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EffEct of opErating conditions on thE tribological bEhavior of Zn-30al-3cu bEaring alloy

To determine the relationships between operating conditions and tribological properties of Zn-30Al-3Cu alloy, its wear char-
acteristics were investigated at wide ranges of oil flow rate, pressure and sliding velocity using a block-on-disk type test apparatus. 
The results are compared to those of SAE 660 leaded bearing bronze. Wear loss of these materials increased with sliding distance, 
pressure and sliding velocity, but decreased slightly with oil flow rate. The relationships between operating conditions and lubri-
cated wear properties of Zn-30Al-3Cu alloy were determined by nonlinear regression analysis of the experimental data. Lubricated 
wear behavior of the zinc-based alloy was discussed in terms its microstructure and mechanical properties, and test conditions.
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1. introduction

Zinc-based commercial alloys began to appear in the market 
in the late 1920s [1-3]. During the Second World War due to the 
difficulties encountered in the supply of conventional bearing 
materials, efforts were made to develop new zinc-based bearing 
alloys [4-6]. Extensive and intensive research on these alloys 
resulted in the development of several engineering materials such 
as Za-8, Za-12, Za-27, alZen 305 and alZen 501 [7-11]. 
These studies also showed that the zinc-based alloys have superior 
properties compared to traditional bearing alloys including white 
metal (Babbit), bronze, brass and cast iron [4-6,9,12-14]. These 
advantages can be stated as easy and economical production, 
good fluidity and castability, high specific strength, high wear 
resistance, good tribological behavior even in the case of insuf-
ficient lubrication and high damping capacity [6,7,15-17]. The 
commercial alloy designated as alZen 305 (Zn-30al-5Cu) was 
the first zinc-based alloy developed for bearing applications. re-
search studies have led to the development of several Zn-30Al and 
Zn-40Al based alloys with copper and/or silicon [12,14,16,18]. 
Further studies showed that Zn-30Al-3Cu alloy has a perfect 
combination of strength, ductility, and wear resistance [18]. This 
means that it has the highest quality index value and wear resist-
ance among the Zn-30Al-based ternary alloys [18]. Since copper 
is an expensive metal, the lower copper content of it provides 
economic advantages over the commercial alZen 305 alloy. Dry 

wear characteristics of this alloy have been studied at different 
pressures and sliding velocities [18]. However, the effects of op-
erating parameters including contact pressure, sliding velocity and 
oil flow rate (OFr) on the lubricated wear characteristics of this 
alloy have not been investigated in a systemic manner. Moreover, 
the relationships between test parameters and lubricated wear 
behavior of this alloy have not been determined. Therefore, the 
aim of this study is to determine the relationships between the 
operating conditions (contact pressure, sliding velocity and oil 
flow rate) and tribological properties (friction coefficient, tem-
perature, and wear loss) of Zn-30Al-3Cu alloy. This study can 
be considered as the continuation of the work reported in [18].

2. Materials and methods

Zn-30Al-3Cu alloy was produced by permanent mold cast-
ing as described in [18]. SAE 660 bearing bronze was also used 
in this work for comparison purposes. The zinc-based alloy and 
the bronze were analyzed by atomic absorption spectroscopy. 
Samples for metallography were prepared by standard pro-
cedures including molding, grinding, polishing, and etching. 
 Zn-30al-3Cu alloy was etched with % 20 nital (% 20 nitric acid 
+ % 80 ethanol). The microstructure of the zinc-based alloy was 
studied using a JeOl 6400 model scanning electron microscope 
(Sem) at an accelerating voltage of 15 kv. The phases in the 
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microstructure were identified by metallographic examinations 
and energy dispersive X-ray spectroscopy (EDS) analysis.  
X-ray diffraction studies were also performed to verify the phases 
of the zinc-based alloy using Cukα radiation the wavelength of 
which is 1.542 Å.

The hardness of the experimental materials was measured 
with a rockwell hardness tester using the F scale and converted 
into Brinell hardness number. Tensile and compression tests 
were carried out on the specimens with the dimensions (diam-
eter × length) of 10 mm × 50 mm and 10 mm × 10 mm at a strain 
rate of 4 × 10–3 s–1 according to TS 138 en 10002-1 (aSTm 
e-8) and TS en 206 (aSTm e-9) standards, respectively. The 
impact energy of both materials was measured by the Charpy 
method using the specimens with dimensions of 10 mm × 10 mm 
× 55 mm. as described in the literature [18]. The values of the 
mechanical properties were determined by taking the average 
of three measurements.

Lubricated wear properties of the zinc-based alloy and the 
bronze were studied with a block-on-disk type tester (Fig. 1). This 
wear tester simulates the contact between the shaft and the journal 
bearing to a certain extent. The disk was made from Sae 1045 
steel (Fe-0.46%C-0.6%mn-0.035%p-0.03%S) with a diameter of 
200 mm. It was subjected to hardening and tempering treatment 
to obtain a hardness of 50 HrC. Wear specimens (block) with the 
size of 10 × 15 × 26.6 mm were prepared from the materials by 
milling and turning operations. The wear specimens and the disk 

were ground and polished to keep their average surface rough-
ness below 1 µm. Surface roughness of the wear samples was 
measured by a contact type measuring device (maHr marSurf 
m 300) before and after each test. Sae 20W/50 engine oil was 
used as lubricant for the wear tests. 

Two types of wear tests were carried out in this work. 
These were long and short distance tests. Long distance wear 
tests were conducted at a constant pressure (6 mpa), sliding 
velocity (2  ms–1) and OFr (1 cm3 h–1) for a sliding distance 
(SD) of 108 km. The short distance wear tests were performed at 
eight different contact pressures (1-8 mpa), six different sliding 
velocities (0.5-3 ms–1) and six different oil flow rates (OFrs) 
(0.5-3 cm3 h–1) for a SD of 20 km. The long-distance tests were 
applied to evaluate the general wear behavior of the zinc-based al-
loy and the bronze under moderate test conditions. However, the 
short distance tests were conducted to determine the relationships 
between the test parameters and the lubricated wear properties of 
these materials. The friction force was measured by a load cell 
and the friction coefficient (FC) of the zinc-based alloy and the 
bronze were determined by the ratio between friction and normal 
forces. The temperature of the wear specimens was measured 
by a T-type thermocouple (Cu-Cuni). The wear specimens were 
cleaned in an ultrasonic cleaner using trichloroethylene (C2HCl3) 
and ethanol-acetone mixture and then weighted to determine the 
mass loss using an analytical balance with a precision of 0.01 
mg, before and after the tests. The contact surface of the disk 

Fig. 1. (a) Schematic illustration and (b) close up view of the wear test machine, and (c) technical drawing of the wear test sample
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was also cleaned with appropriate solvents before and after the 
tests. Some of the wear tests were repeated twice to obtain reli-
able results. Wear loss values were determined by calculating 
the mass loss/density ratios for the alloy and the bronze. Worn 
surfaces of the samples were studied using secondary electron 
(SE) imaging mode of SEM and EDS technique.

3. results

Chemical compositions of the zinc-based alloy and the 
bronze are given in TABLE 1. The metallographic structure of 
Zn-30al-3Cu alloy consisted of β dendrites, eutectoid mixture 

of α + η phases and intermetallic ε (CuZn4) phases as shown 
in Fig. 2(a). The X-ray diffraction pattern obtained from this 
alloy confirmed the presence of the phases (α, β, η and ε) in 
its microstructure, Fig. 2(b). The microstructure of SAE 660 
bearing bronze is composed of α dendrites, eutectoid mixture 
of α + δ phases and a lead phase, Fig. 3. 

relevant mechanical properties of the experimental ma-
terials are given in TABLE 2. This table shows that the zinc-
based alloy has higher hardness and tensile strength but lower 
compressive strength, impact energy and elongation to fracture 
than the bronze. 

TABLE 1
Chemical compositions of the alloy and the bronze

Material
chemical composition (wt. %)

Zn al cu sn pb
Zn-30Al-3Cu alloy 67.1 29.8 3.1 — —

SAE 660 bronze 2.6 — 83.9 7.1 6.4

Some wear tests were repeated twice and the differences 
between two readings were observed to be less than 2% of the 
mean value of the test parameters. This means that the measure-
ment error or range of scatter had no noticeable effect on the 
shape and position of the friction coefficient, temperature and 
wear curves of the experimental materials. 

Fig. 3. Metallographic structure of SAE 660 leaded bronze

The plots showing the changes in FC, temperature, and 
wear loss of the test materials with SD are given in Fig. 4(a)-(c). 
The temperature in this study corresponds to the temperature of 

TABLE 2
Mechanical properties of the experimental materials

Material hardness
(bhn)

Ultimate tensile strength
(Mpa)

compressive strength
(Mpa)

impact energy
(J)

Elongation to fracture 
(%)

Zn-30Al-3Cu alloy 104±4 350±6 870±10 3.5±1 10.3±0.8
SAE 660 bronze 87±3 280±5 1075±12 12.9±1.5 12±1

Fig. 2. (a) Metallographic structure and (b) X-ray diffraction pattern 
of Zn-30Al-3Cu alloy
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the specimens measured at the end of the wear tests. The curves 
of this figure show that the friction coefficient of both materials 
decreases at the early stage of the test and becomes constant after 
a SD of about 20 km. Their temperatures increased sharply with 
sliding velocity at the start of the test and reached steady states 
after a SD of about 20 km. However, the measured wear loss 
values increased with increasing SD. 

The curves of FC, temperature, and wear loss of the ex-
perimental materials versus pressure are given in Fig. 5. These 

curves show that the FC of these materials decreases, but their 
temperature and wear loss rise with increasing pressure.

Fig. 6 shows the changes in FC, temperature, and wear 
loss of both materials with sliding velocity. All these parameters 
increased with increasing sliding velocity. The increasing trend 
is more evident above a sliding speed of 2 ms–1.

The changes in FC, temperature, and wear loss of the test 
materials with OFr are presented in Fig. 7. The FC, temperature 
and wear loss of the experimental materials decreased as the 

Fig. 4. plots of (a) FC, (b) temperature and (c) wear loss versus SD for 
the alloy and the bronze tested at the given pressure, sliding velocity 
and OFr for a SD of 108 km

Fig. 5. plots of (a) FC, (b) temperature and (c) wear loss versus pres-
sure for the materials tested at the given sliding velocity and OFr for 
a SD of 20 km
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the pressure increased. However, its temperature and wear loss 
increased with these parameters.

Worn surfaces of the specimens of the zinc-based alloy 
were characterized mainly by smearing of the adhered material, 
Figs. 9-11. These micrographs show that the area of the smeared 
region on the worn surface of the alloy samples increased with 
increasing pressure and sliding velocity. The worn surfaces of the 
bronze samples revealed both smeared material and scratches, 

Fig. 6. plots of (a) FC, (b) temperature and (c) wear loss versus sliding 
velocity for the experimental materials tested at the given pressure and 
OFr for a SD of 20 km

Fig. 7. plots of (a) FC, (b) temperature and (c) wear loss versus OFr 
for the experimental materials tested at the given pressure and sliding 
speed for a SD of 20 km

OFr increased. However, above an OFr of 2.5 cm3 h–1, these 
properties of the alloy showed a slight increase. All these plots 
show that under all the operating conditions, Zn-30Al-3Cu alloy 
exhibits lower FC, temperature, and wear loss than the bronze.

Three-dimensional (3D) plots showing the effect of both 
pressure and sliding velocity on the FC, temperature, and wear 
loss of Zn-30Al-3Cu alloy are given in Fig. 8(a)-(c). The FC of 
the alloy increased with increasing velocity but decreased as 
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Fig. 12. It was observed that the area of the smeared region and 
the number of scratches increased as the pressure and sliding 
velocity was raised. However, OFr showed no regular effect on 
the worn surface characteristics of both the alloy and the bronze. 
no microstructural alterations were noticed under the worn sur-
face of the alloy and the bronze, as shown in Fig. 13(a) and (b).

4. discussion

The structure of Zn-30Al-3Cu alloy is composed of the zinc-
rich η and β phases, eutectoid mixture of (α + η) and ε (CuZn4) 
particles, Fig. 2a. Occurrence of this microstructure was attrib-
uted to the phase changes that occur during solidification of the 
alloy and solid solubility of copper in zinc and aluminum [18-22]. 

The friction coefficient of both materials subjected to wear 
test at constant pressure (6 mpa), sliding velocity (2 ms–1) and 
OFr of 1 cm3 h–1 for a SD of 108 km, decreased rapidly at the 
beginning of the test, Fig. 4(a). However, their temperatures 
increased rapidly and reached constant levels at a SD of about 
20 km, Fig. 4(b). The wear loss values also showed a rapid in-
crease at the start of the test, but the rate of increase decreased 
as the SD increased, Fig. 4(c). The rapid decrement in the fric-
tion coefficient at the beginning of the wear tests is due to the 
transition from dry to lubricated friction, but the rapid increase 
in temperature and wear volume values can be attributed to the 
sample and disk contact that occurs due to insufficient oil film 
thickness (OFT) [22-24]. The OFT increases with increasing SD, 
and when it becomes sufficient to separate the rubbing surfaces 
both the FC and the temperature reach steady states.

The friction coefficients of both materials subjected to wear 
tests at constant sliding speed (2 ms–1) and OFr (1 cm3 h–1) 
decreased, but their temperature and wear loss increased with 
rising pressure, Fig. 5(a)-(c). This observation may be related 
to the lubrication regime. According to Stribeck curve, the FC 
of the lubricated systems decreases with increasing contact 
pressure only in the hydrodynamic or full film lubrication re-
gime [17,23,24]. in addition, as the pressure increases the OFT 
decreases. This results in a decrement in the FC by reducing 
the friction between the oil molecules. The increase in their 
temperature and wear loss may be attributed to the rise in the 
contact area, friction force and frictional heat with increasing 
pressure especially in the running-in period.

FC, temperature, and wear loss of the materials tested at 
constant pressure (6 mpa) and OFr (1 cm3 h–1) increased with 
rising sliding velocity, and the increase became more evident 
above a sliding velocity of 2 ms–1, Fig. 6(a)-(c). This can be 
related to the centrifugal force acting on the lubricating oil. As 
the sliding velocity rises, the centrifugal force acting on the 
oil increases. Increased centrifugal force causes more oil to be 
scattered away or removed from the disk surface. This gives rise 
to a decrement in the amount of oil and the OFT between the 
disk and the sample surfaces. In this case, the cooling effect of 
the lubricating oil decreases. In addition, as the sliding veloc-
ity increases, it becomes difficult to remove the frictional heat 

Fig. 8. 3D plots showing the effect of pressure and sliding velocity on 
(a) FC, (b) temperature and (c) wear loss of Zn-30Al-3Cu alloy tested 
at an OFr of 1cm3 h–1 for a SD of 20 km
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Fig. 9. Sem micrographs showing the worn surfaces of the alloy tested at constant OFr (1 cm3 h–1) and sliding velocity (2 ms–1), but different 
pressures of (a) 1 mpa and (b) 8 mpa for a SD of 20 km

Fig. 10. Worn surfaces of the alloy tested at constant OFr (1 cm3 h–1) and pressure (6 mpa), but different sliding velocities of (a) 0.5 ms–1 and 
(b) 2.5 ms–1 for a SD of 20 km

Fig. 11. Worn surfaces of the alloy tested at constant pressure (6 mpa) and sliding velocity (2 ms–1), but different OFrs of (a) 0.5 cm3 h–1 and 
(b) 3 cm3 h–1 for a SD of 20 km

from the surfaces due to lack of time. For these reasons, as the 
sliding velocity increases, the temperatures of the alloy and the 
bronze increase. As the temperature increases, the viscosity of 
the lubricating oil decreases, and this causes a decrement in the 

friction between the oil molecules. The increase in the wear loss 
can be related to metal-to-metal contact that occurs mainly during 
the running-in stage. Although the increase in sliding velocity 
shortens the test period, the increase in the amount of oil scattered 
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from the disk surface due to centrifugal force, extends the time 
for the formation of oil film with sufficient thickness. This can 
cause an increment in the wear loss by extending the period of 
metal-to-metal contact between the sample and the disk surfaces. 

Friction coefficient, temperature and wear loss of the ma-
terials tested at a constant pressure (6 mpa) and sliding velocity 

(2 ms–1) decreased with increasing OFr, but the trend reversed 
above a level of 2.5 cm3 h–1, Fig. 7(a)-(c). This observation 
can be explained according to the OFT. it is known that as the 
OFr increases the time or the number of revolutions necessary 
for the formation of oil film with adequate thickness decreases 
[23,24]. This also means that as the OFr increases the stage of 

Fig. 12. Worn surfaces of Sae 660 bronze tested at (a) a pressure of 8 mpa (sliding velocity = 2 ms–1 and OFr = 1 cm3 h–1) (b) a sliding velocity 
of 2.5 ms–1 (pressure = 6 mpa and OFr = 1 cm3 h–1) (c) an OFr of 3 cm3 h–1 (pressure = 6 mpa and sliding velocity = 2 ms–1) for a SD of 20 km

Fig. 13. Subsurface microstructures of the wear samples of (a) the zinc-based alloy and (b) Sae 660 bronze tested at a constant pressure (6 mpa), 
sliding velocity (2.5 ms–1) and OFr (1 cm3 h–1) for a SD of 108 km
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the boundary lubrication or duration of metal-to-metal contact 
decreases. Since most of the wear in the lubricated systems 
occurs during running-in period or boundary lubrication stage, 
the FC and wear loss are expected to decrease with increas-
ing OFr. 

The relationships between the operating conditions (pres-
sure and sliding velocity) and the wear properties (wear loss, 
friction coefficient and temperature) of Zn-30Al-3Cu alloy are 
determined by nonlinear regression analysis at a constant OFr 
of 1 cm3 h–1 for a SD of 20 km, and given below: 

 ∆v = –0.0552 + 0.1681v – 0.0528p – 0.0163v2 + 
 + 0.0138p2 (1)

 FC = 0.0521 – 0.0028v – 0.0048p + 0.0062v2 + 
 + 0.0002p2 (2)

 T = 22.6949 – 2.8139v + 3.5563p + 
 + 2.7243v2 – 0.0952p2 (3)

in these equations, ∆v is the wear loss [mm3], FC is friction 
coefficient, T is temperature [°C], p is pressure [mpa] and v is 
sliding velocity [ms–1]. The values of coefficient of determina-
tion (r2) for these relationships were determined as 0.84, 0.87 
and 0.95, respectively. This means that the values of Δv, μ and 
T can be calculated in terms of p and v with the confidences of 
84%, 87% and 95%, respectively.

Mathematical evaluation of these equations showed that 
the contact pressure is more effective on the wear loss and 
temperature of the zinc-based alloy, but pressure and sliding 
velocity have approximately the same influence on its friction 
coefficient, as seen in TABLE 3.

TABLE 3

Effect of test variables on the wear properties of the alloy

test 
parameter

percent 
change in test 

parameter 
(%)

percent 
change in 
friction 

coefficient 
(%)

percent 
change in 

temperature 
(%)

percent 
change in 
wear loss 

(%)

pressure
100 21.7 23.0 181.7
200 27.3 34.0 453.1

Sliding 
velocity

100 20.7 7.9 93.9
200 29.6 8.3 211.9

The FC, temperature and wear loss values of SAE 660 
bronze tested at the same conditions were found to be much 
higher than those of the zinc-based alloy. This finding can be 
explained in terms of their microstructures, mechanical proper-
ties, and wear behavior. Zinc-based ternary or quaternary alloys 
are known to have an ideal microstructure for bearing purposes 
as consisting of soft and relatively hard phases. The soft phase 
facilitates sliding while the hard phase increases the load-carrying 
capacity [14,18,25]. in addition, zinc and aluminum oxide films 
form on the rubbing surfaces of the alloy samples also facilitate 
sliding and increase wear resistance [26]. presence of smeared 

material and scratches on the wear samples of the bronze (Fig. 12) 
indicates that adhesion and abrasion are the major wear mecha-
nisms for this material [16,18,27]. The scratches are probably 
made by the hard δ phase particles when they are removed from 
the sample surface due to wear. Since the abrasion becomes more 
evident with rising pressure and velocity, the values of the wear 
properties are expected to increase with these test variables. 

SEM micrographs of the wear specimens of the experimen-
tal materials showed that the area of the smeared regions of the 
worn surfaces increased with increasing pressure and the sliding 
velocity, Figs 9-12. This can be associated with the observed 
increment in the wear loss with increasing pressure and the 
sliding velocity, Figs. 5(c) and 6(c). as the wear loss increases 
more wear material becomes available to adhere to the wear 
surfaces and this causes an increase in the smeared region. The 
EDS analysis showed that the smeared material is essentially 
oxidized zinc-based alloy. The oxygen content of this material 
was about 15%. The eDS analysis also showed that the zinc and 
aluminum contents of this material decreased considerably due 
to oxidation. The decreases were about 8% and 2% in zinc and 
aluminum contents, respectively. However, more scratches were 
noticed on the worn surface of the bronze samples compared 
to those of the alloy. These observations indicate that adhesive 
wear is the main mechanism for the alloy but wear of the bronze 
occurs due to both adhesion and abrasion [18,21].

no microstructural alterations were observed under the 
worn surface of the zinc-based alloy and the bronze even at 
a SD of 108 km, Fig. 13(a) and (b). This indicates that the 
levels of the pressure and sliding velocity were not sufficient 
to cause microstructural changes in the wear specimens of the 
experimental materials.

Finally, it can be concluded that the relationships between 
operating parameters and lubricated wear properties of zinc-
aluminum based bearing alloys were determined for the first 
time in this work.

5. conclusions

The following conclusions are drawn from the discussion 
of the experimental results of the present work:
1. Friction coefficient of both experimental materials de-

creases with increasing oil flow rate and contact pressure 
but shows a slight increase with sliding velocity.

2. Wear loss of the experimental materials increases with 
sliding distance, contact pressure and sliding velocity, but 
decreases slightly as the oil flow rate increases.

3. under lubricated conditions wear loss, coefficient of friction 
and temperature of Zn-30Al-3Cu alloy can be calculated 
according to contact pressure and sliding velocity using the 
equations determined by nonlinear regression analysis and 
given in the Discussion section. These equations indicate 
that contact pressure is more influential on the wear loss 
and temperature of the alloy, but its friction coefficient has 
almost the same sensitivity to pressure and sliding velocity.
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4. Zn-30Al-3Cu alloy shows lower friction coefficient, 
temperature, and wear loss than SAE 660 bronze during 
lubricated sliding.

5. adhesion is the dominant wear mechanism for the zinc-
based alloy, but the wear of the bronze occurs due to adhe-
sion and abrasion under lubricated conditions.
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