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To assess the effect of silicon content (SC) and test parameters on the lubri-
cated wear of Zn-30 wt.% Al-3 wt.% Cu-(0.5–5) wt.% Si alloys, six quaternary
alloys were produced by casting. Their wear properties were investigated at
different ranges of contact pressure (CP) of 1–8 MPa and sliding velocity (SV)
of 1–3 ms�1 for two different sliding distances (SD) of 20 km and 108 km. It
was observed that Si addition (SA) improved the tribological properties of Zn-
30Al-3Cu alloy, but an increase in the SC above a certain percentage (0.5%)
adversely affected these properties. Therefore, Zn-30Al-3Cu-0.5Si alloy
demonstrated the lowest friction coefficient (FC) and wear volume (WV)
among the alloys tested. The correlations between the lubricated wear prop-
erties (FC and WV) of the alloys and test conditions (CP and SV) were made by
non-linear regression analysis using the wear test data. Finally, the equations
for the relationship between the wear properties of the alloys and the test
parameters were determined.

INTRODUCTION

Extensive studies on monotectoid Zn-Al-based
alloys during the 1940s led to the development of
a commercial alloy named ALZEN 305 (Zn-30Al-
5Cu).1–7 This alloy was also called white bronze and
demonstrated a relatively low FC, high wear resis-
tance (WR), low specific weight, good embeddability,
high damping capacity, and stable pricing.1,5,6

These alloys have found wide range of usage in
several engineering applications.8–14 However, their
copper content (CC) is considerably high, and copper
is a relatively expensive strategic metal.15–17 There-
fore, later studies concentrated on the determina-
tion of the optimum CC of this alloy. Following
recent systematic research about the influence of
copper addition on the structure and properties of
binary Zn-30Al alloy, a new ternary alloy (Zn-30Al-
3Cu) was developed.18,19 This alloy exhibited a
higher quality index value and WR than ALZEN
305 alloy and SAE 660 bronze.19 This means that a
small amount (2%) of reduction in the CC of ALZEN
305 not only provides economic advantages but also
improves its tribological properties. Later work

revealed that the addition of silicon increases the
hardness of this alloy, but reduces its strength and
ductility.20 However, silicon additions had no regu-
lar influence on the dry wear properties of this
alloy.20 These observations were referred to the
distribution, size, and volume fraction of the hard
and brittle silicon particles.20 This implies that the
SC of Zn-30Al-3Cu-Si alloys should be optimized for
engineering and tribological applications. However,
no research has been conducted on the lubricated
wear characteristics of Si-containing Zn-30Al-3Cu-
based alloys. Therefore, the aim of this work is to
study the lubricated wear characteristics of Zn-
30Al-3Cu-Si alloys at different contact pressures
(CPs) and sliding velocities (SVs) and determine the
optimum SC and operating parameters for plain
bearing applications.

MATERIALS AND METHODS

Zn-30 wt.% Al-3 wt.% Cu-(0.5–5) wt.% Si alloys
were produced by metal mold casting using pure
aluminum, zinc, and master alloys of Al-50 wt.% Cu
and Al-12 wt.% Si. Their chemical compositions
were determined by optical emission spectroscopy
method. The microstructures of these alloys were
studied using a scanning electron microscope
(SEM), and their phases were determined by energy
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dispersive spectroscopy (EDS) and X-ray diffraction
techniques as reported in the published articles and
thesis.18–20

The hardness (H), strength, and ductility of the
alloys were measured by hardness, tensile, com-
pression, and impact tests as described in detail in
the previously published articles and thesis.18–20

The H of the alloys was measured using a Rockwell
tester, and the readings were subsequently con-
verted to Brinell hardness number (BHN). Tensile
and compression tests were performed on the cylin-
drical specimens at a strain rate of 4 9 10�3 s�1

according to TS 138 EN 10002-1 (ASTM E-8) and TS
EN 206 (ASTM E-9) standards, respectively. At
least three tests were performed to calculate the
mean values of H, ultimate tensile strength (UTS),
percent elongation (PE), and compressive strength
(CS) of the alloys. Lubricated wear properties of the
alloys were studied using a block-on-disk type tester
whose technical drawing is given in Fig. 1. The wear
tests were conducted at an oil flow rate (OFR) of
1 cm3 h�1 and in the ranges of CP of 1–8 MPa and
SV of 1–3 ms�1 for a SD of 20 km. To study the
influence of SD on the wear properties of the alloys,
long-distance (108 km) tests were carried out at an
OFR of 1 cm3 h�1, CP of 6 MPa, and SV of 2 ms�1.
Some wear tests were repeated twice to check the
reliability of the experimental data. However, the
differences between the measurements were
observed to be not greater than 2% of the average
value of the properties. This indicates that the
measurement error or the extent of variation had no
significant influence on the shape and order of the
wear curves plotted.

RESULTS

The chemical compositions of the alloys deter-
mined by arc spark optical emission spectroscopy
are given in Table I. SEM micrographs of Zn-30Al-
3Cu-0.5Si, Zn-30Al-3Cu-3Si, and Zn-30Al-3Cu-5Si

alloys are given in Fig. 2a–c, respectively. These
micrographs show that the microstructure of these
alloys is composed of b dendrites together with
eutectoid reaction products of a + g phases and e
(CuZn4) and Si particles. The effects of SC on the
mechanical properties of the alloys are shown in
Fig. 3.

The FC and WV versus SD curves for Zn-30Al-
3Cu-(0.5–5)Si alloys subjected to wear tests at an
OFR of 1 cm3 h�1, CP of 6 MPa, and SV of 2 ms�1

for a total SD of 108 km are shown in Fig. 4. These
curves show that the FC of the alloys becomes
almost constant after an SD of about 20 km, follow-
ing an instant increment and a sharp decrement at
the start of the test run (Fig. 4a). However, their
WV reached a steady state after an SD of approx-
imately 60 km following an initial increase (Fig. 4b).

The curves of FC and WV versus SC for the alloys
tested at an OFR of 1 cm3 h�1, CP of 6 MPa, and SV
of 2 ms�1 for an SD of 20 km are shown in Fig. 5.
The FC and WV of the alloys show quite a sharp
increment with increasing SC, but when the SC
exceeds 2%, the rate of increase decreases and both
properties reach almost steady states.

Fig. 1. Technical drawing of the wear tester.

Table I. Chemical composition of the alloys

Alloy

Chemical composition (wt.%)

Zn Al Cu Si

Zn-30Al-3Cu 67.1 29.8 3.1 –
Zn-30Al-3Cu-0.5Si 66.4 30.2 2.9 0.5
Zn-30Al-3Cu-1Si 66.7 29.9 2.9 1.1
Zn-30Al-3Cu-2Si 66.1 30.1 3.1 1.9
Zn-30Al-3Cu-3Si 63.9 30.2 3 2.9
Zn-30Al-3Cu-4Si 63.1 30.1 2.9 3.9
Zn-30Al-3Cu-5Si 61.7 30.1 3.1 5.1
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Fig. 2. SEM micrographs of (a) Zn-30Al-3Cu-0.5Si, (b) Zn-30Al-3Cu-3Si, and (c) Zn-30Al-3Cu-5Si alloys.

Fig. 3. Bar charts show the effect of silicon content on the mechanical properties of Zn-30Al-3Cu-Si alloys.
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The curves of FC and WV versus CP for the alloys
are presented in Fig. 6. These curves show that the
FCs of the alloys decrease, but their WVs increase
with increasing CP.

The curves of FC and WV versus SV for the alloys
are shown in Fig. 7. These curves demonstrate that
the FC and WV of the alloys increase almost linearly
with increasing SV, but the values of these proper-
ties of Zn-30Al-3Cu-0.5Si alloy show the lowest rate
of increase.

The three-dimensional (3D) graphs illustrating
the changes in FC and WV with both SC and SD are
given in Fig. 8. The FC and WV of the alloys
exhibited a non-linear increase with increasing SC
after showing their lowest levels at 0.5% Si.

The 3D graphs showing the changes in FC and
WV with both SC and CP are given in Fig. 9. The FC
of the alloys increases with increasing SC but
decreases as the CP increases (Fig. 9a). However,
the rates of increase in their WV with SC and CP
were observed to be quite different from each other
(Fig. 9b).

Three-dimensional plots illustrating the changes
in FC and WV with both SC and SV are given in
Fig. 10. These plots show that the FC and WV
values of the alloys increase with increasing SC,
starting from their lowest levels at 0.5% Si. These
properties of the alloys increase almost linearly with
SV.

SEM views of the wear surface of Zn-30Al-3Cu-
0.5Si and Zn-30Al-3Cu-5Si alloys tested at an OFR
of 1 cm3 h�1, CP of 6 MPa, and SV of 2 ms�1 for a
SD of 108 km are shown in Fig. 11. Scratches and
smeared regions were observed on their worn

Fig. 4. Curves represent the variations in (a) FC and (b) WV of Zn-
30Al-Cu-(0.5-5)Si alloys with SD.

Fig. 5. Curves show the variations in FC and WV of the alloys with SC.
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surfaces, and as the SC increased the area of the
smeared regions increased and the scratches
became more pronounced.

DISCUSSION

The FC of the alloys subjected to wear tests at an
OFR of 1 cm3 h�1, CP of 6 MPa, and SV of 2 ms�1

for an SD of 108 km decreased rapidly and reached
a steady state after approximately 20 km following
a sudden initial increase, as shown in Fig. 4a.
However, their WVs reached steady states following
a sharp rise at the early stage of the tests (Fig. 4b).
The rapid decrease in FC of the alloys at the start of
the wear tests can be attributed to the transition
from dry to lubricated sliding, and the increment in
their WV results from asperity contact owing to
insufficient thickness of the oil film during the wear-
in period.21–24 However, when the oil film thickness
becomes adequate to separate the surfaces of the
sample and the disk during the test, both the FC
and the WV of the alloys reach steady states.23,24

The FC and the WV of the alloys showed a sharp
rise with increasing SC, but they reached steady
states above 2% Si (Fig. 5). This finding may result

from the brittleness and hardening effect of Si
particles. Brittleness causes an increase in FC and
the WV, but this increment can be balanced with a
hardness increase.21,25–27 This is probably why
these properties reach steady states above 2% Si.

The FC of the alloys tested at a constant OFR of
1 cm3 h�1 and an SV of 2 ms�1 decreased, but their
WV increased with increasing CP, as shown in
Fig. 6. This finding can be related to the effect of
hydrodynamic lubrication during the wear tests. It
is known that under hydrodynamic lubrication the
FC decreases with increasing CP.23,24,28 As the CP
increases, the thickness of the oil film between the
contacting surfaces decreases. This, in turn, causes
a decrease in the friction between the oil molecules,
giving rise to a decrease in the FC. However, the
increase in the WV with increasing CP can be
attributed to the asperity contact and the increase
in friction force and heat which occurs especially
during the running-in period.23,24,28

The FC and WV of the alloys tested at a constant
OFR of 1 cm3 h�1 and CP of 6 MPa increased with
increasing SV, but this increase became more
prominent above a certain level of SV (2 ms�1), as

Fig. 6. Curves show the changes in (a) FC and (b) WV with CP for
the alloys.

Fig. 7. Curves show the variations in (a) FC and (b) WV with SV for
the alloys tested.
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shown in Fig. 7. This finding can be related to the
centrifugal force acting on the oil and the change in
the viscosity of the oil. As the sliding velocity rises,
the centrifugal force acting on the lubricating oil
increases. The increase in the centrifugal force leads
to an increment in the amount of oil removed from
the disk surface and the friction between the oil
molecules. This can give rise to an increment in the
FC by decreasing the amount of oil or the oil film
thickness between the disk and the specimen sur-
faces. The frictional heat generated during opera-
tion cannot be adequately dissipated by the oil.
Furthermore, as the SV increases it becomes diffi-
cult to dissipate the frictional heat because of
insufficient time. This means that as the SV
increases, the temperature of the alloy samples
increases. An increment in operating temperature

causes a decrement in the viscosity of the oil. This
can also cause an increase in the FC by facilitating
the removal of oil from the disk surface. The
increment in the WV may be related to the asperity
contact that occurs during the running-in period. As
the SV increases, the centrifugal force acting on the
lubricating oil increases. An increase in the cen-
trifugal force causes a delay in the formation of a
sufficient oil film thickness by giving rise to an
increment in the amount of oil removed from the
disk surface. This delay causes an increase in the
WV of the alloys by increasing the duration of
asperity contact between the sample and disk
surfaces.

The relationships showing the effects of SC
together with (a) SD, (b) CP, and (c) SV on the
lubricated FC and WV of Zn-30Al-3Cu-Si alloys

Fig. 8. Three-dimensional plots show the changes of (a) FC and (b)
WV values with SC and SD for Zn-30Al-3Cu-(0.5-5)Si alloys
subjected to lubricated wear tests.

Fig. 9. Three-dimensional plots showing the change of (a) FC and
(b) WV values with SC and CP for the alloys subjected to lubricated
wear tests.
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determined by non-linear regression analysis of the
wear test data used to plot the 3D graphs are given
below:

(a)

l ¼ 0:067 þ 0:017Si � 0:0004d�0:003Si2 r2 ¼ 0:76
� �

DV ¼ �0:111 þ 0:101Si þ 0:028d� 0:0086Si2�0:0002d2 r2 ¼ 0:96
� �

(b)

l ¼ 0:149 þ 0:034Si � 0:033p� 0:005Si2 þ 0:002p2 r2 ¼ 0:82
� �

DV ¼ 0:106 þ 0:073Si �0:041p�0:005Si2 þ 0:022p2 r2 ¼ 0:81
� �

(c)

l ¼ �0:006 þ 0:019Si þ 0:023v� 0:002Si2 r2 ¼ 0:86
� �

DV ¼ �0:129 þ 0:284Si þ 0:062v� 0:042Si2 þ 0:108v2 r2 ¼ 0:90
� �

where l is friction coefficient, DV is wear volume
(mm3), Si is silicon content (wt.%), d is sliding
distance (m), v is sliding velocity (ms�1), and p is
contact pressure (MPa). The coefficient of determi-
nation (r2) values for the above equations were
found to be between 0.76 and 0.9. This means that
the reliability of the proposed equations changes
from 76% to 90%. The parameters (l, DV, Si, d, v,
and p) of these equations have the same meanings
as the acronyms used in the main text as FC, WV,
SC, SD, SV, and CP, respectively.

SEM images revealed the scratches and smeared
and adhered material on the worn surface of the
experimental alloys (Fig. 11). It was also observed
that as their SC increased, the area of the smeared
regions and the quantity of the scratches increased
(Fig. 11). This finding can be attributed to the
presence of hard and brittle silicon particles in the
alloys. Additionally, it is known that both the number
and the size of the silicon particles increase as the SC

Fig. 10. Three-dimensional graphs show the changes in (a) FC and
(b) WV values with SC and SV for the alloys subjected to lubricated
wear tests.

Fig. 11. Worn surfaces of (a) Zn-30Al-3Cu-0.5Si and (b) Zn-30Al-
3Cu-5Si alloys tested at an OFR of 1 cm3 h�1, CP of 6 MPa, and SV
of 2 ms�1 for a SD of 108 km.
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increases.21,29–31 The removal of these hard particles
from the wear surface can result in an increase in the
quantity and width of the scratches due to their
abrasive nature. Smeared material and scratches can
be taken as evidence of adhesive and abrasive wear,
respectively.20,31 Therefore, it may be stated that
adhesion and abrasion dominate the lubricated wear
of the alloys tested.

CONCLUSIONS

The conclusions drawn from the current study on
lubricated wear of Zn-30Al-3Cu-Si alloys are given
below:

1. The friction coefficient and wear volume of the
experimental alloys show a sharp initial increment
with increasing silicon content, but both properties
reach steady states above a Si content of 2%.

2. The friction coefficient of the alloys tested
decreases, but their wear volume increases with
increasing contact pressure while their friction
coefficient and wear volume increase with
increasing sliding velocity.

3. Zn-30Al-3Cu-0.5Si alloy exhibits the lowest
friction coefficient and wear volume among the
alloys tested. This finding indicates that Si
addition improves the tribological properties of
Zn-30Al-3Cu alloy, but the silicon content
should not exceed 0.5%.

4. The relationships between the friction coefficient
or wear volume of Zn-30Al-3Cu-Si alloys and test
conditions can be expressed by the quadratic
equations given in the Discussion section.

5. Adhesion and abrasion are the effective mech-
anisms for the wear of the experimental alloys.
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