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a b s t r a c t

In this study, the effect of silver (0, 0.2, 0.5, and 1 wt.%) on the microstructure and mechanical properties
of a magnesium-based alloy (Mg–Al 6 wt.%–Sn 1 wt.%–Mn 0.3 wt.%–Ti 0.3 wt.%) were investigated. The
alloys were produced under a controlled atmosphere by a squeeze-casting process. X-ray diffractometry
revealed that the main phases are �-Mg, �-Ti, �-Mg17Al12 and Al8Mn5 in the all of alloys. In addition to,
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Al81Mn19 phase was found with Ag additive. Besides, the amount of �-Mg17Al12 phase was decreased with
increasing the amount of Ag. The strength of the base alloy was increased by solid solution mechanism
and decreasing the amount of �-Mg17Al12 phase with addition of Ag. Furthermore, existence of Al81Mn19

phase can be acted an important role in the increase on the mechanical properties of the alloys.
© 2011 Elsevier B.V. All rights reserved.
echanical properties

. Introduction

In order to reduce of both CO2 emission and the fuel cost of
ransport, the structural applications of magnesium alloys in the
utomotive industry are pioneered because of their low density
nd high specific strength. However, the extensive usage of mag-
esium alloys is limited for their relatively low strength and room
emperature ductility than that of aluminum alloys. Therefore,

ain requirement imposed on magnesium alloys is high strength
nd ductility [1–5]. Among the commercial magnesium alloys,
agnesium–aluminum based alloys such as AM60 and AM50 are

ndowed with a good combination of cast ability and ductility. Nev-
rtheless, it is well known that Al containing Mg alloys include the
-Mg17Al12 compound that deleteriously influences the mechan-

cal properties such as tensile strength and impact resistance. The
hird alloying element such as strontium (Sr), calcium (Ca), tin (Sn),
ilver (Ag) and rare earth elements is essential for improving the
echanical properties by removing the detrimental effect of the �-
g17Al12 compound in magnesium–aluminum based alloys[4–15].

ilver with rare earth elements is the most effective alloying ele-
ent for such proposes which result in significant improvement.
owever, the high cost of these alloys compared with conven-
ional magnesium alloys has limited their applications [13–15].
n and Ti are relatively inexpensive alloying elements. It is well
nown that Sn alloying element can improve the mechanical prop-
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erties of magnesium–aluminum alloys through its solubility. Ti has
pronounced the grain-refining on the Mg–Al alloys even low con-
centration and can improve the mechanical properties [7,9,16–19].
Hence, in this study, initially, 1 wt.% Sn and 0.3 wt.% Ti alloy ele-
ments are added to Mg–Al alloy instead of rare earth elements and
the effect of Ag on the microstructure and mechanical properties
of the alloy are investigated.

2. Experimental details

The alloys with compositions listed in Table 1 were prepared in a
stainless steel crucible with an electric resistance furnace protected
by CO2-0.2% SF6 from commercially pure magnesium, aluminum,
tin and silver. Manganese and titanium were added using Al–10Mn
and Al–6Ti master alloys. The casting parameters were as fol-
lows: the melt was held at 760 ◦C casting temperature for 10 min.,
and stirred to ensure the homogeneity in a mold at 270 ◦C under
100 MPa.

Metallographic samples were cut firstly on a wire erosion
machine. Grinding was performed using silicon carbide (SiC) grind-
ing papers up to 1200 grit. Prior to polishing, the samples were
rinsed with ethanol, and then polishing was performed with a
0.05 �m alumina suspension. The specimens for optical microscopy
(OM) were chemically etched in acetic picric (5 ml acetic acid,
6 g picric acid, 10 ml distilled water, 100 ml ethanol). In addition,

the distribution of alloying elements in the structure was veri-
fied by using a scanning electron microscopy (SEM) instrument
(JEOL 6060LV) with an energy-dispersive spectrometer (EDS). X-
ray diffraction (XRD) analysis was also carried out to identify the
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Table 1
The chemical composition of the investigated alloys (mass fraction, %).

Alloy no Alloy Al Mn Sn Ti Ag Mg

Alloy 1 Mg–6Al–1Sn–0.3Mn–0.3Ti 5.941 0.272 0.984 0.303 – Bal.

p
1

a
a
d
t

Alloy 2 Mg–6Al–1Sn–0.3Mn–0.3Ti–0.2Ag 5.918
Alloy 3 Mg–6Al–1Sn–0.3Mn–0.3Ti–0.5Ag 5.901
Alloy 4 Mg–6Al–1Sn–0.3Mn–0.3Ti–1Ag 5.932

hases present in the experimental alloys using a Rigaku D-Max
000 X-ray diffractometer with Cu K� radiation.

Brinell hardness tests of the alloys were carried out on ground

nd polished samples with a ball diameter of 2.5 mm and an
pplied load of 31.25 kg. At least 10 impressions were made to
etermine the mean value of the hardness at different locations
o circumvent the effect of any alloying element segregation.

Fig. 1. The XRD spectru
0.271 0.989 0.311 0.224 Bal.
0.275 0.987 0.297 0.431 Bal.
0.261 0.978 0.289 0.942 Bal.

Tensile tests were performed using an Instron 3367 universal
testing machine with a run velocity of 0.2 mm/s at room tem-
perature. Each test was repeated for ten times, and the average

values were accepted as the experimental result. Un-notched
impact test samples were cut on a wire erosion machine and
test specimens measured 55 mm × 10 mm × 10 mm and then pol-
ished. The testing was carried out using a Charpy impact test

ms of alloy series.
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achine at room temperature and at least three runs were per-
ormed.

. Results and discussion

.1. Microstructure and characterization

The as-cast alloys were examined by XRD as shown in Fig. 1. The
-ray results revealed that the main components were �-Mg, �-Ti,
-Mg17Al12 and Al8Mn5 in the all alloys. In addition to main com-
onents, Al81Mn19 phase was only observed in alloys with silver.

t was thought that silver acted effective role for Al81Mn19 phase.
esides, the diffraction peak intensity of the �-Mg17Al12 phase
ecreases with the increase of silver content but the diffraction
eak intensity of �-Ti increases comparing with base alloy, whereas
he intensity of Al8Mn5 peak is nearly constant with increasing Ag
ontent. Furthermore, it is not observed any Mg–Sn and Ag based
ntermetallics in all alloys tested.

Fig. 2 shows the SEM microstructure of the alloys. The
icrostructure of alloy 1 mainly consists the primary �-Mg den-

rite grains with eutectic phases (Al-riched �-Mg + �-Mg17Al12)
urrounding their boundaries (Fig. 2a). Fig. 2(b) and (c) represents
he microstructures of alloy 2 and 4 respectively, indicate that the

orphologies of the intermetallic �-Mg17Al12 phase in the Ag con-
aining alloys are similar with alloy 1. In addition, the network
tructure of eutectic �-Mg is changed with increasing Ag content
rom continuous state to non-continuous.

EDS analysis on the alloy 1 was carried out to define the com-
onents as shown in Fig. 3(a). According to the atomic ratio,

t could be deduced that the first and second spot in Fig. 3(b)
as �-Ti and Al8Mn5 phase and third and fourth spot could be
ecided as �-Mg and �-Mg17Al12, respectively. Furthermore, it
as proved by EDS of alloy 1 while all Sn was solved both in

he primary �-Mg grains and Mg17Al12 phase, some of Ti element
as found as a metallic form and the rest of Ti dissolved in the

luminum–manganese intermetallic. Fig. 3(b) and (c) shows the
icrostructures and EDS analysis of the alloys 2 and 4. According

o atomic ratio, Al81Mn19 intermetallic phase was observed with
ddition to Ag (Fig. 3(b) spot 1). It is clearly seen that some of
n and Ti dissolved in the Al81Mn19 intermetallic phases. Silver is
ot found in the aluminum–manganese type compounds. Further-
ore, it could be assumed from spots 2, 3 and 4 in Fig. 3(b) that
g was solved both in the primary �-Mg grains and �-Mg17Al12
hase. And also spot 5 was revealed presence of �-Ti. The map-
ing EDS results supported the above findings about alloy 2. At this
ime one could observed that Ag element was generally founded in
he eutectic areas. Besides, it can be said that from EDS mapping
n Fig. 3(c) (alloy 4), the amount of Ag in the �-Mg17Al12 phase

as increased with increasing Ag additive comparing with alloy
.

The hardness, yield strength, ultimate tensile strength, elon-
ation and impact strength values of these alloys were listed in
able 2. As can be seen from Table 2, the hardness value of alloy
increases with increasing alloying silver concentration. Alloy 4

xhibits the best hardness increment as 16 per cent (from 50HRB to
8HRB) higher than those of the alloy 1. This is probably the result of
olid solution hardening due to the solubility of Ag in Mg17Al12 and
he primary �-Mg. Furthermore, with increasing silver element, �-
i and Al81Mn19 intermetallic phases were occurred at the grain
oundaries which could help to improve the hardness of it.

The results of tensile tests reveal that rise of Ag concentration

auses an increment in yield and tensile strength while a little
it decreasing the elongation of the alloy 1. The ultimate ten-
ile strength of alloy 1 was improved by 39% (from 190 MPa to
65 MPa) due to the addition of 1 wt.% Ag. Generally, the mechanical
Fig. 2. SEM micrograph showing microstructure of: (a) alloy 1, (b) alloy 2 and (c)
alloy 4.

properties of the alloys can improve via solid solution strength-
ening or/and precipitation strengthening. Besides the size, shape,
quantity and distribution of secondary phases can influence the
mechanical properties of the alloy [4,8,13,20]. In this study, the
improvement of the tensile strength of the alloy 1 mainly comes
from the solid solution strengthening of �-Mg, Mg17Al12 with
silver and existing �-Ti and Al81Mn19 intermetallic phases. In addi-
tion this effect, as mention earlier in Fig. 2, the continuous form
of eutectic area was changed with increasing silver content to
non-continuous state. Furthermore, detrimental effect of the �-

Mg17Al12 phase on the tensile strength reduced with increasing
Ag element due to amount of the �-phase decreased. It is believed
that the above effects can be effective for high strength. On the
other hands, even though little drop was seen on the elongation
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Fig. 3. EDS analysis showing microstructure of: (a) alloy 1, (b) alloy 2 and (c) alloy 4.

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

Hardness (HBN) Yield strength (MPa) Tensile strength (MPa) ε (%) Impact strength (J)

Alloy 1 50 ± 1 115 ± 5 190 ± 3 9.3 ± 0.2 18 ± 0.5
Alloy 2 53 ± 2 118 ± 1 220 ± 5 9.0 ± 0.4 18 ± 0
Alloy 3 56 ± 0 123 ± 6 250 ± 5 9.0 ± 0.3 20 ± 1
Alloy 4 58 ± 1 128 ± 4 265 ± 8 8.8 ± 0.4 23 ± 2
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ig. 4. SEM fractographs showing the morphology of fractured surfaces: (a) Alloy 1,
b) Alloy 2, (c) Alloy 4.

ith silver addition, it could be said that the ductility of the alloys
as close to each other.

The differences in the fracture surface of tensile specimens via
EM manifests the fracture behavior of the alloys, which is shown
n Fig. 4. It can be seen that the observed fracture mode of the
lloys is mixed-mode fracture having features associated with dim-
le rupture and flat facets that may be dealing with brittle fracture
f second-phase particles such as �-Mg17Al12, �-Ti, Al81Mn19. The

racture surface of alloy 1 shows relatively deeper and more amount
f dimples than that of alloys containing Ag. On the other hands,
rittle fracture features was more dominant in the alloys containing
g compared with base alloy.

[
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The impact strength value of alloy 1 was found 18J. The result
was in accordance with literature. Similar results were reported by
Sevik et al. [7]. As can be seen from Table 2, the impact strength
of alloy 1 was considerably increased with increasing Ag and
improved by 27% (from 18J to 23J) due to the addition of 1 wt.%
Ag. The main parameters affecting the impact strength are solid
solution hardening due to the solubility of the silver element in the
�-Mg, Mg17Al12 and the amount of brittle �-Mg17Al12 decreased.
Besides, existence of the �-Ti and Al81Mn19 phase can be acted an
important role in the increase on the impact resistance of the alloys.

4. Conclusions

In this present study, influence of addition of Ag on the
microstructure and mechanical properties of squeeze cast alloy 1
has been investigated. The following results were obtained:

(1) Metallographic studies and X-ray diffractometry revealed that
the main phases are �-Mg, �-Ti, �-Mg17Al12 and Al8Mn5 in the
all alloys. However, with addition of Ag, Al81Mn19 phase was
found. It is observed that silver dissolved into both �-Mg and
�-Mg17Al12. Having increased silver element, the amount of Ag
in the �-Mg17Al12 phase was increased. Furthermore, it can be
said that from XRD analysis, the amount of �-Mg17Al12 phase
was decreased with increasing the Ag alloying element.

(2) Addition of Ag to alloy 1 improved the mechanical properties of
the alloy 1. While the hardness, tensile and impact value of alloy
1 increased with increasing alloying element concentration, the
elongation decreased little bit.

(3) The fracture surface of alloy 1 shows relatively deeper and more
amount of dimples than that of alloys containing Ag. On the
other hands, brittle fracture features were more dominant in
the alloys containing silver compared with alloy 1.
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