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a b s t r a c t

In this study, the effect of titanium and chromium (0, 0.1, 0.2, 0.3, and 0.4 wt%) on the microstructure,
mechanical and wear properties of a magnesium-based alloy (Mg–Al 6 wt%) were investigated. The alloys
were produced under a controlled atmosphere by a squeeze-casting process. The results show that the
addition of Ti element modified the structure and decreased the grain size. A similar trend is also observed
eywords:
g–6Al alloy
icrostructure
echanical properties
ear

in the alloys containing Cr. The results of hardness, tensile and impact testing indicate that the hardness,
tensile and impact strength of Mg–6Al alloy increased by adding Ti up to 0.2 wt% and then is relatively
constant with increasing Ti. A similar result is also observed in the alloys containing Cr. The wear rate of
Mg–6Al alloy decreased with increasing alloying elements up to 0.2 wt%. Then the wear rate is relatively
constant with the addition of more alloying elements. While the friction coefficient value of Mg–6Al
alloy gradually increased with increasing Cr, the friction coefficient value of Mg–6Al alloy decreased with

%. Th
increasing Ti up to 0.2 wt

. Introduction

One of the most important things for the world in the next cen-
ury is to decrease the fuel costs for vehicles and to further the
eduction of emissions to lower our growing environmental impact.
he utilization of magnesium and its alloys in the automotive indus-
ry has therefore significantly increased in past few years. However,
nly a few magnesium alloys especially produced by pressure die-
asting are used because of having lower mechanical properties and
ear resistance than aluminum alloys [1–7]. In general, magne-

ium alloys are based on Mg–Al systems which are relatively cheap
ompared with other magnesium alloys available. It is well known,
l containing Mg alloys include the �-Mg17Al12 compound that
etrimentally influences the mechanical properties such as tensile
trength and impact resistance [2,9–12]. One of the most efficient
ays to decrease the detrimental effect of the �-Mg17Al12 phase

n the mechanical properties is to addition third alloying element
13–16].

Besides, wear properties are also significant when magnesium
lloys are to be applied for critical automobile applications. How-

ver, few studies on wear properties of magnesium alloys have been
eported [4–7]. Hence, their wear properties are not understood
uch in detail compared to other structural components. These

tudies were observed that the reduction of grain size of magne-
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en the friction coefficient value is constant with increasing Ti.
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sium alloys is positively affected for their wear properties [4,8].
The grain refinement effect of alloying elements can be explained
in terms of the growth restriction factor (GRF) value, and Ti has a
very pronounced grain-refining effect on Mg–Al based alloys even
at very low concentrations [17–19], while there is no informa-
tion reported for Cr-containing Mg–Al alloys. What is more, the
wear behavior of magnesium alloys can be affected by the hard-
ness of the base alloys under constant sliding and dry loading
conditions [6,20]. The aim of the present study is to investigate
the mechanical and wear properties and the microstructure of
magnesium–aluminum-based alloy Mg–6Al alloyed with Ti and
Cr.

2. Experimental details

The alloys, with compositions listed in Table 1, were prepared using commer-
cially pure magnesium and aluminum in a steel crucible with an electric resistance
furnace protected by CO2-1%SF6. Chromium and titanium were added as Al–40Cr
and Al–6Ti master alloy. The casting parameters were as follows: the melt of matrix
alloy was held at a 720 ◦C casting temperature for 20 min, a 120 ◦C mold temperature
and a 100 MPa filling pressure.

Metallographic samples were first cut on a wire erosion machine. Grinding was
performed using silicon carbide (SiC) grinding papers up to 1200 grit. Prior to pol-
ishing, the samples were rinsed with ethanol, and then polishing was performed
with a 0.05 �m alumina solution. The specimens for optical microscopy (OM) and
scanning electron microscopy (SEM) were chemically etched in acetic picric (5 ml

acetic acid, 6 g picric acid, 10 ml distilled water, 100 ml ethanol) to show grain
boundaries and nital (4 ml nitric acid, 96 ml ethanol) for revealing structure. In addi-
tion, the distribution of alloying elements in the structure was verified by using an
SEM instrument (JEOL 6060LV) with an energy-dispersive spectrometer (EDS). X-
ray diffraction (XRD) analysis was also carried out to identify the phases present
in the samples using a Rigaku D-Max 1000 X-ray diffractometer with Cu K� radia-
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Table 1
The chemical composition of the investigated alloys (mass fraction, %).

Alloy no. Alloy Al Ti Cr Mg

Alloy 1 Mg–6Al 5.891 – – Bal.
Alloy 2 Mg–6Al–0.1Ti 5.818 0.074 – Bal.
Alloy 3 Mg–6Al–0.2Ti 5.901 0.143 – Bal.
Alloy 4 Mg–6Al–0.3Ti 5.879 0.261 – Bal.
Alloy 5 Mg–6Al–0.4Ti 5.809 0.337 – Bal.
Alloy 6 Mg–6Al–0.1Cr 5.891 – 0.081 Bal.

t
(
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u
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e
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Alloy 7 Mg–6Al–0.2Cr 5.821 – 0.154 Bal.
Alloy 8 Mg–6Al–0.3Cr 5.875 – 0.253 Bal.
Alloy 9 Mg–6Al–0.4Cr 5.843 – 0.323 Bal.

ion. The grain size measurements were performed by using image analysis software
Clemex).

Brinell hardness tests were carried out on ground and polished samples with a
all diameter of 2.5 mm and an applied load of 31.25 kg. At least 10 impressions were
ade to determine the mean value of the hardness. Tensile tests were performed

sing an Instron 3367 universal testing machine at cross head speed of 0.2 mm/s.
ach test was repeated five times, and the average values were accepted as the
xperimental result.

Un-notched impact test samples measured 55 mm × 10 mm × 10 mm were cut
n a wire erosion machine and then polished using alumina paste. The testing was

arried out using Charpy impact test machine at room temperature and at least three
uns were performed. The wear test was performed using a pin-on-disc type appa-
atus. The test materials in the form of pins of 5 mm diameter and 20 mm length
ere made to slide against a rotating heat treated DIN 4140 steel disc of 63 in Rock-
ell (Rc) and diameter 100 mm. Before the wear tests, each specimen was ground

Fig. 2. Optical microstructures of: (a) Mg–6Al, (b) Mg–6Al–0.1Ti, (
Fig. 1. The effect of alloying elements on grain size of Mg–6Al alloy.

up to grade 1200 abrasive paper and polished, making sure that the wear surface
was in entire contact with the surface of the steel disk. Before each test, specimen
was cleaned with alcohol. Wear tests were carried out under dry sliding conditions
under the 10 N load, at sliding speed of 1.2 m s−1 and a total sliding distance of about
1 km. Each test was performed with a fresh disk surface and at least three runs were

performed. Wear losses were obtained by determining the masses of samples before
and after wear tests. An electronic balance having an accuracy level of 0.001 mg was
used to measure the weight loss. The specific wear rate of the pins is defined as the
weight loss per unit sliding distance.

c) Mg–6Al–0.4Ti, (d) Mg–6Al–0.1Cr, (e) Mg–6Al–0.4Cr alloy.
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Fig. 3. SEM micrograph showing microstructure and EDS analysis of (a) s

. Results and discussion

.1. Microstructure and characterization

Fig. 1 shows the influence of different amounts of alloying ele-
ents addition into alloy 1 on the grain size. It obviously shows

hat the grain size of alloy 1 decreases with increasing quantity of
lloying element addition. The grain size of the alloy 1 decreases
rom 91 to 49 �m when the amount of Ti added increases from

to 0,4 wt%, respectively. With addition of Cr, the grain size of
lloy 1 decreases from 91 to 61 �m. Several methods are avail-
ble for grain refining magnesium alloys, however, the mechanisms
nvolved are not understood clearly. A recent study indicates that
Z31, AZ61 and ZA84 alloys can be grain refined by the use of
l–Ti–B type grain refiners. Those master alloys consist of Al3Ti

nd TiB2 particles, in which either the Al3Ti and TiB2 or both types
f particles act as heterogeneous nucleation sites, like aluminum
lloys [21–23]. According to the Al–Ti and Al–Cr binary phase dia-
rams, the Al–6Ti and Al–40Cr master alloys consist of Al3Ti and
l4Cr particles, respectively. In this study, Al3Ti and Al4Cr particles
e cast Mg–6Al, (b) and (c) Mg–6Al–0.4Ti, (d) and (e) Mg–6Al–0.4Cr alloy.

dissolve when the master alloys added into molten alloy 1. There-
fore, the Ti and Cr are assumed to serve as heterogeneous nuclei of
�-Mg.

Optical micrographs of some produced alloys are shown in
Fig. 2. As shown in Fig. 2(b) and (c), the addition of Ti element
modified the structure and decreased the grain size compared
with Fig. 2(a). A similar trend is also observed in the alloys con-
taining Cr (Fig. 2(d)and (e)). SEM, EDS and XRD analysis of the
various produced alloys are shown in Figs. 3 and 4. It was proved
by EDS, atomic ratio in Fig. 3(a) and XRD analysis of alloy 1
that its microstructure mainly consists of primary �-Mg den-
drite grains (spot 1) with eutectic phases (Al-riched �-Mg (spot
2) + �-Mg17Al12 (spot 3)) surrounding their boundaries. Fig. 3(b)
and (d) shows that Ti and Cr addition affected the morphol-
ogy and distribution of the �-Mg17Al12, respectively. In the case

of Ti, eutectic morphology was changed to partially divorced
eutectic, and the �-Mg17Al12 phase was transformed from net-
work to globular form. Otherwise, the addition of Cr changed
the eutectic morphology to partially divorced eutectic without
changing the shape of the �-Mg17Al12 phase. The EDS map-
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alloys [12]. It is thought that UTS is affected by the change of the
grain size and divorced eutectic structure. The reason that the UTS
increased up to Ti and Cr 0.2 wt% was attributed to smaller grain
size, the insolubility of Ti and Cr elements and the homogeneously

Table 2
Hardness, ultimate tensile strength, elongation and impact strength of the tested
material.

Hardness
(HBN)

UTS (MPa) Elongation at
fracture (%e)

Impact
strength (J)

Alloy 1 40(±1) 144(±10) 3,7(±0) 14(±0)
Alloy 2 46(±0) 162(±4) 6(±0,5) 16(±1)
Alloy 3 47(±1) 174(±6) 6,4(±0,5) 19(±2)
Alloy 4 47(±0) 172(±2) 6,4(±0,4) 18(±0)
Fig. 4. The XRD spectrums of (a)

ing of Alloy 5 in Fig. 3(c) shows that Ti has extremely low or
nknown solubility in Mg lattice, and it is likely that fine par-
icles of pure Ti exist at grain boundaries. Similar results were
eported by Buha [18]. For the �-Mg17Al12 phase in Mg–6Al–xTi
lloys, titanium-containing particles may act as the heteroge-
eous nucleation site. Therefore, the one of the main effects
f Ti on microstructure is the formation of partially divorced
g17Al12 phase, as shown in Fig. 3(b). Similar results can be seen

n Fig. 3(e) for Cr-containing Mg–Al alloy. As shown in Fig. 3(e),
r, like Ti, has low or unknown solubility and exists at grain
oundaries.

The XRD spectrums (Fig. 4(a) and (b)) of all the alloys show
hat Ti and Cr addition did not result in the formation of Ti or Cr
ontaining any new phase. However, it can be seen in Fig. 4 that �-
g17Al12 was detected in all specimens and the amount of �-phase
as greatly reduced with increasing Ti and Cr.

The results of hardness, ultimate tensile, elongation and impact
trength measurements of the specimen are given in Table 2. The
ardness value of Ti-containing alloys up to 0.2 wt% increases with

ncreasing alloying element concentration, and the hardness of
lloy 1 is improved by 17%. Then the hardness is relatively con-
tant with more addition of Ti. The hardness value of Cr containing
lloys up to 0.2 wt% increased with increasing alloying element,

nd the hardness of alloy 1 was improved by 30% due to the addi-
ion of 0.2 wt% Cr. Then the hardness keeps on stable with more
ddition of Cr. As mention above, no information was found con-
erning Cr-containing Mg–Al alloys. The main parameters affecting
he hardness are the solubility of the alloying element, grain size
, 2, 3, 4, 5 and (b) alloy 6, 7, 8, 9.

and eutectic morphology. The reason for the hardness increment
can be attributed to smaller grain size, insolubility of Ti and Cr
elements and homogeneous distributed eutectic areas.

The ultimate tensile strength (UTS) of alloy 1 is remarkably
increased by Ti up to 0.2 wt% and is improved by 21%. Then the
UTS is relatively constant with increasing Ti. A similar trend is also
observed in the alloys containing Cr, and is improved by 15% due
to the addition of 0.2 wt% Cr. The presence of brittle �-Mg17Al12
phase detrimentally influences the mechanical properties of Mg–Al
Alloy 5 46(±0) 173(±2) 6,5(±0) 17.5(±1)
Alloy 6 47(±1) 155(±5) 5,5(±0,4) 15.5(±0)
Alloy 7 52(±2) 165(±6) 5,9(±0,5) 18(±1)
Alloy 8 51(±1) 164(±4) 5,8(±0) 17(±1)
Alloy 9 51(±1) 163(±5) 5,8(±0,4) 17(±0)
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istributed eutectic areas. It is known that, the Mg17Al12 phase
s incompatible with the magnesium matrix, which results in an
ncoherent and fragile Mg/Mg17Al12 interface [24]. The incoher-
nce of the Mg/Mg17Al12 interface of alloy 1 was decreased due

o the network of brittle �-Mg17Al12 phase in the alloy 1 destroys
ith addition of alloying elements. Hence, the elongation at frac-

ure increment can be attributed to divorced eutectic morphology.
n another view of the Table 2, the UTS and elongation at fracture

ig. 5. SEM fractographs showing the morphology of fractured surfaces: (a) Mg–6Al,
b) Mg–6Al–0.2Ti, (c) Mg–6Al–0.2Cr alloy.
Fig. 6. Effect of alloying elements on the wear rate of the Mg–6Al alloy.

of the alloys with Ti are higher than those of the Cr alloys. In this
study, Ti-containing alloys include globular �-Mg17Al12 phase in
the grain boundaries, which can cause less stress concentration
than Cr-containing alloys. Therefore, the ultimate tensile strength
and elongation at fracture of the alloys containing Ti was higher
than those of the Cr-containing alloys.

The impact strength value of alloy 1 was found 14 J. The result
was in accordance with literature. Similar finding was reported by
Schwam et al. [3]. As can be seen at Table 2, the impact strength
of alloy 1 at room temperature is remarkably increased by Ti up
to 0.2 wt%. The impact strength of alloy 1 was improved by 35%
(from 14 J to 19 J) due to the addition of 0.2 wt% Ti. Then the impact
strength is relatively constant with increasing Ti but remained
the higher than the base alloy. A similar trend is also observed in
the alloys containing Cr, and the impact strength of alloy 1 was
improved by 28%(from 14 J to 18 J) due to the addition of 0.2 wt%
Cr. In another view of the Table 2, the impact strength of the alloys
with Ti is a little higher than those of the Cr alloys.

Examination of fracture surface of impact specimens via SEM
manifests the fracture behavior of the alloys, which is shown in
Fig. 5. The alloy with Ti and Cr exhibited different surface morphol-
ogy compared to the base alloy Mg–6Al. While it was seen the large,
wide fracture areas on the alloy 1 (Fig. 5(a)), some rod-like morphol-
ogy and small, narrow fracture areas were observed in Fig. 5(b) and
(c).

In this study, the addition of both alloying elements changed the
microstructure of alloy 1. Hence, the increasing of impact strength
of the alloys can be attributed to the microstructure. As shown
before, the alloying elements decreased the size of the primary
�-Mg dendrite grains and provided the formation of the partially
divorced eutectic of Mg17Al12. Both the decreases in the grain size
and the destroyed of the network of hard and brittle Mg17Al12
acted an important role in the increase on the impact resistance
of the alloys. Furthermore, the formation of the divorced eutectic
of Mg17Al12 let the primary �-Mg dendrite grains to come near to
each other (there is no generally hard and brittle Mg Al between
17 12
primary �-Mg dendrite grains) then increased on the impact resis-
tance. The impact resistance of the alloy is relatively constant with
increasing alloying elements.

Fig. 7. Effect of alloying elements on the friction coefficient of the Mg–6Al alloy.
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Fig. 8. Worn surface microstructure of: (a) and (b) Mg–

The effect of both alloying elements on the average wear rate
nd the friction coefficient is plotted in Figs. 6 and 7, respectively,
s a function of alloying element. The wear rate of alloy 1 remark-
bly decreased with increasing Cr up to 0.2 wt%. Then the wear
ate was relatively constant with the addition of more Cr. A similar
rend is also observed in the alloys containing Ti (Fig. 6). It can be
een that the friction coefficient value of alloy 1 gradually increased
ith increasing Cr. However, the friction coefficient value of alloy
decreased with increasing Ti up to 0.2 wt%. Then the friction coef-
cient value is constant with increasing Ti, see Fig. 7.

Fig. 8 shows the wear tracks of alloys obtained under SEM and
DS analyses and OM results for the cross-section of the worn sur-
ace for dry sliding conditions. SEM analyses showed that both
brasive and adhesion wear mechanism observed on the worn sur-
ace of the alloys. As can be seen in OM results (Fig. 8(a), (c) and
e)), plastic deformation on the wear surface of the alloys was not
bserved and wear mechanism of the alloys was not changed with
ddition of alloying elements. Furthermore, EDS analyses reveals
he formation of the oxide layer by indicating the presence of O,

g and Al elements. The abrasive wear resulted in surface defor-
ation and damage in the form of deep grooves in the sliding

irection and the adhesion resulted plastering on the surface due
o disparity of hardness between pin and steel disc, as shown

bviously in Fig. 8(b), (d) and (f). As shown from Fig. 6 that the
ear rate decreased up to 0.2 wt% alloying elements and it was
ot changed and approximately constant at higher content. The
ecrease on wear rate was attributed to the microstructure change
nd the hardness of the alloys. The alloying of Mg–6Al with Ti
) and (d) Mg–6Al–0.2Ti, (e) and (f) Mg–6Al–0.2 Cr alloy.

and Cr affected the microstructure of base alloy that is shown in
Fig. 2. It was assumed that the formation of the partly divorced
eutectic of Mg17Al12 was the main factor for decreasing the wear
rate. As seen before, alloy 1 mainly contains continuous and brit-
tle �-Mg17Al12. During the wear of the alloy 1, it is easily removed
from the surface then behaved abrasive wear debris at the interface
thereby the wear rate of the alloy 1 increased. However, the other
alloys have small and modified �-Mg17Al12 so they showed resis-
tance to wear. Furthermore, as a mentioned above that the wear
rate is strongly dependent on the hardness of alloys. In this study,
the hardness value of the base alloy increased with addition of the
alloying elements.

4. Conclusions

(1) The addition of alloying elements has a pronounced grain-
refining effect of Mg–6Al alloy.

(2) Metallographic studies showed that the addition of Ti and
Cr elements changed the microstructure of Mg–6Al alloy and
resulted in a partially divorced eutectic. The addition of alloying
elements did not result in the formation of Ti or Cr containing
any new phase.

(3) The hardness value of the alloys increased with both alloying

elements content up to 0.2 wt%. Cr addition was much more
effective than Ti on the hardness.

(4) Cr and Ti addition up to 0.2 wt% increased the UTS value
of the alloys; the latter was much more effective than the
former.
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5) Impact test studies showed that the addition of Ti and Cr alloy-
ing elements up to 0.2 wt% improved the impact strength of
Mg–6Al alloy.

6) The wear rate of Mg–6Al alloy remarkably decreased with
increasing both alloying elements up to 0.2 wt%. Then the wear
rate was relatively constant with the addition of more alloy-
ing elements. The friction coefficient value of Mg–6Al alloy
gradually increased with increasing Cr. However, the friction
coefficient value of Mg–6Al alloy decreased with increasing Ti
up to 0.2 wt%.
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