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pared in an electric resistance furnace us-
ing a mild steel crucible under a gas mix-
ture of carbon dioxide (98 % CO2) and 
sulphur hexafluoride (2 % SF6) from com-
mercially pure magnesium, aluminum 
and tin. Strontium was added in Mg-20Sr 
form as a master alloy. The melt was held 
at 760 °C casting temperature for 30 min, 
and stirred to ensure the homogeneity in 
a graphite mold.

Metallographic samples were cut from 
the same position of each casting using a 
wire erosion machine and prepared ac-
cording to the standard metallographic 
procedures. The specimens for scanning 
electron microscopy (SEM) were chemi-

about new magnesium alloy design have 
been done dealing with the effects of Sn or 
Sr addition on the mechanical properties of 
Mg alloys [1-3, 10]. However, only a few 
studies have examined the effect of Sr and 
Sn on the microstructure and mechanical 
properties of Mg-Al alloys [8, 9]. 

As a result, in this study, Mg-3Al-3Sn al-
loy was selected as base alloy and Sr was 
added to the base alloy for investigation of 
the wear properties.

Experimental procedure

Preparation and testing of alloys. The 
different alloy compositions were pre-

Designer’s interest in aluminum alloys, 
magnesium alloys and carbon fiber com-
posites for automotive applications is 
based on the combination of high strength 
properties and low density. During the past 
decades aluminum and polymers success-
fully replaced steel, taking advance of their 
good specific strength properties [1-4]. 
Nevertheless, today’s average automobile 
weight is between eleven and fourteen 
hundred kilograms which have to be de-
creased considerably in order to decrease 
traveling costs and CO2 emission which re-
sult in dramatic environmental effects. Not 
only the environmental point of view is 
critical, new generation electric vehicles 
have to be much lighter because heavier 
vehicles need larger lithium ion batteries 
which in turn increases costs of vehicle sig-
nificantly [3-5].

However, magnesium alloys for automo-
tive industry are still limited by some poor 
property profiles like low wear, corrosion 
and creep resistance compared with alu-
minum alloys [1-3]. Recently, many re-
searchers studied the improvement of the 
weak mechanical properties, like wear re-
sistance, of magnesium alloys [1, 6-10]. 

New magnesium alloy design ap-
proaches are one of the effective ways for 
the development of these properties of 
magnesium. Nowadays, a lot of studies 

The wear behavior of Mg-3Al-3Sn-xSr alloys was 
tested using pin-on-disc in dry sliding condition. 
Wear tests were carried out at two different loads of 
5 and 10 N, constant sliding speed of 1 ms-1 and a 
total sliding distance of 3.6 km at room temperature. 
Worn surface was analyzed using scanning electron 
microscopy and energy dispersive X-ray spectrome-
try to define the main wear mechanisms. The wear 
rate for all loads decreased with increasing stron-
tium addition. 
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Figure 1: XRD spectrums of all alloys
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cally etched with acetic glycol (20 ml ace-
tic acid, 1 ml nitric acid, 60 ml ethylene 
glycol, 19 ml distilled water). X-ray diffrac-
tion (XRD) analysis was also carried out to 
identify the phases present in the experi-
mental alloys.

Brinell hardness of the alloys was meas-
ured by using an applied load of 31.25 kg 
and a ball diameter of 2.5 mm as indenter. 
The load was applied for 30 s. The hard-
ness of each alloy was taken as average of 
five readings.

Wear testing. Dry sliding wear tests 
were implemented on pin-on-disk equip-
ment. The test samples having dimensions 
of ∅ 5 mm × 20 mm were machined using 
a wire erosion machine to slide against a 
rotating heat-treated DIN 8620 steel disc of 
hardness 63 HRC with a diameter of 
100 mm. Before the wear tests, each speci-
men was polished, checked in complete 
contact with the surface of the steel disc 
and cleaned with alcohol. Wear tests were 
carried out at two different loads of 5 and 
10 N, constant sliding speed of 1 m × s-1 
and a total sliding distance of about 3.6 km. 
The coefficient of friction was calculated by 
dividing the frictional force (measured us-
ing a load cell) by the normal load. After 
each wear test, the pins were cleaned and 
dried prior to each weight measurement.

Results and discussion

Microstructure. The phases identified for 
all alloys by XRD as described elsewhere 
[4] are provided in Figure 1. While the 
main alloy was mainly composed of α-Mg, 
β-Mg17Al12 and Mg2Sn phases, the modi-
fied alloy contained also the intermetallic 
phase MgSrSn after 0.5 wt.-% Sr addition.

Figure 2 displays the optical micro-
graphs of base alloy and modified alloys, 
exhibiting a reduced grain size with in-
creasing Sr content. Moreover, the grain 
morphology changed from globular to den-
dritic after 0.5 wt.-% Sr addition. 

SEM micrograph and EDS analyses of 
Mg-3Al-3Sn-1Sr alloy are shown in Fig-
ure 3. It can be clearly seen from Figure 3a 
that the rod-like MgSrSn intermetallic 
phase was formed in the Mg-3Al-3Sn-1Sr 
alloy. According to the atomic ratio, it could 
be said that the first and second spot in Fig-
ure 3b were α-Mg and β-Mg17Al12 phases 
and third and fourth spot could be deter-
mined as MgSrSn intermetallic phase, re-
spectively. 

The yield strength and hardness of all al-
loys are presented in Table 1. The result 
indicates that the yield strength of base al-

Figure 2: Optical micrographs of  
a) Mg-3Al-3Sn,  

b) Mg-3Al-3Sn-0.01Sr,  
c) Mg-3Al-3Sn-0.1Sr,  
d) Mg-3Al-3Sn-0.5Sr,  

e) Mg-3Al-3Sn-1Sr

b)

d)

e)

a)

c)

Alloy Yield strength (MPa) Hardness (Brinell)

Mg-3Al-3Sn 69 42

Mg-3Al-3Sn-0.01Sr 87 43

Mg-3Al-3Sn-0.1Sr 90 43

Mg-3Al-3Sn-0.5Sr 92 45

Mg-3Al-3Sn-1Sr 93 48

Table 1: Yield strength 
[4] and hardness of the 

tested materials

Spot No. Chemical compositions (at.-%) Atomic ratio

Al Sn Sr Mg Sn/Sr Al/Sr Mg/Al

1 3.93 0.30 – 95.77 – – 24.36

2 37.48 0.20 – 62.32 – – 1.66

3 5.60 3,08 2,36 88.96 1.3 0.42 15.88

4 2.52 1.18 1.12 95.18 1.05 0.44 –

Figure 3: Mg-3Al-3Sn-1Sr alloy, a) SEM microstructure, b) EDX analyzes 

a) b)
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loy increased with increasing Sr addition, 
like as hardness of Mg-3Al-3Sn alloy. This 
is probably the result of the new interme-

tallic MgSrSn, which occurs at the grain 
boundaries and help to increase the hard-
ness and yield strength of the alloy. Fur-

thermore, the enhancement in yield 
strength value is attributed to the hinder-
ing dislocation motion because of MgSrSn 
intermetallic phase.

In Figure 4, the wear rate for all alloys is 
plotted as a function of applied load at con-
stant sliding speed of 1 m × s-1. It can be 
seen from Figure 4 that the wear rate of 
Mg-3Al-3Sn alloy was more than that of the 
modified alloys at all load conditions. Fig-
ure 5 displays the wear tracks of Mg-3Al-
3Sn and Mg-3Al-3Sn-1Sr alloys obtained by 
SEM of the worn surface for dry sliding 
conditions, respectively. Figure 6 shows 
the wear tracks of Mg-3Al-3Sn-1Sr alloy 
achieved by BSE (backscatter electron) of 
the worn surface. SEM analyses showed 
that both abrasive and adhesion wear 
mechanism could be observed on the worn 
surface of the alloys. In addition to this, the 
abrasive wear of the Mg-3Al-3Sn alloy was 
more than of the Mg-3Al-3Sn-1Sr alloy. It 
can be drawn from Figures 4 and 5 that 
Mg-3Al-3Sn alloy gained resistance against 
abrasive wear because of the new interme-
tallic phase MgSrSn. The improvement of 
wear resistance of Mg-3Al-3Sn alloy was 
attributed to the microstructure change 
and the increment in the hardness and 
yield strength of the alloys.

Conclusions

1.  The main components in the base alloy 
were α-Mg, β-Mg17Al12 and Mg2Sn 
phases. With addition of Sr, the new in-
termetallic phase MgSrSn was detected.

2.  The hardness of Mg-3Al-3Sn alloy in-
creased with increasing strontium con-
centration.

3.  The wear rate of the alloys continuously 
increased at all load conditions with in-
creasing strontium concentration. 
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Figure 4: Wear rate 
against loads of all  
alloys
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Figure 6: EDS analyzes of the worn  
surface of the Mg-3Al-3Sn-1Sr alloy  
at an applied load of 10 N

a) b)

c) d)

Figure 5: SEM micrographs of worn surfaces of a) and b) Mg-3Al-3Sn, c) and  
d) Mg-3Al-3Sn-1Sr, applied load 10 N
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Abstract

Einfluss von Strontiumzugabe auf das Verschleißverhalten von Mg-
3Al-3Sn Kokillengusslegierungen. Das Verschleißverhalten von Mg-3Al-
3Sn-xSr Legierungen wurde mittels des Stift-Scheibe-Versuchs unter tro-
ckenen Reibbedingungen untersucht. Die Verschleißversuche wurden bei 
zwei verschiedenen Belastungen von 5 und 10 N, einer konstanten Reib-
geschwindigkeit von 1 m × s-1 und einer gesamten Reibstrecke von 3,6 km 
ausgeführt. Die verschlissenen Oberflächen wurden mittels Rasterelektro-
nenmikroskopie und EDX untersucht, um die Hauptverschleißmechanis-
men zu ermitteln. Die Verschleißrate reduzierte sich bei allen Belastun-
gen mit zunehmendem Strontiumgehalt. 
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