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ABSTRACT In this study, lubricated friction and wear properties of Zn-15Al-(1-5)Cu alloys
were investigated using a block-on-disc type test machine. Friction and wear tests were carried
out at an oil flow rate of 1 cm*h™, a sliding speed of 2 m s and a contact pressure of 6 MPa for a
sliding distance of 108 km. The variations in the friction coefficient, working temperature and
wear volume of the alloys with sliding distance and copper content were monitored. The friction
coefficient and the working temperature of the alloys became almost constant after the sliding
distance of approximately 20 km, following an initial decrease. The wear volume of the alloys
increased with increasing sliding distance and became almost constant after a sliding distance of
60 km. Zn-15AI-3Cu alloy exhibited the lowest friction coefficient, working temperature and
wear volume among the alloys investigated. These observations are discussed in terms of the
microstructural and mechanical properties of the alloys.
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1. INTRODUCTION

Zinc-based commercial alloys named as Zamak
series were first developed in the 1920s and used
successfully in some industrial applications [1-3]. Alzen
alloys containing 30% Al (Alzen 305) and 50% Al
(Alzen 501) were developed for bearing applications
during World War Il [3, 4]. Further research and
development studies on the zinc-based alloys resulted in
the development of ZA-8, ZA-12, and ZA-27 alloys
containing 8, 12, and 27 % aluminium, respectively [1,
3, 4]. These studies showed that zinc alloys have a
number of advantages over traditional bearing alloys
including bronzes, brasses and cast irons [1-7]. The
most important advantages of these alloys can be stated
as high specific strength, good castability, easy
machinability, low production energy and cost,
excellent tribological and mechanical properties, good
surface finishing and quality, superior embeddability
and damping properties, and lower friction coefficient
[1-7]. Lower friction coefficient, higher hardness and

high strength provide energy saving and longevity in
engineering applications. Studies on the structure and
properties of zinc-based alloys have been continued to
improve their mechanical and tribological properties for
some engineering applications [5, 8-9].

According to binary Al-Zn phase diagram [10-12]
zinc-based alloys can be classified as eutectic (Zn-5Al),
eutectoid (Zn-22Al) and monotectoid (Zn-40Al) alloys.
Monotectoid Zn-Al alloys have been shown to be
harder, stronger and more wear resistant than either
eutectoid or eutectic ones [13]. However,
hypereutectoid and eutectic Zn—Al based alloys have
comparatively higher ductility, damping capacity and
better castability [13]. Research works carried out on
these alloys have been focused on the near eutectoid and
monotectoid compositions and resulted in development
of Zn-25Al-3Cu, Zn-27Al-2Cu, Zn-40Al-2Cu and Zn-
40Al-3Cu alloys [8, 13-16]. However, the studies on the
microstructure and properties of these alloys have been
continued.
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The studies on the zinc-based alloys have shown that
the alloying elements including aluminium, copper and
silicon have strong effects on their mechanical and
tribological properties [10-19]. These effects have been
attirubuted to the the changes in their microstructures
[13-21]. It has been observed that the addition of copper
more than 2-3 % results in the formation of a metastable
intermetallic phase called ¢ (CuZn,;) in the
microstructure of the zinc-based alloys [14, 17-19]. This
phase (e) improves the load bearing capacity of these
alloys by increasing their hardness, but decreases their
strength and ductility [5, 6, 14, 17-19]. Furthermore, it
(e) causes a considerable amount of dimensional
instability in these alloys [5, 6, 14, 17-19]. Therefore,
the copper content should be taken as an important
parameter in designing the zinc-based alloys for
engineering applications.

Extensive research carried out recently on the high-
zinc containing alloys resulted in the development of
new Zn-15Al-based alloys for tribological applications
[13, 14, 19]. The effect of copper content on the
mechanical and dry wear properties of these alloys have
been determined [13, 19, 20]. However, there is no
information available about the effects of copper
content on the lubricated friction and wear properties of
these alloys. Therefore, the aim of this work is to
investigate the effects of copper additions on the
lubricated friction and wear properties of Zn-15Al alloy
and determine the the most suitable alloy composition
for tribological applications.

2. EXPERIMENTAL PROCEDURE

Five (Zn-15AI-Cu) alloys were prepared by
permanent mold casting using high purity aluminum
(99.70 wt.%), zinc (99.90 wt.%) and copper (99.90
wt.%). The alloys were melted in an electric furnace and
poured into a steel mold at temperatures of between 650
and 700 °C. The chemical composition analysis of the
tested alloys was carried out by atomic absorption
method. Their densities were determined by
Archimedes' method. Metallographic investigations
were performed with standard techniques and the
samples etched in 1-4 % Nital. Microstructures of the
alloys were examined using both optical and scanning
electron microscopy (SEM).

The hardness of the alloys was measured using the
Rockwell hardness F scale. Tensile tests were
performed with the alloy samples having the diameter
and gauge length of 8 x 40 mm at a strain rate of
6.25x10°s . At least three measurements were taken to
determine the hardness and tensile strength of the
alloys.

Lubricated friction and wear properties of the
experimental alloys were investigated using a block-on-
disc type test machine. The schematic illustration of this
test machine is shown in Fig. 1. The details of the
friction-wear test machine and test sample were given
elsewhere [20]. Friction and wear properties of the
alloys were studied at a constant pressure of 6 MPa, a
sliding speed of 2 m s, oil flow rate of 1 cm*h™, and a

sliding distance of 108 km for each samples. The tests
were performed at room temperature (23 + 2 °C) in air
with a relative humidity of 70 £ 5%. The temperature of
the wear sample was monitored by inserting a copper—
nickel thermocouple in a hole at a distance of 1.5 mm
from the contacting surface. Each wear sample was
ultrasonically cleaned and weighed before the tests
using an electronic balance with an accuracy of 0.01
mg. The disc surface was cleaned with organic solvents
to remove surface contaminants before each test. The
samples cleaned in solvents and weighed to determine
the mass loss after each test. Since the wear volume is a
more meaningful parameter than the mass loss of the
sliding bearings, the measured values of mass loss for
the samples were converted into volume loss using the
measured density of the alloys. The surface features and
the subsurface microstructures of the wear samples were
studied using SEM.

Load

Sample
Disc

=

Fig. 1. Schematic illusturation of the wear test machine

3. RESULTS

The chemical compositions of the experimental
alloys are given in Table 1. The micrographs showing
the microstructures of the Zn-15AI-Cu alloys are given
in Figs. 2a-c. The microstructures of the alloys
containing less then 2% copper consisted of partially
decomposed proeutectic f dendrites, and o and 1 phases
as seen in Fig. 2a. It was observed that when the copper
content exceeds 2-3%, copper rich € phase forms in the
interdendritic regions and the volume fraction of this
phase increases with increasing copper content, Fig. 2b
and c.

Table 1. Chemical composition of the experimental

alloys

Chemical composition (wt. %)
Alloy

Zn Al Cu
Zn-15Al-1Cu  84.2 14.9 0.9
Zn-15A1-2Cu  82.9 15.0 2.1
Zn-15AI-3Cu  81.9 15.2 2.9
Zn-15Al-4Cu  81.3 14.8 3.9
Zn-15Al-5Cu  80.4 14.8 4.8

The curves showing the changes in the tensile
strength, hardness, yield strength, and elongation to
fracture of the Zn-15Al-Cu alloys with copper content
are given in Figure 3. The hardness, tensile strength, and
yield strength of the alloys increased with increasing
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copper content, but above 3% Cu the yield and tensile
strength decreased. Elongation to fracture of the alloys
decreased with increasing copper content, Figure 3.
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Fig. 2. SEM micrographs of the microstructure of (a)
Zn-15Al-1Cu, (b) Zn-15Al-3Cu and (c) Zn-15AIl-5Cu
alloys

The changes in friction coefficient, working
temperature, and wear volume of the alloys as a
function of sliding distance and copper content are
shown in Figs. 4, 5 and 6, respectively. The friction
coefficient of the experimental alloys reached steady
states after showing a sharp decrease with sliding
distance, Fig. 4a and b. However, the working
temperature of the alloys reached steady states after
showing a sharp increase and a decrease as seen in Fig.
5a, and b. The wear volume of the alloys increased with

increasing sliding distance and reached almost a
constant value after the 60 km, Fig. 6. The friction
coefficient, working temperature and wear volume of
the alloys decreased with increasing copper content, but
above 2-3% Cu the trend reversed, Fig. 7.
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Fig. 3. The curves showing the changes in tensile
strength, hardness, elongation, and yield strength of Zn-
15Al-Cu alloys with their copper content

Smearing and scratches were observed to be the
main surface features of the wear samples of the
experimental alloys as seen in Figs. 8a-c. As the copper
content increased the amount of smeared material on
their wear surfaces decreased, but the number and size
of the scratches increased as it can be noticed from
Figure 8a and 8c.
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Fig. 4. The curves showing the changes in friction
coefficient of Zn-15Al-(1-5)Cu alloys for the sliding
distances of (a) 108 and (b) 20 km
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Fig. 5. The curves showing the changes in working
temperature of Zn-15Al-(1-5)Cu alloys for the sliding
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Fig. 8. SEM micrograph showing the wear surfaces of
(a) Zn-15Al-1Cu, (b) Zn-15Al-3Cu and (c) Zn-15Al-
5Cu alloys

4. DISCUSSION

The microstructure of the Zn-15Al-1Cu alloys
consisted of B dendrites and a and n phases as seen
Fig.2a. The ¢ (CuzZn,) phase formed in the
microstructure of the alloys when their copper content
exceeded 2%, and the volume fraction of this phase
increased with increasing copper content as seen in
Figs. 2a and b. This observation is in agreement with the
results of previously published papers [20-23].
Formation of these phases can be related to the phase
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transformations which take place during solidification
of Zn-15Al based alloys [19].

The hardness, tensile, and vyield strength of the
experimental alloys increased with increasing copper
content; but above 3% Cu, the yield and tensile strength
decreased. Elongation to fracture of the alloys decreased
with increasing copper content (Figure 3). These
observations can be attributed to the solid solution
hardening and formation of the relatively hard and
brittle copper-rich intermetallic ¢ phase in the alloys
containing more than 2% Cu [17-20].

The friction coefficient of the experimental alloys
decreased with increasing sliding distance and became
almost constant (Fig. 4a and b). The working
temperature of these alloys also became almost
constant, but after showing a sharp increase and a
decrease (Fig. 5a and b). These observations may be
related to metal-to-metal contact due to inadequate oil
film on the mating surfaces. Metal-to-metal contact
gives rise to high friction force which results in high
friction coefficient [22-24]. It is well known that the
friction coefficient of the lubricated systems decreases
with increasing oil film thickness and when the oil film
thickness becomes sufficient to separate the rubbing
surfaces friction coefficient levels off and becomes
almost constant [22-24]. Working temperature of the
alloys showed a similar trend with their friction
coefficient. This can be attributed to the frictional heat
caused by rubbing of the surfaces.

The wear volume of the alloys increased with
increasing sliding distance and reached almost a
constant value after 60 km, Fig. 6c. This can be
attributed to the increase in the oil film thickness with
sliding distance as was mentioned in the discussion of
the friction coefficient of these alloys.

The friction coefficient, working temperature and
wear volume of the alloys decreased with increasing
copper content, but above 3% Cu the trend reversed,
Fig. 7. These observations can be explained in terms of
the microstructure and tensile strength of the alloys. It is
known that as the copper content increases the hardness
of the alloys increase, but their elongation to fracture
decreases. Tensile strength of these alloys also increases
with increasing copper content up to 3%, but above this
level the trend reverses. It is also known that when the
copper content of the Zn—-Al-Cu alloys exceeds 2-3%, a
hard and brittle e-phase form in their microstructures
and the volume fraction of this phase increases with
increasing copper content [17-20]. Therefore, the
changes in the tensile strength of the Zn-15AI-Cu alloys
can be attributed to the solid solution strengthening and
cracking tendency, respectively [17-20]. According to
the adhesive wear law, the friction coefficient and wear
volume of the materials decrease as their hardness and
strength increase [22, 25, 26]. Therefore, the friction
coefficient, working temperature and wear volume of
these alloys are expected to decrease with copper
content up to 3%. The increase in these parameters may
be related to the formation of hard and brittle e-phase
and a reduction in the tensile strength of the alloys when

their copper content exceeds 3%. This is because the
tensile strength of the zinc-based alloys is more
influential on their wear volume than their hardness
[20]. It is also known that there is a strong relationship
between the wear resistance and the tensile strength of
Zn-Al-Cu alloys [17, 18, 20]. Therefore, the alloys
which have the highest tensile strength are expected to
show the highest wear resistance or the lowest wear
volume.

Smearing and scratches were observed to be the
main features of the worn surface of the alloy samples,
Fig. 8a and b. Smearing takes place by back transferring
of the wear debris from the disc to the sample surface;
scratches occur due to the removal of hard silicon and ¢
particles from the wear surface of the samples and
microcracks result from the brittleness of the hard
surface layer as reported in previously published papers
[17, 18, 20-22].

5. CONCLUSIONS

1. Microstructure of Zn-15Al-(1-5)Cu alloys consists
of o, B and n phases. When the copper content
exceeds 2%, copper rich & phase forms in the
microstructure.

2. Hardness of Zn-15Al-(1-5)Cu alloys increase with
increasing copper content. Their tensile strength also
increase with increasing copper content, but the
trend reverses above 3% Cu .

3. Zn-15Al-3Cu alloy exihibits the lowest friction
coefficient, working temperature and wear volume
among Zn-15Al-(1-5)Cu alloys.

4. The friction coefficient and working temperature of
Zn-15Al-(1-5)Cu alloys decrease with increasing
sliding distance, but above a sliding distance of
approximately 20 km they become almost constant.

5. Wear surfaces of Zn-15Al-(1-5)Cu alloys are
characterized by smearing and scratches.

Acknowledgement

This work was supported by the Karadeniz Technical
University under a research contract (No.
2008.112.03.2).

References

[1] F.E. Goodwin, A.L. Ponikvar, Engineering
Properties of Zinc Alloys, International Lead Zinc
Research Organization, Third Edition, USA,
January, (1989).

[2] E. Gervais, R.J. Barnhurst, C.A. Loong, An
Analysis of Selected Properties of ZA Alloys,
Journal of Metals, 37(11), 43-47, (1985).

[3] AF. Skenazi, J. Pelerin, D. Coutsouradis, B.
Magnus, M. Meeus, Some Recent Developments in
the Improvement of the Mechanical Properties of
Zinc Foundry Alloys, Metallwissenschaft und
Technik, 37(9), 898-902, (1983).

[4] E. Gervais, H. Levert, M. Bess, The Development
of a Family of Zinc-Based Foundry Alloys,
American Foundrymen’s Society Transaction, 88,
183-194, (1980).



A.P. Hekimoglu, T. Savaskan, Turk. J. Electrom. Energ. 1(2) 1-7 (2016)

[5] B.K. Prasad, Effects of Silicon Addition and Test
Parameters on Sliding Wear Characteristics of
Zinc-Based Alloy Containing 37.5% Aluminium,
Materials Transactions, JIM., 38(8), 701-706,
(1997).

[6] T. Savaskan, Y. Alemdag, Effects of Pressure and
Sliding Speed on the Friction and Wear Properties
of Al-40Zn-3Cu-2Si Alloy: A Comparative Study
with SAE 65 Bronze, Materials Science and
Engineering A, 496, 517-523, (2008).

[7]1 P. Delneuville, Tribological Behaviour of Zn-Al
Alloys (ZA27) Compared with Bronze When Used
as a Bearing Material with High Load and very
Low Speed, Wear, 105, 283-292, (1985).

[8] T. Savaskan, S. Murphy, Mechanical Properties
and Lubricated Wear of Zn-25 Al Based Alloys,
Wear, 116, 221-224, (1987).

[9] T. Calayag, D. Ferres, High-Performance, High-
Aluminum Zinc Alloys for Low-Speed Bearings
and Bushings, SAE Annual Conference, Paper No
820643, 2241-2251, (1983).

[10] A.A.  Presnyakov, Y.A. Gorban, V.V.
Chrevyakova, The Aluminum-Zinc Phase Diagram,
Russian Journal of Physical Chemistry, 35, 632-
633 (1961).

[11] H. Auer, K.E. Mann, Magnetische Untersuchung
des Systems Zink-Aluminium, Zeitschrift fiir
Metallkunde, 28, 323-326, (1936).

[12] G.M.  Kuznetsov, A.D. Barsukov, G.B.
Krivosheeva, Calculation of Phase Equilibria of
The Al-Zn System, Russian Metall, 5, 195-198,
(1986).

[13]A.P. Hekimoglu, T. Savagkan, Structure and
mechanical properties of Zn-(5-25) Al alloys,
International Journal of Materials Research,
105(11), 1084-1089, (2014)

[14]T. Savaskan, A.P. Hekimoglu, Effect of quench-
ageing treatment on the microstructure and
properties of Zn-15Al-3Cu alloy, International
Journal of Materials Research, 106(5), 481-487,
(2015).

[15]T. Savagkan, R. Anvari, Friction and Wear
Properties of Zn-25AIl-Based Bearing Alloys,
Tribology Transactions, 57(3), 435-444, (2014).

[16]T. Savagkan, O. Bican, Y. Alemdag, Developing
aluminium-zinc-based a new alloy for tribological
applications, Journal of Materials Science,
44 (8), 1969-1976, (2009).

[17]T. Savagkan, A.P. Hekimoglu, G. Pirgek, Effect of
copper content on the mechanical and sliding wear
properties of monotectoid-based zinc-aluminium-
copper alloys, Tribology International 37(1), 45-50,
(2004).

[18] T. Savaskan, G. Piirgek, A.P. Hekimoglu, Effect of
copper content on the mechanical and tribological
properties of ZnAl27-based alloys, Tribology
Letters 15(3), 257-263, (2003).

[19]T. Savaskan, A.P. Hekimoglu, Microstructure and
mechanical properties of Zn-15Al-based ternary

and quaternary alloys, Materials Science and
Engineering: A 603, 52-57, (2014).

[20]T. Savagskan, A.P. Hekimoglu, Relationships
between mechanical and tribological properties of
Zn-15Al-based ternary and quaternary alloys,
International Journal of Materials Research 107(7),
646-652, (2016).

[21]A.P. Hekimoglu, T. Savaskan, Effects of Contact
Pressure and Sliding Speed on Unlubricated
Friction and Wear Properties of Zn-15Al-3Cu-1Si
Alloy, Tribology Transactions: 0(0), 1-8, (2016)
Published Online,
http://dx.doi.org/10.1080/10402004.2016.1141443.

[22]J. Halling, Principles of Tribology, Macmillan
Education Ltd., Great Britain, (1989).

[23]T. Savaskan, R.A. Maleki, H.O. Tan, Tribological
properties of Zn-25Al-3Cu-1Si alloy, Tribology
International, 81, 105-111, (2015).

[24]F.P. Bowden, D. Tabor, The friction and
lubrication (2nd ed.) Oxford university press,
London, (1967).

[25]1.M. Hutchings, Tribology: Friction and Wear of
Engineering Materials, Edward Arnold, USA,
(1992).

[26]K.H. Zum Gahr, Microstructure and Wear of
Materials, Elsevier, Oxford, (1987).

Biographies

Ali  Pasa HEKIMOGLU- Ali
Pasa Hekimoglu was born in
Trabzon and graduated
from Karadeniz Technical

University (KTU) in 1997. He
‘( completed his MSc and PhD in

Mechanical Engineering
Department of this University. He worked as a specialist
at some Turkish Republic Ministries between 1998 and
2010 and participated in some European Comission
Motor Vehicles Technical Commitees as a member of
Turkish Delegation. During these years, he prepared
some projects and 2 investigative reports about Turkish
Automotive Industry. Between 2004 and 2006, he
attained European Union (EU) Policies and
International Relations Training Programmes organized
by Ankara Univesity European Research Center and got
a title of EU and international relations expert. In 2006,
he was awarded with the Indian Government
Scholarship in the scope of Indian-Turkish Economical
Corporation Agrement and commissioned by the
Turkish Government in the New Delhi. He was also
granted due to his successful works by the minister and
undersecretary in the Republic of Turkey Ministry of
Industry and Trade. After 2010, he worked in Eastern
Black Sea Development Agency on regional planning
and development and he prepared many research and
planning documents on regional industry of Eastern
Black Sea Region of Turkey. He was participated in
some training commissions of the chamber of
mechanical engineers and gave a number of technical



https://www.scopus.com/source/sourceInfo.uri?sourceId=22116&origin=resultslist
https://www.scopus.com/source/sourceInfo.uri?sourceId=22116&origin=resultslist

A.P. Hekimoglu, T. Savaskan, Turk. J. Electrom. Energ. 1(2) 1-7 (2016)

seminars. Ali Paga Hekimoglu joined the Mechanical
Engineering Department of Recep Tayyip Erdogan
University as an Assistant Professor in 2015. He has
authored 8 peer reviewed scientific papers. He is
conducting 4 research projects about new aluminium
based alloys development and supervising 6 MSc
students.

E-mail: ali.hekimoglu@erdogan.edu.tr

Temel SAVASKAN- Temel
Savagkan was born in Trabzon
and worked as a Research
Assistant at KTU between 1972
and 1974 after graduating
from Ege (Aegean) University in
1970. He completed his MSc and
PhD in Metallurgy and Materials Engineering
Department of Aston University in 1975 and 1981,
respectively. He worked as a Research Fellow at
Marmara Research Institute of the Scientific and
Technical Research Council of Turkey between 1981
and 1982. He also worked as a postdoctoral research
fellow in Atlantic Industrial Research Institute
and Metallurgical Engineering Department of Technical
University of Nova Scotia in Canada between 1982 and
1986. Hejoined the Mechanical Engineering
Department of Karadeniz Technical University (KTU)
as an Assistant Professor in 1986. He became an
Associate Professor in 1987 and was appointed as a full
Professor in 1993 in the same department. Professor
Temel Savaskan worked as the Director of Graduate
School of Natural and Applied Sciences between 1989
and 1995 and asthe Vice Rector/President of KTU
between 1996 and 1997. He also worked as the Director
of Research and Development Center of Materials
Sciences and Manufacturing Technologies between
1995 and 2005, as the Head of Mechanical Engineering
Department between 1999 and 2005 of the same
university, as a Member of the Certification Committee
in Trabzon Regional Representative of the Turkish
Standard Institution between 1996 and 2012 and as the
Head of Materials Division of the Mechanical
Engineering Department of KTU between 1997 and
2015. Professor Temel Savaskan has authored more
than 50 peer reviewed scientific papers and three text
books, supervised 10 PhD and 18 MSc theses, and
completed 17 scientific research project reports. He also
reviewed a large number of scientific papers, project
proposals and reports.

E-mail: savaskan@Xktu.edu.tr



mailto:ali.hekimoglu@erdogan.edu.tr
mailto:savaskan@ktu.edu.tr

