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Abstract

The present study makes use of two distinct production methods. The first
method involves producing 1010 steel-based materials containing SiC, MgO,
H;BOs, and B4C (wt%10 - wt%30) with varying weights through powder met-
allurgy. This step was followed by hot pressing. In the second group, after all
the chemicals were stirred, 20 ml of epoxy and epoxy hardener were added to
the mixture. Then, the mixture was set aside to harden. XRD and SEM-EDS
analyses were conducted on the mixture to observe the morphological im-
pacts. Furthermore, friction coefficient values of the materials were also iden-
tified following wear tests under varying weights. The XRD analyses revealed
the phase structures of Fe;C, SiC, MgO, H;BOs, B,C, and Fe;O;. As for the
SEM-EDS analyses, they concluded the surface appearance of S60 and S55B20,
the hot-pressed materials, dependent on liquid phase sintering. SEM of epoxy-
based S60E20 and S55B20E20 revealed white spherical structures and a flat
matrix structure with shallow surface holes. In the pin-on-disc wear experi-
ment, the friction coefficient value was reduced with the addition of SiC, MgO,
and H3;BO; (S60) to 1010 steel (S100). By adding various amounts of B,C, the
friction coefficient was reduced even further, resulting in the improvement of
wear properties.
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1. Introduction

Many engineering components deteriorate due to degradation processes such as
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fatigue, corrosion, and wear occurring on material surfaces [1] [2] [3]. There-
fore, materials employed particularly in agricultural, mining, oil, and petroche-
micals industries are improved by surface engineers, leading to the use of new
products. Different types of steel and steel alloys available in the current market
are appealing owing to their versatile microstructures, properties, and low costs
[4] [5]. Thus, certain types of steel do not fulfil the safety requirements involv-
ing tear resistance [6]. The results in the production of novel materials contain
steel.

Stainless steels produce satisfying results in applications requiring a sound bal-
ancing of costs, mechanical endurance, and corrosion resistance. However, de-
pending on the environment and working conditions, stainless steels might dis-
play negative wear resistance in certain cases. Surface modification methods were
developed to counter this issue [7] [8] [9] [10]. Coating methods are usually fa-
voured to increase the wear resistance of materials. Laser coating, pulverisation,
and welding are the methods employed for coating [7]. Methods involving weld-
ing are the most cost-efficient among other procedures [10]. Furthermore, coat-
ing iron-based materials with boron or boride powders have also proved to be
effective in improving wear properties [11] [12]. Studies revealed that when
compared with other coating methods such as carburation and nitriding, boronis-
ing displays the best results in terms of wear properties [13] [14] [15]. Products
combining such surface features are ideal for certain industrial applications re-
quiring high tribological performance such as gear cases for turbines, camshafts,
weapons, and parts of agricultural machines [16].

Steel is a particular alloy used in various industrial applications owing to its
low costs, malleability, weldability, and thermal processability [17]. The use of
reinforcing powders is commonplace in mechanical alloying and welding. SiC
powder is often used to achieve desired surface properties in steel [17]. Li et al
[18] reported that liquid phase sintering is not a suitable method for adding SiC
to the element iron due to the high reactivity of the silicon carbide and iron melt.
On the other hand, sintering also takes a long time (2 hours) in case of the use of
powder metallurgy for production, in which a heavy interface reaction occurs be-
tween iron and silicon carbide [17]. Wu et al [19] examined the effects of 316L
stainless steel reinforced with SiC using laser melting composition (LMC) and
found that the addition of SiC improves the microstructure.

Generally speaking, these studies indicate that while steels with good proper-
ties are rendered inadequate with the advancement of technology, compounds
containing boron bring about positive tribological effects on steel. However, the
studies also reveal that boron or compounds containing boron are usually used
by means of coating the surface of the steel and produce positive results. SiC was
also found to improve the microstructural and surface features of steel. However,
these positive results arose following a prolonged sintering process during pro-
duction lasting 2 hours.

By involving adding and producing the B,C compound to 1010 steel not through
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coating but by means of powder metallurgy, the present study both assesses the
impacts of B,C and examines the effects of powder metallurgy on wear proper-
ties. Furthermore, in addition to B4C in varying amounts, compounds like SiC,
MgO, and H;BO; were added to 1010 steel in order to observe their effects. Ad-
ditionally, the 1010 steel, SiC, MgO, H3;BO;, and B,C mixed mechanically were
added to equal amounts (20 ml) of epoxy + epoxy hardener to examine morpho-

logical effects and impacts on wear properties.

2. Experimental Procedure

2.1. Materials and Produce Process

The materials for which weight percentage (%) values are given in Table 1 were
produced within the scope of this study through powder metallurgy.

Two different groups were formed during production. In the first group, after
the amounts of 1010 steel, SiC, MgO, H;BOs, and B,C indicated in Table 1 were
mixed mechanically for an hour using a mixer, they were used as $100, S60,
S60B10, S55B20, and S45B30. All the materials with diameters of 2 mm and
heights of 2 mm during the hot pressing procedure were unidirectionally hot-
pressed under a force of 45 MPa and a temperature of 950 °C. A pressure of 10 - 4
mbar was applied to the materials during hot pressing under vacuum conditions.
Then, as shown in Figure 1, the temperature was increased to 950 ‘C in 10 mi-
nutes, the materials were left to rest under 45 MPa in 950 C for 30 minutes be-
fore being cooled to room temperature in 5 minutes.

In the second group; to prepare the materials S60B10E20, S55B20E20, and
S45B30E20, the amounts of 1010 steel and powdered compounds of SiC, MgO,
H;BO;, and B,C indicated in Table 1 were, once again, mixed mechanically for
an hour using a mixer before being added to a mixture containing 15 ml of epoxy
and 5 ml of hardener and mixed again. Then, the mixture was poured into po-

lymer moulds with diameters of 3 mm and heights of 2 mm before being placed

Table 1. Weight % values of materials produced by means of powder metallurgy.

Samples 1010 steel SiC MgO H;BO:s B.C Epoxy + hardener
(%wt.) (%wt.) (%wt.) (%wt.) (%wt.) (ml)
S$100 100 - - - - -
S60 60 10 15 15 - -
S60B10 60 5 10 15 10 -
S55B20 55 5 10 10 20 -
S45B30 45 5 10 10 30 -
S100E20 100 - - - - 20
S60E20 60 10 15 15 - 20
S60B10E20 60 5 10 15 10 20
S55B20E20 55 5 10 10 20 20
S45B30E20 45 5 10 10 30 20
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on a vibration device for 30 minutes to distribute the mixture in the moulds
homogenously. Then, the moulds were set aside with no vibration to harden in

room temperature.

2.2. Characterization

XRD and SEM-EDS devices were used to analyse the microstructures and chem-
ical properties of the first group of materials produced through powder metal-
lurgy as well as those of the mixture of 1010 steel, SiC, MgO, H;BOs, and B,C
added into epoxy and hardener. Pin-on-disc wear tests were conducted under
varying weights to examine their wear resistances. While Bruker D8 Advance
was used for XRD (X-Ray Diffractometer), SEM-EDS analysis was conducted by
scanning electron microscope (SEM, JEOL JSM 7001 F) and electron dispersive
spectroscopy (EDS, Oxford INCA).

Figure 2 shows a visual of the wear device used for the wear test conducted
under different weights. Tribometer T10/20 was used as the wear device. Alu-
mina (ALO;) balls with diameters of 6 mm were used during pin-on-disc wear
tests. Furthermore, the effects of differences in loads were examined by making
use of varying wear loads of 10N, 20N, and 30N. A fixed shear rate of 300 rpm

Application of |
Hot pressing for 10 minute unindirection force tg:)nOIe?att?J ::?;"5
nonepoxy Heating to 950 C° of 450Mpa at 950C pet
for 30 minufes J minutes
Mixing (1010
steel, SiC,MgO, (" The mixtureis )
HSBOS and B4c MIXII'IB with filled il’ltg molds
Mixing for epoxy Epoxy+ Hardener h anca Waited for epoxy
+hardener of of epoxy+ 1010 d?'t"?:et';eo‘:s mixture to
epoxy steel+SiC+ e:;xyl;'o?gon harden
MgO+H;B0;+8,C minutes under
\___Vibration )
Figure 1. Hot pressing production stages.
Weight
Weight Lever ¢
Friction Force Sensor
~ [l
Sample
Depth Sensor =
A 5 .-
. o Yy
Ball . e
Figure 2. The wear test device used for the experiments.
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and a fixed sliding distance of 300 m were applied during the wear test. Addi-
tionally, the interface temperatures during the wear process were measured us-
ing a TESTO 875-1i thermal camera. This thermal camera measures the temper-
atures in the wear contact points on the interface for every 50 m of sliding dis-
tance to observe the differences in temperature arising on the material during
wear. Among the temperature graph values recorded with the thermal camera
during wear, the maximum temperature values are the ones above the wearing
line. The temperature graphs were considered separately for each load and the
changes in temperature originating from friction were examined. Furthermore,
the impacts of temperature on the friction coefficient of the material were iden-
tified. Thermal photographs taken during the friction process were examined
and the visuals were then placed accordingly. During production, the effects of
both the compound B,C added in varying amounts and the mixture of 1010 steel
and compounds SiC, MgO, H3;BO;, and B,C added into the epoxy + hardener

mixture were assessed.

3. Results
3.1. XRD

XRD analysis results for the material S100 the weight of which (wt) is 100% 1010
steel and the material S60 containing 1010 steel, SiC, MgO, and H;BO; are shown
in Figure 3(a) & Figure 3(b). The XRD analysis conducted on S100 showed that
the material contains FesC (Figure 3(a)). As for Figure 3(b), it shows that the
material S60 has a chemical structure containing Fe;C with a lower peak intensi-
ty along with SiC and H;BO;.

Figures 4(a)-(c) shows the XRD analysis results for the materials S60B10,
S55B20, and S45B30 produced by adding varying amounts (wt%10-30) of B4C to
the material S60. XRD analyses revealed that all the materials contain Fe;C and
steel in addition to the phase structures of SiC, MgO, H3;BOs, and B,C. Further-
more, the materials S60B10, S55B20, and S45B30 also contain the phase struc-
ture Fe,O3 in addition to the phases listed above. The examination of XRD peak
distributions for materials containing wt10-20% of B4C revealed that while the

140 * 60 * Y =FesC
_ ¥ =SiC
120 K =FesC 50 . 0,
100
40
280 2
‘g Z 30
§ 60 g
= 40 * 20 ® A1 -
MM o
20 10
0 0
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2Theta 2Theta
(@ (b)

Figure 3. XRD graphs for the materials (a) $100 and (b) S60.
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Figure 4. XRD results for the materials (a) S60B10; (b) S55B20; and (c) S45B30.

peaks are distributed clearly and distinctly for S60B10 and S55B20, the peak dis-
tribution rate declines for S45B30. However, the material S45B30 containing wt30%
B,C have lower peak distributions for reinforcement compounds and higher peak

intensity as shown in Figure 4(c) displaying XRD analysis results.

3.2. SEM-EDS

The SEM of S60 taken at 500X magnification is also given Figure 5(a). EDS re-
sults from the surface of the S60 are also observed in Figure 5(b) & Figure 5(c).
It is observed that liquid phase sintering is generally occurring from S60, while it
is also determined that 2 different phase structures exist outside the structure
(Figure 5(a)). Two different structures, which occur outside the matrix struc-
ture, are irregularly distributed in the matrix and their shape and size appear
different (Figure 5(a)). It is also observed that a phase structure occurs at dif-
ferent elevation (Figure 5(a)) (shown in ﬁ). It is observed that the S60 materi-
al from the EDS result, which is generally acquired from the surface of the im-
age, contains compounds containing Fe, Mg, Si, C and O content (Figure 5(b))
(shown in ‘). It is also shown in Figure 5(c) & Figure 5(d), where the SEM im-
age contains Si and C-content compounds in its dark gray phase (from % point)
with Mg, C and O content from the point-of-point EDS result from the different
height phase (from )| point) displayed in the image.

The SEM visual obtained after the material S55B20 containing wt20%B4C was
zoomed 500 times shows a structure with indefinite grain boundaries due to lig-
uid phase sintering as the main phase (Figure 6(a)). Besides the main structure,

the structures containing Mg, C, and O observed in the material S60 and
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Figure 5. (a) SEM visual and (b) general EDS results for S60, point-based EDS analysis results taken from
phases indicated as (c) 4 and (d) .
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(b)

Figure 6. (a) The SEM visual and (b) general EDS analysis results for S55B20.

compounds containing Si and C are also present in S55B20 (Figure 6(a)). The
general EDS results for the material S55B20 shown in Figure 3(b) indicates that
the material is made of structures containing the elements Fe, C, Si, Mg, and O.

The SEM visual of the material S60E20 produced by adding a 1010 steel mix-
ture into 15 ml of epoxy and 5 ml of hardener zoomed 500 times revealed a flat
surface with surface holes and different, small, and white structures on the sur-
face (Figure 7(a)). The general EDS result obtained from the surface shows that
the material consists of phases containing Fe, Si, Mg, C, and O (Figure 7(b))
with the white structures on the surface containing Fe, Si, C, and O according to
the point-based EDS analysis (Figure 7(c)).

The SEM visual for the material S55B20E20 with wt55% 1010 steel and wt20%
B,C along with 20 ml of epoxy + hardener zoomed 500 times and the general
EDS analysis result for the surface are given in Figure 8(a) & Figure 8(b). The
SEM visual revealed that the main structure of S55B20E20 is flat, similarly to
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Figure 7. (a) SEM results, (b) general EDS results from the surface, and (c) EDS results taken from the point for S60E20.
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(b)

Figure 8. (a) SEM and (b) general EDS analysis results obtained from the surface for the material S55B20E20.

S60E20, with fewer surface holes and white, homogeneously-distributed, small
structures like S60E20 (Figure 8(a)). Furthermore, when compared with S60E20,
white spherical structures are smaller in size and greater in quantity on the sur-
face of S55B20E20 (Figure 7(a), Figure 8(a)). The general EDS analysis for the
surface shows that S55B20E20 consists of structures containing the elements Fe,
Si, Mg, B, C, and O.

3.3. Figures and Tables

Figure 9 shows the friction coefficient-sliding distance curves (a) for the 1010
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Figure 9. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the

material S100.

steel with no additions (S100) for loads varying between 10N and 30N as well as
the thermal visual of the surface captured with the thermal camera during the
wear test conducted under a load of 30N. Furthermore, Figure 9(c) shows tem-
perature measurements recorded with the thermal camera for every 50 m of
sliding distance for varying loads (10N - 30N) as well as the graph indicating the
changes in temperature on the surface at the end of 300 m. The friction coeffi-
cient-sliding distance graph reveals that for all the loads, S100 displays fluctuat-
ing friction peaks and similar inclinations (Figure 9(a)) One can see from Fig-
ure 9(a) that the first stage of the friction and wear tests conducted under loads
varying between 10N and 30N is unstable with the friction coefficient constantly
increasing with significant fluctuations. After the first stage, the friction peaks
were found to be more stable; however, under all the loads, the friction peaks
were fluctuating (Figure 9(a)). For S100, the friction coefficient values dropped
visibly, particularly after the sliding distance of 100 m as the load increased.

Furthermore, Figure 9(c) shows the rapid increase in the surface temperature

for S100 under all the loads, particularly after the sliding distance of 100 m.
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Figure 10(a) shows the results of the pin-on-disc wear test conducted on the
1010 steel-based S60 containing SiC, MgO, and H;BOs. Similar, fluctuating fric-
tion peaks in the friction coefficient-sliding distance curves of S60 for all the
loads in the experiment are also visible in this figure. The peaks in the first stage
of the wear test conducted on S60 under all the weight were unstable; the friction
coefficient increased constantly with significant fluctuations during this stage
(Figure 10(a)). Furthermore, Figure 10(a) also shows that the friction of coeffi-
cient values increase as the load increases. At the end of the sliding distance of
300m, it was clear that the highest friction coefficient was around 0.6 during the
wear test conducted under the load of 30N (Figure 10(a)). Figure 10(c) shows
that at the end of the temperature measurements made at regular intervals for
300 m under the loads varying between 10N and 30N, the temperature rose ra-
pidly until a certain sliding distance but after 150 m of sliding distance, it de-
creases at the same speed.

Figures 11(a)-(c) shows the friction coefficient-sliding distance graph ob-
tained at the end of the pin-on-disc wear test under loads varying between 10N
and 30N for the material containing wt10% B,C. The analysis revealed that at the

1
— 10N —20N ——30N

M AR AT IV
0.2 WMWW\AAM

0 50 100 150 200 250 300
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273 337 e >

26.
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Figure 10. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the
material S60.
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Figure 11. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the

material S60B10.

first stage of the wear test, the peaks were unstable and the friction coefficient
increased constantly with considerable peaks; additionally, inclinations seem to
shift after the sliding distance of around 30 m (Figure 11(a)). The friction coef-
ficients of S60B10 displayed similar patterns under all the weights used in the
experiment (Figure 11(a)). Furthermore, there were also slight decreases in fric-
tion coefficients as the loads increased. The friction coefficient decreases signifi-
cantly only during the wear test conducted under the load of 30N after the slid-
ing distance of 250 m (Figure 11(a)). During wear, the temperature measure-
ments for the material S60B10 recorded for every 50 m of the surface revealed
that under the load of 10N, the temperature increased rapidly from the sliding
distance of 50 m until around 150 m, then it dropped until 200 m (Figure
11(c)). Between the distances of 200 m and 300 m for 10N, the temperature
fluctuated in the lower threshold (Figure 11(c)). For 20N and 30N, S60B10 dis-
played similar changes in temperature; it was recorded that the temperature in-
creased rapidly until the distance of 150 m before dropping at the same rate be-
tween the distances of 200 m and 250 m and stabilising afterwards (Figure
11(c)).

Figures 12(a)-(c) shows the wear test results for the material containing wt20%
B,C (S55B20). The friction coefficient-sliding distance graph given in Figure 12(a)
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Figure 12. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the
material S55B20.

reveals that under all the weights (10N - 30N), the friction coefficients of S55B20
increased constantly until the sliding distance of 300 m. At the same time, how-
ever, the friction coefficient decreased significantly as the load increased. Fur-
thermore, fluctuations in the friction coefficients were prevalent throughout the
sliding distance of 300 m for all the loads (Figure 12(a)). The temperature dif-
ferences presented in Figure 12(c) shows that particularly for the weights of 10N
and 20N, similar peaks occurred and the temperature rose and decreased sharply
between the distances of 100 m and 200 m. For the load of 30N, the peak width
increased and stabilised after around the distance of 250 m (Figure 12(c)).

The results of the pin-on-disc wear tests for S45B30 under the loads ranging
between 10N and 30N indicated an increase in the friction coefficient under 10N
and 20N (Figure 13(a)). As for the load of 30N, the friction coefficient values
steadily increasing until 240 m of distance dropped after this point (Figure 13(a)).
The friction coefficient values under the load of 20N were lower when compared
with the values for the load of 10N (Figure 13(a)). Under the load of 30N and

throughout the sliding distance of 300 m, the friction coefficient-sliding distance
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Figure 13. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the
material S45B30.

27.9

(c)

graph given in Figure 13(a) shows higher friction coefficient values when com-
pared with the other loads. Furthermore, during friction, the temperature values
recorded for every 50 m of distance revealed that the temperature increases for
approximately every 100 m of sliding distance under all loads (Figure 13(c)). On
the other hand, the wear test conducted under 20N and 30N displayed similar
changes in temperature with broad peak distributions (Figure 13(c)).

The outcomes of the pin-on-disc wear test conducted on the 1010 steel added
into the epoxy and hardener mixture showed that the material SI00E20 produc-
es friction coefficient peaks ranging between the values of 0.2 and 0.5 (Figure
14(a)). When the abrasive load was increased to 20N, the friction coefficient
values were seen to decline (Figure 14(a)). Then, when the load was further in-
creased to 30N, the friction coefficient peaks decreased until the sliding distance
of 70 m before increasing until the distance of 300 m (Figure 14(a)). However,
S100E20 produced lower values for 30N when compared with the load of 10N

(Figure 14(a)). The median temperature values recorded on the surface for the
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Figure 14. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the

material SI00E20.

loads ranging between 10N and 30N during wearing were measured to be 11.4°C
for 10N, 12°C for 20N, and 20.5°C for 30N (Figure 14(c)).

Figures 15(a)-(c) shows the pin-on-disc wear tests for the material S60E20,
prepared only through mixing without hot pressing and not subjected to any
kind of hot processing. For all the loads, S60E20 displayed fluctuating friction
peaks and similar patterns for the friction coefficient (Figure 15(a)). Once again,
for all the loads (10N - 30N), the friction coefficient increased rapidly until the
sliding distance of around 50 m (Figure 15(a)). After this distance, friction coef-
ficient peaks were fluctuating within a stable range (Figure 15(a)). When the
load was increased to 20N, the temperature increase saw a rise along with the
friction coefficient values on the wear surface (Figure 15(a), Figure 15(c)). For
30N, the friction coefficient peaks were higher than those for 10N yet lower than
those for 20N (Figure 15(a)). Upon examining the temperature changes on the
surface during the wear test under the loads ranging between 10N and 30N, one
can observe similar results, with the temperature reaching the maximum partic-
ularly between the distances of 200 m and 250 m, with the peak width increases
as the load increases, as seen in Figure 15(c). The highest temperature peak
width was observed during the wear test conducted under the load of 30N (Figure
15(c)).

Figures 16(a)-(c) shows the pin-on-disc wear tests for the material prepared
to be added into epoxy and containing wt10% B4C under the loads ranging be-
tween 10N and 30N. For all the loads, the material S60B10E20 produced high
and unstably fluctuating friction peaks (Figure 16(a)). The first stage of the friction
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Figure 15. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the
material S60E20.

and wear test conducted under loads ranging between 10N and 30N displayed
unstable friction peaks and at the same stage, the friction coefficient increased
constantly with considerable fluctuations (Figure 16(a)). Then, the friction peaks
remained unstable while the changes in the friction coefficient fluctuations per-
sisted within a lower range. Furthermore, when the load was increased to 20N,
the friction coefficient dropped whereas they increased for the load of 30N
despite displaying lower friction coefficient fluctuations and peaks, as seen in
Figure 16(a). The temperature measurements made using thermal cameras du-
ring wearing on the surface showed that the temperatures reached the maxi-
mum value until the sliding distance of 200 - 250 m before declining (Figure
16(c)).

Figures 17(a)-(c) shows the pin-on-disc wear test results for the material
S55B20E20, produced by adding the mixture containing wt55% 1010 steel and
wt20% B,C into the epoxy mixture, under the weights ranging between 10N and
30N. The analysis revealed peak values ranging between 0.4 and 0.6 for
S55B20E20 under the weights ranging between 10N and 30N (Figure 17(a)).
Furthermore, while the peak values were close for 10N and 20N, the friction
coefficient values dropped for the load of 30N (Figure 17(a)). The peak intensi-
ties ranged between around 0.2 and 0.35 for S55B20E20 under 30N. The mean

surface temperature values during wearing were recorded as 22.3°C, 22.9°C, and
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Figure 16. (a) The graph of friction coefficient-sliding distance between 10N - 30N; (b) The thermal visual taken with the thermal
camera from the surface during the wear test; (c) the graph showing differences in surface temperature between 10N - 30N for the
material S60B10E20.

23°C for 10N, 20N, and 30N, respectively, as shown in Figure 17(c).

Figures 18(a)-(c) shows the pin-on-disc wear test results for the material
S45B30E20, prepared by adding the mixture of 1010 steel, SiC, MgO, H;BOs, and
wt30% B4C into the epoxy mixture, under 10N, 20N, and 30N. The wear test pro-
duced close results under all the loads for S45B30E20 until a distance of around
100 m (Figure 18(a)). After around 100 m, while the peaks remained close for
10N and 30N, they were higher for 20N (Figure 18(a)). The mean temperatures
during wearing were recorded as 32.3°C, 37.6°C, and 46.8°C for 10N, 20N, and
30N, respectively (Figure 18(c)). Therefore, it was observed that surface tem-

perature increased as the load increased (Figure 18(c)).

4. Discussion

The materials S100 and S60, for which XRD results are given in Figure 3(a) &
Figure 3(b), are clearly seen to contain 1010 steel matrix and reinforcement com-
pounds. Both materials contain the compound Fe;C due to the 1010 steel con-

tent. Furthermore, unlike S100, S60 was also observed the contain the compounds
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SiC and H;BO;, as seen in Figure 3(a) & Figure 3(b). Upon examining the peak
intensities of S100 and S60, the peak intensity for the latter was found to de-
crease significantly due to its structure consisting of SiC, MgO ve H;BO; (Figure
3(a) & Figure 3(b)). The peak intensity varying between 0 and 140 for S100 de-
creased to the range of 0-60 for S60 (Figure 3(a) & Figure 3(b)). Figures 4(a)-
(c) show XRD analysis results for the materials S60B10, S55B20, and S45B30. Based
on these results, Figures 4(a)-(c) also show that all these materials contain the
phase structures of Fe;Os, SiC, MgO, H;BOs, and B,C in addition to Fe;C. SiC
and B,C are crystallographic phases [20]. Therefore, B,C added in varying amounts
affected the crystallography of the materials. This means that while all the phases
showed clear and distinct peak distributions in the XRD results for S60B10 and
S55B20, the peak distribution rates dropped for S45B30. However, peak intensity
rose as the B4C amount increased and S45B30 containing 30% B4C displayed the
highest peak intensity among the materials containing B4C (Figures 4(a)-(c)).
Furthermore, the phase H;BO; widely and clearly seen in the range of 2 Theta =
10 - 30 for S60B10 and S55B20 were not observed in the XRD graph for the ma-
terial S45B39. The XRD peaks generally displayed non-high peak intensities for
SiC and B4C (Figure 3(b), Figures 4(a)-(c)). These were found to be in line with
other studies in the literature and the peaks for SiC and B,C were less distinct
[21] [22] [23] [24].

The SEM visuals of S60 and S55B20 show that both materials have main struc-
tures with indefinite grain boundaries due to liquid phase sintering (Figure 2(a),
Figure 3(a)). Figure 2(a) & Figure 2(b) and Figure 3(a) & Figure 3(b) shows
that both materials also form dark grey phases structures containing Si and C on
different heights containing Mg, C, and O. However, it was observed from the
SEM visual for S60 that phases containing Mg, O, and C are larger in size when
compared to S55B20 and that these phase structures are more frequent with va-
rying sizes (Figure 2(a), Figure 3(a)). Figure 2(a) and Figure 3(a) show that
structures containing Si and C are fewer in S55B20 when compared to S60. The
sliding of ceramics subjected to wear in ambient conditions arises from oxide
structures on the material surface [20]. This means that sliding on ceramics oc-
cur due to oxide structures on their surface [20]. The study argues that the rea-
son why sliding occurs on S60 and S55B20 during wear is the surface oxide struc-
tures observed during EDS analyses. Unlike S60 and S55B20, the SEM visual for
S60E20 and S55B20E20 containing wt20% reveals that the materials, in addition
to having a flat main matrix, contain shallow surface holes and white spherical
structures (Figure 4(a), Figure 5(a)). However, Figure 5(a) shows that for the
material S55B20E20 produced by adding B,C to S60E20, the number and depth
of the surface holes are lower when compared to S60E20 while the amount of
white spherical structures increases and their sizes decrease slightly. The EDS
analysis results for the materials S60E20 and S55B20E20 revealed that while the
materials contain phases consisting of Fe, Si, Mg, B, C, and O, the white spheres

on the surface contain Fe, Si, C, and O (Figure 4(a), Figure 5(a)).
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A pin-on-disc wear test was conducted on all the materials under a speed of
300 rpm, with loads ranging between 10N and 30N, and with a sliding distance
of 300 m. Furthermore, thermal cameras were used to measure the temperatures
on the surface for every 50 m of sliding distance in order to examine the impacts
of temperature. For all the materials, the first stage of the friction and wear test
conducted under loads ranging between 10N and 30N was unstable and, during
this stage, the friction coefficients increased constantly and rapidly with signifi-
cant fluctuations. Dependent on these factors, the friction coefficient-sliding dis-
tance graph for S100 indicated fluctuating friction peaks and similar patterns for
all the loads (10N - 30N) (Figure 9(a)). Following the first stage, after a sliding
distance of around 20 m, the friction peaks were more stable, and the friction
coefficient peaks ranged between 0.6 and 0.8. However, the friction peaks were
fluctuating for all the loads used during the experiment (Figure 9(a)). For S100,
the friction coefficient values dropped visibly, particularly after the sliding dis-
tance of 100 m as the load increased. Furthermore, Figure 9(c) shows the rapid
increase in the surface temperature for S100 under all the loads, particularly after
the sliding distance of 100 m. During the pin-on-disc wear test conducted under
10N, the surface temperature measured between the wear balls and the interface
was 32.3°C while it rose to 37.4°C under 20N and 48.5°C under 30N (Figure
9(c)). For S60, the difference between the friction coefficient peaks obtained
under varying loads was evident, ranging between 0.2 and 0.4 for 10N, between
0.1 and 0.2 for 20N, and around 0.6 for 30N (Figure 10(a)). This means that
while the friction coefficient drops significantly under the wear load of 20N for
S60, the load of 30N results in a dramatic increase, leading to the maximum val-
ue for the material (Figure 10(a)). The mean surface temperatures during the
wear test were recorded as 27.7°C for 10N, 30°C for 20N, and 37°C for 30N (Figure
10(c)). The peak intensities were close for the material S60B10 while carrying
loads ranging between 10N and 30N (Figure 11(a)). Only S60B10 displayed sig-
nificant decreases in terms of friction coefficient after the sliding distance of around
250 m, ranging between 0.5 and 0.8 (Figure 11(a)). After the sliding distance of
300 m, the mean surface temperatures on S60B10 were recorded as 27.7°C for
10N, 33.5°C for 20N, and 35°C for 30N (Figure 11(c)). For S55B20, the pin-
on-disc wear test conducted under loads ranging from 10N to 30N showed that
the friction coefficient decreased evidently as the load increased. To be more pre-
cise, the friction coefficient ranged between 0.2 and 0.4 for 10N and between 0.1
and 0.2 for 20N; the value fell below 0.1 under 30N, as shown in Figure 12(a).
The mean surface temperatures rose in direct proportion to load, being recorded
as 28.3°C for 10N, 30.9°C for 20N, and 35°C for 30N (Figure 12(c)). S45B20
displayed lower frictional force values with ranging between 0.1 and 0.3 for 10N
and between 0.1 and 0.2 for 20N; this decrease was reversed under the load of
30N with friction coefficient values ranging between 0.2 and 0.4 (Figure 13(a)).
The mean surface temperatures increased proportionately to the amount of load
on the material, being recorded as 29.7°C for 10N, 35.9°C for 20N, and 38.3°C
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for 30N (Figure 13(c)).

The study also examines the impacts of adding a mixture of 1010 steel, SiC,
MgO, and B,C into epoxy on the wear resistance of the latter. The results of the
pin-on-disc wear test conducted on these materials showed that the friction coeffi-
cient of S60E20 shows apparent differences for loads ranging from 10N to 30N.
For S60E20, the highest friction coefficient value was observed under 20N (around
0.5 - 0.6) while the lowest value was recorded under 10N (around 0.2 - 0.35)
(Figure 15(a)). Under the load of 30N, the friction coefficient value was found
to range between around 0.35 and 0.5, which is an average value when compared
to the results obtained under different loads (Figure 15(a)). In other words, while
the friction coefficient rose upon increasing the load to 20N, the peak intensity
for the friction coefficient dropped under the load of 30N (Figure 15(a)). How-
ever, the tests under 10N did not result in higher friction coefficient peak inten-
sities (Figure 15(a)). Therefore, increasing the load applied during the wear test
also increases the contact surface. The increase in the contact surface also gives
rise to interface temperatures [25]. The mean surface temperatures for S60E20
recorded during the wear test were 58.6°C for 10N, 51.4°C for 20N, and 63.8°C
for 30N (Figure 15(c)). In other words, the mean temperature values recorded
between the alumina ball and the surface of the material S60E20 rose as the load
increased (Figure 15(c)). For the material S60B10E20 containing wt10% B,C,
the friction coefficient fell significantly as the load was increased to 20N. The
value increased in comparison to 20N after increasing the load to 30N, display-
ing unstable friction coefficient peaks (Figure 16(a)). However, these results
were lower when compared to the results of the wear test conducted under the
load of 10N (Figure 16(a)). The mean temperature values recorded at the inter-
face between the alumina wear ball and the contact point on S60B10E20 were
22.3°C for 10N, 22.9°C for 20N, and 23°C for 30N (Figure 16(c)). Under 10N,
deformation and delamination wear mechanism occurs at the sliding distances
of 100 m and 300 m [26]. Delamination wear mechanism arises as a result of the
material being separated from the surface due to wearing because fractures occur
on the delaminated spot [26]. Work hardening emerging at this stage leads to
the deformation of the matrix [24]. Work hardening rises as the wear load in-
creases, leading to fractures on the matrix and reinforcement interface [24]. It
causes delamination wear on the fractures [24]. Furthermore, the occurrence of
work hardening contributes to the better performance of the material in terms of
wear resistance [27] [28].

The wear tests results indicated significant decreases in friction coefficients for
the material S60 produced by adding SiC, MgO, and H;BOs into 1010 steel (Figure
9(a), Figure 10(a)). Consequently, these additional materials were found to en-
hance the wear resistance of 1010 steel. The friction coefficient was decreased by
adding B.C to the material S60. Among the additions of B4C into the materials,
the material S55B20 containing wt20% B,C displayed the best results (Figure
11(a)-Figure 13(a)). In this respect, S55B20 had the highest wear resistance
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(Figure 12(a)). The review of the existing literature revealed that friction coeffi-
cient values decline as the amount of SiC and B,C added to the material increas-
es [24]. It also reacts with the environment as B,C breaks during wearing [24]. A
layer of B,O; is formed on the surface as a result of this reaction [24]. Therefore,
the oxide layer of B,Os was directly associated with the friction coefficient [24].
The oxide layer on the surface acts as a lubricant, decreasing the friction coeffi-
cient [29] [30] [31]. The surface temperature measurements made during the
wear test revealed that the mean surface temperature for the material S60 pro-
duced by adding SiC, MgO, and H;BO; into 1010 steel was much lower when
compared to S100 (Figure 9(c)-Figure 10(c)). The addition of B,C resulted in a
decrease in the surface temperature, particularly during the wear test of the ma-
terial S55B20 containing wt20% B,C (Figure 11(c)). This is one of the primary
reasons behind the significant decrease in friction coefficients for materials with
additional B,C, particularly S55B20.

In the second group of materials produced by adding the mixture of the afore-
mentioned compounds into the epoxy mixture, similar results were observed and
the compounds of SiC, MgO, and H3;BO; decreased the friction coefficient for
the epoxy material containing 1010 steel (SI00E20). Therefore, S60E20 displayed
lower friction coefficient peaks when compared to S100E20 (Figure 14(a), Fig-
ure 15(a)). Similarly, the addition of B4C contributed to a further decrease in fric-
tion coefficients. The mean surface temperatures recorded during the wear test
revealed the contribution of B4C to the decrease in surface temperatures. As a re-
sult of these factors, the decrease in friction coefficients and surface tempera-
tures along with the addition of SiC, MgO, H;BO;, and B,C enhanced wear re-

sistance.

5. Conclusion

e The XRD results for S100 and S60 revealed that both materials consist of
Fe;C in addition to the latter containing the phases of SiC and H;BO;. The
addition of SiC, MgO, and H;BOs into 1010 steel to obtain S60 significantly
decreases peak intensity. One might argue that the decrease in peak intensity
leads to a decrease in crystallography.

e The XRD results for materials to which varying amounts of B,C were added
showed that B4C affects crystallography, causing an increase in peak intensity.
Furthermore, all the phase structures in these materials (S60B10, S55B20, and
S45B30) were found to display clear and distinct peak distributions.

e The analysis of the SEM-EDS visuals obtained from the surfaces of S60 and
S55B20 revealed that the main structures have indefinite grain boundaries due
to liquid phase sintering and contain structures containing Mg, C, O, Si, and
C. Furthermore, the sizes of the structures contain Mg, C, and O shrunk with
the addition of B,C. Their numbers on the surface analysed with SEM increased
while the formation of the structure containing Si and C declined.

e The SEM visual obtained from the materials S60E20 and S55B20E20 indicated
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flat main matrices and surfaces with non-deep superficial holes due to hard-
ening (drying) and white spherical structures. Additionally, the number and
depth of the holes on the surface of S55B20 were lower when compared to
S60E20; the white spherical structures were more abundant in number despite
being slightly smaller in the former.

e The pin-on-disc wear tests revealed that the friction coefficient values were
decreased by adding SiC, MgO, and H;BO; into 1010 steel. The friction coef-
ficients were further decreased with the addition of B,C. However, the lowest
friction coefficient value was recorded for the material S55B20 containing
wt20% B4C. Consequently, S55B20 had the highest score in terms of wear re-
sistance.

e The assessment of the materials SI00E20 and S60E20 prepared by mixing
into epoxy revealed that the latter had lower friction coefficients, with the
materials containing B,C displaying even lower values. The lowest friction
coefficient among the materials containing B,C was observed for the material
S60B20E20 containing wt20% B4C. Consequently, S60B20E20 had the highest
score in terms of wear resistance.

e A part of the components break away from the materials during wearing stuck
onto the surface, acting as a lubricant. This lubricating effect culminated in
both lower surface temperatures and friction coefficients. Therefore, in many
materials, the lubricating impact was more apparent as the number of com-
ponents break away from the material increased, resulting in a decrease in

mean surface temperatures and friction coefficients.
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