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Abstract Dry sliding friction and wear properties of

ternary Al–25Zn–3Cu and quaternary Al–25Zn–3Cu–

(1–5)Si alloys were investigated using a pin-on-disc test

machine after examining their microstructures and

mechanical properties. An alloy (Al–25Zn–3Cu–3Si),

which exhibited the highest tensile and compressive

strengths, was subjected to T7 heat treatment. Surface and

subsurface of the wear samples were investigated using

scanning electron microscopy (SEM). The hardness and

both tensile and compressive strengths of the alloys

increased with increasing silicon content, but the trend

reversed for the latter ones above 3% Si. It was observed

that T7 heat treatment reduced the hardness and both ten-

sile and compressive strengths of the Al–25Zn–3Cu–3Si

alloy, but increased its elongation to fracture greatly. Three

distinct regions were observed underneath the surface of

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

formation of these regions was related to the heavy

deformation of surface material and mixing, oxidation and

smearing of wear material. Al–25Zn-based ternary and

quaternary alloys in both as-cast and heat-treated condi-

tions were found to be superior to SAE 660 bronze as far as

their mechanical and dry sliding wear properties are

concerned.

Keywords Unlubricated friction � Non-ferrous alloys �
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1 Introduction

A number of zinc-based ternary and quaternary alloys such

as ALZEN 305, ZA-5, ZA-8, ZA-12, ZA-27 and Zn–40Al–

2Cu–2Si have been developed as a result of extensive

research [1–6]. These alloys in general were found to be

superior to the traditional bearing materials including

bronze and cast iron as far as their wear resistance is con-

cerned [7–12]. Amongst them the highest strength and wear

resistance were obtained from the monotectoid Zn–40Al–

2Cu, Zn–40Al–2Si and Zn–40Al–2Cu–2Si alloys [13–16].

However, the copper containing zinc-based ternary and

quaternary alloys showed low ductility and considerable

amount of dimensional instability [17–19]. Recently it has

been shown that these problems can be overcome to a great

extent by replacing zinc with aluminium [20–22]. Extensive

research on the new alloys resulted in the development of

ternary Al–40Zn–3Cu and Al–25Zn–3Cu and quaternary

Al–40Zn–3Cu–2Si and Al–40Zn–3Cu–(1–3)Ni alloys

[20–22]. They were found to be comparable to the zinc-

based commercial alloys as far as their specific strength and

wear resistance are concerned, but exhibited considerably

higher ductility and lower dimensional change [1–12,

20–22]. However, the mechanical and tribological proper-

ties of Al–25Zn–3Cu-based quaternary alloys containing

silicon have not been investigated. Therefore, the aim of

this study was to investigate the dry sliding wear behaviour

of Al–25Zn–3Cu–(1–5)Si alloys in a systematic manner

after determining their structural and mechanical properties

and compare the results with those of the SAE 660 bearing

bronze under the same test conditions.
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2 Experimental Procedure

2.1 Preparation of Alloys and Examination

of Microstructure

One ternary Al–25Zn–3Cu and six quaternary Al–25Zn–

3Cu–(1–5)Si were prepared from commercially pure alu-

minium (99.7%), high purity zinc (99.9%), electrolytic

copper (99.99%) and an Al–12Si eutectic alloy. Alloys

were melted in an electric furnace and poured at a tem-

perature of 680 �C into a steel mould at room temperature.

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

diameter of 57 mm at the bottom and diameter of 70 mm at

the top. To compare the wear behaviour of Al–25Zn–3Cu-

based alloys with that of a traditional bearing material,

cylindrical ingot of centrifugally cast SAE 660 bronze

(CuSn7ZnPb) was obtained from a commercial source.

The chemical compositions of the alloys were determined

by atomic absorption analysis. Samples for structural

examinations were prepared using standard metallographic

techniques. The Al–25Zn–3Cu-based alloys were etched

with 3% NaOH solution, and a solution consisting of 2 g

FeCl3 ? 5 ml HCI ? 30 ml H2O ? 60 ml ethanol was

used for etching the bronze. Both alloys were examined

using optical and scanning electron microscopy (SEM).

2.2 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 the indenter. The tensile and compressive strengths

of the alloys were measured using round specimens with

the dimensions (diameter 9 gauge length) of 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 microhardness measurements

were made on the samples after wear tests at a load of 10

gf. At least three readings were taken to determine the

density, hardness, tensile and compressive strengths and

elongation to fracture of the alloys.

2.3 Heat Treatment

Only the Al–25Zn–3Cu–3Si alloy, which exhibited the

highest tensile and compressive strengths amongst the

Al–25Zn-based alloys, was subjected to T7 heat treatment

in order to improve its dimensional stability and ductility.

The treatment was performed by solutionizing the alloy at a

temperature of 375 �C for 36 h followed by rapid water

quenching and ageing at 180 �C for 8 h. The ageing time

for this heat treatment was determined using the hardness

versus ageing time curve obtained at the same temperature

for a total period of 100 h.

2.4 Friction and Wear Tests

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

disc machine. A sectional view of this machine is shown in

Fig. 1. The machine consists of a disc, a pin (specimen), a

mounting system, a loading system, and friction force and

temperature measurement system. The disc was made of

SAE 1045 steel, the chemical composition of which is

given in Table 1. The hardness of the disc was measured as

50 ± 1 HRC, after through hardening and tempering

treatments.

Fig. 1 A schematic diagram of

the pin-on-disc machine
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Wear samples with the dimensions of 10 9 15 9

25 mm were prepared from the alloys including the SAE

660 bronze. Friction and wear tests were performed under a

constant pressure of 1.5 MPa and a sliding speed of

1 m s-1. The friction force was determined during sliding

using a load cell (S-50), and the friction coefficient of the

alloys was calculated by dividing friction force by the

normal load. The friction and wear tests were carried out

for 41.6 min, which corresponds to a sliding distance of

2,500 m. The temperature of the wear samples was moni-

tored by inserting a copper–nickel thermocouple in a hole

at a distance of 1.5 mm from the rubbing surface. The

specimens were ultrasonically cleaned and weighed before

each wear test 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 a sliding distance of 500 m,

cleaned in solvents and weighed to determine the mass

loss. This procedure was repeated for a total sliding dis-

tance of 2,500 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 sub-

surface regions of the wear samples were examined using

the secondary electron mode of SEM.

3 Results

3.1 Chemical Composition and Microstructure

The chemical compositions of ternary Al–25Zn–3Cu and

quaternary Al–25Zn–3Cu–(1–5)Si alloys and the SAE 660

bronze are given in Tables 2 and 3, respectively.

The microstructures of the ternary Al–25Zn–3Cu alloy

consisted of aluminium-rich a dendrites, eutectoid a?g and

h phases, Fig. 2a. The quaternary Al–25Zn–3Cu–(1–5)Si

alloys revealed silicon particles in their microstructures, in

addition to the phases observed in the ternary alloy,

Fig. 2b–d. The size and distribution of the silicon particles

were found to be dependent on the silicon content of the

alloys. For example, they showed a fine appearance and a

homogenous distribution in the alloys containing up to 3%

Si. However, in the alloys containing more than 3% Si they

became larger and exhibited an inhomogeneous distribu-

tion giving rise to a kind of micro-segregation by piling up

in different locations. The dendritic microstructure of the

Al–25Zn–3Cu–3Si alloy was completely removed after T7

heat treatment as seen in Fig. 2e. The microstructure of the

SAE 660 bronze consisted of copper-rich a, eutectoid

a ? d and lead-rich phases, Fig. 2f.

3.2 Physical and Mechanical Properties

The variation of hardness, tensile and compressive

strength, density and percentage elongation to fracture of

Al–25Zn–3Cu–(0–5) alloys as a function of silicon content

are shown in Fig. 3.

It can be seen that the tensile and compressive strengths

of the alloys showed three distinct changes with silicon

content. These include an initial sharp decrease with

increasing Si content, a gradual increase between 1 and 3%

Si and a sharp decrease once again at still higher contents.

However, their hardness increased continuously with

increasing silicon content, whilst density and percentage

elongation to fracture decreased.

The curve showing the change in hardness of the

supersaturated Al–25Zn–3Cu–3Si alloy with ageing time

at a temperature of 180 �C is given in Fig. 4. This curve

was used to determine the duration of T7 heat treatment.

The hardness of the alloy initially increased with

increasing ageing time, but showed a sharp decrease after

reaching its highest value. The values of hardness, tensile

and compressive strengths and elongation to fracture of

the alloy subjected to T7 heat treatment are given in

Table 4. It can be seen that the T7 heat treatment applied

to the alloy reduced its hardness and both tensile and

compressive strengths, but increased elongation to

fracture.

Table 1 Chemical composition of SAE 1045 steel

Material Chemical composition (wt%)

C Mn P S Fe

SAE 1045 0.46 0.6 0.035 0.03 Balance

Table 2 Chemical composition of the alloys tested

Alloy Chemical composition (wt%)

Al Zn Cu Si

Al–25Zn–3Cu 71.7 25.2 3.1 –

Al–25Zn–3Cu–1Si 70.9 25.1 2.9 1.1

Al–25Zn–3Cu–2Si 69.8 25.2 2.8 2.2

Al–25Zn–3Cu–2.5Si 69.4 25.1 2.9 2.6

Al–25Zn–3Cu–3Si 68.9 25.1 2.9 3.1

Al–25Zn–3Cu–4Si 67.8 25.2 3.1 3.9

Al–25Zn–3Cu–5Si 67.0 25.1 2.8 5.1

Table 3 Chemical composition of the SAE 660 bronze

Alloy Chemical composition (wt%)

Cu Sn Pb Zn

SAE 660 bronze 82.8 6.9 5.7 4.6
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3.3 Friction and Wear Test Results

The friction coefficient and temperature versus sliding

distance curves for the alloys are shown in Figs. 5 and 6,

respectively. The friction coefficient and temperature of the

alloys showed a sharp increase during the initial period of

test run and reached almost constant levels after approxi-

mately 200 m sliding distance. However, the constant

values of the friction coefficient and temperature of the

Al–25Zn–3Cu–(0–5)Si alloys were found to be consider-

ably lower than those of the SAE 660 bronze. The lowest

friction coefficient and temperature values were obtained

Fig. 2 Microstructures of

a Al–25Zn–3Cu,

b Al–25Zn–3Cu–1Si,

c Al–25Zn–3Cu–3Si,

d Al–25Zn–3Cu–5Si,

e Al–25Zn–3Cu–3Si

(heat-treated) and f SAE 660

bronze alloys

Fig. 3 The change in density,

hardness, tensile and

compressive strengths and

percentage elongation to

fracture of the alloys with

silicon content
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from the Al–25Zn–3Cu alloy, whilst the SAE 660 bronze

showed the highest values of these parameters.

The wear volume versus sliding distance curves for the

alloys tested are given in Fig. 7. The wear volume of the

alloys increased almost linearly with sliding distance. The

lowest wear volume was obtained from the Al–25Zn–3Cu–

3Si alloy, whilst the SAE 660 bronze exhibited the highest

wear volume.

The curves showing the change of friction coefficient,

temperature and wear volume as a function of silicon

content of the quaternary alloys are given in Fig. 8. It can

be seen that the steady state values of the friction coeffi-

cient and temperature of the alloys increased continuously

with increasing silicon content. However, the wear volume

of the alloys increased with increasing silicon content up to

3%, above which the trend reversed.

The wear surfaces of the ternary Al–25Zn–3Cu and

quaternary Al–25Zn–3Cu–3Si alloys were characterized by

smearing and scratches, but the smearing/adhesion was

found to be the dominant mechanism, as seen in Fig. 9a

and b. However, the wear surface of the SAE 660 bronze

was almost covered by continuous scratches and showed a

little amount of smearing with a few microcracks, Fig. 9c.

Three different regions were observed underneath the

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

tested for a sliding distance of 2,500 m. A micrograph

showing these regions labelled as A, B and C and corre-

sponding microhardness profile is given in Fig. 10. It can

be seen that the region A, which appears to be a surface

layer, has a very fine microstructure and the region B

shows the flow lines oriented in the sliding direction. It is

interesting to note that the silicon particles, which were

observed to be long and large in the original microstruc-

ture, appear as fine ones in the region A. It can also be seen

Fig. 4 Hardness versus ageing time curve for the Al–25Zn–3Cu–3Si

alloy

Table 4 Mechanical properties of the Al–25Zn–3Cu–3Si alloy in the as-cast and heat-treated conditions and SAE 660 bronze

Alloy Hardness

(BHN)

Tensile strength

(MPa)

Compressive

strength (MPa)

Elongation to

fracture (%)

Density

(kg m-3)

Al–25Zn–3Cu–3Si (as-cast) 148 354 1190 3.2 3210

Al–25Zn–3Cu–3Si (heat-treated) 104 298 1162 8.1 3212

SAE 660 bronze 83 278 1098 11.0 8913

Note: heat treatment was performed by quench-ageing of the alloy at a temperature of 180 �C for duration of 8 h

Fig. 5 Friction coefficient versus sliding distance curves for the

alloys tested

Fig. 6 The variation of temperature of the alloys tested as a function

of sliding distance

Tribol Lett (2010) 40:327–336 331

123



that the microhardness of the wear sample decreases

sharply with increasing depth from the surface, and shows

a sharp increase after dropping to its lowest value and

finally reaches the microhardness level of the original

microstructure. This indicates that the region A has the

highest where the region B exhibits the lowest microh-

ardness. However, only limited flow lines oriented in the

sliding direction were observed just below the surface of

the wear samples of the SAE 660 bronze, Fig. 11.

4 Discussion

The microstructure of the ternary Al–25Zn–3Cu alloy

consisted of aluminium-rich a dendrites, eutectoid a ? g
phase mixture and copper-rich h phase, Fig. 2a. In addition

to these phases, silicon particles were observed in the

quaternary Al–25Zn–3Cu–(1–5)Si alloys, Fig. 2b–d. The

silicon particles showed a fine appearance and homoge-

neous distribution in the quaternary alloys containing up to

3% Si. However, when the silicon content exceeded this

level, some of the silicon particles became larger and

gave rise to micro-segregation. Fine silicon particles are

produced by eutectic transformation, and the large ones

represent the primary silicon phase formed during solidi-

fication [4, 6, 9, 16, 20].

Hardness of the quaternary Al–25Zn–3Cu–(1–5)Si

alloys increased with increasing silicon content, Fig. 3.

Continuous increase in the hardness of the alloys with

increasing silicon content can be related to the percentage

amount of relatively hard and brittle silicon particles in

their microstructures [6, 7, 16, 20]. The tensile and com-

pressive strengths of the alloys showed three distinct

regions including an initial decrease, a gradual increase

between 1 and 3% Si and a final decrease as shown in

Fig. 3. Changes in both tensile and compressive strengths

of the alloys may be explained in terms of content, size,

shape and distribution of the hard silicon particles. All the

silicon particles in the alloy containing 1% Si appeared

only in their interdendritic regions. Since these particles are

relatively hard and brittle, they may give rise to cracking in

the interdendritic regions under tension [6, 16, 20]. How-

ever, such brittleness has less adverse effect on the fracture

behaviour of the alloys under compression. Therefore, the

influence of silicon particles on the compressive strength is

expected to be less effective than that observed in the case

of the tensile strength. The silicon particles in the alloys

containing 1–3% Si showed more homogeneous distribu-

tion and resulted in a gradual increase in both tensile and

compressive strengths of the alloys, Fig. 3. However, both

fine and large silicon particles were observed in the alloys

containing more than 3% Si, Fig. 2c. In addition, they

appeared to be elongated and showed a tendency to pile up

in different locations. It appears that the size and the degree

of segregation of silicon particles increase considerably

when the silicon content exceeds 3%. It is known that the

Fig. 7 Wear volume versus sliding distance plots for the alloys tested

Fig. 8 The change of the

friction coefficient, temperature

and wear volume of the alloys

as a function of silicon content
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formation of large primary silicon particles in either zinc or

aluminium-based alloys results in a reduction in their

strength by giving rise to cracking tendency [6, 16, 20].

This brittleness due to large and elongated silicon particles

may also reduce the compressive strength of the alloys.

Therefore, a reduction would be expected in both tensile

and compressive strengths of the alloys when their silicon

content exceeds 3%.

It was observed that the T7 heat treatment reduced the

hardness and both tensile and compressive strengths of the

Al–25Zn–3Cu–3Si alloy, but increased its percentage

elongation considerably, Table 4. This can be explained in

terms of the decomposition of the supersaturated solid

solutions. The hardness of the alloy is expected to increase

during ageing due to precipitation of zinc-rich phases.

Fig. 10 Microstructural changes underneath the wear surface of the

Al–25Zn–3Cu–3Si alloy and corresponding microhardness profile

Fig. 11 Appearance of the microstructural changes underneath the

wear surface of the SAE 660 bronze

Fig. 9 Wear surfaces of a Al–

25Zn–3Cu alloy, b Al–25Zn–

3Cu–3Si alloy and c SAE 660

bronze tested at a pressure of

1.5 MPa and a sliding speed of

1 m s-1 for a total sliding

distance of 2,500 m
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However, it would be expected to decrease beyond the

peak due to the coarsening of microconstituents, Fig. 4. An

ageing time of 8 h at 180 �C was considered to be sufficient

to obtain a stable microstructure by completing the major

phase changes in the alloy [12, 13, 23–26].

The friction coefficient and temperature of the alloys

showed a sharp increase during the initial period of the test

and reached almost constant levels after a sliding distance

of approximately 200 m, Figs. 5 and 6. These observations

may be related to the smoothening out of the wear surfaces

due to the wear-in process and formation of oxide films

thereon [10, 27–29].

The wear volume of the alloys increased almost linearly

with sliding distance, Fig. 7. The Al–25Zn–3Cu–3Si alloy

possessing the highest tensile and compressive strengths

showed the highest wear resistance amongst all. This is in

agreement with the laws of adhesive wear and Archard’s

equation [30]. Wear volume of the alloys can also be related

to their tensile and compressive strengths [11, 20–22]. It is

known that as the tensile and compressive strengths of the

alloys increase, their wear volume decreases [8, 11, 20–22].

In view of above, the Al–25Zn–3Cu–3Si alloy would be

expected to exhibit the lowest wear volume. However, the

wear resistance of this alloy decreased after heat treatment

(T7). This observation can be related to the microstructural

changes and deterioration in the hardness and strength of

the alloy. The microstructural changes may be responsible

for the change observed in wear behaviour of the alloy by

producing a fine-grained matrix which gave rise to less

smearing, whilst the deterioration in hardness and strength

lowered its wear resistance.

Friction coefficient and temperature of the Al–25Zn–

3Cu–(0–5)Si alloys increased continuously with increasing

silicon content. However, the wear volume of the alloys

decreased with increasing silicon content up to 3%, above

which the trend reversed. It can be explained in terms of

microstructural features and mechanical properties of these

alloys. As mentioned above, addition of silicon forms

eutectic and primary silicon particles in the microstructure.

Since these particles are hard and brittle, they may increase

the friction coefficient and temperature. On the other hand,

the mechanical properties of these alloys are very sensitive

to the size and distribution of the silicon particles. It is

known that the primary silicon particles deteriorate the

strength of the alloys [6, 20]. These particles were only

observed in the Al–25Zn-based alloys containing more than

3% Si. Therefore, an increase would be expected in the wear

volume of the alloys containing more silicon than this level.

Wear surfaces of the Al–25Zn–3Cu–Si alloys were

characterized by smearing and scratches, Fig. 9a–b. How-

ever, only very limited amount of smearing together with

fine and continuous scratches were observed on the wear

surface of the SAE 660 bronze, Fig. 9c. Smearing may

have resulted from the back transfer of the wear material

from disc to sample surface, whilst the scratches are pro-

duced by ploughing action of the hard wear particles during

either their removal or back transferring [1, 3, 6, 9, 11, 15,

20, 31]. Three different regions were observed underneath

the wear surface of Al–25Zn–3Cu–3Si alloy and they are

called regions A, B and C, Fig. 10. The region A which

appeared to be a continuous surface layer had a very fine

microstructure, whilst the region B exhibited flow lines

oriented to the sliding direction. However, the region C has

the same microstructure as the unaffected bulk material.

The microhardness profile obtained from the subsurface of

the wear sample of this alloy showed that region A has the

highest, but the region B has the lowest microhardness

values, Fig. 10. These observations indicate that the region

A was produced by grinding, mixing and smearing of the

wear material due to combined effects of compressive and

localized shear stresses on the wear surface. Therefore, it

may be considered as a mechanically mixed surface layer.

The flow lines observed in region B resulted from

the severe plastic deformation of the surface material of the

wear sample due to the shear stresses acting along the

sliding direction and frictional heat. Similar explanations

were reported in previous articles [22, 31–36]. As a result it

may be suggested that the flow lines form first in the sur-

face material of the wear sample then the region A builds

up gradually by back transferring, mixing and smearing of

the wear particles. This results in the formation of a fine

grained layer with high hardness on the wear surface.

However, the microhardness of region B was much lower

than that of the unaffected bulk. This may be related to

recrystallization which takes place in this region due to

severe plastic deformation and frictional heat [37]. Surface

and subsurface examinations suggest that adhesion

including back transfer, mixing and smearing is the most

effective wear mechanism for the Al–25Zn–3Cu–Si alloys,

whilst the abrasion due to ploughing action of fine and hard

wear particles dominates the wear of the SAE 660 bronze.

Compared to the SAE 660 bronze, the Al–25Zn–3Cu–

(0–5)Si alloys exhibited lower friction coefficient and

higher wear resistance under the same test conditions,

Figs. 5, 6 and 7. This may be related to their microstructure

and mechanical properties. These alloys have a multiphase

structure consisting of aluminium-rich a, zinc-rich g and

copper-rich h phases and silicon particles [1, 3, 10, 15, 22,

27]. The a and g phases in the alloy microstructure are soft

compared to the h and silicon particles. This makes it an

ideal microstructure for the bearing applications [5, 10, 15,

20–22, 27]. In addition, oxide films formed on the wear

surfaces of these alloys during dry sliding lower their

friction coefficient and improve their wear resistance [10,

15, 27]. This is because the aluminium oxide which is a

hard compound provides load-carrying capability, whilst

334 Tribol Lett (2010) 40:327–336
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the relatively soft zinc oxide acts as a lubricant [8, 10, 15,

27]. The hardness, tensile and compressive strengths of

these alloys were found to be much higher than those of the

SAE 660 bronze. Since the wear rate of most materials is

inversely proportional to their hardness or strength, the Al–

25Zn–3Cu–(0–5)Si alloys can be expected to have higher

wear resistance than that of the SAE 660 bronze as far as

the present test conditions are concerned. In addition, crack

sensitivity of the bronze may also be responsible to a

certain extent for its inferior wear response [10, 38].

5 Conclusions

(1) The microstructure of the quaternary Al–25Zn–3Cu–

(1–5)Si alloys consisted of aluminium-rich a, eutectoid

a ? g and copper-rich h phases and eutectic and/or

primary silicon particles.

(2) The hardness and both tensile and compressive

strengths of the Al–25Zn–3Cu-based alloys increased

with increasing silicon content, but the trend reversed

for the ones with more than 3% Si. Amongst the as-

cast alloys, the highest wear resistance was obtained

with the Al–25Zn–3Cu–3Si alloy.

(3) The T7 heat treatment reduced the tensile and

compressive strengths and wear resistance of the

Al–25Zn–3Cu–3Si alloy, but greatly increased its

ductility. Despite the decrease in the strengths of this

alloy, its wear resistance in the heat-treated condition

was found to be considerably higher than that of the

bearing bronze. In addition, the wear resistance of the

alloys tested was observed to be strongly dependent

on their tensile and compressive strengths rather than

their hardness as far as this study is concerned.

(4) A fine-grained surface layer and a deformed region

containing flow lines oriented in the sliding direction

were observed underneath the wear surface of the

Al–25Zn–3Cu–3Si alloy. Occurrence of the flow lines

was related to the deformation and recrystallization of

the surface material, and formation of the fine-grained

surface layer was explained in terms of back trans-

ferring, mixing and smearing of the wear particles.
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