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Aluminum bronze alloys produced by various methods are preferred materials in
many fields of the industry due to their high wear resistance and good sliding
properties. This study investigated the tribological properties of aluminum
bronze alloys produced by forging from Cu, Al, Fe, and Mg elements. Dry sliding
wear tests were carried out on a pin-on-disc wear device. Three tribological
properties, wear, friction coefficient, and temperature of aluminum bronze alloys
were investigated. Experimental studies were carried out for different loads, slid-
ing speeds, and sliding ways. The factorial experiment design method was ap-
plied in the MINITAB program. A SEM visualized the samples microstructures to
examine the material wear characteristics. As a result of the study, it was deter-
mined that the applied load, sliding speed, and sliding way were effective param-
eters on the amount of wear and friction coefficient. The maximum amount of
wear was 0.352 mg at 100 N load, 3 m/s sliding speed, and 3000 m sliding way
conditions. The maximum temperature between materials under these conditions
is 299 °C. The minimum amount of wear was obtained when 25 N load, 1 m/s
sliding speed, and 1000 m sliding way were applied.
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Introduction

Aluminum bronze alloys are one of the most widely used materials in many fields of
industry [1]. These materials are preferred because of their high hardness, resistance to abra-
sion and corrosion, and ability to withstand high temperatures [2]. Due to these features, they
are used in many areas, such as bearings, water pump elements, oil pipeline valves, and heat
exchangers in the industry [3, 4]. Aluminum bronze alloys are copper-based alloys containing
5-11% Al by weight and small amounts of Fe, Ni, Sn, Mn, and Si elements [5, 6]. New alloys
with desired properties are obtained by adding different materials. The Fe and Ni elements in
the alloy reduce grain size and improve mechanical properties [7, 8]. In addition, other ele-
ments such as Mn and Si, up to 1% by weight, improve the toughness, corrosion, and machin-
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ing properties [6]. The aluminum content in the alloy improves the mechanical strength and
yield stress [9, 10].

Wear caused by different ambient and working conditions causes significant damage
on the surface over time [11]. In addition, working conditions that do not harm the surface
roughness should be determined [12, 13]. For this reason, wear and friction are subjects that
have been studied extensively by many researchers. The primary purpose of the studies car-
ried out to reduce the amount of friction, and wear is to extend the life of the material [14].

Liu et al. [15] investigated the aluminum bronze alloy's strength, hardness, ductility,
and friction-wear behavior by forging and aging. It was shown that the material strength, hard-
ness, and friction coefficient values decreased due to the forging process. Kucita et al. [16] in-
vestigated the effects of coating Cu-Al-Fe aluminum bronze alloys with plasma transferred arc
method on wear behavior and microstructure. As a result of the study, reductions in the coeffi-
cient of friction were determined under dry friction conditions with the coating. In addition, for
a 34% dilution, the wear ratio decreases with increasing Fe content. Gamon and Aniolek [17]
investigated the effects of aluminum bronze alloys (CuAlgFes) and manganese bronze alloys
(CuMnyAlgFesNis) coating on S355J2 steel on friction and wear. According to the results, they
found that aluminum bronze alloys have higher wear resistance than manganese alloys. The
amount of wear in the material coated with aluminum bronze decreased by 89.36% compared to
the uncoated material. Kirubakaran et al. [18] investigated the effects of aluminum composites
containing 9% TiC and 2% MoS; on friction and wear using the Taguchi experimental design
method. They examined the impact of load variation, sliding speed, and sliding way parameters
on wear in the experimental study. As a result of the study, it was determined that the load and
the sliding speed are effective parameters of the wear mechanism. Gurav et al. [19] experimen-
tally investigated nickel aluminum bronze alloy friction and wear characteristics. The interac-
tion according to the load and shear rate was analyzed as a full factorial with the experimental
design. The samples were examined with a scanning electron microscope. As a result of the re-
search, they obtained the lowest friction coefficient at the lowest load of 10N. Thapliyal and
Dwivedi [20] experimentally analyzed the effects of load, sliding speed, and surface tempera-
ture on dry sliding wear of C95500 nickel aluminum bronze alloy. They performed the experi-
ments on a pin-on-disc wear device and used a full factorial experimental design. They studied
the wear mechanisms by SEM analysis. They found that sliding speed, load, and temperature
were effective parameters on wear behavior. Simsek et al. [21] experimentally investigated the
effects of adding different amounts of iron to Ni-Al bronze alloys on microstructure, hardness,
and wear behavior. They added Fe (3.5%, 4%, 4.5%, and 5% by weight) to the Cuy0AlsNi alloy
and then subjected it to several treatments. They performed the wear tests at three different
loads, four different sliding ways, and a sliding speed of 0.2 m/s. As a result of the experimental
study, it was determined that the alloy containing 5% Fe had the lowest weight loss and wear
rate. The amount of wear increased as the sliding way and applied load increased.

In the literature, many studies examine the tribological properties of aluminum
bronze alloys, their characteristics under different conditions, and various coating methods.
The microstructure and wear resistance of aluminum bronze alloys are complex, and their
structure changes depending on the processes applied during production. Tribological proper-
ties are essential in determining the behavior of aluminum bronze alloys under different oper-
ating conditions. This study investigated the tribological properties of CuAlFeMn aluminum
bronze alloy (Al 10%, Fe 2.5%, Mn 1%, Cu 85.5%, other 1%) widely used in the industry.
The experiments were carried out in a wear measurement device operating on the pin-on-disc
principle and at different loads, sliding speeds, and sliding ways.
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Material and methods

The tribological properties of aluminum bronze alloy produced by the forging meth-
od were investigated. Wear and friction tests were carried out following ASTM G99 stand-
ards. The experiments were carried out on a
pin-on-disc type wear device. The wear device = Load-cel
contacts an aluminum bronze alloy fixed on an ﬂ" S~ Pin Bag‘acmg
arm with an abrasive AISI 8620 cement steel = Disc weight
disc. The schematic view of the pin-on-disc Long
wear device is given in fig. 1.

The mechanical properties of the alumi-
num bronze alloy used in the experiments are rjgyre 1. The schematic view of the pin-on-disc
given in tab. 1. The test specimens were preci- wear device
sion machined in 10 x 20 mm dimensions to be
suitable for use in the wear device. In addition, 3 mm diameter holes were drilled in the sam-
ples to examine the instantaneous temperature changes during the study.

Motor

Table 1. The mechanical properties of the aluminum bronze alloy

Material Aluminum bronze alloy Cement steel
Norm CuAloFe AISI8620
Tensile strength [Nmm2] 500-650 530
Yield strength [Nmm~?] 180-280 385
Compression strength [Nmm-2] 980-1050 980-1050
Elongation [%] 13-20 19-21
Hardness, HB 115-135 169
Specific mass [kgm—2] 7.7 7.8
Al, Fe, Mn, Cu, other [%] 10,25,1,855,1

Hardened AISI8620 cement steel was used as the abrasive disc material. Surface
hardness was increased by applying the carburetion process to the abrasive disc, whose me-
chanical properties are given in tab. 1. The abrasive disc is heated to 850-900 °C austenite
temperature during carburation. The tempering process is performed to obtain a surface hard-
ness of 61 HRC on the surface and a soft structure in the interior. Before the experimental
study, sanding was applied to the abrasive disc and samples using 200, 600, 1200, and 2000
grit sandpapers. It was ensured that the surface roughness of the abrasive discs and samples
were 0.65 and 0.70, respectively. The TR110 surface roughness device was used in the meas-
urements. Measurements were made from a load cell mounted on the loading arm to deter-
mine the friction coefficient between the abrasive disc and aluminum bronze. A C3 series load
cell with a capacity of 15 kg and a sensitivity of 1 g was used. The friction force was deter-
mined by transferring the data received from the load cell via an AD4406 indicator to the
computer. The lateral loads expressed as friction force are divided by the average applied
load, and the friction coefficient of the material pair is calculated.

Each test sample was weighed on a precision balance with 0.1 mg sensitivity before
and after the test. The amount of wear was determined by taking the difference. The test sam-
ples were thoroughly cleaned with alcohol and dried before and after the test. A PT100 ther-
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mocouple was connected to the sample to measure the temperature changes between the abra-
sive disc and aluminum bronze. A PID temperature controller was used to measure the tem-
perature value. Tribological tests were carried out under 25 N, 50 N, 75 N, and 100 N loads,
at sliding speeds of 1 m/s, 2 m/s, and 3 m/s, for 1000 m, 2000 m, and 3000 m sliding ways,
under dry sliding conditions and at room temperature.

After the experiments were carried out, the internal structure of the samples was ex-
amined by a scanning electron microscope to inspect the damage that occurred on the alumi-
num bronze samples, and elementary analyzes was made.

Factorial experimental design involves exploring the impact of multiple parameters
and their respective levels on the experimental material. It consists of all possible combina-
tions that match all levels of each factor in the experiments with all levels of other factors.
The factorial experimental design was made in the MINITAB program. The material wear,
friction coefficient, and temperature values were analyzed in the factorial experiments under
load, sliding speed, and sliding way conditions. These analyses investigated the tribological
properties of aluminum bronze alloys according to the L36 series and wear parameters on Al-
S18620 cement steel. The test parameters and levels used in the study are given in tab. 2.

Table 2. Test parameters and levels

Levels
Test parameters
1 2 3 4
Load [N] 25 50 75 100
Sliding speed [ms] 1 2 3
Sliding way [m] 1000 2000 3000

Results and discussion

Wear

This study investigated the wear characteristics of forged aluminum bronze alloys
under various loads, sliding speeds, and sliding ways. The tests were carried out under dry slid-
ing conditions. Figure 2 shows the interactions in wear amount for four loads (25 N, 50 N, 75
N, and 100 N), three sliding speeds (1 m/s, 2 m/s, and 3 m/s), and three sliding ways (1000 m,
2000 m, and 3000 m). When the interactions on the wear parameter were examined, it was
seen that there was an increase in the amount of wear as the sliding way increased depending
on the load. The minimum wear was determined in the case of a 25 N load, and 1000 m sliding
way, and the maximum wear was selected in the case of 100 N load and 3000 m sliding way.

When the effects of sliding speed on wear depending on the load are examined, it is
seen that the wear increases when the sliding speed increases at a constant load. In addition,
wear increases with increasing load and sliding speed. The least amount of wear was obtained
in the case of a 25 N load and 1 m/s sliding speed, and the highest amount of wear was ob-
tained in the case of 100 N load and 3 m/s sliding speed.

When the effects of the sliding way on wear are examined depending on the sliding
speed, it is seen that the wear increases when both the sliding way and the sliding speed in-
crease. The least amount of wear was obtained at 1000 m sliding way and 1 m/s sliding speed,
while the highest amount of wear was determined at 3000 m sliding way and 3 m/s sliding
speed. The obtained results agree with the literature.
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Interaction plot for wear amount fitted means
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Figure 3 shows the average, minimum, maximum, and optimum wear amounts for
different loads, sliding speeds, and sliding ways. All test parameters considered in the exper-
imental study are effective on wear. When the averages on the wear are examined, it is seen
that the amount of wear increases as the sliding way increases. The minimum amount of wear
was determined on the 1000 m sliding way, and the maximum amount was determined on the
3000 m sliding way.

Main effects plot for wear amount fitted means
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Another parameter that affects the amount of wear is the applied load. The wear
amount increases as the load applied to the material increases. The slightest wear was under
25 N load, and the maximum was under 100 N. The last parameter that affects the amount of
wear is the sliding speed. As the sliding speed increases, the amount of wear also increases.
The least amount of wear was obtained at the sliding speed of 1 m/s, and the maximum
amount of wear was received at the sliding speed of 3 m/s. The optimum conditions for wear
are 25 N load, 1 m/s sliding speed, and 1000 m sliding way condition. The amount of wear
occurring under these conditions was determined as 0.006 mg.

Friction coefficient

Figure 4 shows the friction coefficients according to the load, sliding speed, and
sliding way. When the figure is examined, it is seen that the friction coefficient increases de-
pending on the load and the sliding speed. At the conditions of 25 N, 50 N, 75 N, and 100 N
loads and 1000 m sliding way, the friction coefficients were measured as 0.25, 0.26, 0.27, and
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0.30 for 1 m/s sliding speed; 0.27, 0.31, 0.35, and 0.38 for 2 m/s sliding speed; and 0.35, 0.39,
0.41, and 0.45 for 3 m/s sliding speed, respectively.

Interaction plot for friction coeficient fitted means
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When the results are examined, it is seen that the minimum friction coefficient is ob-
tained in the case of 25 N load, 1 m/s sliding speed, and 1000 m sliding way, while the maxi-
mum friction coefficient is determined in the case of 100 N load, 3 m/s sliding speed and
3000 m sliding way. The friction coefficient increases with both the sliding speed and the
sliding way.

Figure 5 shows the average, minimum, maximum, and optimum coefficient of fric-
tion values for various loads, sliding speeds, and sliding ways. When the graph is examined, it
is seen that load, sliding speed, and sliding way are the effective parameters of the friction co-
efficient. The friction coefficient increases as the applied load, sliding speed, and sliding way
increase. The lowest friction coefficient was determined in the case of the 1000 m sliding
way, and the highest friction coefficient in the case of the 3000 m sliding way. According to
the applied load, the lowest friction coefficient was obtained at 25 N load and the highest at
100 N load cases. When the effect of sliding speed on the friction coefficient is examined, the
lowest friction coefficient was obtained at 1 m/s sliding speed, and the highest friction coeffi-
cient was obtained at 3 m/s sliding speed. The optimum conditions for the friction coefficient
are 25 N load, 1 m/s sliding speed, and 1000 m sliding way. The average friction coefficient
for these optimum conditions was determined as 0.1962.

Main effects plot for friction coefficient fitted means
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Temperature

Figure 6 shows the temperature interactions between materials for various loads,
sliding speeds, and sliding ways. When the figure is examined, it is seen that the interaction
values between the load-sliding way and sliding speed-sliding way are close. However, the in-
teraction values between the load-sliding speed are high. This finding shows that the sliding
speed is the most influential temperature parameter. As the sliding speed increases, the tem-
perature between the materials increase.

Interaction plot for temperature fitted means
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An increase in the sliding speed causes an increase in temperature depending on the
load. The maximum temperature value was obtained at a load of 100 N and a sliding speed of
3 m/s. The temperature value under these conditions is 299 °C. When the interaction of the
load for the sliding speed is examined, the maximum temperature value was determined on a
100 N load and 3000 m sliding way. The minimum temperature value was determined on a
25 N load and 1000 m sliding way. When the temperature values were examined according to
the interaction between the sliding speed and the sliding way, the minimum temperature value
was obtained at 1 m/s sliding speed and 1000 m sliding way. As the contact material pressure
and shear rate increase, the sample temperature and deformation rate increase. The rise in
temperature is attributed to the increase in friction coefficient caused by the accumulation of
particles on the disc due to wear. The literature states that the temperature proportionally in-
creases with the friction coefficient and affects the wear mechanisms by forming oxidation
between the materials [22-24].

Figure 7 shows the temperature changes between the materials and the minimum,
maximum, and optimum temperature values for different loads, sliding speeds, and sliding
ways. When the graph is examined, it is seen that all determined experimental parameters
cause a temperature increase. It was determined that the most influential parameter was the
sliding speed, the second most effective parameter was the load, and the least effective pa-
rameter was the sliding way. The highest temperature was recorded in the case of 100 N load,
3 m/s sliding speed, and 3000 m sliding way. The lowest temperature was recorded in the case
of 25 N load, 1 m/s sliding speed, and 1000 m sliding way. The temperature in these optimum
conditions giving the lowest value was measured as 37 °C.
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Main effects plot for temperature fitted means
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Wear, friction coefficient, and temperature maps

The 3-D graphics showing the amount of wear in aluminum bronze alloys for differ-
ent loads, sliding speeds, and sliding ways are shown in fig. 8. These graphs are wear maps
created to understand and compare the effects of varying test parameters on weight loss in
aluminum bronze alloys. When these figures are examined, it is understood that the parame-
ters affecting the amount of wear are load, sliding speed, and sliding way, respectively. Max-
imum wear amount was determined at 100 N load, 3 m/s sliding speed, and 3000 m sliding
way, while minimum wear amount was determined at 25 N load, 1 m/s sliding speed, and
1000 m sliding way. As the load and sliding speed increase, the sample's wear increases. In-
creasing amounts of wear cause permanent deformation and material losses in parts.

Figure 9 shows 3-D graphs showing the friction coefficient changes in aluminum
bronze alloys for various loads, sliding speeds, and sliding ways. When the figure is exam-
ined, it is understood that the parameters affecting the friction coefficient are load, sliding
speed, and sliding way, respectively. The maximum friction coefficient was determined for
100 N load, 3 m/s sliding speed, and 3000 m sliding way, while the minimum friction coeffi-
cient was determined for 25 N load, 1 m/s sliding speed, and 1000 m sliding way.

Figure 10 shows 3-D graphs showing the temperature changes between the alumi-
num bronze and the abrasive disc for various loads, sliding speeds, and sliding ways. The
maximum temperature was determined for 100 N load, 3 m/s sliding speed, and 3000 m slid-
ing way, while the minimum temperature value was determined at 25 N load, 1 m/s sliding
speed, and 1000 m sliding way. It is seen that as the load and shear rate increase, the tempera-
ture and deformation of the sample increase. The rise in temperature and deformation rate in-
creases wear particles' oxidation rate and strain hardening effect.

Wear mechanisms

The microstructures of aluminum bronze specimens tested at 100 N load, 1000 m
sliding way, and 1 m/s, 2 m/s, and 3 m/s sliding speeds are given in fig. 11. When these imag-
es obtained by SEM are examined, surface roughness occurs at a sliding speed of 1 m/s, and
local ruptures and separations occur as partial small particles. When the sliding speed reaches
2 m/s, larger spills and micro-cracks arise compared to the previous situation. When the slid-
ing speed reaches 3 m/s, wavy surface morphology is formed on the spilled area surfaces, and
therefore the surfaces begin to fatigue. When the SEM images are examined comparatively, it
is understood that the sliding speed significantly affects the wear.
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Figure 8. Surface plots of wear amount; (a) vs. load and sliding speed, (b) vs. sliding way and sliding
speed, and (c) sliding way and load

Surface plot of friction temperature

505 505 5os

€04 €04 €04

§ 0.3 500 803 3000 § 0.3 3000

[ =4
2 0.21 e So2 2000§ o2 2ooo§
L Siig LEF E 1000 ¥ £ 40 60 g5 ,.1000 &
ing Speeqg finec Slldtng Speeq et ,b\QQ Loag IN] <'b\QQ
(@ ! (b) _— &

G

Figure 9. Surface plots of friction coefficient; (a) vs. load and sliding speed, (b) vs. sliding way and
sliding speed, and (c) sliding way and load
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Figure 10. Surface plots of temperature; (a) vs. load and sliding speed, (b) vs. sliding way and sliding
speed, and (c) sliding way and load

The SEM images of the wear occurring in the case of 100 N load, 2000 m sliding way,
and 1 m/s, 2 m/s, and 3 m/s sliding speeds are shown in fig. 12. When the images are examined,
it is seen that local ruptures and separations in larger sizes from the surfaces have started at 1
m/s speed compared to the 1000 m sliding way. Flattening and surface cracks occur on the sur-
faces at 2 m/s sliding speed. When the sliding speed rises to 3 m/s, wavy surface morphology
and fatigue begin on the surfaces. Abrasive fatigue traces are visible in the images.

The SEM images showing wear traces at 100 N load, 3000 m sliding way, and 1 m/s,
2 m/s, and 3 m/s sliding speeds are shown in fig. 13. Local ruptures, flattening of surfaces,
and local separations start at 1 m/s sliding speed. More shedding and fatigue cracks occur
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Figure 12. The SEM images at different sliding speeds for 100 N load and 2000 m sliding way

at a shear rate of 2 m/s. At a sliding speed of 3 m/s, wavy surface morphology and significant
wear fatigue occur on the wear surface. Developing surface cracks cause the material layer to
be separated and spilled on the surface, and a new surface emerges.

Maximum wear occurs at different sliding way values at 100 N load and 3 m/s.
When these wear surfaces are compared, it is observed that the wear fatigue marks increase
significantly after 2000 m, and a new surface continues to wear fatigue from the bottom with
the separation of the wear layer from the surface. It is understood from the SEM images that
the sliding way is also an effective parameter of the wear mechanisms.

2m/s

Figure 13. The SEM images at different sliding speeds for 100 N load and 3000 m sliding way
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Conclusions

This study analyzed the tribological features of aluminum bronze alloy samples cre-
ated through the forging process. The AISI8620 cementation steel was used as the abrasive
material by hardening. The loads applied in the experiments were 25 N, 50 N, 75 N, and
100 N, sliding speeds of 1 m/s, 2 m/s, and 3 m/s, and sliding ways of 1000 m, 2000 m, and
3000 m.

With the increased applied load, the weight losses in the sample increased linearly.
The maximum wear amount was under 100 N load, and the minimum was under 25 N load.
The wear losses of the specimens increased linearly with the increase in the sliding speed. The
highest weight loss occurred at the sliding speed of 3 m/s. A load of 100 N, a sliding speed of
3 m/s, and a wear amount of 3000 m sliding way is 0.352 mg. With the sliding way increase,
the weight losses of the samples also increased linearly. The increase in load, sliding speed,
and sliding way cause an increase in the friction coefficient. The minimum coefficient of fric-
tion was determined in the case of 25 N load, 1 m/s sliding speed, and 1000 m sliding way,
while the maximum friction coefficient was determined in the case of 100 N load, 3 m/s slid-
ing speed, and 3000 m sliding way. The increase in load, sliding speed, and sliding way also
causes an increase in temperature in the samples. The lowest temperature on the wearing sur-
faces is 37 °C, and the highest is 299 °C. When the microstructure images are examined, it is
seen that there are local ruptures in the materials, flattening on the surfaces, increases in the
surface roughness, local shedding, and wear fatigue, depending on the sliding speed.

As a result of experimental studies, it is understood that applied load, sliding speed,
and sliding way are effective parameters in wear, friction coefficient, and temperature chang-
es. If these parameters are reduced, material losses, abrasions, and deformations in the parts
will decrease, and the life of the parts will be extended.
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