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Abstract—This study aimed for improving wear resistance of  

AM60 magnesium alloy by Ti addition (0, 0.2, 0.5, 1wt%Ti). An 

electric resistance furnace was used to produce alloys. Pure Mg 

together with Al, Al-Ti and Al-Mn were melted at 750 0C in a 

stainless steel crucible under controlled Ar gas atmosphere and then 

poured into a metal mould preheated at 250 0C. Microstructure 

characterizations were performed by light optical (LOM) and 

scanning electron microscope (SEM) after the wear test. Wear rates 

and friction coefficients were measured with a pin-on-disk type 

UTS10 Tribometer test device under a load of 20N. The results 

showed that Ti addition altered the morphology and the amount of 

 - 

Mg17Al12 phase in the microstructure of AM60 alloy.  -Mg17Al12 

phases on the grain boundaries were refined with increasing amount 

of Ti. An improvement in wear resistance of AM60 alloy was 

observed due to the alteration in the microstructure by Ti addition.  
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I. INTRODUCTION  

N recent years, there has been a considerable increase in the 

use of magnesium as a structural metal due to its unique high 

specific strength. The lightness of magnesium alloys makes 

them very promising materials to replace aluminum and its alloys 

in primarily automotive, aerospace and railway applications 

providing better fuel efficiency and higher performance. 

Magnesium alloys have also excellent castability, machinability, 

hot formability and damping capability [1]-[3]. Nevertheless, 

some properties of magnesium alloys such as strength, fatigue and 

creep resistance at elevated temperatures, ductility, hardness, 

corrosion resistance and wear properties remain low compared to 

other structural metals. As surface related drawbacks of 

magnesium alloys, wear and corrosion resistances are tough 

challenges for the use of magnesium alloys in commercial 

applications [2]-5].   

Many research studies were carried out in order to improve 

wear resistance of magnesium alloys by surface modification [4]-

[7]. Wear mechanisms and wear transition maps of various 

magnesium alloys with no external process for alteration of 

surface were also investigated in numerous studies [8]-[12]. It 

was reported that [8], [9] oxidation and abrasion were observed at 

low sliding speeds and loads whereas oxidation,  

  

delamination and adhesion mechanisms were dominant at higher 

sliding speeds and loads in AM50B and AM60B magnesium 

alloys. Wear resistance of magnesium alloys can be improved 

through alloying additions providing second phase formation or 

changing the morphology and volume fraction of second phases 

and several studies focused on the effect of alloying elements on 

wear behavior of magnesium alloys [13], [14]. It was reported that 

[13], Sr addition improved the wear resistance of Mg–6Zn–4Si 

alloy by 0.5wt% Sr and further addition of Sr led to a decrease in 

wear resistance due to the formation of needle-like SrMgSi 

compounds. Another study showed an improved wear resistance 

in AZ91 magnesium alloy by Ce-rich mish metal addition due to 

the formation of Al11RE3 phase [14]. The main wear mechanisms 

were found as abrasion, delamination and plastic deformation.  

Although some improvements on wear resistance of 

magnesium alloys were achieved by different alloying additions, 

there is limited number of studies investigating the effect of Ti 

addition on wear properties of magnesium alloys. However, 

numerous studies were carried out on the effect of Ti addition on 

microstructure, mechanical, corrosion properties of several 

magnesium alloys [15]-[23]. It was reported that Ti addition by 

0.5 wt% increased both the mechanical properties and corrosion 

resistance of AZ91 magnesium alloys [15], [16]. Another study 

demonstrated that trace amount of Ti addition by 0.01 wt% 

significantly increased the corrosion resistance of AZ61 

magnesium alloys [21]. A grain refining effect by Ti addition was 

observed in Mg-Zn-Zr-Ca alloy [22]. It was also demonstrated 

that minor Ti addition on Mg-3Sn-2Sr led to a refinement of 

primary   grains and an increase in the tensile and creep 

properties [23].  

Since the influence of Ti addition on microstructure and wear 

properties of magnesium alloys have not been well understood, 

this study focused on investigating the microstructure and wear 

properties of AM60 magnesium alloy which is one of the most 

used commercial magnesium alloys. Different amounts of Ti (0, 

0.2, 0.5 and 1 wt%) were used to investigate how the wear 

resistance of AM60 magnesium alloy changes.  

II. EXPERIMENTAL  

A. Casting  

The Mg-6%Al-0.6%Mn alloys with different Ti additions (0, 

0.2, 0.5, 1 wt%) were processed by conventional gravity casting. 

High purity Mg (99.9%), Al-10%Mn and Al-10%Ti master alloys 

were used to prepare the studied alloys. The alloys were melted 

in stainless steel crucible placed in an electric resistance furnace 

under controlled Ar gas atmosphere. After holding the melt at 770 
0C for 45 minutes and stirring for 15 minutes, the melt was poured 
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into a metal mould preheated to 250 0C. The chemical 

compositions of the studied alloys are given in Table I.  

  
TABLE I  

CHEMICAL COMPOSITION OF THE ALLOYS (WT%)  

Alloys  
 Compositions (wt%)   

Al  Mn  Zn  Ti  Mg  

AM60  6.0  0.50  0.2  -  Bal.  

AM60+0.2Ti  6.0  0.68  0.21  0.28  Bal.  

AM60+0.5Ti  6.1  0.68  0.21  0.68  Bal.  

AM60+1Ti  6.2  0.68  0.21  1.34  Bal.  

B. Microstructure  

The microstructure images of the samples were taken by LOM. 

Before the microstructure analysis, all the samples were 

mechanically ground with 240, 400, 600, 800, 1000 and 1200 grit 

emery papers followed by polishing with 6  m and 1  m 

diamond paste. An etching solution of 50 ml picric acid, 20 ml 

glacial acetic acid, 10 ml distilled water and 10 ml ethanol was 

applied to the polished samples. After taking the optical 

microstructure images, average grain size measurements were 

performed on eight microstructures for each alloy by linear 

intercept method in accordance with ASTM E112 standard.  

C. Wear Test  

Samples having 30 mm x 10 mm x 5 mm dimensions were 

machined for wear tests. Contact surfaces of the samples were 

ground with 1000 grit emery paper. Wear tests were performed by 

a pin-on-disk type UTS-10 Tribometer test device. Wear rates, 

wear depth and friction coefficients of the studied alloys were 

measured under a load of 20 N, a sliding speed of 0.08 m/s and a 

sliding distance of 1000 m. SEM was used for the investigation 

of worn surfaces and the determination of the wear mechanisms.  

III. RESULTS AND DISCUSSION  

A. Microstructural Characterization  

Optical micrograph images of AM60, AM60+0.2Ti, 

AM60+0.5Ti and AM60+1Ti alloys are given in Fig. 1. It can be 

seen that all the studied alloys consisted of primary  -Mg (white 

matrix) and  -Mg17Al12 intermetallic compound (dark regions). 

Essentially,  -Mg17Al12 eutectic phase appear in MgAl system 

under non-equilibrium cooling conditions during casting as little 

as 2 wt% Al even though the maximum solid solubility of Al in 

 -Mg reaches 12 wt% [1], [24]. It was reported that both cooling 

conditions during casting process and alloying additions can 

significantly affect the morphology of eutectic phases in Mg-Al 

alloy. As the Al content increases or the cooling rate during 

casting decreases, fully divorced,  

partially divorced, granular, fibrous and lamellar shaped eutectic 

phase can be formed in sequence [24].   

  

  

Fig. 1 Optical microstructures of (a) AM60, (b) AM60+0.2Ti, (c) AM60+0.5Ti, (d) AM60+1Ti  
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It was observed in Figs. 1 (a)-(d) that AM60 alloy contains high 

volume fraction of discontinuous  -Mg17Al12 eutectic phase and 

it significantly decreased with increasing amount of  

Ti. The morphology of the  -Mg17Al12 phase appeared to be 

changed from partially divorced to fully divorced structure. In a 

previous study [15], a considerable increase in Al content in  -

Mg solid solution was observed with increasing content of Ti 

from 0 to 1 wt%. This observed reduction in the volume fraction 

of  -Mg17Al12 phase is attributed to the higher Al content in the 

solid solution.  

The effect of Ti addition on the average  -Mg grain size in 

AM60 alloy is demonstrated in Fig. 2. It was observed that grain 

size of  -Mg was refined with increasing amount of Ti addition. 

It can be said that Ti is an efficient grain refiner due to creation of 

new nucleation sites during solidification.  

B. Wear Properties  

Wear tests were performed under a constant load, sliding speed 

and sliding distance of 20 N, 0.08 m/s and 1000 m respectively in 

order to investigate the effect of Ti addition on wear properties of 

AM60 magnesium alloy.   

  

  

Fig. 2 Average  -Mg grain size of AM60 as a function of Ti content  

  

Wear depth graphs of the studied alloys given by the pinon-disk 

type wear test machine were presented in Figs. 3 (a)(d). It can be 

seen in Fig. 3 that the variability of wear depth changed as a 

function of Ti addition and the smallest wear depth was observed 

for AM60+0.2Ti as it is depicted in Fig. 4 with friction coefficient 

values.   

  

Fig. 3 Wear depth graphs of (a) AM60, (b) AM60+0.2Ti, (c) AM60+0.5Ti, (d) AM60+1Ti  
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 Fig. 4 Friction coefficient and wear depth value of AM60 as a  Fig. 5 Wear rate of AM60 as a function of Ti content  

 function of Ti content    

   
In accordance with the changes in the friction coefficients  

It can be clearly seen in Fig. 4 that wear depth of AM60 and wear depth values, AM60+0.2Ti alloy exhibited the  

alloy significantly decreased with the addition of 0.2wt%Ti. lowest wear rate (mass loss/sliding distance) and as it is shown  

However, increasing amount of Ti led to an increase in wear in Fig. 5, increasing amount of Ti to 1wt% led to a  

depth and when the Ti addition was 1 wt%, the wear depth deterioration in wear resistance of AM60 alloy. Mg and Ti do  

became almost the same as AM60 alloy with no Ti addition. not form intermetallic compounds and Ti has a maximum  

Friction coefficients of the studied alloys were also indicated solid solubility in Mg by 0.24 wt% [25]. Therefore, the  

in Fig. 4 and a similar trend with wear depth was observed as decrease in the wear resistance of AM60 alloy above 0.2 wt%  

the smallest friction coefficient was found to be for  

Ti addition can be attributed to the presence of Ti particles in  

AM60+0.2Ti alloy. the matrix resulting in higher friction coefficient and mass loss  

  

between the contact surfaces during abrasion.  
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Fig. 6 SEM micrographs of the worn surfaces of (a) AM60 88X, (b) AM60 500X, (c) AM60+0.2Ti 88X and (d) AM60+0.2Ti 500X  

Figs. 6 (a)-(d) show the worn surfaces of AM60 and 

AM60+0.2Ti alloys. The formation of fine wear grooves along 

the sliding direction was observed in both alloys. However, AM60 

showed a rougher surface than AM60+0.2Ti alloy which can be 

associated with the presence of larger  - 

Mg17Al12 eutectic phase in AM60 magnesium alloy. Hard 

 Mg17Al12 particles detached from the contact surface between 

the pin and the sample may bring about coarse scratches in AM60 

alloy. As it was shown earlier in Fig. 1, Ti addition modified the 

morphology of  -Mg17Al12 phase so that finer  Mg17Al12 phase 

led to a smooth worn surface in AM60+0.2Ti alloy as it is shown 

in Figs. 6 (c), (d). Nevertheless, above the maximum solid 

solubility of Ti in Mg solid solution (0.24 wt%), the presence of 

Ti particles in the matrix resulted in a decrease in the wear 

resistances of AM60+0.5Ti and AM60+1Ti alloys.   

IV. CONCLUSION  

The effect of Ti addition on the wear resistance of as-cast 

AM60 magnesium alloy was investigated and a relationship 

between the microstructure and wear behavior was presented. The 

following conclusion can be drawn:  

• Ti addition can efficiently modify the microstructure of 

AM60 magnesium alloy by decreasing the amount of  - 

Mg17Al12 phase and refining the  -Mg grain size.   A 

significant improvement in the wear resistance of AM60 

magnesium alloy can be achieved by 0.2 wt% Ti addition. Going 

up with the further addition of Ti led to a decrease in the wear 

resistance since those additions were above the maximum solid 

solubility limit of Ti in Mg.  

• The main wear mechanism in modified and unmodified 

AM60 alloys was abrasion caused by the hard and oxidized 

particles and no delamination or strong adhesion wear 

mechanisms were observed since a low sliding speed of 0.08 

m/s and a low load of 20 N were used in the wear test.  
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