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Abstract: The tribological behaviours of aluminium-based bearing alloys with different compositions, forged and heat treated
materials, were investigated in oil lubricated conditions. Tested materials were Al—8.5Si—3.5Cu and Al-15Pb—3.7Cu—1.5Si—1.1Fe.
The effects of hardness, heat treatment and forging on wear behaviours of the tested materials were investigated. In forging process,
10%—20% strains were applied. Heat treatment (T6) was performed to the materials. The wear tests of all specimens were performed
with a pin- on-disc wear test machine. Forging process increased hardness value of the tested materials. A forging strain of 10%—20%

has no significant effect on mass loss.
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1 Introduction

Aluminium alloys have been used for bearing
applications for many years. Aluminum bearing alloys
have wear resistance, fatigue strength, low modulus of
elasticity, high load carrying capacity, excellent corrosion
resistance, castability and thermal conductivity. They are
used in main bearings of internal combustion and diesel
engines, hydraulic = gear pumps, reciprocating
compressors and aircraft equipments. Aluminium and its
alloys have low density. That’s why better serviceable
bearing parts can be produced [1,2]. Wear is a major
problem in industry. The wear complicates power
transmission and reduces working efficiency. Therefore,
many efforts have been made to produce more wear-
resistance materials and methods to reduce wear of
machine elements. These efforts include variety of
properties of materials, surface treatment, coatings and
different production techniques.

Commercial pure aluminium and its alloys have
some disadvantages such as low strength and unstable
mechanical properties in the engineering practice.
Aluminium has been the most selected material when
using as bearing components by alloying such elements
as Sn, Si, Pb, Cu and Mg. The mechanical properties of
aluminium can be increased by alloying. Heat treatment,

cold working and precipitation hardening increase their
strength [1,3,4]. An important way to improve wear
properties of Al-based bearing alloys is to add alloying
elements. ZHU et al [5] showed that the addition of
silicon (Si), cupper (Cu) and magnesium (Mg) increases
the hardness, strength and wear resistance. The strength
and microstructure of alloy matrix are important factors
influencing wear behaviours. For a long time, Al-Sn
based alloys are used as Al-based bearing alloys in most
situations. As Pb is easy to create lubrication film and
cheaper than Sn, many attempts have been made to use
Pb to substitute Sn in bearing alloys [6]. Al-Pb bearing
alloys could be very appealing alternative to Al—Sn
bearing alloys. Al-Pb alloys show lower friction
coefficient than Al—Sn alloys [7]. Al-Pb bearing alloys
are used in automotive industry. AI-Pb alloys are more
common particularly due to cost-effectiveness and easy
to form a lubrication film than other alloys. Owing to the
sedimentary tendency of lead in aluminium matrix and
wide miscibility gap along with the big difference of the
densities, Al-Pb alloys have difficulties during the
casting stage. Despite the difficulties in casting, many
techniques have been developed like recasting, spray
casting, ultrasonic mixing and powder metallurgy
[1,6—8]. One approach is having a reduced amount of Sn
in alloys for decreasing the cost and a think bearing
Al-Pb—Sn and Al-Pb—Cu alloys to utilize a combination

Corresponding author: Erol FEYZULLAHOGLU; Tel: +90-262-3033422; Fax: +90-262-3033003; E-mail: feyzullahoglu@yahoo.com

DOI: 10.1016/S1003-6326(13)62903-9



3576 Erol FEYZULLAHOGLU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 35753583

of beneficial bearing properties [5,9]. Al-Si based alloys
have also good wear performance due to their good
mechanical characteristics. Aluminum alloys which
contain higher Si content (17%) are used in numerous
applications where high wear resistance is required.
Al-Si alloys have been classified depending upon the
silicon content as hypoeutectic (less than 11% Si),
eutectic (11%—13% Si) and hypereutectic (more than
13% Si) types [10,11]. Al-Si alloys have potential for
excellent castability, good weldability, thermal
conductivity, high strength, low thermal expansion and
excellent corrosion resistance [12]. The previous
investigations presented that wear behaviours of Al-Si
alloys were considerably affected by Si content and size
[13].

The heat treatment provides comparable
improvement in wear resistance. The heat-treated
specimens had a lower friction coefficient than
non-treated specimens [11]. Several investigators have
studied the effect of heat treatment on wear behaviours
of Al alloys. It was stated that the heat treatment
improved mechanical properties and increased wear
resistance [14]. HARUN et al [15] reported that
modification and heat treatment of cast Al-Si alloys
improved wear resistance. HAQUE and SHARIF [12]
presented that the heat treated Al-Si alloy had higher
strength, hardness and wear resistance properties.
Generally, the bearing components have been shaped by
standard metal processing technologies such as casting
and forging methods, which affect the wear performance
of the materials [16—19]. Al alloys pieces can be
produced economically by conventional casting
techniques. When the plastic forming methods are
applied to Al alloys, some improvements in strength and
ductility of Al alloys are observed [20]. In recent years,
the used process such as extrusion, rolling and forging
have profound impact on the improvement of wear
resistance in severe abrasion such as dry friction [21].

In the present investigation, an attempt is made to
study the combined effect of forging and heat treatment
on the wear behaviour of Al-Si (Al-8.5Si—3.5Cu) and
Al-Pb (Al-15Pb—3.7Cu—1.5Si—1.1Fe). Effects of heat
treatment, hardness and forging on wear behaviours of
tested materials are investigated under identical test and
in oil lubricated conditions. Microstructure and worn
surface of tested materials are examined. The wear
resistance behaviours of tested materials are discussed
according to tribology theory.

2 Experimental
The tested materials had specific proportions of Si,

Pb, Cu, Fe and Mg and the other elements. Two
compositions of aluminium-based alloys (Al-Si and

Al-Pb) were cast into steel mould. Elemental analyses of
the Al-8.5Si—3.5Cu (referred as Al-Si) and Al-15Pb—
3.7Cu—1.5Si—1.1Fe (referred as Al-Pb) are listed in
Table 1.

Table 1 Chemical compositions of tested alloys (mass fraction,
%0)

Material Al Si Cu Sn Pb Fe
Al-8.5Si-3.5Cu 86.2 8.5 3.51 0.02 0.04 0.88
Al-15Pb—3.7Cu—1.5Si—-1.1Fe 76.5 1.5 3.7 0.13 15.1 1.17

Material Mg Mn Zn Ni Ti
Al-8.581-3.5Cu 0.13 0.11 0.49 0.04 0.02
Al-15Pb—-3.7Cu—1.5Si—1.1Fe 0.78 0.16 041 0.17 0.9

At first, the cast specimens were machined to
10 mmx10 mmx20 mm prismatic form. Two-piece
pressing tool of carbon steel was used in open-die
forging procedure. Two faces were pressed each other. A
Dartec universal tensile test machine was used for
open-die forging. The specimen of 20 mm in height was
forged at 200 °C, between two plain plates, into 18 and
15 mm height to obtain 10% and 20% strains
respectively. The specimens began to flow at 300—600
MPa. The force was increased at about 0.6 mm/s. Before
forging, in order to reduce level of barrelling, surfaces of
specimens, which were in contact with dies, have been
ground with P800 SiC paper to reduce roughness and
also coefficient of friction between die and specimen. As
illustrated in Fig. 1, after open-die forging, all specimens
were cut at the centre line by diamond disc. One part was
used for metallographic examination and the other was
used as wear specimen.

Prismatic form

10% forged
20% forged

(a)

(a) @)

©) (b) (b)

Fig. 1 Illustration of open-die forging and specimen preparation:
(a) Metallography sample; (b) Wear test sample

The full heat treatment (T6), including solution,
ageing and precipitation treatment, was carried out for
Al-Si and Al-Pb specimens. For
specimens were heated in electronically operated Severn
heat treating furnace at (50+3) °C for about 6 h. After
then specimens were quenched in water and immediately
heated to (160+£3) °C and kept for 16 h in order to
prevent natural aging. Finally, they were cooled in
ambient air.

The test specimens for microstructural examination

solutionizing,
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were prepared by standard polishing methods. All
specimens were ground with the Metcon Forcipol 2V
rotating polishing machine with various grades of SiC
papers up to 2400 grid. Specimens were subjected to fine
polishing by using 1 um diamond paste and then final
polishing with 0.06 um colloidal silica suspension.
Specimens were cleaned with water and dried with
acetone before etching. Polished specimens were
immersed into Keller’s etchant (190 mL distilled water, 5
mL HCI, 3 mL HNOs, 2 mL HF) for 20 s and washed

with warm water in order to neutralise residual of etchant.

Different etchant solution (2 g NaOH, 100 mL distilled
water at 50 °C) was used to appear grain boundaries and
also to obtain better contrast. Nikon MA100 optical
microscope was used for microstructural examination.

Hardness values of as-cast, forged and heat treated
specimens were measured by using Zwick Vickers micro
hardness test machine. 200 g test load and 20 s dwell
time were applied and the average of least 5 readings
was reported.

In wear tests, all experiments were done in pin-on-
disc type apparatus. Wear tests were conducted against
hardened steel disc. Disc had 60 mm in diameter, 95
HRB hardness and 0.5 um in surface roughness. Disc
was rotated by AC motor, having speed range of 0—2000
r/min. In wear tests, the rotation speed of the disc was
750 r/min and the normal load was 150 N. Test time for
all specimens was 4 h. Speed, load, pressure and
lubrication circumstances were all maintained in every
test. Humidity and temperature were detected
respectively as 50% relative humidity (RH) and 22 °C.
Wear tests were performed in oil lubricated conditions.
The thick and continuous oil film occurred. SAE 20/50
mineral oil was used in experiments. The viscosity of oil
was 1.57x107* m%s at 40 °C. In all experiments, 10
mmx10 mmx10 mm cubic specimens were used. Before
testing, both test specimen and disc were cleaned with
acetone. The mass loss of specimen before and after each
wear test was measured using Precisa 125A precision
scale. The scale has 0.1 mg precision and can measure a
maximum mass of 220 g. After the test, the wear tracks
were examined by Nikon MA100 optical microscope to
recognize the type of wear.

3 Results and discussion

3.1 Microstructure

The optical microscopy clearly shows the presence
of a-AlFeSi phase particles in Fig. 2. The type of phase
in Al-Si alloys mainly depends on the cooling rate and
composition of Fe and Si [22,23]. The a-AlFeSi
precipitates called as “Chinese script” tend to nucleation
at the grain boundaries at high solidification rate (nearly
32 °C/min) and also Fe or Si content [24]. When more

solidification rate (nearly 54 °C/min) takes place in a
process like direct chill casting, the a-AlFeSi
intermetallic precipitation is impeded and the needle-like
p-AlFeSi precipitate occurs [25,26]. The presence of
Cu-rich regions in scarlet colour was clearly detected by
using of cross polarise light. Segregation of copper
regions was settled at grain boundaries and around
o-AlFeSi phases. Remaining copper precipitated as
CwAl and settled around o-AlFeSi phases in dark
particles as seen in Fig. 2(b).

Fig. 2 Optical microstructural graphs of Al-Pb alloy under day
(a) and polarise light (b)

Al and Pb have different atomic radii and electro-
negativities, also no common valences. Therefore,
solubility of Pb in Al is zero at room temperature up to
580 °C. In Fig. 2(b), the Pb segregations are seen as
white dots under cross polarise light. Additionally these
segregations are not only settled as liquid pools in the
a(Al) grains but also seen rarely at the grain boundaries
and between the a-AlFeSi arms.

In optical microstructural graph of Al-Si alloy (Fig.
3(a)), coarse dendritic primary a(Al) and modified
eutectic Si at the dendrite boundary can be clearly seen.
The eutectic Al-Si phase with nearly spherical primary
silicon particles is distributed in the matrix [19,27,28].
The spherical shape eutectic silicon improves mechanical
properties of Al-Si alloys. Increasing of Si and
decreasing of both Fe and Mn amounts at the same time
in total composition cause solidification of S-AlFeSi
rather than a-AlFeSi [29,30]. The solidification rate and
total amount of alloying elements in the studied Al-Si
alloy cause solidification of the needle-shape f-AlFeSi
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phases at dendrite boundary, as seen in Figs. 3(a) and (b).
There is no Cu segregation on primary a(Al) in the Al-Si
unlikely the Al-Pb alloys. Copper is precipitated on the
eutectic silicon as Cu,Al (dark regions in Fig. 3(c)).

(a)

£ -AlFeSi

Fig. 3 Optical microstructural graphs of Al-Si alloy: (a)
As-cast; (b) As-cast+T6; (c) 10% forged+T6

It is well known that the phase transformation of
p-AlFeSi to a-Al(FeMn)Si is an important process
during the homogenisation (500—-600 °C) of cast
Al-Mg-Si alloys. This process also occurs in artificial
aging. As seen in Fig. 3(b), monoclinic intermetallic
p-AlFeSi particles transform to multiple rounded
a-Al(FeMn)Si particles. This transformation improves
the process ability of the aluminium considerably. The
more rounded a-particles in the homogenised material
improve the ductility of material and improve surface
quality [14,31]. The needle-like S-particles can lead to
local crack initiation and induce surface defects.

Microstructural examinations were performed on

the traverse cross section to the forging direction. Instead
of grain elongation which is perpendicular to forging
direction, the grains tend to spread and the grain size
increases (Fig. 4). Although the forging strain on the
examined surface has less effect on the grain shape,
hardness increases with the increasing of the forging
strain.

Fig. 4 Optical microstructural graphs of Al-Pb alloy: (a)
As-cast; (b) 10% forged; (c) 20% forged

During heat treatment stage (T6) of the
homogenization, holding the specimens at elevated
temperature for up to 6 h affects the grains to grow
especially in the Al-Si alloy (see Fig. 5). But, significant
grain growing was not detected on the forged specimens
(see Fig. 6). Even though, forged and un-forged
specimens were exposed to the same heat treating
conditions, increasing of dislocation based strain resisted
to grain growing at elevated temperatures.

The holding at elevated temperatures caused solving
eutectic grain boundary in as-cast specimen (Figs. 7(a, b))
and also forged specimens in Al-Pb alloy (Figs. 7(c, d)).



Erol FEYZULLAHOGLU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3575—3583 3579

Thus, the restriction of grain coarsening by grain 3.2 Hardness

boundary has disappeared. Figure 9 shows the hardness of unforged and forged
View of wear surfaces can be seen in Fig. 8. It can (10%—20% strains) materials. The forged specimens

be seen easily that deeper wear traces occurred on the have higher hardness values than the unforged specimens.

surface of Al—Si than Al-Pb samples. In this figure, wear Strained specimen at 10% has lower hardness value

scars and craters were observed. than the 20% strained one. Also, OZDEMIR et al [20]

X b .
Fig. 5 Optical microstructural graphs of Al-Si alloy: Fig. 6 Optical microstructural graphs of Al-Si alloy: (a) 10%
(a) As-cast; (b) As-cast +T6 forged; (b) 10% forged+T6
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Fig. 8 Optical photographs of worn surface: (a) Al-Pb alloy;
(b) Al-Si alloy
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Fig. 9 Hardness values of unforged and forged materials

presented that specimens had better strength values than
cast specimens. As the addition of Si into alloy increases
hardness, Al-Si alloy is one of the hardest materials in
the tested materials (Fig. 9).

Figure 10 shows the relationship between heat
treatment and hardness of the tested materials. As the
heat treatment process increases the hardness of
materials, the heat treated specimens have higher
hardness values than the non-treated one. Heat treated
Al-Si alloy has higher hardness value than the heat
treated Al-Pb alloyy HAQUE and SHARIF [12]
presented similar results.

In the previous investigations, there are no adequate
studies about relationship between forging and heat

treatment. Therefore, the aim of performed multi-process
is detection of the heat treatment effects on forged
specimens. Firstly, specimens were forged and the
hardness values of them were measured using an Vickers
indenter. Subsequently, the forged specimens were heat
treated (T6) and the hardness measurements were
repeated. Figure 11 shows the hardness values of
specimens subjected to multi-process stages, namely, the
forging + heat treatment. It was clearly seen that heat
treatment process increased the hardness values of the
forged specimens.
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Fig. 10 Hardness of heat treated (T6) and non-treated Al-Si
and Al-Pb alloys
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Fig. 11 Relationship between hardness and forging+heat
treatment (T6) for Al-Si and Al-Pb alloys

3.3 Wear behaviour

The wear depends on sliding distance (as well
sliding time). Figure 12 shows the relationship between
sliding distance and mass loss of tested materials in oil
lubricated conditions. Al-Pb alloy is the least worn,
contrary Al—-Si is the most worn material in the study. Si
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is mostly used alloying element to improve wear
characteristic and hardness, while Pb has the most
enhancing effect on the wear resistance of Al alloys. The
wear properties of Al-Pb alloys depend on extremely
microstructure, in particular, size and distribution of Pb
grains [6]. The homogeneous distribution of Pb is helpful
to wear properties.

0.6
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+— Al-Pb
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Fig. 12 Relationship between sliding distance and mass loss of

as-cast specimens

Figure 13 shows the relationship between sliding
distance, heat treatment and mass loss in oil lubricated
conditions. Heat treatment increases hardness and wear
resistance of materials [11,27]. When an alloy is heat
treated, it creates a homogeneous phase. Gained hardness
by a heat treatment increases wear resistance of materials
[14]. As mentioned above holding the material at
elevated temperature acts as grain growing. Also, the
grain growing has negative effect on wear resistance.
Therefore, the results show that the obtained wear
resistance with hardness in heat treatment has
disappeared by grain growing mechanism. Thus, as-cast
and as-cast + heat treated alloys have same mass loss
values, as seen in Fig. 13.
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Fig. 13 Relationship between sliding distance, heat treatment

and mass loss for specimens

The wear resistance of Al alloy decreases due to
forging in milder abrasion conditions such as under
lubrication. But in more severe abrasion such as dry
friction, there is a tendency against to opposite behaviour
[32]. Figure 14 shows relationship between forging and
mass loss depending on sliding distance in oil lubricated
conditions. It is seen that the forged specimens have
weaker wear resistance than the unforged specimens.
GAHLIN and AXEN [32] presented similar results in
their study. Also, Fig. 14 shows that there is no
significant effect between 10% and 20% forging on mass
loss. AI-Pb alloy is the least worn, contrary Al—Si is the
most worn material among the forged specimens,
because of their hardness values.
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Fig. 14 Relationship between forging, mass loss and sliding
distance for alloys

Figure 15 shows relationship between mass loss and
sliding distance of forged and forged + heat treated
materials in oil lubricated conditions. When the heat
treatment is applied to the forged specimens, mass loss
decreases. The wear resistance increases with an
application of heat treatment.

Due to the effects of heat treatment (T6) on
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Fig. 15 Relationship between mass loss, forging, heat treatment

and sliding distance for alloys
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hardness and strength, wear properties of the Al-Si
alloys were increased. Similar results were presented in
further studies [3,11,15,27,33]. The wear resistance of
Al-Si alloys was increased by refinement of Si particles
[1]. The high wear resistance is usually based on the
presence of hard silicon particles distributed throughout
matrix [18]. Mass loss decreased with rising Si contents
up 10% [1]. Si, Cu, and Pb improve wear properties of
Al alloys [6,18]. Small amount of Cu or Mg increases
strength, hardness and scuff resistance [1]. The
additional Cu content of Al-Si alloy makes it more
resistant to wear [19].

The wear rates of specimens are shown in Table 2.
The wear rates are used for comparative studies. The
wear rate is greatly affected by sliding conditions (e.g.
contact pressure, sliding speed). The material with low
friction coefficient has less wear rate value than the
others.

Wear rate is estimated by following equation [34]:

_am

m. =
pL

(M

S

where my is the wear rate; Am is the mass loss; p is the
density; L is the sliding distance.

Table 2 Wear rates of studied alloys

Material Wear rate/(10 °cm®m ")
Al—Pb (as-cast) 4.1
Al-Pb (heat treated) 4.1
Al-Pb (forged 10%) 4.9
Al-Pb (forged 20%) 49
Al-Si (as-cast) 4.9
Al-Si (heat treated) 4.9
Al-Si (forged 10%) 8.2
Al-Si (forged 20%) 8.2

Table 2 shows relationship between studied alloys
and wear rates in oil lubricated conditions. Al-Si alloy
has the highest wear rate among as-cast specimens.
RAMESH and SAFIULLA [21] reported that the
improved hardness causes decreasing of wear rate.

The relationship between heat treatment and wear
rate in oil lubricated conditions is given in Table 2. The
Heat treated Al-Si alloy has a higher wear rate value
than the heat treated AI-Pb alloy. As-cast and as-cast +
heat treated specimens have same mass loss values in Fig.
13. Also, this situation is seen in Table 2.

Table 2 also shows relationship between wear rate
and forging in oil lubricated conditions. When the
forging was applied to specimens, the wear rates were
increased. The forged Al-Si has a higher wear rate than
another forged material. The forged Al-Pb alloy has a
lower wear rate than another forged material.

It is known from basic wear law that mass loss of

the material, during the wear process, is clearly
proportional to sliding distance and applied load, while
hardness value of the material is inversely proportional
to mass loss. Wear rate of a material depends on the
hardness of it, so that hard alloys have greater wear
resistances [13]. The several researchers [2,21] reported
that the improved hardness causes decreasing of wear
rate.

4 Conclusions

1) Forging process increased hardness value of the
tested materials. 10%-strained alloy has a lower hardness
than 20%-strained one. However, forged alloys have
worse wear properties compared with cast ones under
milder abrasion conditions. When the forging was
applied to specimens, the mass loss (as well wear rate) of
the materials increased. But a forging strain of 10%—20%
has no significant effect on mass loss.

2) The heat treatment process increased hardness of
tested materials. The obtained wear resistance with
hardness in heat treatment has disappeared by grain
growing mechanism. Thus, as-cast and as-cast+heat
treated alloys in this study have same mass loss values.
When the heat treatment is applied to forged specimens,
mass loss decreases.

3) The results showed that the wear resistance
performance of Al-Pb alloy is superior to Al-Si alloy
under oil lubricated conditions.
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