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Abstract In order to develop aluminium–zinc-based a

new alloy for tribological applications, six binary Al–Zn

and seven ternary Al–25Zn–(1–5)Cu were prepared by

permanent mould casting. Their microstructure and

mechanical properties were investigated. Dry sliding fric-

tion and wear properties of the ternary alloys were

investigated using a pin-on-disc machine. Surface and

subsurface regions of the wear samples were studied with

scanning electron microscopy (SEM). The highest hardness

and tensile strength were obtained with the Al–25Zn alloy

among the binary ones. The microstructure of this alloy

consisted of aluminium-rich a and eutectoid a ? g phases.

Addition of copper to this alloy resulted in the formation of

h (CuAl2) phase. The hardness of the ternary alloys

increased with increasing copper content. The highest

tensile and compressive strengths and wear resistance and

the lowest friction coefficient were obtained from the ter-

nary Al–25Zn–3Cu alloy. The dimensional change

measured on ageing (stabilization) of this alloy was found

to be much lower than that obtained from the copper

containing zinc-based alloys. Microstructural changes were

observed below the surface of the wear samples of the

Al–25Zn–3Cu alloy. These changes were related to the

heavy deformation of the surface material due to normal

and frictional forces, and smearing and oxidation of wear

material. Adhesion was found to be the main wear mech-

anism for the alloys tested.

Introduction

Zinc-based ternary and quaternary alloys have been proven

to be good bearing materials [1–5]. Their wear resistance

was found to be considerably higher than that obtained

from the traditional bearing materials including bronze and

cast iron [5–8]. However, the copper containing zinc-based

ternary and quaternary alloys suffer from dimensional

instability and low ductility problems [5–11]. The insta-

bility problem arises mainly due to the transformation of

metastable e (CuZn4) phase into the stable T0 (Al4Cu3Zn)

and g phases by a four phase reaction eþ a� T 0 þ gð Þ
and the low ductility was related to the brittleness of zinc

and copper-rich phases [3, 9–11]. To eliminate or minimise

these problems zinc was replaced with aluminium in these

alloys and this resulted in the formation of stable h (CuAl2)

particles instead of metastable e phase [7, 12]. As a result

of these investigations, Al–40Zn–3Cu and Al–40Zn–3Cu–

2Si alloys have been developed [7, 12]. These alloys

exhibited almost the same specific strength as the zinc-

based monotectoid alloys, but their elongation to fracture

was found to be much higher than those of the latter [7, 8,

12–18]. As observed with the zinc-based monotectoid

alloys, the wear resistance of these alloys was also found to

be much higher than that of a traditional bearing bronze [7,

12]. This indicates that the zinc-based bearing alloys can be

replaced successfully with the aluminium-based alloys

containing zinc, copper and/or silicon for tribological

applications. However, the effects of zinc content on the

mechanical and tribological properties of aluminium-based

alloys have not been investigated. In order to develop

aluminium-based new alloys with desirable properties the

most suitable zinc content should be determined. For this

reason the best composition for the base alloy (binary

Al–Zn) should be determined first. Then the ternary or
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quaternary alloys can be designed and produced by the

addition of copper or silicon to the base alloy. Therefore,

the main aim of this work was to design and produce

aluminium–zinc-based new ternary alloys with desirable

mechanical and wear properties.

Experimental procedure

Preparation of alloys, chemical composition

and microstructure

Six binary Al–Zn, seven ternary Al–25Zn–(1–5)Cu were

prepared from commercially pure aluminium (99.7%), high

purity zinc (99.9%) and electrolytic copper (99.9%). Alloys

were melted in an electric furnace at a temperature of

680 �C and poured into a steel mould at room temperature.

The mould had a conical shape with a length of 180 mm, a

bottom diameter of 57 mm and a top diameter of 70 mm.

The chemical compositions of the alloys were deter-

mined by atomic absorption analysis method. Samples for

microstructural examinations were prepared using standard

metallographic techniques, etched with 3% NaOH solution

in alcohol and examined by optical and scanning electron

microscopy (SEM).

Physical and mechanical tests

The density of the alloys was determined by measuring

their volume and mass. The Brinell hardness of the alloys

was measured using a load of 62.5 kgf and a 2.5 mm steel

ball as indenter. The tensile and compressive strengths of

the alloys were measured using round specimens with a

dimension (diameter 9 gauge length) 8 mm 9 40 mm and

10 mm 9 10 mm, respectively at a strain rate of 5.9 9

10-3 s-1. Vicker’s micro-hardness measurements were

made on the metallographic and wear samples at a load of

20 gf. The dimensional stability of the alloy (Al–25Zn–

3Cu), which showed the highest tensile and compressive

strengths, was monitored at 150 �C for 100 h using round

specimens having the dimensions of 8 9 45 mm2. A bench

micrometer with an accuracy of ±0.003 mm was used to

measure the length of the specimens. At least, three read-

ings were taken to determine the density, hardness, micro-

hardness, tensile and compressive strengths, elongation to

fracture and the dimensional changes of the alloys.

Friction and wear tests

The friction and wear tests were carried out using a pin-on-

disc machine. A schematic diagram of this machine is

shown in Fig. 1. The machine consists of a disc, a pin

(specimen), and its mounting system, a loading system, and

friction force and a temperature measurement system. The

disc was made of SAE 1045 steel (0.42%–0.50% C, 0.5%–

0.8% Mn, 0.035% P, 0.03% S and balance Fe) with a

diameter of 200 mm and a hardness of 50 ± 1 HRC.

Specimens with a size of 10 9 15 9 25 mm3 were pre-

pared from the alloys. Friction and wear tests were

performed under a constant pressure of 1.5 MPa and a

sliding speed of 1 ms-1. The friction force was determined

using a S-50 type load cell and the coefficient of friction of

the alloys calculated by dividing friction force by the

normal load. The friction and wear tests were carried out

for a sliding distance of 2500 m. The temperatures of the

wear samples were monitored by inserting a copper–nickel

Fig. 1 A schematic diagram of

the test machine
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thermocouple in a hole at a distance of 1.5 mm from the

rubbing surface. Each specimen was ultrasonically cleaned

and weighed before wear tests using a balance with an

accuracy of 0.01 mg. The disc was cleaned with organic

solvents to remove surface contaminants before each test.

The wear samples were removed after every sliding dis-

tance of 500 m, cleaned in solvents and weighed to

determine the mass loss. This procedure was repeated for a

total sliding distance of 2500 m. The measured values of

mass loss for all the specimens tested were converted into

volume loss using the measured density of the alloys. The

surface and subsurface of the wear samples were examined

using SEM.

Results

Chemical composition and microstructure

The chemical compositions of the aluminium-based alloys

produced are given in Table 1. The microstructure of the

binary Al–25Zn alloy consisted of aluminium rich a den-

drites and eutectoid a?g phases, Fig. 2a. Addition of copper

to this alloy produced inter-metallic h particles mainly in the

inter-dendritic regions, Fig. 2b–d. It was observed that as the

copper content of the ternary alloys increased the number

and the size of these particles increased.

Physical and mechanical test results

The change of the density, hardness, tensile strength and

percentage elongation to fracture of the binary Al–Zn

alloys as a function of zinc content are shown in Fig. 3. It

can be seen from this figure that the hardness and tensile

strength of the binary alloys increased with increasing zinc

content up to 25%, above which the trend reversed. This

indicates that the Al–25Zn alloy has the highest hardness

and tensile strength among the binary ones. However, their

elongation to fracture decreased with increasing zinc con-

tent up to 30%, above which it showed a small increase. It

was also observed that the density of the binary alloys

increased almost linearly with increasing zinc content.

The variation of the density, hardness, micro-hardness

of a phase, tensile and compressive strengths and per-

centage elongation to fracture with copper content of the

ternary Al–25Zn–(1–5)Cu alloys are shown in Fig. 4. This

figure shows that the density and the hardness of the ter-

nary alloys increase, but their elongation to fracture

decreases continuously with increasing copper content. The

tensile and compressive strengths of the alloys increased

with increasing copper content up to 3% Cu, above which

the trend reversed. The micro-hardness of the a phase of

the alloys also increased with increasing copper content up

to 3%, but it became almost constant above this level.

These observations indicate that the Al–25Zn–3Cu alloy

has the highest tensile and compressive strengths among

ternary alloys containing copper.

Figure 5 shows the changes in hardness and length of

the Al–25Zn–3Cu alloy as a function of ageing time. It can

be seen that the length of the alloy samples increased, but

their hardness decreased on ageing for the first 10 h period,

after which both parameters became almost constant. The

maximum amount of increase observed in the length of this

alloy was found to be approximately 0.03%.

Friction and wear test results

The friction coefficient, temperature and wear loss (wear

volume) versus sliding distance curves for the ternary

alloys are shown in Figs. 6, 7, 8, respectively. The friction

coefficient and the temperature of the alloys showed a

sharp increase during the initial period of the test run and

reached almost constant levels after a sliding distance of

approximately 200 m. However, their wear volume

increased almost linearly with increasing sliding distance.

The change of friction coefficient, temperature and wear

volume as a function of copper content of the ternary alloys

are shown in Fig. 9. It can be seen that the friction coef-

ficient, temperature and wear volume of the alloys decrease

with increasing copper content up to 3%, above which the

trend reverses.

The wear surfaces of the alloys were characterised by

smearing and fine scratches, Fig. 10a–c. However, smear-

ing was observed to be the dominant wear mechanism for

the alloys tested. Two distinct layers were observed below

the surface of the wear samples of Al–25Zn–3Cu alloy

tested for a sliding distance of 2500 m, Fig. 11. These

Table 1 The chemical compositions of the aluminium-based alloys

Alloy Chemical composition (wt%)

Al Zn Cu

Al–10Zn 90.6 9.4 –

Al–20Zn 81.2 18.8 –

Al–25Zn 74.8 25.2 –

Al–30Zn 71.3 28.7 –

Al–40Zn 61.2 38.8 –

Al–50Zn 48.6 51.4 –

Al–25Zn–1Cu 74.0 25.1 0.9

Al–25Zn–2Cu 72.6 25.2 2.2

Al–25Zn–2.5Cu 72.3 25.1 2.6

Al–25Zn–3Cu 71.7 25.2 3.1

Al–25Zn–3.5Cu 71.1 25.2 3.7

Al–25Zn–4Cu 70.5 25.3 4.2

Al–25Zn–5Cu 69.9 25.2 4.9
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Fig. 3 The variation of the

hardness, tensile strength,

percentage elongation to

fracture and density of the

binary Al–Zn based alloys with

zinc content

Fig. 2 Microstructures of a Al–

25Zn, b Al–25Zn–1Cu, c Al–

25Zn–3Cu, d Al–25Zn–5Cu

alloys

Fig. 4 The change in hardness,

micro-hardness of a phase,

tensile and compressive strength

and percentage elongation to

fracture of the binary and

ternary alloys with copper

content
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layers were marked as A and B starting from the rubbing

surface. The layer A has a fine-grained microstructure,

while the layer B shows flow lines oriented in the sliding

direction. The change of micro-hardness as a function of

depth from the surface of a wear sample is shown in

Fig. 12. It can be seen that the micro-hardness of the

sample shows a sharp decrease with increasing depth in

layer A and reaches almost a constant level after dropping

to its lowest value in layer B and becoming almost constant

after showing a gradual increase. This indicates that the

layer A has the highest, but the layer B has the lowest

micro-hardness values. However, the final level of the

micro-hardness was observed to be approximately the same

as the value obtained from the a phase of the original alloy

microstructure.

Discussion

The microstructure of the Al–25Zn binary alloy consisted

of aluminium-rich a dendrites, eutectoid a ? g phase

mixture, Fig. 2a. Copper addition to this alloy resulted in

the formation of h inter-metallic phase mainly in the inter-

dendritic regions. The size and the number of this inter-

metallic phase in the ternary alloys increased as the copper

content increased, Fig. 2b–d. These observations are in

agreement with the results obtained from the Al–40Zn-

based ternary alloys containing copper [7, 12].

The maximum increase (0.03%) in the length of the Al–

25Zn-–3Cu alloy on ageing was found to be much lower

than that ([0.2%) obtained from the copper containing

zinc-based alloys [5]. This can be related to the formation

of stable intermetallic h phase in the former instead of

metastable e phase [5].
Fig. 7 The change of temperature as a function of sliding distance for

the ternary alloys

Fig. 8 The volume loss due to wear obtained from tested alloys

versus sliding distance

Fig. 5 The variation of the hardness and dimensional change with

ageing time

Fig. 6 The variation of coefficient versus sliding distance for the

alloys tested
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Among the binary Al–Zn alloys the maximum hardness

and tensile strength were obtained with the Al–25Zn alloy,

Fig. 3. This may be related to the solid solution hardening

mechanism [19]. According to the binary Al–Zn phase

diagram the solid solubility of zinc in aluminium reaches a

maximum at approximately 25% Zn at the eutectoid tem-

perature [20–22]. Since the hardness and strength of solid

solutions increases with the amount of solubility the

maximum hardness and tensile strength are expected with

the Al–25Zn alloy in the binary Al–Zn system. This

observation is in a good agreement with the results of

previous investigations carried out mainly on the decom-

position behaviour of the binary Al–Zn alloys [20–22].

The hardness of the Al–25Zn-based ternary alloys

increased, but their elongation to fracture decreased almost

continuously as the copper content increased, Fig. 4.

However, their tensile and compressive strengths and the

micro-hardness of the a phase increased with increasing

copper content up to 3%, above which the trend reversed

for the first two properties, but the latter became almost

constant. These observations can be explained in terms of

solid solution hardening mechanism and microstructural

details. As explained in previous papers [7, 12, 14] the a
phase of the Al–Zn–Cu alloys becomes saturated with

copper when their copper content reaches approximately

3%. It is also known that addition of copper to Al–Zn

alloys results in the formation of hard and brittle h phase

[7, 12, 14]. These facts explain why the tensile and com-

pressive strengths and the micro-hardness of the a phase of

the ternary alloys reach their maximum values at 3% Cu,

while their hardness increases almost continuously with

increasing copper content. The decrease in the elongation

to fracture may be related to the presence and distribution

of the h phase. Metallographic examinations showed that

the particles of this intermetallic phase were formed mainly

in the inter-dendritic regions of the ternary alloys, Fig. 2b–d.

These particles may reduce the elongation to fracture by

weakening the bonding between the dendrites or causing

brittleness in the inter-dendritic regions of the alloys.

The friction coefficients of the alloys showed a sharp

increase during the initial period of the test and reached

almost constant levels after 200 m sliding distance Fig. 6.

Their temperatures showed a very similar trend, Fig. 7.

These observations may be related to the smoothing out of

the wear surfaces due to the wear-in process and formation

of oxide films on these surfaces as explained in the pre-

vious papers [7, 12, 23–26].

The wear resistance of the copper containing Al–25Zn-

based ternary alloys increased with copper content up to

3%, above which the trend reversed, Fig. 9. This may be

explained in terms of solid solubility of copper in alu-

minium and the mechanical properties of the alloys. The

tensile and compressive strengths of the Al–25Zn-based

ternary alloys reach their ultimate level at 3% Cu due to the

reasons given above. According to the adhesive wear the-

ory and previous wear results obtained from similar alloys

the wear loss is inversely proportional to the hardness,

especially micro-hardness of the matrix and tensile strength

of the materials [7, 8, 12–15]. Therefore, the highest wear

resistance can be expected from the ternary alloy con-

taining 3% Cu.

Wear surfaces of the Al–25Zn-based alloys were charac-

terised by smearing and scratches, Fig. 10a–c. As explained in

previous papers smearing occurs due to removal and back-

transfer of wear material from disc to the sample surface,

while the scratches were produced by the ploughing action

of the hard intermetallic particles during their removal

from the sample surface [23–27].

Metallographic examinations revealed two distinct lay-

ers below the surface of the wear samples of Al–25Zn–3Cu

Fig. 9 The change of the

friction coefficient, temperature

and wear volume of the alloys

tested versus copper content
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alloy. These were marked as layer A and layer B, Fig. 11.

The layer A had a fine-grained microstructure, while the

layer B revealed flow lines oriented in the sliding direction.

Micro-hardness profile obtained from the longitudinal

section of the wear samples showed that the layer A is

harder, but the layer B is softer than the original alloy,

Fig. 12. These observations suggest that the former is a

mechanically mixed layer (MML) which was produced by

the smearing of the wear material on the surface, while the

layer B formed as result of heavy plastic deformation of the

surface material. The high hardness of the layer A may be

attributed to the heavy deformation and oxidation of the

wear material, while the low hardness of the layer B may

be related to either deformation and recrystallization or

decomposition of metastable phases and coarsening of the

Fig. 10 Wear surfaces of a Al–25Zn–1Cu, b Al–25Zn–3Cu c Al–

25Zn–5Cu alloys

Fig. 11 The cross-sectional view of a wear sample of the Al–25Zn–

3Cu alloy

Fig. 12 The variation of micro-hardness as a function of depth from

the surface of a wear sample of the Al–25Zn–3Cu alloy
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transformation products in the wear sample during testing

[27–33]. However, formation of flow lines in the layer B

may be attributed to the combined effect of frictional force

and the maximum shear stress which takes place at the

surface of the sample under dry sliding condition [27–33].

It is probable that in early stages of the test the layer B

forms first due to heavy plastic deformation and then the

layer A starts to form by smearing of the wear products

back transferred from the disc to the sample surface

[24–33].

Conclusion

1. The highest hardness and tensile strength were

obtained with the Al–25Zn alloy among the alumin-

ium-based binary alloys.

2. The microstructure of the Al–25Zn–(1–5)Cu alloys

consisted of aluminium-rich a, eutectoid a ? g and h
phases.

3. The tensile and compressive strengths of the Al–25Zn–

(1–5)Cu alloys increased with increasing copper

content up to 3%, above which the trend reversed.

4. The Al–25Zn–3Cu alloy exhibited much lower expan-

sion on ageing than that observed with the zinc-based

alloys. This indicates that this alloy is much more

stable than the zinc-based alloys containing aluminium

and copper.

5. The highest wear resistance was obtained with the Al–

25Zn–3Cu alloy among the ones tested.

6. The wear resistance of the alloys tested was found to

be dependent upon their tensile and compressive

strengths rather than their hardness.

7. Microstructural changes were observed below surface

of the wear samples of the Al–25Zn–3Cu alloy. They

appeared to be a fine-grained layer and a heavily

deformed region oriented in the sliding direction.

Formation of these layers was related to heavy

deformation of surface material and smearing of wear

debris due to high pressure and frictional force.

8. Wear surfaces of the Al–25Zn–Cu alloys were char-

acterised by smearing and scratches, but smearing

appeared to be dominant mechanism for their wear.
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7. Alemdağ Y, Savaşkan T (2008) Tribol Lett 29:221
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