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Abstract. The effect of micro-alloying Sn (0.08 wt.%) on dry sliding abrasive wear behaviour of cast Al-MgSi alloy was investigated. Additionally, microstructure, hardness, and their impact on wear resistance were also
investigated. It was observed that Sn contributes to the hardness and accelerates the age-hardening response of
the Al-Mg-Si alloy. Sn addition also favours the formation of script-like Al(Fe, Mn)Si phase and increases the
amount of Mg2Si precipitate. SEM investigation of worn surfaces reveals a similar abrasive wear mechanism in
both the alloys which were micro-cracking, ploughing, and delamination. The study also reveals that improving
the hardness by micro-alloying 0.08 wt.% Sn can prevent mass loss and marginally improves the wear resistance
of the Al-Mg-Si.
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1. Introduction
6xxx series Al-Mg-Si alloys are widely used in tribological
applications due to their excellent sliding properties and the
high strength-to-weight ratio [1]. Wear is a major economic
loss to industries [2] and its improvement is one of the
prime concerns. The wear study of an Al-Mg-Si alloy is
vital due to the presence of the hard Mg2Si phase. Studies
show that the refinement of the second phase Mg2Si precipitates increases the hardness, and hence the wear resistance of the Al-Mg-Si alloys [3–6].
Tin (Sn) has a self-lubricating property and when applied
in proper quantity, enhances the wear resistance of aluminium alloys [7, 8]. In recent years, Sn has been shown as
a potential trace element in Al-Mg-Si alloys. Trace Sn acts
as a retarding natural ageing agent in Al-Mg-Si alloy due to
its ability of trapping a high number of vacancies [9–11].
While depending on the Mg/Si ratio, it accelerates the
artificial age hardening responses by promoting the formation of hardening b} phase [12, 13]. The artificial age
hardening behaviour of Sn-added Al-Mg-Si alloy is temperature-dependent. At low temperatures (100°C-140°C),
Sn retards the age-hardening responses and accelerates the
same at high temperatures (210°C-250°C) [12, 14]. Similar
to Al-Mg-Si alloy, in Sn-added Al-Mg-Si alloy also b}phase
is the major precipitate that is responsible for artificial age
hardening. Hence, the density differences of b}precipitates
are mainly responsible for the difference in their peak-age
hardness [15].
*For correspondence

Researchers [9–15] have reported a positive effect of
micro-alloying Sn in Al-Mg-Si alloys on age hardening.
Since there is a direct relationship between wear and
hardness, Sn- added Al-Mg-Si alloy has a great potential to
wear resistance. However, there are limited number of
reports about the wear behaviour of Al-Mg-Si alloy microalloyed with Sn. Therefore, this study aims to investigate
the effect of micro-alloying Sn (0.08 wt.%) on the abrasive
wear behaviour of the cast Al-Mg-Si alloy. Additionally,
the microstructure, hardness, and their impact on the wear
resistance are also investigated.

2. Experimental procedures
2.1 Material preparation
The Al-Mg-Si alloys with 0.08 wt.% Sn and without Sn
were prepared by casting route. The 6061 Al-Mg-Si alloy
was used as the starting material. The alloy was re-melted
at 750°C in a die-casting machine and Sn powder (purity
99%) in the required quantity was added to the melt. For
degassing, argon gas was purged in the melting chamber.
For proper mixing, the melt was stirred properly before
pouring into the die chamber. The chemical compositions
of the prepared cast aluminium alloys (with and without Sn)
were determined by the optical emission spectrometer
(Make: Metal Power; Model: Metavision-1008i3V). The
chemical compositions were summarised in table 1.
Specimens of 10 mm thickness were prepared from the
investigated alloys for the heat treatment process. Solution
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Table 1. Composition (wt.%) of the Sn-free and Sn-added AlMg-Si cast alloys.
Elements
Mg
Si
Fe
Cu
Mn
Sn

Sn-free alloy
0.89
0.35
0.25
0.05
0.12
–

Sn-added alloy
0.91
0.37
0.24
0.05
0.12
0.08

heat treatment was carried out at 530°C for 60 min followed by quenching in water at room temperature
(*25°C). Artificial ageing was carried out at 190°C for 18
hours. The hardness of the alloys was measured in the ascast and peak-aged condition using a micro-Vickers hardness tester (Make: Metatech; Model: MVH auto). Reported
hardness values were the average of five independent
readings.

2.2 Microstructural study
To investigate the effect of Sn on the grain size, polished
specimens were etched in 0.5% HF solution for 15-20 sec
and viewed under an optical microscope (Make: Metatech;
Model: Metagraph-A). Phase composition analyses were
carried out on polished specimens by EDS attached with
SEM (Make: Zeiss; Model: Sigma 300). The identified
phases were confirmed by XRD (Make/Model: Rigaku
TTRAX III) analysis with Cu-Ka radiation. XRD patterns
were recorded over a 2-theta range of 20°C to 90°C with a
scan rate of 0.05 °/s.

Figure 1. Wear test set-up.

specific wear rate [16]. Weight loss of the test pin was
measured before and after each test run using a high precision (10-5 g) microbalance. The specific wear rate (SWR)
was expressed in Eq. (1) [16]:
SWR ¼

Dm
qRF

ð1Þ

where Dm is the weight loss (in mg) of the test specimen, q
is the density of the alloy (2.7 g/cm3), R is the sliding
distance (71.5 m) and F is the applied normal load (10 N).
Additionally, SEM study was employed to examine and
compare the abraded surfaces and the wear mechanisms.

3. Results and discussion
2.3 Wear study
Two-body dry sliding abrasive wear tests were performed
on the as-cast and peak-aged alloys using a pin/ball on disc
tribometer (Make: Ducom & Model: CR20-HTVT) at room
temperature (*25°C) with a relative humidity of *60%.
To perform the test, cylindrical shape pins of 12 mm
diameter and 30 mm length were prepared from the Sn-free
and Sn-added Al-Mg-Si alloys. Prior to the test, the pin’s
contact surface was polished by 2000 grit size silicon carbide (SiC) emery paper. SiC emery papers of 220 grit size
were used as a counterpart which was firmly pasted on the
hardened steel disc of the machine. The test setup used in
the present study is shown in figure 1. Wear tests were
carried out under identical wear conditions of 10 N load, 70
mm wear track diameter, 1.09 m/s sliding velocity, and a
sliding distance of 71.5 m. A minimum of three tests at the
identical condition for each alloy specimen was performed.
Abrasive wear performance was expressed in terms of

3.1 Microstructural evolution
From the optical micrographs of the Sn-free and Sn-added
as-cast alloys shown in figures 2(a, b), the average grain
size of the Sn-free and Sn-added alloys are measured as *
25 ± 13 lm and * 27 ± 14 lm, respectively. A marginal
variation in the grain size is observed in the two alloys. The
SEM micrographs of Sn-free and Sn-added alloys in as-cast
and peak-aged cast conditions are also shown in figures 2(cf). Two major phases can be seen in the alloys. These two
major phases are observed as white and dark-black in the
SEM micrographs of the Sn-free and Sn-added alloys. From
the EDS spectra (figure 2g), the white phase (spot 1) is
identified as Al(Fe, Mn)Si, whereas, the dark black phase
(spot 2) is identified as Mg2Si. Additionally, the presence of
Sn is detected in some regions (spot 3) of the dark-black
phases in the Sn-added alloy. A similar observation was
also reported by Chuan et al [17] at higher Sn (0.4 wt.%)
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Figure 2. Optical micrographs of as-cast etched alloys (a) Sn-free, (b) Sn-added; SEM micrographs of as-cast alloys, (c) Sn-free,
(d) Snadded; SEM micrographs of peak-aged alloys, (e) Sn-free, (f) Sn-added, (g) elemental mapping and EDS spectra of Sn-added
as-cast alloy.
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Table 2. Chemical composition of the phases by EDS analysis
(figure 2g).
Elementary (wt.%)
Sn-added Alloy
EDS Spot 1
EDS Spot 2
EDS Spot 3

Al

Mg

Fe

73.83 –
15.02
77.87 14.68 –
71.81 9.6
–

Si
3.85
7.45
16.17

Mn
7.3
–
–

Sn
–
–
2.42

content. This phase mainly consists of Mg, Si, and Sn and is
suggested as b [18]. The chemical compositions of the
phases are presented in Table 2. From the as-cast SEM
micrographs of the alloys [figure 2(c, d)], it can be seen that
trace Sn addition in Al-Mg-Si has favoured the formation of
script like Al(Fe, Mn)Si phase. However, after peak-ageing
at 190°C (figure 2f), the script-like morphology has mostly
fragmented into plate/rod-like structures. Moreover, a
morphological change of the Mg2Si particle is also
observed in the Sn-free and Sn-added alloys after peakageing. The plate/rod-like morphology of Mg2Si particle
[figure 2(c, d)] has transformed into a finer spheroid-like
structure [figures 2 (e, f)].
EDS analysis of Sn-added cast alloy is further supported
by elemental mapping analysis, which is presented in figure 2g. EDS elemental mapping of the Sn-added as-cast AlMg-Si alloy clearly shows the Fe-rich white phase consisting of four elements, namely, Al, Fe, Mn, and Si. The
dark black phase mainly consists of two elements, namely,
Mg and Si. Additionally, Sn presence is also observed.
Figure 3(a, b) shows the percentage area fraction of
Al(Fe, Mn)Si and Mg2Si intermetallic in as-cast and peakaged alloys. It can be seen that as compared to as-cast Sn-

(a)
3.5

As-cast
Mg2Si

3.2 Hardness and ageing behaviour
Figure 5a shows the hardness of the Sn-free and Sn-added
alloys in the as-cast and peak-aged conditions. It is seen
that Sn addition has increased the hardness of the Al-Mg-Si

(b)

Al(Fe,Mn)Si

Area fracon (%)

3
Area fracon (%)

free alloy, the area fraction of Al(Fe, Mn)Si and Mg2Si
intermetallic phase have increased by 20% and 19.2% in ascast Sn-added alloy, respectively. In Sn-added peak-aged
alloy, the area fraction of Al(Fe, Mn)Si phase has decreased
by 2.9%, and that of Mg2Si intermetallic phase has
increased by 11.4% as compared to Sn-free peak-aged
alloy. Hence, it is seen that Sn addition has increased the
amount of Mg2Si intermetallic phase. The average size of
the Mg2Si particle in Sn-free and Sn-added alloys are
measured as 8 lm and 6.9 lm in as-cast condition, and 4.9
lm and 4.4 lm in peak-aged condition, respectively. No
significant difference is observed in the size of the Mg2Si
particle between Sn-free and Sn-added alloys in both the ascast and peak-aged conditions. However, a significant difference is observed in the size of the Mg2Si particle when
compared in as-cast and peak-aged conditions in both the
alloys. It is observed that peak-ageing has reduced the size
of the Mg2Si particles.
XRD patterns of the as-cast and peak-aged alloys in
figures 4(a, b) have confirmed the presence of three phases
as a-Al, Mg2Si (b), and Al12(Fe, Mn)6Si. Additionally, in
the peak-aged alloy (figure 4b) a new peak of Mg5Si6 (b}) at
2h = 43.5° is observed due to precipitation hardening. This
b} peak is markedly clear with Sn addition, indicating an
increase in the amount of b} precipitates in the Sn-added
alloy. b} precipitates are the main hardening agent in AlMg-Si alloy. So, the increase in the amount of b} precipitates in the microstructure of the alloy is expected to
improve the hardness as well as the wear resistance.

2.5
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Figure 3. (a) Percentage area fraction of the intermetallic particles in as-cast alloys. (b) Percentage area fraction of the intermetallic
particles in peak-aged alloys.
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Figure 4. XRD patterns of (a) as-cast alloys, (b) peak-aged alloys.
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Figure 5. (a) Micro-Vickers hardness of the alloys at as-cast and peak-aged conditions; (b) Ageing behaviour of the alloys at 190°C.

alloy from 76 HV to 81 HV in the as-cast condition and
from 83 HV to 87 HV in the peak-aged condition. The
marginal increase in the hardness of the Sn-added alloys in
both the as-cast and peak-aged conditions is related to the
increase in the amount of the hard Mg2Si intermetallic
particles (figure 3). Moreover, the higher hardness of the
alloys (Sn-free and Sn-added) in the peak-aged condition
than as-cast condition is related to the precipitation of finer
Mg2Si particles. Similar observations on the effect of
Mg2Si particle on the hardness were reported elsewhere
[5, 19]. Moreover, Ma et al [13] and Tu et al [15] have
reported that b} (Mg5Si6) are the major precipitates
responsible for artificial age hardening of Sn-free and Snadded Al-Mg-Si alloys. They further concluded that Sn
addition increases the density of b} precipitates and hence,
the peak-aged hardness of the Al-Mg-Si alloy.
Figure 5b shows the artificial ageing behaviour of the
alloys. It is interesting to see that Sn addition has increased
the peak-age hardness, as well as has reduced the peak-age
hardness attaining time from 12 hours to 8 hours. A similar observation was also reported elsewhere [13] at a high
Mg/Si ratio of 1.68. The hardness of the Sn-free alloy

initially decreases from 72.8 HV to 70.8 HV during the first
2 hours of ageing and thereafter increases slowly to 77 HV
up to 10 hours of ageing. After that, the hardness increases
sharply to a maximum of 83 HV after 12 hours ageing. In
contrast, no decrease in hardness was observed in Sn-added
alloy during the initial period of 2 hours. Sn-added alloy
shows an increase in the hardness in the initial 2 hours,
followed by a marginal drop in between 2 to 4 hours from
77.4 HV to 74.6 HV. The hardness thereafter increases
sharply to a maximum of 87 HV after 8 hours of ageing.
The hardness of the alloys after attaining the peak hardness
has reduced sharply to 72 HV in Sn-free alloy and to 68 HV
in Sn-added alloy. A drop in hardness after peak-ageing is
due to over-ageing of the alloys which results in the
coarsening of the Mg2Si phase as reported elsewhere
[20–22].

3.3 Friction and wear characteristics
The wear plots shown in figure 6f are supported by SEM
micrographs of the worn surfaces presented in figure 6(a-d).
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Figure 6. (a-d) SEM micrograph of worn surfaces; (e) Friction coefficient; (f) Cumulative wear; (g) Comparison of wear and average
friction coefficient and (h) Specific wear rate of as-cast (AC) and peak-aged (PA) alloys.
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Table 3. Comparisons of present investigation with the observation of Sekhar et al [20].
Composition of Al-Mg-Si
alloys (wt.%)
Al0.49Mg0.43Si
Al0.89Mg0.35Si
Al0.91Mg0.37Si0.08Sn

Peak-aged
hardness (HV)
89.5 ± 1.24
83 ± 1.78
87 ± 3.51

Peak-aged
time (hr)
8
12
8

Worn surfaces reveal similar abrasive wear mechanisms in
both the alloys which are identified as micro-cracking,
ploughing, and delamination. Continuous long grooves due
to ploughing action and some damaged portions due to
surface cracking are observed. The long groove marks on
the wear surface that are parallel to the sliding route are
because of the repeated dry sliding action of the SiC
abrasives. These long and wider grooves are more significant in the as-cast alloys in comparison to the peak-aged
alloys.
Figure 6e shows the coefficient of friction (COF) plot
of the alloys. COF initially increases rapidly during the
first 10 to 15 seconds of sliding time then it becomes
steady. Higher COF in the initial period of sliding is
largely due to ploughing action of hard SiC asperities on
the soft aluminium alloy surfaces [23]. As the sliding
time progress, these sharp asperities deform and
smoothen out and the COF slowly levels off and reaches
a steady-state value.
The cumulative wear plots presented in figure 6f reveal
that Sn addition improves the wear resistance of the Al-MgSi alloy in the as-cast as well as in the peak-aged conditions. As mentioned earlier, the size of the Mg2Si particle is
coarser in as-cast alloys as compared to the peak-aged
alloys. Hence, during sliding the coarser Mg2Si particles
get easily pulled out of the matrix [5], resulting in a higher
wear rate in the as-cast alloys. These fractured coarse
particles along with SiC particles due to repeated sliding
leaves wider groove marks [figures 6(a, c)] on the surface
of the as-cast alloys. Whereas, in the peak-aged state the
Mg2Si particles are fine and hard and are difficult to pull
out of the matrix, resulting in a lower wear rate. These fine
and hard particles when fractured leave smaller groove
marks [figures 6(b, d)] on the surface of the peak-aged
alloys.
Figure 6g shows the comparison of wear and average
COF values of the alloys. It is observed that the wear rate
decreases with a decrease in COF. Sn addition has reduced
the wear values from 402 to 395 microns (in as-cast alloy)
and from 387 to 375 microns (in peak-aged alloy).
Accordingly, the average COF also reduced from 0.78 to
0.76 and 0.76 to 0.75, respectively.
From the specific wear rate plots in figure 6h, it is
observed that the wear rate of Al-Mg-Si alloy decreases
with Sn addition and it decreases more during peak-ageing.

Ageing temp.
(°C)

Specific wear rate 9 10-11
(m3/Nm)

175
190
190

5.1 ± 0.07
4.82 ± 0.02
4.72 ± 0.015

Reference
[20]
Present investigation
Present investigation

The lowest specific wear rate of 4.72 ± 0.02910-11 m3/Nm
is measured in Sn-added peak-aged alloy, whereas the
highest specific wear rate of 5.03 ± 0.02910-11 m3/Nm is
measured in as-cast Sn-free Al-Mg-Si alloy. A similar
finding in peak-aged Al-Mg-Si alloy was also reported by
Sekhar et al [20] under similar test conditions. Comparisons are shown in table 3. Present investigations are in
good agreement with the observations of Sekhar et al [20].
Wear rate can be correlated to the size and amount of the
Mg2Si particle and the hardness of the Al-Mg-Si alloys
[5, 19]. The hardness is observed to be the highest in the
Sn-added alloy. Hence, the Sn-added alloy is more resistant
to wear than the Sn-free alloy. Furthermore, Sn that precipitates within b could also act as a solid lubricant [8],
leading to the improvements in the COF and wear values of
the Sn-added Al-Mg-Si alloy.

4. Conclusions
In this study, the dry sliding wear behaviour of cast Al-MgSi alloy micro-alloyed with Sn (0.08 wt.%) was studied.
Additionally, microstructure, hardness, and their impact on
wear resistance are also investigated.
1) The experimental results have revealed that microalloying Sn can marginally improve the wear resistance
and reduce the friction coefficient of the Al-Mg-Si alloy.
2) Both Sn-free and Sn-added alloy reveal a similar
abrasive wear mechanism that is viz., micro-cracking,
ploughing, and delamination.
3) Micro-alloying Sn can also accelerate the peak-age
hardening response at an intermediate ageing temperature of 190°C and consequently reduces the peak-age
hardness attaining time from 12 hours to 8 hours.
4) Peak-ageing refines the size of the Mg2Si particles and
hence, improves the hardness and wear resistance of the
alloys.
5) Micro-allying Sn increases the amount of hard Mg2Si
particles and marginally improves the hardness and wear
resistance of the Al-Mg-Si alloy.
6) Further, we suggest that the presence of Sn in some of
the dark phases of Sn-added alloy could act as a solid
lubricant and thus resulting in lower COF and improve
wear resistance of the Al-Mg-Si alloy.
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°/s
°C
R
F
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Nm
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g
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m
N
g/cm3
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h
q

symbols
Degree per second
Degree centigrade
Sliding distance
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Mass loss
Newton metre
Milligram
Gram
Millimetre
Metre
Newton
Gram per centimetre cube
Micron
Theta
Density

Abbreviations
AC
As cast
COF
Coefficient of friction
EDS
Energy dispersive spectroscopy
HF
Hydrofluoric
SEM Scanning electron microscope
MVH Micro-Vickers hardness
PA
Peak aged
SiC
Silicon carbide
SWR Specific wear rate
HV
Vickers hardness
wt.% Weight percentage
XRD X-ray diffraction
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