when 
the sliding velocity was changed to 1.2  m   s−1level, 
there was approximately 3.18 times more volume 
loss in the unmodified sample. This rate is 2.25 times 
for 5%  B4C-reinforced samples and 1.8 times for 10% 
 B4C-reinforced samples.

• According to the statistical analysis data, it was deter-
mined that the most effective parameter on the outcome 
was the  B4C reinforcement ratio.

• It is understood that  B4C, which is a ceramic particle in 
order to increase wear resistance of epoxy and widely 
used in the industrial area, can improve the wear resist-
ance of pure epoxy by 2–4 times when appropriate sizes 
and additives are added.

In summary, it can be said that this study recommends the 
use of boron carbide  (B4C) to improve the wear properties 
of epoxy resin under dry conditions.
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