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Abstract
The friction and wear characteristics of aluminum bronze QAl10-4-4 bearing materials are investigated through pin–disk 
simulation testing under the dry sliding state at the operating conditions with rotating speed, load and temperature using the 
high-speed and high-temperature friction and wear testing machine (MG-2000). The quality of the pin, the friction coefficient 
and surface topography of the samples are monitored during the tests. The study results show that the average friction coef-
ficient presents a similar N shape curve with the increase in rotating speed and temperature and a hook shape curve with the 
increase in load. The wear extent increases linearly with the increase in rotating speed, increases firstly and then decreases 
with the increase in load and presents a similar N shape trend with the increase in temperature. The main wear mechanisms 
of QAl10-4-4 bearing materials under high-temperature dry sliding conditions are discussed; the rotating speed mainly 
influences the friction and wear characteristics of the material by sliding heat. The loads mainly affect the friction and wear 
characteristics of the material through the actual contact area, and wear debris. The influence of temperature on the friction 
and wear characteristics of the material mainly depended on the surface layer properties.

Keywords Aluminum bronze (QAl10-4-4) · Dry sliding · Friction coefficient · Wear extent

1 Introduction

Aluminum bronze QAl10-4-4 has many advantages such 
as high strength, good friction reduction, high-temperature 
mechanical properties and corrosion resistance [1–5], which 
is widely used to fabricate high-strength wear-resistant parts 
and engineering devices under high-temperature condi-
tions. However, the low tribological properties of aluminum 
bronze hinder the further application of aluminum bronze.

Among the joint bearing of the robots, aluminum bronze 
is the most commonly used bearing material. The bearing 
performance is closely related to the friction and wear per-
formance of the used aluminum bronze [6, 7]. Hence, to gain 
better friction–wear properties of aluminum bronze, chang-
ing microstructure of the material is an effective method. 
Li et al. [8, 9] analyzed the effects of grain refinement and 
microstructure on mechanical and tribological behaviors 
of aluminum bronze modified by Ti and B. The friction 
coefficients, wear extent and mechanical characteristics are 
strongly dependent on the volume fraction of α-phase pre-
sent in the alloy and less dependent on the average α-phase 
size. Li also developed a high-strength wear-resistant alu-
minum bronze, which has better friction and wear properties 
than other aluminum bronze materials of the same class. 
Prasad [10] investigated sliding wear behaviors of bronzes 
with different material test conditions, composition, and 
microstructure. They reported that there is no direct correla-
tivity between the mechanical properties (such as elongation, 
tensile strength and hardness) and wear response of the test 
specimens. In addition, no matter the material microstruc-
ture and composition, there is a particular set of test condi-
tions, resulting in the best wear performance. Türk et al. [11] 
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studied the effects of tin, cadmium and lead on the micro-
structure of improved ZA-8 alloy. The tribological properties 
of traditional bearing bronze were measured under the same 
conditions to verify the effect of trace elements on the tribo-
logical properties of improved ZA-8 alloy. The ZA-8 alloy 
and improved with Sn, Cd and Pb alloys showed higher wear 
resistance when compared with bearing bronze. Alemdağ 
et al. [12] prepared one binary Al-40Zn alloy with different 
mass percentages of copper and five ternary Al-40Zn-Cu 
alloys with different mass percentages of copper through 
using permanent mold casting.

The friction and wear characteristics of the ternary 
alloy were studied by using a coordinated block disk tester 
machine and compared with the results of SAE 65 bear-
ing bronze. The results showed that the highest mechani-
cal strength and wear-resisting properties were picked up 
with the Al-40Zn-3Cu alloy. Recent research has found that 
the addition of different coating materials to the metal sur-
face can increase the wear-resisting properties of the mate-
rial. Alam et al. [13] researched friction–wear properties 
of aluminum bronze coatings upon steel substrates sprayed 
through a low-pressure plasma technique. It was observed 
that this material has many advantages, such as dense micro-
structure, high hardness, low coefficient of friction and good 
wearing resistance, under the optimum operating conditions. 
Guo et al. [14] investigated the microscopic constructions 
and friction behavior of tin–bronze-based composite coat-
ings by cold spray. The results showed that the friction coef-
ficient and wear rate of bronze composite coating are lower 
than the bronze/TiN coating. Miguel et al. [15] reported the 
friction behavior of bronze composite coatings obtained 
to employ plasma thermal spraying techniques. It is found 
that the addition of alumina in bronze coatings significantly 
improved its wear resistance.

The above researches tried to improve the friction–wear 
properties of aluminum bronze, mainly by changing the per-
formance of the friction surface. Because friction and wear 
are not the inherent characteristics of the material but depend 
on the sliding conditions and the counterpart material, it is 
particularly important to study the influence of working con-
ditions on the friction–wear properties of aluminum bronze 
[16–20]. However, there is a lack of published work con-
cerning dry sliding friction–wear behaviors of aluminum 
bronze sliding bearing alloy at elevated temperatures.

In this study, with pins made of QAl10-4-4, the pin-on-
disk sliding tests are implemented under different rotat-
ing speed, loading and temperature conditions, where we 

analyze the evolution of the friction coefficient with time, 
as well as the evolution of pin mass after the end of the 
test. These tests are aimed to investigate the effect of work-
ing conditions on dry sliding friction and wear behaviors 
of aluminum bronze sliding bearing alloy while providing 
a theoretical basis for practical application of aluminum 
bronze bearing alloy.

2  Design of experiments

2.1  Aluminum bronze QAl10‑4‑4

Aluminum bronze QAl10-4-4 in the extruded state is rapidly 
cooled in the water at 10–35 °C after solid solution at 900 °C 
for 2 h. Then, aging treatment is performed at 450 °C for 
1 h, and the sample pin is taken out and air-cooled to room 
temperature. After machining the sample pin, its hardness is 
measured at 220 HB. The chemical composition of QAl10-
4-4 is depicted in Table 1.

2.2  Test conditions

Dry friction pin–disk simulation tests are conducted on a 
high-speed and high-temperature friction and wear testing 
machine MG-2000 (Fig. 1) to examine the friction and wear 
characteristics of QAl10-4-4 at high temperatures. The rotat-
ing speed, pressure and temperature of the setting are in 
ranges of 0–6000 rpm, 0–2000 N and 0–800 °C, respec-
tively. The pin diameter, friction disk thickness and rotating 
radius are 10, 10 and 30 mm, respectively. The friction disk 
is composed of 40Cr after quenching at 850 °C and low 
temperature at 150 °C. 40Cr is a kind of alloy structural steel 
with nice mechanical properties after tempering treatment. 
The chemical composition of 40Cr is depicted in Table 2.

All test samples are made from the same batch of heat-
treated materials. The end surface of the sample pin is pol-
ished to ensure that the roughness values of the end surfaces 
of the sample pin and sample disk are less than 0.08 and 
0.02 μm, respectively. The surface topography of the sample 
pin is characterized using a high-power optical microscope, 
as shown in Fig. 2.

2.3  Test scheme

The single-factor design method is used to investigate the 
influences of operating conditions (rotation speed � , load f  

Table 1  Chemical composition of aluminum bronze QAl10-4–4

Element Cu Sn Zn Pb P Ni Al Fe Mn Si Sum of impurities

Weight fraction/% allowance 0.1 0.5 0.02 0.01 3.5 ~ 5.5 9.5 ~ 11.0 3.5 ~ 5.5 0.3 0.1 1.0
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and temperature T  ) on the friction coefficient � (or average 
friction coefficient � ) and the wear extent Δm of the sample 
pin. Table 3 shows the test schemes.

The test procedures are as follows:

1. The surface of the new sample pin and disk is cleaned 
by alcohol. The weight of the sample pin is recorded as 
mq after drying.

2. The sample pin and disk are installed. The loading force, 
ambient temperature, rotation speed and running time 
are set.

3. The testing machine starts after the temperature is stable. 
The temperature, friction moment and friction coeffi-
cient of the sample pin are recorded.

4. The friction pair is separated after the test, the sam-
ple pin is cleaned and dried after cooling, and the new 
weight of the pin is recorded after the test as mh . Then, 
the wear extent can be calculated by Δm = mq − mh.

Fig. 1  High-speed and high-
temperature friction and wear 
testing machine (MG-2000)

Table 2  Chemical composition of 40Cr

Element Fe C Si Mn Cr Ni P S Cu Mo

Weight fraction/% allowance 0.37 ~ 0.44 0.17 ~ 0.37 0.50 ~ 0.80 0.80 ~ 1.10 ≤ 0.30 ≤ 0.035 ≤ 0.035 ≤ 0.030 ≤ 0.10

Fig. 2  The surface topography of the sample pin

Table 3  Parameters of single-
factor test

Test No. Rotation speed �/rpm Load f /N Temperature T/℃

1 150, 200, 250, 300, 350 120 200
2 250 40, 80, 120, 160, 200 200
3 250 120 100, 150, 200, 250, 300
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3  Results and analysis

3.1  Friction coefficient analysis

The test results in Fig. 3 show that the friction coefficient 
curve increases sharply at the beginning. The main reason 
is that a large number of rough peaks exist on the contact 
surface, the actual contact area is remarkably smaller than 
the apparent contact area, and many phenomena occur on 
the two contact surfaces, such as mutual extrusion and 
mutual embedding. In the following friction process, the 
rough peaks of the contact surface are smoothed, and its 
smoothness is improved, resulting in a decrease in the fric-
tion coefficient [21, 22]. Moreover, friction will generate 
substantial sliding heat, leading to increased tempera-
ture of the contact surface, softening, and reduced shear 
strength of the rough peak, thereby decreasing the friction 
coefficient. In the end, the friction coefficient curve rapidly 
declines with the increase in friction time and gradually 
fluctuates up and down the fixed value because the entire 

process is composed of different friction forms. As the 
friction process continues, the proportion of various fric-
tion forms will change, and alternations and interactions 
occur among them, thereby fluctuating the friction coef-
ficient. Furthermore, given that the oxide film on the metal 
contact surface is an alternating cycle of formation and 
failure in the entire friction process, the existence of the 
oxide film will reduce the friction coefficient and is the 
primary reason for its fluctuation [23–25].

Figure 4 shows the average friction coefficient under 
stable friction and wear stage (300–600 s of the results in 
Fig. 3). In Fig. 4a, when the rotating speed is low at the 
beginning ( � = 150 rpm), friction mainly occurs between 
the surface oxide films which plays a role in reducing fric-
tion and resistance. Hence, the average friction coefficient 
is small ( � = 0.0544) at this time. Before the rotation speed 
increases to � = 200 rpm, the increase in wear debris makes 
the metal matrix on the contact surface exposed, and the 
contact surface becomes rough, thereby increasing the aver-
age friction coefficient. After that, when the rotating speed 
increases further, the increase in sliding heat release makes 

Fig. 3  Influence of different operating conditions on friction coefficient: a speeds, b loads and c temperatures

Fig. 4  Variation of average friction coefficient � under different operating conditions: a rotation speeds, b loads and c temperatures
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the contact surface temperature increase. Consequently, the 
metal matrix becomes prone to oxidation and the oxide film 
is produced. Therefore, the average friction coefficient pre-
sents a decreasing trend and the average friction coefficient 
reaches a minimum ( � = 0.0744) at � = 300 rpm. However, 
when the rotating speed is excessively high, the intensifica-
tion of metal softening leads to adhesive wear between the 
contact surfaces and a sharp increase in the average fric-
tion coefficient. When the rotating speed � increases after 
300 rpm, the average friction coefficient increases sharply to 
� = 0.1421 at � = 350 rpm. In Fig. 4b, when the load is low, 
the low pressure on the contact surfaces makes the compres-
sive stress of each rough peak small and the depth of mutual 
embedding shallow. Hence, the actual contact area is small. 
Besides, under the action of minimal compressive stress, 
the large shear force on the rough peak makes the average 
friction coefficient large. With the increase in load, the num-
ber and size of contact points increase, thereby increasing 
the actual contact area. Moreover, the oxide wear debris 
produced by friction reduces the friction and resistance 
between the contact surfaces. Thus, when the load increases 
to f  = 160 N, the average friction coefficient reaches a mini-
mum ( � = 0.0696). The average friction coefficient increases 
slightly when the load f  is more than 160 N and reaches 
� = 0.0736 at f  = 200 N. The excessive load causes the com-
pressive stress of the contact surface to exceed its hardness 
value. Besides, the serious plastic deformation of the mate-
rial is serious results in a slight bonding effect. Thus, the 
average friction coefficient increases. In Fig. 4c, the influ-
ence of temperature on the friction coefficient of materials 
is closely related to the change of the contact surface. At 
T  = 100 °C, friction mainly occurs between the oxide lay-
ers on the surface, the average friction coefficient is low 
( � = 0.0851). As the temperature T  increases to 150 °C, the 
average friction coefficient � increases sharply to 0.1423. 
When the temperature T  increases to 200  °C, the elas-
tic–plastic deformation of the metal changes, the decrease 

in elastic and the increase in plasticity makes the friction 
scope expand, where the friction also exists between the 
oxide film and metal and between metal and metal, leading 
to an increase in the average friction coefficient. With the 
further increase in temperature, the exposed metal becomes 
prone to oxidation reaction, thereby forming oxides, which 
leads to a decrease in the average friction coefficient and 
reaches a minimum � = 0.0964 at T  = 250 °C. Over 250 °C, 
metal softening and adhesive wear intensify, thereby increas-
ing the average friction coefficient.

3.2  Wear analysis

Figure 5 shows the change of the wear extent with the oper-
ating conditions. In Fig. 5a, the measurement results show 
that the wear extent generally increases linearly with the 
increase in rotating speed. On the basis of Archard’s wear 
law, the wear extent is proportional to the sliding distance 
[26]. The increase in the rotating speed increases the temper-
ature on the contact surface, which results in the oxidation 
of the material and spalling of the oxide layer. Hence, the 
adhesive wear proportional to the temperature. In Fig. 5b, 
when the load is relatively small, the wear is mainly the 
contact of surface oxide, where the wear debris is mainly 
a single oxide, the wear extent is small ( Δm = 0.1555 g at 
f  = 40 N). When the load exceeds a certain critical value 
( f  = 80 N), the wear debris increases. At this moment, the 
wear extent increases to Δm = 0.14888 g and the wear is 
based on the metal matrix. In the high-temperature environ-
ment produced by sliding heat, the wear debris is mainly a 
mixture of Al, Cu, Fe, Mn and other metals and its various 
oxides, which lubricates the contact surfaces and leads to 
the decrease in wear extent. With the continuous increase 
in load, the proportion of this mixture increases. Hence, the 
wear extent decreases with the increase in load. In Fig. 5c, 
when the temperature T  is in the range of 100–200 °C, the 
contact of rough surface peak intensity is relatively high, 

Fig. 5  Variation of wear extent under different operating conditions: a rotating speeds, b loads and c temperatures
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making the actual contact area decrease and strengthening 
the shear resistance of rough peaks. Hence, the wear form is 
mainly the micro-cutting caused by abrasive wear. Besides, 
with the increase in the temperature, the bare metal matrix 
becomes prone to oxidation, thereby causing oxidation 
wear and increasing the wear extent. When the temperature 
increases further ( T  = 250 °C), the metal material softens 
the strength of rough peak decreases, making the actual 
contact area increase and the abrasive wear decrease. At 
this time, the wear form is mainly oxidation wear, reducing 
the wear extent. When the temperature is excessively high 
( T  = 300 °C), the softening of metal materials intensifies. At 
this time, the wear form is mainly adhesive wear, increasing 
the wear extent.

3.3  SEM analysis of wear surfaces

The friction sample pin surface was observed under a JSM-
7100F scanning electron microscope. Figure 6 presents the 
SEM images of the sample pin surface at different rotating 
speeds. At � = 150 rpm, the wear on the sample pin sur-
face is mainly oxidation wear. At � = 250 rpm, the sample 
pin surface shows an evident scale-layer distribution along 
the sliding direction. When the rotating speed � increases 
to 350 rpm, the scale-layer distribution of the sample pin 
surface along the sliding direction becomes wider. The 
scale edge of the sample pin surface is smoother than that at 

� = 250 rpm. The reason is that the sliding heat is propor-
tional to the rotating speed, resulting in high temperature 
on the sample pin surface. Figure 7 shows the SEM images 
of the sample pin surface at different loads. At f  = 40 N, 
the sample pin surface is smooth and even with additional 
areas of oxidation wear. At f  = 120 N, the sample pin surface 
has an evident squamous-layer distribution along the sliding 
direction. At f  = 200 N, the scaly-stratiform distribution on 
the sample pin surface along the sliding direction enlarges 
and deepens. Figure 8 depicts the SEM images of the sample 
pin surface at different temperatures. With the increase in 
temperature, the scaly-stratiform distribution of the sample 
pin surface enlarges, deepens, and widens along the sliding 
direction.

3.4  EDS analysis of wear surfaces

The energy spectrum analysis of the sample pin surface 
after friction was performed using a JSM-7100F scanning 
electron microscope. Table 4 shows the EDS results of 
the sample pin surface at different rotating speeds. When 
the � = 350  rpm, the exposed metal matrix is further 
prone to oxidation because of the increase in sliding heat 
at high speed, thereby enriching the Oxygen on the sam-
ple pin surface. Thus, the wear form is mainly adhesive 
wear. Table 5 shows the EDS results of the sample pin 
surface at different loads. When the load is 200 N, the 

Fig. 6  SEM images at different rotation speeds � : a 150 rpm, b 250 rpm and c 350 rpm

Fig. 7  SEM images at different loads f  : a 40 N, b 120 N and c 200 N
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high compressive stress on the contact surface enlarges the 
plastic shape variable of the rough peak of the contact sur-
face, increasing the exposed amount of metal matrix and 
the amount of wear debris as well as its types, the plastic 
deformation leads to a large amount of heat generated on 
the contact surface, resulting in the enrichment of oxygen 
on the sample pin surface. Table 6 shows the EDS images 
of the sample pin surface at different temperatures. When 
the temperature is low, the wear form is mainly abrasive 
wear as the material is hard. With the increase in tempera-
ture, the metal material is softened, decreasing the abra-
sive wear and increasing the proportion of adhesive wear. 
The increase in the susceptibility of the exposed metal 
matrix to react with oxygen at high temperatures forms 

an oxide film with lubrication property and increasing the 
content of Oxygen.

4  Conclusions

A pin–disk test of the aluminum bronze QAl10-4-4 com-
monly used in joint bearings of rescue robots was conducted 
on a high-speed and high-temperature friction and wear test-
ing machine (MG-2000). This test aims to explore the influ-
ences of rotating speed, load and temperature on the high-
temperature dry sliding friction and wear characteristics of 
the material. The main conclusions are as follows: (1) The 
average friction coefficient first increases, then decreases 
and then increases again with the increase in rotating speed; 
and it reaches the minimum value when the rotating speed 
is 300 rpm. The average friction coefficient first decreases 
and then increases with the increase in load, and it reaches 
the minimum value when the load is 160 N. The average 
friction coefficient first increases, then decreases and then 
increases with the increase in temperature, and it reaches 
the minimum value when the temperature is 100 °C. (2) The 
wear extent increases linearly with the increase in rotating 
speed. This phenomenon conforms to Archard’s wear law. 
With the increase in load, the wear extent first increases and 
then decreases, mainly due to the change in the property of 
wear debris. The wear extent first increases, then decreases 
and then increases with the increase in temperature, mainly 
because the temperature changes the elastic–plastic defor-
mation of the contact surface of the material, which leads 
to the constant change in the wear form. (3) Rotating speed 
mainly affects the friction and wear characteristics of the 
material through sliding heat. With the increase in rotating 
speed, the wear form of the material is transformed into oxi-
dative wear → adhesive wear → oxidative wear → adhesive 
wear. The load mainly affects the friction and wear charac-
teristics of the material through the actual contact area and 
debris properties. With the increase in load, the wear form 
of the material is transformed into oxidative wear → adhe-
sive wear. Temperature mainly affects the friction and wear 

Fig. 8  SEM images at different temperatures T  : a 100 °C, b 200 °C and c 300 °C

Table 4  EDS results at different rotation speeds �

Rotation speed �
/rpm

Cu/% O/% Al/% Fe/%

150 65.03 19.28 11.11 4.58
250 56.86 23.75 9.36 10.03
350 58.23 29.00 9.52 3.25

Table 5  EDS results at different loads f

Loads f /N Cu/% O/% Al/% Fe/%

40 65.04 17.89 10.73 6.34
120 56.86 23.75 9.36 10.03
200 51.62 37.63 9.14 1.61

Table 6  EDS results at different temperatures T

Temperatures 
T/°C

Cu/% O/% Al/% Fe/%

100 64.34 24.03 9.69 1.94
200 56.86 23.75 9.36 10.03
300 57.83 26.87 8.84 6.46
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characteristics of the material through the surface layer prop-
erties. With the increase in temperature, the wear form of 
the material is transformed into oxidative wear → abrasive 
wear → adhesive wear.
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