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Abstract In this study, abrasive wear behaviours of
ZA-27 alloy and CuSn10 bronze were investigated using a
purpose-built wear tester. The ZA-27 alloy was produced
by permanent mould casting. The abrasive SiC particles
having 63 um grit size was added to the lubricant oil. The
wear rate and friction coefficient of alloys were determined
at the different test conditions such as sliding distance,
applied load, linear velocity and percentage SiC weight
content. The wear surfaces of alloys were examined using
SEM and EDS analysis. The results showed that the wear
rate of alloys decreased with the increasing of applied load
and increased with the increasing linear velocity and
abrasive SiC content. It was found that the SiC particle
fracture was an important mechanism determining the
friction and the wear rate of alloys. CuSn10 bronze showed
higher wear resistance than ZA-27 alloy under abrasive test
conditions except at high linear velocities.

Introduction

The zinc—aluminium (ZA) family of casting alloys are
gaining wide commercial importance as journal bearing
material for high load and low speed applications. These
alloys, most notably ZA-12 and ZA-27 are capable of
replacing traditional bronze bearing at low cost [1]. It is
concluded from the study of full size bearings that ZA-12
and ZA-27 have equivalent or superior bearing perfor-
mance than bronze alloys, particularly C93200 (SAE 660)
lead—tin bronze [2]. It was reported that the ZA alloys,
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when compared to bronze, had better anti-frictional prop-
erties, better emergency running properties, better embed-
dability, lower coefficient of friction, longer wear life and
lower cost [3].

The ZA-27 alloy which is an important member of the
ZA family of alloys with a high strength is reported to
have properties equivalent to those of aluminium alloys.
Abundant availability, good bearing and mechanical
properties such as wear resistance, anti-seizure properties,
yield and tensile strengths scored in favour of exten-
sive use of these alloys for bearing applications [4, 5].
Recently, the ZA-27 alloy has been substituted for con-
ventional journal bearing materials in a wide range of
industrial applications [6]. The journal bearings produced
from these alloys have been used in earthmoving equip-
ments, mining and milling machines, cable winches and
compressors [7, 8].

The ZA-27 alloys and the bearings were also used
in heavy and dusty environments such as underground
machines, mining equipments, ore crashers and rock drills.
The hard particles and oxides from these environments
such as silicon dioxide, aluminium oxide and silicon car-
bide could move into the working surfaces of the bearings
and they could lead to three body type abrasive wear on
these surfaces. In the literature there is not enough infor-
mation and limited study about abrasive type wear of
ZA-27 alloy especially comparative with the bronzes. This
article presents the results of an experimental study con-
ducted to determine three body abrasive wear properties of
ZA-27 alloy and compared to CuSnl0 bronze. The alloys
have been examined at varying applied load, sliding dis-
tance, linear velocity and percent abrasive content in the
oil. The abrasive particles were added to an engine oil
(SAE 30) to simulate lubrication oil containing hard
abrasive particles in a bearing oil system.
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Experimental procedure
Material preparation

The melting process was carried out in the temperature
controlled electrical crucible furnace for ZA-27 alloy. The
melted alloy was then cast into steel mould which was
designed in the form of rectangular prism having the cavity
of 174 x 34 x 12 mm dimensions. In order to prepare
ZA-27 alloy, copper addition was supplied from an inter-
metallic copper—aluminium master alloy (46.5% Al) which
was prepared in the laboratory. The purities of metal used
to prepare ZA-27 and master alloy was 99.99% for zinc and
copper and 99.97% for aluminium and magnesium. ZA-27
alloy was produced by using permanent mould casting in
the laboratory, whereas CuSn10 bronze was procured from
a commercial source.

Microscopic studies

The sample taken from the alloy casting for microstructural
studies was prepared using standard metallographic tech-
niques and etched at 70 °C with 25% Nital etchant (25%
nitric acid and 75% ethanol). Its micrograph was taken
using an optical microscope. The abrasive SiC particle
micrographs and typical samples of wear surfaces were
examined by using a scanning electron microscopy (SEM,
ZEISS EVO LS10).

Abrasive wear tests

The specimens used in the wear tests were machined in a
milling machine as rectangular prism with the dimension of
7 x 16 x 14 mm. The one end of specimen was deliber-
ately curved by 70 mm radius to enable abrasive + oil
mixture enter into contact region between disc and speci-
men. Before tests the specimen surfaces were grinded using
1200 number emery paper and then polished using alumina
suspension to get approximately same surface roughness
for all specimens. Three body abrasion tests were con-
ducted on the samples using a block-on ring type wear
tester which was specially adapted for this purpose. A
schematic representation of the test apparatus is shown in
Fig. 1. The bottle of abrasive—oil mixture was stirred using
a mixer during test to enable homogeneous distribution of
the particles in the oil. The disc having 60 mm diameter
and 12 mm thickness was made of 4140 type alloy steel
and which was hardened to 62 HRC. The specimens were
loaded against the disc by a cantilever mechanism and the
abrasive flow was continously feed to the contact region
between disc and specimen. The wear tester consists of a
speed control unit, an electric motor having 3 kW power,
journal, disc, specimen holder, loading arm, friction force
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Fig. 1 A schematic representation of the block-on ring type wear
tester. / Electronic motor, 2 control and data storage, 3 pin, 4 lever
arm, 5 abrasive oil, 6 mixer, 7 mixer motor, § specimen holder, 9
specimen, /0 disc, /1 swivel joint, /2 hanger arm, /3 dead weights,
14 base table 15 clutch, /6 hose, 17 collecting case

measurement unit, data storage system and abrasive + oil
mixture feeding system. The experiments were carried out
for the forces of 30,60, 90,120 and 150 N, at the linear
speeds of 0.31, 0.63, 0.94, 1.26 and 1.57 m/s. Moreover
the sliding distance was changed of 55.8,111.6,167.4,
2232 and 279 m (corresponding to 3, 6, 9, 12 and
15 min) and at the abrasive SiC ratio of 3, 6, 9 and 12
weight percent in the oil. The abrasive grit size was
selected as 63 um (4230 mesh size) for all these exper-
iments. The flow rate of abrasive 4 oil mixture was
60 mL/min during all the tests. The specimen remained
unchanged throughout the entire range of tests and fresh
abrasive were used in the experiments. The working time
between two data points was selected as 3 min (50.8 m)
for all tests. The specimens were cleaned well with tri-
chloroethylene in an ultrasonic cleaner and weighed
before and after the wear tests using a microbalance. Each
data point on the figures represents an average of three
wear specimens. The friction force between disc and
specimen was recorded using a measurement unit during
the tests. The unit consist of a load-cell, a strain-indicator
and a data-logger. The average friction coefficient was
calculated using p = Fs/Fn equation, where Fs is friction
force and Fn is normal force.

The hardness of the alloys were determined by Brinell
testing method using applied load as 31.25 kg and a ball
indenter having 2.5 mm diameter.

@ Springer
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Results and discussion

Figure 2a represent the microstructure of ZA-27 alloy at
the casted condition. The alloy shows typical fine cored
dendritic structures (o aluminium rich phase white areas)
surrounded by a mixture of eutectiod reaction products
o 4+ n phases in which # is the zinc rich phase. Copper
containing ¢ phase (CuZn,) was found in the zinc rich 7
phase (white regions) as black irregular particles using
SEM EDS analysis, Fig. 2b. The appearance of abrasive
SiC particles is shown in Fig. 3. As seen from the figure
that the SiC particles have angular form with sharp edges
and corners.

The wear surfaces of alloys were examined using a
stereo microscope and SEM. The macrographs of the worn
surfaces of alloys were taken with stereo microscope are
shown in Fig. 4a, b for Za-27 and bronze, respectively.
Worn specimen surfaces can be divided into three regions.
The first one is on the right hand side unworn small area
showing little wear tracks which SiC particles enter from

Sy ¥
IProbe = 120pA
Vacuum Moda = High Vacuum

e
Signal A » SE1
Mag= 600X

EHT = 10.00 &V
WD =135 mm

Fig. 2 The microstructures of ZA-27 alloy. a Optical microscope
%100 and b SEM x600
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Fig. 3 Morphology of abrasive SiC particles
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Fig. 4 Wear surfaces of alloys at 60 N, 0.31 m/s, 10% SiC and
279 m. a ZA-27 and b bronze

this side into the surface. In this part of the specimen there
is no appreciable wear signs. At the middle of the specimen
there is a wide region which shows worn areas and
extensive embedded SiC particles into the surface. On the
left hand side of specimens there is wide unworn regions in
which the abrasive particles exit from specimen. Some
wear furrows was observed on the middle region of both
specimen along the direction of sliding. It can be seen from
the figures that the alloys show same wear scar in the
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middle part of the specimens but ZA-27 alloys exhibit
more worn area than bronze for 279 m sliding distance. It
was found that the main wear scar occurs in the central
region of the specimens. This was due to the dimension
difference between the specimen and the rotating disc. The
disc radius was 30 mm whilst the specimen contact radius
was 70 mm.

The SEM images of wear surfaces are shown in Fig. Sa,
b for ZA-27 and bronze, respectively. The images show
extensive and multi-directional microcutting and ploughing
wear marks with debris smearing on the surfaces. On the
other hand EDS analysis of ZA-27 alloy wear surface
reveals big Si element peaks which indicate embedded SiC
particles on the wear surfaces, Fig. 6. Figure 7a shows the
embedded particles at the SEM image as small and more
rounded ones than fresh abrasives for ZA-27 wear sample.
These embedded particles were observed on the both alloy
wear surfaces. The size of embedded particles are mostly in
the range of 2-5 pum at low speed (0.31 m/s), although the
some which are smaller than these, can be seen on the
image. The high magnification of these SiC particles is

1Probe = 100 pA
Vacuum Made = High Vacuum

Signal A= SE1
Mag= 200KX

EHT = 10,00 kV
WD =12.0mm

IPrabe = 100 pA ZEINS
Vacuum Mode = High Vacuumn

10 pm EHT = 10,00 kV
WD =120 mm

Signal A = SE1
Mag= 200KX

Fig. 5 SEM images of the wear surfaces. a ZA-27 and b bronze
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IProba= 100pA ey
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Signal A = SE1
H WD = 12.0 mm

Fig. 7 Abrasive SiC particles embedded on the wear surfaces of
ZA-27 alloy at 60 N, 0.31 m/s and 279 m. a x4,000 and b x 10,000

given in Fig. 7b. This image also shows that the plastic
deformation marks around the SiC particles as shown by
arrows. The SiC particles on the wear surfaces are smaller
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(2-5 pm) than the fresh abrasives having particle size of
63 um. This reveals that the particles are subjected to the
fragmentation process between disc and specimen during
rubbing. In addition to that the particles seem to be more
round and circular than the original ones. The EDS analysis
reveals that the outer regions of the particles are sur-
rounded with the wear debris such as Zn-Al or Cu-Sn
elements. The particle fragmentation between rubbing
surfaces has been noted by other authors [9].

The wear surface of bronze specimen at a linear speed of
1.57 m/s is given in Fig. 8. The wear tracks seem to be
more heavier than the other wear surfaces having low
linear speed such as 0.31 m/s in Fig. 5. Figure 8 also
shows a single SiC particles as ploughing the surface and a
huge wear track above this particle. The wear surface
images of alloys at the 150 N load and 12% SiC are given
in Figs. 9 and 10, respectively. These micrographs show
wear signs such as indentation, grooves and scratches. It
can be concluded that the abrasive particles have the
freedom to roll and slide between the tested specimen and
the rotating steel disc. The abrasive particles also have the
chance to roll more than to slide, therefore the predominant
wear mechanism is plastic deformation due to multi-
indentations localized small grooves and fine scratches can
also be observed due to sliding motion of the abrading
particles.

The abrasive wear rates of the ZA-27 alloy and bronze
versus sliding distance are shown in Fig. 11. From the
figure it can be easily seen that the wear rate of both
specimens increased at the beginning of the test. After
reaching a maximum point the wear rates decreased with
sliding distance. Maximum wear rate was observed at the
sliding distance of 100 m for ZA-27 alloy whereas that of
bronze was observed at the sliding distance of 200 m. At
the end of the test over the entire sliding distance
(279 m) ZA-27 alloy showed higher wear rate than

-3¢

| Probe = 100 pA
Vacuum Mode = High Vacuum

EHT =10.00 KV
WD = 13.5 mm

Signal A = SE1
Mag= 200KX

Fig. 8 Wear surface of bronze at 60 N, 1.57 m/s and 279 m
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IProbe= 100 pA
Vacuum Mode = High Vacuum

Fig. 9 Wear surfaces of alloys in SEM images at the load of 150 N
(x1000), 0.31 m/s, 279 m and 10% SiC. a ZA-27 and b bronze

bronze. At the beginning of the test the surface was virgin
and the abrasive effects of the particles on the surface wear
were dominant. After reaching a maximum point for two
alloys the wear rate began decreasing. This decreasing
could be attributed to the frictional layer builded up on the
rubbing surface and the work hardening of the surface
beneath which they can reduce the wear rate with sliding
time [10]. A thin stable layer formed on the contacting
surface of the specimen reduces the extent of direct contact
of abrasive with the bulk of the material [11]. As long as
the layer is stable and remains in contact with the specimen
surface, the good wear resistance is displayed. However,
whenever the layer disintegrates and the fresh bulk material
comes into contact with the abrasive, the higher wear rate
is experienced.

The variations of the abrasive wear rates of the alloys
with the applied load are shown in Fig. 12. From this figure
it is seen that the wear rates of the alloys decrease with the
increasing load. As clearly seen from the figure that bronze
showed higher wear resistance than ZA-27 alloy. At the
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Fig. 10 Wear surfaces of alloys in SEM images at the 12% SiC
content (x 1000), 0.31 m/s, 60 N and 279 m/s. a ZA-27 and b bronze
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Fig. 11 Wear rate of specimens as a function of sliding distance

sliding distance of 279 m bronze showed the wear rate of
2.83 x 107" (m*/m) whereas it was 3.57"!' for ZA-27
alloy. It was found that the wear rates of alloys decreased
with the increasing of applied load, Fig. 12. This is an
interesting result. This behaviour could be explained with

—a—ZA-27
—a— Bronze

1 V-031mis

Wear Rate, x10™" (m*/m)
nN

0 50 100 150 200
Applied Load (N)

Fig. 12 Wear rate of specimens as a function of applied load

the test condition of specimen. Test condition involved
conducting the abrasion tests using the fresh abrasive
whilst the specimen surface remained unchanged (preworn)
over the entire range of sliding distance, 279 m. As stated
above the frictional layer and work hardening take place on
the specimen surface along the sliding time. On the other
hand the abrasive particle fragmentation and thus fine
abrasives occur more easily at the higher applied load. This
result is a good agreement with the study of Dube et al. [9].
They have shown that significant fracture of particles was
observed in the high stress abrasion tests with increasing
applied load. Fine abrasive particles due to particle fracture
gives low wear and low friction. This result is in a good
agreement with the study of Al-Rubaie et al. [12].

The effect of the linear velocity on the wear behaviour
of alloys is shown in Fig. 13. The wear rates of alloy
increased with the increasing linear velocity. At low
velocity (0.31 m/s) the wear rates of alloy are 1.237"" (m?/
m) and 2.387'! whereas at the high velocity (1.67 m/s)
these values increase up to 7.28 ! (m*/m) and 41.97"" for
ZA-27 and bronze, respectively. As seen in Fig. 13, the
bronze showed higher wear rate than that of ZA-27 alloy. It
can be said that the linear velocity has great effect on the
wear behaviour of alloys. This may be due to embedded
SiC particle size on the rubbing surface. In Fig. 7a, the

50
€ —A—ZA27
“’E 401 | _a—Bronze
T g9 F6ON
o 0/ Q3
2 10%SiC
>
@ 20 A
T
o
5 101
2
0 T T T
0 0,5 1 1,5 2

Linear Velocity (m/s)

Fig. 13 Wear rate of specimens as a function of linear velocity
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embedded particles on the friction layer are about 2—5 pm
dimension at the velocity of 0.31 m/s whereas at the linear
speed of 1.57 m/s this is about 20 pm, as shown in Fig. 8.
In both of these images it can be easily seen that the
abrasive particle fragmentation occurs at a high ratio
especially at low speeds. This could be explained by the
particle rolling time between rubbing surfaces. The high
linear speed gives low rolling time and low fragmentation
which leads to coarse abrasive particles. On the contrary,
low linear speed gives high rolling time and high frag-
mentation of abrasive which leads to fine abrasive particles.
It was reported that coarse abrasive particles gave high
wear rate and high friction whereas fine abrasive particles
give low wear and frictional properties [13]. In this study, it
can be seen in Figs. 13 and 16 that there is a good agree-
ment between the friction coefficient and wear rate for
alloys. The bronze having higher friction coefficient than
ZA-27 alloy with the increasing linear speed showed more
high wear rate than that of ZA-27 alloy.

Figure 14 shows the relationship between wear rate and
SiC% at different percentage weight ratios (3, 6, 9 and 12)
in the oil. The curves obtained at 60 N applied load and at
0.31 m/s linear velocity. The wear rate of alloys increased
with the increasing SiC content in the oil.The bronze
showed higher (2.3 m*/m) abrasive wear resistance than
that of ZA-27 alloy (6.29'" m*/m) at the end of the test. It
is well known [14] that the more amount of abrasive par-
ticles the more abrasive effect on the rubbing surface.

Friction coefficients of alloys versus sliding distance,
linear velocity and applied load during tests are shown in
Figs. 15, 16 and 17, respectively. As seen from Figs. 15
and 16 the friction coefficients show non-regular behaviour
with the sliding distance and linear velocity. It could be
attributed to the hydrodynamic interaction of oil film,
random motion of the particles and particle fracture on the
friction layer. On the other hand the friction decreases with
the increasing applied load as clearly seen in Fig. 17. From
this figure it can be seen that bronze and ZA-27 alloys

7
= 6 —&—ZA-27 F=60N
- —— Bronze V=031m/s
E s,
—'O 4
<
s 31
z
= 27
<
9]
= 1
0 T T
0 5 10 15

SiC % Content

Fig. 14 Wear rate of specimens as a function of abrasive SiC content
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Fig. 16 Variation of friction coefficient of alloys with linear velocity
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Fig. 17 Variation of friction coefficient of alloys with applied load

show similar frictional coefficient behaviour in the range of
about 0.06-0.14. The coefficient of alloys shows low val-
ues such as 0.06 at the high loading conditions. This may
be attributed to the more particle fracture with the
increasing load. The more particle fracture leads to the
more fine abrasive particles and therefore these particles
give low friction coefficient data.
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Friction coefficient data show low values compared to
other research [9]. It solely arises due to the abrasive
mixture having lubricant oil. It is well known that the
lubricant oil have been used as reducing friction and wear
in machine elements [15]. In addition to that the friction
coefficient data as shown in Fig. 17 is good agreement with
the wear rate data, Fig. 12. The friction coefficient of
alloys similar to the wear rate of these decreases with
increasing applied load. The decrease of friction coeffi-
cients of alloys could lead to decrease of the wear rate of
alloys. This result is in good agreement with the study
carried out on Zn—Al based bearings [16]. It was reported
that in well-lubricated conditions the friction factors of the
bearing were decreased with the increasing bearing pres-
sure. In this study the abrasive particles added to a lubri-
cant oil and an oil film occurs between the disc and the
specimen during test which effected the wear behaviour of
alloys.

The abrasive wear resistance depends on mainly the
hardness of materials especially the microhardness of
phases present in the alloys. In this study the macrohard-
nesses of material tested were found as 135 BHN for ZA-
27 alloy and as 121 BHN for bronze. The bulk hardness
difference between two alloys is not high and the wear
resistance depends on mainly phase distribution and phase
hardnesses of alloys under same testing condition. Excel-
lent adhesive wear properties of Zn—Al alloys over bronze
have been attributed to their multiphase structure and to the
formation of zinc and aluminium oxides [17]. In this study
ZA-27 alloy showed higher wear rate than CuSn10 bronze
under abrasive test conditions. This could be explained by
the formation of different friction layer and work hardening
of this layer for ZA-27 alloy and CuSn10 bronze. The work
hardening of different alloys having different crystal
structure gives different hardness values. From this point of
view copper-based bronze having mostly face centered
cubic crystal structure could be more prone to work hard-
ening than ZA-27 alloy having mostly hexagonal close-
packed crystal structure. Therefore, CuSn10 showed high
hardness values than ZA-27 alloy which could lead to
lower wear rate than that of ZA-27.

Conclusions

The following conclusions can be drawn under the light of
above results

1. CuSnl0 bronze showed higher wear resistance than
ZA-27 alloy under abrasive test conditions except the
high linear velocities

2. Abrasive particle fracture was an important mecha-
nism to determine friction and wear behaviour of ZA-
27 alloy and CuSn10 bronze in abrasive + oil mixture
condition

3. The wear rate and the friction coefficient of ZA-27
alloy and CuSn10 bronze depend on the test conditions
such as linear velocity, applied load and SiC content.

4. The coarse embedded particles were found on the wear
surfaces at the high linear speed such as 1.57 m/s,
whereas the fine abrasive particles were present on the
worn surface at the low speed such as 0.31 m/s.

5. The wear surfaces of alloys showed three distinct
regions having entrance, middle and exit zones. The
main wear scars were found in the middle region of the
wear specimens.
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