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Abstract: Damage due to a shortage or excess of or the pollution of lubricating oil is often cited as
one of the most significant issues confronted by the rolling mill sectors. Lubrication can be provided
by either central lubrication systems or individual lubrication systems. In this study, the wear
characteristics of the mono-block rolling plain bearing material that is utilized in wire rod rolling
mills were evaluated under conditions where the lubricating oil medium included either 2.5% of scale,
5% of scale, or no scale at all. In this experimental study, a unique ball-on-flat experimental setup
similar to the one used in the ASTM G133-05 standards was used. Bronze was used as the bearing
material and 100Cr6 roller-bearing steel was used as a steel ball of 6 mm in diameter. The experiments
were carried out at room temperature, at three different sliding speeds of 5 mm/s, 10 mm/s, and
15 mm/s, and with three different loads of 10 N, 20 N, and 30 N. The wear mechanisms were analyzed
visually and elementally using Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDX) methods. An Analysis of Variance (ANOVA) and the Response Surface Method
(RSM) were used to analyze the test results, such as volumetric material loss, the coefficient of friction,
and the surface profile. In this study, which was carried out in a lubricant environment containing
solid particles, the most effective parameter was the environmental parameter. The increase in the
number of solid particles caused an increase in volume loss and friction coefficient.

Keywords: abrasive wear; plain bearing; mill scale; ANOVA method

1. Introduction

One of the most important problems encountered in mechanical manufacturing is the
damage caused by the lack, excess, or contamination of lubricating oil [1]. Lubrication is
an indispensable requirement for almost all mechanical equipment [2]. It is important to
provide the requisite amount of oil in the appropriate conditions, regularly, and in sufficient
quantity to lubricate the rolling and sliding bearings used in rotating equipment [3,4]. From
time to time, contamination problems related to lubricating oils may be encountered, for
various reasons. The rolling process includes many elements carrying loads and rotating
at high speeds. The monoblock rolling mill is one of the vitally important components of
this equipment. Rolling scale, which is a processed product, can mix with the lubrication
system during the rolling process. Due to this contamination, three-body abrasive wear is
encountered between the plain bearings and the shafts [5,6].

The scale thickness occurring on the surface is located outward from the center as a
layered structure of 3 different iron oxide phases, wüstite (FeO), magnetite (Fe3O4), and
α-hematite (Fe2O3). The scale structure used in this study is shown in Figure 1. Even
if it is probable that the oxide scale will not be destroyed at a quick cooling rate, it is
thermodynamically degraded into a mixture of iron and magnetite through a eutectoid
process. The eutectoid point of the Fe-O system is 570 ◦C, and wüstite is unstable below this
temperature [7]. The decomposition of the oxide scale occurs at a certain cooling rate [8].

Wear consists of 5 different systems; the losses occur in the material because of the
wearing down of the main material, abrasive material, load, intermediate material, move-
ment, and abrasion. These losses commonly cause a progressive deterioration in the
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material [9]. For this reason, the shape and condition of the material deteriorate over time
and performance loss occurs [10,11]. Abrasive wear, which is the most widely known type
of wear, is a very important type of wear that may also be called scratching or tearing
wear, which can cause rapid and substantial damage to pairs of materials that work to-
gether [12,13]. This type of wear can be defined as the removal of hard particles from the
material surfaces By the interaction of the material surfaces with particles that are harder
than themselves under pressure [14]. An example of this type of wear is the wear caused
by dust particles entering the bearing material due to unsuitable operating conditions. If
the wearing event is caused by the difference in hardness between the material pair, it is
known as two-body wear [15]; on the other hand, if additional abrasive particles also affect
the wear, this type of wear is defined as three-body wear [16].
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In an example from nature, it was discovered that the water-repellent properties of a
lotus leaf were caused by a specific two-size range of roughness on the surface of the leaf.
In nature, a lotus leaf’s superhydrophobic characteristics cause it to push back dirt and
mud, and it was found that this roughness was responsible for the leaf’s water-repellent
properties [17]. Several potential applications for this process in the industry have been
proposed for superhydrophobic surfaces, including self-cleaning exteriors [18], transparent
windows [19], windshield glass, transparent coatings for panels in the solar energy industry,
stain- and water-resistant clothing in the textile industry, surveillance cameras, lenses, and
telescopes in the optical industry, ice-phobic coatings in the aerospace and wind turbine
industries [20], and corrosion protection and anti-biological coatings in the metal and
pipeline industries [21].

Some related studies about this subject are summarized below. As reported by
Jin et al. [22], a graphite-plugged bronze sliding plate that had been used in a field experi-
ment was subjected to various topographic and computational evaluations to determine
its wear characteristics and contact stress. The results showed that abrasive and adhesive
wear, as well as localized fatigue and erosion, were predominant on the graphite-plugged
bronze plate’s contacting surface. Elsewhere, Boromei et al. studied the movable parts of a
pressing apparatus [15]. The tribo-system, for instance, consists of an AISI A2 steel pin tool
and a UNS C95500 aluminum bronze guide plate. A counterformal line contact binds the
two parts together. The coefficient of friction of the bronze/steel pair was influenced more
by the applied load and sliding speed than by the conditions of the bronze’s heat treatment,
according to tribological laboratory tests. Work hardening and the formation of a protective
layer of copper oxide on the surface are the major elements in bronze’s excellent wear
resistance. Corrosion resistance is another well-known property of bronze [15]. The nickel-
aluminum bronze and aluminum alloy, 2014-T6, was subjected to an alternating magnetic
field treatment at room temperature by Akram and colleagues [23] in order to improve
the material’s wear resistance. Using an AISI52100 steel ball bearing as the counterface
material, pin-on-disc wear tests conducted under lubricated conditions showed a decrease
in the breadth and depth of wear scars and lower values of the coefficient of friction after
the treatment. Despite the fact that the bearings were subjected to significant levels of
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friction, these results were still achieved. In terms of the worn surface, Lin et al. [24]
studied the effects of abrasive grain size, applied stress, and sliding speed on polytetraflu-
oroethylene/bronze composite particle dispersion density. A range of sandpapers was
subjected to a battery of wear tests that included varying loads and sliding speeds. There
are three distinct forms of surface density when grain size decreases: a surface density
less than, near to, and above the particle’s initial volume fraction value of 15%. A surface
density lower than, near to, or higher than its volume fraction is referred to as a “subsur-
face density.” The shift in wear mechanisms can be used as a rationale for this discovery.
Micro-plowing is the primary process responsible for abrasive wear. When the grain size is
big enough to permit the flaking-off of bronze particles, the micro-plowing process occurs.
A “rolling effect” occurs only when the grain size of the debris is extremely small. Using a
unique thrust bearing test equipment setup, Oksanen et al. [25] investigated the potential
application of a novel bismuth bronze bi-metal material for the possible substitution of
lead–tin bronze. The primary thrust bearing used in mineral crushers is mimicked by this
mechanism. The oil-lubricated test bearings featured a flat-on-flat contact type with oil
grooves, and the counter plate was made of case-hardened steel. As a result, the bearings
were constantly oscillating. The test continued until a sudden rise in friction occurred,
which indicated that the bearings had failed and that seizure was imminent. Compared
to the reference material, CuSn10Pb10, which was cast continuously, the load capacity of
bismuth bronze was found to be equivalent. It was determined by electron microscopy that
the dry-lubricating bismuth precipitations had a tiny particle size and an equal distribution.
Because of these characteristics, they were able to bear a great deal of weight. Bismuth
bronze was found to be an acceptable alternative to lead–tin bronzes under the operational
conditions studied [25].

The results of research into the wear behavior of a wide variety of engineering materials
show that just a few or no studies on the wear behavior of bronze are available. The novelty
of this study is that an evaluation of the tribological wear behavior of bronze against 100Cr6
alloy at various scale ratios in lubrication oil (0, 2.5%, and 5%) is the primary focus of the
assay. Using volume loss, wear depth as a two-dimensional (2D) profile, and the coefficient
of friction (bronze vs. 100Cr6) as variables, a comprehensive investigation of the wear
characteristics has been carried out. With the use of Scanning Electron Microscope (SEM)
and Energy-Dispersive X-Ray Spectroscopy (EDX) research, the effect of scale ratios in the
lubricating oil on the wear tracks was ultimately determined. The next sections of this
paper will give the entire range of information on this tribological investigation.

2. Materials and Methods
2.1. Specimen and Steel Ball

For experiments, 5-millimeter-thick bronze specimens were used, the chemical compo-
sition of which is given in Table 1 and ascertained using EDX measurement. Measurements
were taken with the Carl Zeiss Ultra Plus Gemini FESEM device located in the Iron and
Steel Institute at Karabük University. The dimensions and geometry of the specimens used
are given in Figure 2. The specimens were sanded and polished using P400-P800-P1200-
grit SiC sandpaper, respectively. The Vickers microhardness value, measured from the
specimen surface with the Qness Q10A/A+ device, was recorded as 62 ± 0.41 HV (0.608).

Table 1. Chemical composition of specimen material.

Element Cu Sn Ni Pb Al Mn Fe Balance

wt % 86.88 1.45 3.63 3.68 0.22 0.41 0.44 3.29

Since the wear of the bearing specimen was the variable examined in the tests, this
is why the steel ball was selected from a harder material. For this reason, 100Cr6 (AISI
52100) bearing material with spherical geometry, having a diameter of 6 mm and a hardness
of ~64 HRC, was used as an abrasive [26–29]. The sphere is fixed at the point of attachment
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and is firmly attached so that it cannot rotate around its axis. In addition, the ball holder is
sufficiently rigid that the axis does not change during periodic back-and-forth movements
in the sliding direction. After each experiment, the ball was replaced, and each new
experiment was started with a new ball. The chemical composition of the ball is given in
Table 2.
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Table 2. Chemical composition of specimen material.

Element C Mn P S Si Ni Cr Cu

wt % 0.95 0.35 0.025 0.015 0.25 0.30 1.55 0.3

2.2. Environment Preparation

The oil used in the environment is a multi-application oil that has good anti-wear
properties for use with important gears and bearings. In addition, it can be separated from
water quickly and has high resistance to oxidation and thermal degradation. The technical
information about the oil is given in Table 3.

Table 3. Technical specifications of the lubricating oil.

Property

Grade ISO 100
Copper Strip Corrosion, 3 h, 100 C, Rating, ASTM D130 1 A

Demulsibility, Total Free Water, Non-EP Oils, mL, ASTM D2711 39
Density @ 15 C, kg/L, ASTM D1298 0.88

Emulsion, Time to 37 mL Water, 54 C, min, ASTM D1401 15
FZG Scuffing, Fail Load Stage, A/8.3/90, ISO 14635-1 12

Flash Point, Cleveland Open Cup, ◦C, ASTM D92 264
Foam, Sequence I, Tendency, mL, ASTM D892 10

Kinematic Viscosity @ 100 C, mm2/s, ASTM D445 10.7
Kinematic Viscosity @ 40 C, mm2/s, ASTM D445 89
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Table 3. Cont.

Property

Pour Point, ◦C, ASTM D97 −24
Viscosity Index, ASTM D2270 99

Abrasive particles were obtained by sieving the sample taken from the mill scale
through a 25 µm sieve. The reason for choosing the 25 µm sieve size is that the sieves used
in the real lubrication system are of this size. An SEM image of the scale sample is shown
in Figure 3. It can be seen from the measurements that the grains are quite small in the
image. In the EDX analysis of the scale sample, it was determined that the average scale
(wt %) consisted of 33.27 O, 66.23% Fe and 0.50% of other elements.
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Different environments were created by mixing the mill scale in the oil at the rates of
2.5 wt % and 5 wt %. Lubricant and rolling scale amount adjustments were made using
a scale with 0.1 mg sensitivity. As in ASTM G133-05, the lubricant level was adjusted to
be slightly above the specimen’s surface level. The medium was prepared by adding 2.5 g
of scale to 97.5 g of oil and 5 g of mill scale to 95 g of oil. To determine the sedimentation
state of the scale in the obtained mixture, a sedimentation state determination study was
carried out before starting the experiments. First, 95 g of oil and 5 g of mill scale were
added to a glass container and shaken for 5 min. The mixture was left to rest in a 150-cc
glass container. It was observed that the first precipitation took place at the 20th hour, and
the full precipitation took place 8 days later. This indicates that the scale’s suspension in
the oil would last for approximately 5.5 h in the experimental studies to be carried out and
that there would be no precipitation, even in the longest experiment of the study. It should
be taken into account that the precipitation tests are carried out in a stationary environment
and that the reservoir containing the lubricant is constantly changing direction and is in
motion during the tests.

2.3. Abrasive Wear Tests

A schematic representation of the experimental setup is given in Figure 4; the stroke
length is 13 mm. This ball-on-flat experiment for the wear tests was set up in the Metallur-
gical and Materials Engineering Laboratory of Karabük University in Turkey; a photograph
of the setup is shown in Figure 5. The experiments were carried out at 23 ◦C room tem-
perature and 55% relative humidity. A planar specimen was exposed to abrasion in the
experiments, and the ball was used only as an abrasive. When the data obtained from the
preliminary experiments were examined, the amount of wear on the ball was neglected as
the level of wear was quite low compared to the specimen. The coefficient of friction was
recorded continuously during the experiments. Although it is the same for all conditions,
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the average of the graph data was taken to determine the coefficients of friction in a steady
state. In the measurements of the coefficients of friction, a dynamometer that was capable
of measuring load values of up to 500 ± 0.1 N in one axis was used.
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Figure 5. Experimental setup of the ball-on-flat wear test.

Three different load values of 10 N, 20 N, and 30 N, with three different sliding speed
values of 5 mm/s, 10 mm/s, and 15 mm/s, were used as suggested by studies in the
literature about the rolling process [30]. Experiments were carried out according to the full
factorial experimental design and three replications were made for each experiment. After
the experiments, the specimens were washed with tap water and cleaned with compressed
air, using a compressor set at 7 bar, to remove the wear residues without affecting the
weighing results. The specimens were dried for 3 min with a hairdryer to remove any
possible moisture coming from the compressor. After drying, the specimens were cleaned
with acetone and dried with a hairdryer after cleaning. After all these processes, the DENSI
brand HZY 320A model was weighed using a precision balance with a weighing sensitivity
of 0.1 mg.

Moreover, using the experimental parameters and results, the effects of the parameters
on the results were analyzed with an analysis of variance (ANOVA), using the Minitab
software program [31].

2.4. Worn Surface Analysis

In this study, wear mechanisms on surfaces were investigated with a Carl Zeiss Gemini
FESEM scanning electron microscope at 5 kV. EDX analyses were performed to determine
the wear mechanisms on the surface. Morphological structures seen in the wear track
images (SEM) were analyzed in accordance with the literature [32,33]. A Mitutoyo Surf
Test 301 profilometer (λs = 2.5 µm) was used to reveal the 2D wear-track profiles of the
surface. The average roughness value, Ra, was used for the analyses.
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3. Results and Discussions

The experimental data obtained as a result of the experiments and the prediction values
obtained by the Response Surface Method are given in Table 4. In Figure 6, a schematic
figure containing the effective rates of the experimental parameters on the outputs is given.

Table 4. Experimental and predicted results.

Exp.
No

Load
(N)

Sliding
Speed
(mm/s)

Conc.
(%)

Coefficient
of Friction

(CoF)

Predicted
CoF

Volume Loss
(VL) 10−3

(mm3)

Predicted
VL 10−3

(mm3)

Wear Depth
(WD) (µm)

Predicted
WD (µm)

1 10 5 0 0.065 ± 0.014 0.067 15.3 ± 0.62 16.1 5.35 ± 0.31 4.47
2 10 5 2.5 0.096 ± 0.013 0.087 33.4 ± 0.56 27.2 9.51 ± 0.49 8.20
3 10 5 5 0.106± 0.026 0.108 50.6 ± 0.53 54.8 12.59 ± 0.70 14.44
4 20 5 0 0.087 ± 0.011 0.077 30.5 ± 1.33 39.1 8.94 ± 0.91 10.40
5 20 5 2.5 0.103 ± 0.023 0.098 53.5 ± 0.44 50.6 13.25 ± 0.42 13.78
6 20 5 5 0.108 ± 0.015 0.118 79.2 ± 1.31 78.5 20.42 ± 0.72 19.68
7 30 5 0 0.093 ± 0.050 0.087 45.8 ± 1.71 36.8 12.17 ± 0.93 10.57
8 30 5 2.5 0.108 ± 0.025 0.108 39.1 ± 1.82 48.6 11.57 ± 0.75 13.60
9 30 5 5 0.116 ± 0.029 0.128 81.1 ± 1.15 76.9 20.51 ± 1.79 19.14

10 10 10 0 0.057 ± 0.016 0.062 22.9 ± 1.85 23.4 5.73 ± 0.47 6.32
11 10 10 2.5 0.087 ± 0.011 0.083 34.4 ± 1.04 33.7 11.12 ± 1.53 9.73
12 10 10 5 0.100 ± 0.010 0.103 62.0 ± 0.88 60.4 16.10 ± 0.65 15.65
13 20 10 0 0.073 ± 0.070 0.073 57.3 ± 0.61 52.0 13.43 ± 0.56 13.67
14 20 10 2.5 0.097 ± 0.019 0.093 60.1 ± 0.85 62.6 15.95 ± 0.52 16.73
15 20 10 5 0.111 ± 0.022 0.113 88.8 ± 1.31 89.7 22.02 ± 1.15 22.30
16 30 10 0 0.081 ± 0.014 0.083 55.4 ± 1.64 55.4 15.29 ± 0.84 15.24
17 30 10 2.5 0.102 ± 0.018 0.103 61.1 ± 1.01 66.4 17.40 ± 0.53 17.95
18 30 10 5 0.119 ± 0.009 0.123 95.5 ± 0.87 93.7 23.75 ± 0.25 23.17
19 10 15 0 0.053 ± 0.023 0.058 29.6 ± 0.69 30.9 6.89 ± 0.20 8.56
20 10 15 2.5 0.079 ± 0.016 0.078 40.1 ± 0.85 40.3 12.15 ± 0.15 11.65
21 10 15 5 0.092 ± 0.070 0.099 64.9 ± 0.17 66.2 16.85 ± 0.30 17.25
22 20 15 0 0.068 ± 0.010 0.068 67.8 ± 0.26 65.2 19.22 ± 0.78 17.31
23 20 15 2.5 0.083 ± 0.014 0.088 73.5 ± 1.80 74.9 20.12 ± 0.83 20.05
24 20 15 5 0.126 ± 0.027 0.109 103.1 ± 1.15 101.1 25.91 ± 0.27 25.30
25 30 15 0 0.071 ± 0.006 0.078 68.7 ± 1.57 74.3 19.85 ± 0.36 20.30
26 30 15 2.5 0.090 ± 0.009 0.098 93.5 ± 1.64 84.3 23.34 ± 0.75 22.69
27 30 15 5 0.137 ± 0.046 0.119 106.9 ± 0.85 110.8 26.40 ± 0.72 27.59
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3.1. Volume Loss (VL)

It is expected that there will be a loss of volume on the surfaces of the materials
in the event of wear. According to Archard’s theory of wear, the volume lost in wear
varies according to sliding speed, load, and surface hardness value [34]. The experimental
correction coefficient (K), material hardness value (H), sliding speed (v), and load value (P)
are calculated using Equation (1) for the volume loss formula [35]:

Volume Loss =
∫

K
P·v
H2 dt

[
mm3

]
. (1)

As can be seen from the equation, the increase in the load value and the sliding speed
value causes an increase in the volumetric loss of the material. In the ASTM G133-05
standard, it is stated that the wear volume is obtained by multiplying the cross-section
of the wear track by the stroke length regarding the wear of the flat specimen. Here, the
wear track cross-section value is calculated as the average. In the measurement of the wear
track from three different points during the stroke, it is stated that if there is a more than
25% difference between these measurements, it is necessary to measure from six different
points to calculate the average cross-section value. In measuring the wear volume of the
flat specimen, small geometric errors at the deflection points can be neglected. Here (A)
is the average cross-sectional area of the wear track in mm2, (L) is the stroke length in
mm, and (Vf ) is the wear volume in mm3, and the wear volume value is calculated with
Equation (2).

V f = A · L
[
mm3

]
(2)

The wear mark values were measured in Ra and the wear volume was reported in the
literature by Turan et al. The work value has been calculated by taking references [36]. The
volume loss (VL) value in mm3, as (a) wear width in mm, (b) wear depth in mm, and (c)
stroke length in mm, was calculated using Equation (3) [35]. Volume loss values are given
in Table 4.

VL =

(
2
3

)
·a · b · c

[
mm3

]
(3)

When Table 4 is examined, it can be seen that the lowest volume loss value is realized
with a 10 N load, 5 mm/s sliding speed, and lubricating medium without scale, and the
value is 15.3 × 10−3 mm3. When the literature was examined, it was seen that the lowest
volume loss value was realized at the values where the load and sliding speed were the
lowest. It was observed that the highest volume loss value was the lubricating medium
containing a 5 wt % scale, the medium with the highest load and sliding speed values, 30 N
load and 15 mm/s sliding speed. Again, in this case, the results are in agreement with
the literature.

ANOVA results for the volume loss value are given in Table 5. When the ANOVA
results were examined, the most effective parameter on volume loss was the environment
parameter, with a value of 39.47%. When the study by Korkmaz and Çetin is examined, it
can be seen that the environment parameter has at least as much effect on the mass loss as
the load parameter. In this study, the ambient parameter is more effective than the load
parameter for volume loss [31]. The effect value of the load parameter was 29.70% and it
was below the effect value of the environment parameter. The sliding speed parameter,
on the other hand, became the third most effective parameter, with a value of 16.58, after
the environment and load parameters. This result is similar to those reported by Korkmaz
and Çetin. As the load value, shear rate value, and amount of abrasive in the environment
increase, the volume loss also increases. The Adj-RSqr value of the volume loss values
in the ANOVA table was calculated to be 94.85%. The result was obtained at a sufficient
level in terms of statistical reliability (95%). According to the results, the parameters
showed statistically and physically significant effects on the volume loss since the p-value
was less than 0.05 for the load, sliding speed, and environmental parameters. The error
value, obtained as 3.33%, can be explained as microstructural defects arising from material
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production that were not taken into account in the experimental design, thermal forces that
may arise due to vibrations from the experimental setup or the ground, temperature, and
measurement errors [35,37].

Table 5. The ANOVA results of volume loss.

Source DF Adj SS Adj MS F-Value p-Value Contribution
Rate %

L—Load (N) 1 4798.7 4798.73 149.88 0.0000 29.70
S—Speed (mm/s) 1 2679.1 2679.12 83.68 0.0000 16.58
E—Environment

(wt %) 1 6377 6376.97 199.17 0.0000 39.47

L × L 1 956.8 956.76 29.88 0.0000 5.92
S × S 1 0 0.05 0 0.9698 0.00
E × E 1 405.6 405.63 12.67 0.0024 2.51
L × S 1 383.1 383.07 11.96 0.0030 2.37
L × E 1 1.3 1.27 0.04 0.8446 0.01
S × E 1 9.2 9.19 0.29 0.5991 0.06
Error 17 544.3 32.02 3.37
Total 26 16,155.1 100.00

R2 = 0.9664, R2 (adj) = 0.9485

The equations obtained using the response surface method are given in Figure 7. The
predicted values obtained with these equations are given in Table 4. The agreement between
the experimental and predicted results was 96.64%. Again, the relationship between the
experimental and predicted results is given graphically in Figure 7. When the graph
is examined, it is clear that the experimental and predicted results are compatible with
each other.
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3.2. Wear Depth (WD)

When the wear tracks that had formed on the specimen surfaces after the wear tests
were examined, the deepest trace was measured as 26.40 µm under the test conditions,
with a load of 30 N, a sliding speed of 15 mm/s, and an environment containing a 5 wt
% abrasive. Wear depth and wear width values are the main measurement values for the
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calculation of volumetric loss. Considering the spherical nature of the ball abrasive, the
wear width should be proportional to the wear depth, except in exceptional cases, such as
the wearing down of the ball. Since the value of the wear depth and the wear width will
give the cross-sectional area of the wear track and the stroke length is constant in all cases,
it is expected that the test conditions with the highest volume loss will also give the greatest
trace depth value. Similarly, it is expected that the lowest volume loss value will be in
those experimental conditions with the smallest trace depth value. The lowest wear depth
value, on the other hand, was obtained under those test conditions with the lowest volume
loss value of 10 N load, 5 mm/s sliding speed, and no abrasive, which was measured as
5.35 µm. In Figure 8, the wear profiles for 10 N load and 5 mm/s sliding speed values that
were obtained from experiments performed in three different environments are given. In
Figure 9, the wear profiles that were obtained from the experiments performed at three
different load values for a non-abrasive environment and 5 mm/s sliding speed values are
given. The lubricating oil that does not include scales has the potential to produce a film
sheet on the surface of the specimen. The oily acid that is present in the lubricant has the
potential to work together with the surface of wear to produce a metallic mono-film [38].
They have the potential to reduce wear and friction, and, as a result, they can diminish the
wear depth [39].
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environment.

The ANOVA results for wear depth are given in Table 6. When the table is examined,
it can be seen that the effective parameters are environment, load, and sliding speed,
respectively, for which the effect values are 35.93%, 32.60%, and 18.96%, respectively.
According to the ANOVA results, since the p-value is less than 0.05 for the load, speed, and
environment parameters, it can be said that the parameters have physical effects on the wear
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depth, and they are statistically significant. The error value of 3.27% reveals that various
effects were not considered in the experimental design. It can be interpreted that these
effects are caused by experimental design, environmental effects, and measurement errors.

Table 6. The ANOVA results in terms of wear depth.

Source DF Adj SS Adj MS F-Value p-Value Contribution
Rate %

L—Load (N) 1 304.099 304.099 169.25 0.0000 32.60
S—Speed (mm/s) 1 176.845 176.845 98.42 0.0000 18.96
E—Environment

(wt %) 1 335.189 335.189 186.55 0.0000 35.93

L × L 1 49.949 49.949 27.80 0.0001 5.35
S × S 1 0.222 0.222 0.12 0.7297 0.00002
E × E 1 9.446 9.446 5.26 0.0349 1.01
L × S 1 23.843 23.843 13.27 0.0020 2.56
L × E 1 1.474 1.474 0.82 0.3778 0.16
S × E 1 1.232 1.232 0.69 0.4191 0.13
Error 17 30.545 1.797 3.27
Total 26 932.844 100.00

R2 = 0.9673, R2 (adj) = 0.9499

Prediction equation outputs obtained with the response surface method using the
wear depth values are given in Figure 7. The predicted wear depth values calculated using
this equation are given in Table 4. When the graph shown in Figure 7 is examined, it is
clear that the relationship between the values measured on the wear profiles obtained as a
result of the experiments and the values calculated using the prediction equation is quite
consistent. The R2 value, which expresses compatibility, was found to be 96.73%.

3.3. Coefficient of Friction (CoF)

The data on the coefficient of friction were recorded continuously during the exper-
iments. Graphs of the CoF values obtained for 30 N load, 15 mm/s sliding speed, and
three different environment parameters (non-abrasive, 2.5 wt %, and 5 wt %) are shown
in Figure 10. To determine the coefficient of friction, the averages of the graphic values
were taken from the point at which the measurement values became stable [35]. The same
method was followed in calculating the other coefficient of friction. The lowest CoF value
was obtained with the lowest load value of 10 N and the highest speed value of 15 mm/s
in a non-abrasive lubricating environment. The highest CoF value was gained with the
highest load value of 30 N, a sliding speed of 15 mm/s, and a lubricating environment
containing 5 wt % of abrasive particles. The CoF holds an important position in the debris
removal procedures carried out during the wear test, which is performed when the lubrica-
tion environment is analyzed with no scale present [40]. The lubricant having no-abrasive
help lower friction in addition to energy expenditure, as well as lubricating the wear region,
which immediately impacts the effectiveness of debris elimination procedures to avoid
three-body abrasive behavior. This is because they have the ability to lubricate [41].

The ANOVA results are given in Table 7. A quadratic model and 95% confidence
interval were chosen for the analyses. When the table is examined, the most effective
parameter on the CoF value was the environment variable, with a value of 67.18%. At a
load of 30 N and a sliding speed of 5 mm/s, there was a 16.13% increase in the coefficient
of friction when changing from an abrasive-free medium to a medium containing 2.5%
abrasive in the lubricant. There was an increase of 24.73% when changing from a non-
abrasive environment to a 5% abrasive environment, and a 7.41% increase when changing
from a 2.5% abrasive environment to a 5% abrasive environment. If the sliding speed
is increased to 10 mm/s, an increase of 25.93% occurs in the coefficient of friction when
changing from a non-abrasive environment to an abrasive-containing environment of 2.5%.
At a sliding speed of 15 mm/s, this value was 26.76%. When the amount of abrasive in
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the environment increased to 5%, the increase was 92.96% compared to the non-abrasive
environment. It can thus be said that the abrasive particles in the lubricant cause three-body
wear; therefore, the CoF value increases. The SEM images confirm this finding. The issue
of the contamination of lubricating oils encountered in industrial applications and the
shortening of equipment life because of the three-body wear event in metal plain bearings
as a result of this contamination is important for the originality of this study. In addition,
it can be said that the result is significant because the p-value, which expresses statistical
and physical significance, is smaller than 0.05. The second effective parameter for CoF
was the load parameter, with a value of 16.52%. The sliding speed parameter, on the other
hand, emerged as the parameter with the lowest effect, with a value of 3.44%. It is observed
that the squares of the parameters and the effects of their interactions are statistically and
physically low. The R2 value, which shows the agreement between the experimental results
and the regression results obtained with the prediction equations, was determined as
92.97%.
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Table 7. ANOVA results of the coefficient of friction.

Source DF Adj SS Adj MS F-Value p-Value Contribution
Rate %

L—Load (N) 1 0.001840 0.00184 39.95 0.0000 16.52
S—Speed (mm/s) 1 0.000383 0.000383 8.31 0.0103 3.44
E—Environment

(wt %) 1 0.007483 0.007483 162.46 0.0000 67.18

L × L 1 0.000067 0.000067 1.45 0.2454 0.60
S × S 1 0.000013 0.000013 0.29 0.5953 0.12
E × E 1 0.000013 0.000013 0.29 0.5953 0.12
L × S 1 0.000048 0.000048 1.04 0.3216 0.43
L × E 1 0.000001 0.000001 0.03 0.8669 0.01
S × E 1 0.000507 0.000507 11.01 0.0041 4.55
Error 17 0.000783 0.000046 7.03
Total 26 0.011139 100.00

R2 = 0.9297, R2 (adj) = 0.8925

3.4. Worn Surfaces

When the worn surfaces are examined, it can be seen that the surface roughness value
and surface fluctuations increase with the increase in the number of particles in the oil
medium. The increase in these fluctuations can be explained by the fact that the particles
cause plowing mechanisms on the surface [42]. The changes and wear mechanisms on
the specimen for the 15 mm/s sliding speed value are given in Figure 11. When the
surface SEM images, magnified by 1000, are examined according to the environment
and sliding speed values, it can be seen that the scale particles adhere to the surface in
environments containing abrasives. As a result of the EDX analyses performed in the SEM
imaging process, scale particles and particles belonging to the steel ball were detected on
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the specimen’s surface. The wear behavior thought to occur during the process is visualized
in Figure 12. In Figure 13, the chemical compositions of three different regions are given,
with the SEM image of the surface examination of the experiment conducted at a 15 mm/s
sliding speed, 10 N load, and 2.5 wt % conditions. When the images given in Figure 11
are examined, it can be seen that the surface has undergone plastic deformation due to
plowing wear. The coefficient of friction increases with the bond energy resistance that
occurs during deformation. Abrasive particles reduce the lubricating effect of the lubricant,
causing both the specimen and the ball to be affected. It is hypothesized that this increase
in friction forces is what causes the plastic distortion ability of the substance to change with
the increase in temperature and load, as well as the formation of phases or abrasives on
the surface causing of the rise in heat [43]. Both of these events are thought to have been
brought about by the rise in temperature. It is not hard to see why the friction force graph
for the specimen in conditions where there is no scale in the lubrication oil is significantly
higher than the graph for the specimen in conditions of 2.5% and 5% scale being added to
the lubricant.
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As a result of the experiments, the presence of Cr and Fe elements was found when
the SEM images shown in Figure 13, which were taken from the specimen surface, were
examined to determine the condition of the specimen surface. This is a clear indication of
material transfer from the steel ball to the specimen surface. In the same way, the elements
Fe, O, and Cu were found during the examination of the steel ball (Figure 14). In this case,
it is understood that there is a material transfer from the specimen to the ball during wear
and that the scale penetrates the material’s surface.
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4. Conclusions

In this study, three-body wear conditions in the bronze material under environments
containing a certain amount of abrasive mill scale were investigated. The following conclu-
sions were drawn:

• The highest volume loss value was obtained from those experiments with a 30 N
load, 15 mm/s sliding speed, and 5 wt % concentration value, and was calculated as
106.9 mm3. Conversely, the value obtained from the prediction equations is 110.8 mm3.
There is a difference of 3.65% between the predicted value and the experimental result
value, and the predicted value is higher.

• According to the quadratic ANOVA result, the most effective parameter for volume
loss was the environment parameter; the effect value was found to be 39.47%. While
this was followed by the load parameter at 29.70%, the effective rate of the sliding
speed parameter was found to be 16.58 percent. According to the RSM result, there is
a 96.64% agreement between the experimental results and the prediction results.

• The largest wear depth value was comparable with the volume loss value, and the
relevant conditions were a 30 N load, 15 mm/s sliding speed, and 5 wt % abrasive-
containing environment. Wear depth was measured as 26.40 µm from the experimental
results. This value was calculated to be 27.59 µm using the prediction equations. There
is a 4.5% difference between the two values, and the predictive value is higher.

• According to the ANOVA result, the most effective parameter for wear depth is the
environment parameter, with an impact rate of 35.93%. It is followed by the load at
32.60%, and the sliding speed parameters at 18.96%. According to the RSM result, there
is a 96.73% agreement between the experimental results and the prediction results.
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• The experimental conditions in which the coefficient of friction value was highest
was 0.137, seen with a load of 30 N, a sliding speed of 15 mm/s, and an environment
containing 5 wt % of abrasive particles. Under these conditions, the CoF value was
determined as 0.137. According to the prediction equations, the highest CoF value was
0.128 at 30 N, 5 mm/s, and 5 wt % abrasive particle-containing media. The difference
between these two values is 6.57%, and the experimental CoF value is higher.

• According to the ANOVA results, the most effective parameter for CoF is the envi-
ronment parameter at 67.18%, followed by the load at 16.52 percent and the sliding
speed parameter at 3.44%, respectively. According to the RSM results, there is a 92.97%
agreement between the experimental results and the predicted values.

• When the surface images are examined, there is scale penetration to both the specimen
and the steel ball. In addition, the results showed material transfer from the ball to the
specimen, as well as material transfer from the specimen to the ball.
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2. Çakır Şencan, A.; Çelik, M.; Selayet Saraç, E.N. The Effect of Nanofluids Used in the MQL Technique Applied in Turning Process

on Machining Performance: A Review on Eco-Friendly Machining. Manuf. Technol. Appl. 2021, 2, 47–66. [CrossRef]
3. Denkena, B.; Abele, E.; Brecher, C.; Dittrich, M.-A.; Kara, S.; Mori, M. Energy efficient machine tools. CIRP Ann. 2020, 69, 646–667.

[CrossRef]
4. Wegener, K.; Mayr, J.; Merklein, M.; Behrens, B.-A.; Aoyama, T.; Sulitka, M.; Fleischer, J.; Groche, P.; Kaftanoglu, B.;

Jochum, N.; et al. Fluid elements in machine tools. CIRP Ann. 2017, 66, 611–634. [CrossRef]
5. Zhao, B.; Zhang, Y.; Fan, Y.; Yu, X.; Zhang, Z.; Zhang, B. The three-body abrasive tribological characteristics of the Graphene/h-BN

heterostructure film considering defects. Tribol. Int. 2022, 171, 107525. [CrossRef]
6. Asif, A.; Zheng, Y.; Rahman, S.; Amiri, A.; Jun, H.J.; Polycarpou, A.A. Three-body abrasive wear in the presence of inorganic

fullerene-like tungsten disulfide and ionic liquid containing alkanolamines and phosphates. Wear 2021, 486–487, 204073.
[CrossRef]

7. Hayashi, S.; Yoneda, S.; Kondo, Y.; Tanei, H. Phase Transformation of Thermally Grown FeO Formed on High-Purity Fe at Low
Oxygen Potential. Oxid. Met. 2020, 94, 81–93. [CrossRef]

8. Yu, X.L.; Jiang, Z.Y.; Yang, D.J.; Wei, D.B.; Yang, Q. Precipitation Behavior of Magnetite in Oxide Scale during Cooling of
Microalloyed Low Carbon Steel. Adv. Mater. Res. 2012, 572, 249–254. [CrossRef]
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