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Microstructure and corrosion behavior of Mg-Sn-Ca alloys after extrusion
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Abstract: Mg-Sn-Ca alloys promise a reasonable corrosion resistance in combination with good creep resistance, likely due to the
presence of Ca, ,Mg,Sn and other phases. The selected alloys with 3% Sn and Ca in the range of 1%—2% have been extruded in
order to achieve more homogeneous microstructure compared with the as-cast alloys. Optical microscopy(OM) and X-ray
diffraction(XRD) techniques were used to study the microstructure and phases of these alloys. The corrosion behavior of these alloys
was investigated by means of salt spray test and potentio-dynamic measurements. The results obtained on the alloys Mg-3Sn (T3),
Mg-3Sn-1Ca (TX31), and Mg-3Sn-2Ca (TX32) indicate the presence of the same phases in as-cast and after extrusion, namely
Mg,Sn, Ca, (Mg,Sn, and Ca,_,Mg,Sn/Mg,Ca, respectively. However, due to the occurrence of extensive recrystallization in the
extrusion process, the grain size has significantly reduced after extrusion. The reduction leads to the improvement of the corrosion

resistance after extrusion which is then comparable with the commercial alloy AZ91D.
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1 Introduction

Magnesium alloys exhibit attractive property
combinations of low densities and high specific strength.
Therefore, they are gaining more significance and
acceptance in various industries especially in automotive
industry[1-2]. Replacing aluminum components with
even lighter magnesium parts in automotive application
results in reduced fuel consumption and therefore
causing less environmental pollution[3]. The application
area of these alloys is narrow in industry; confined to
parts such as steering wheels, column supports, roof
frames, and gear box housings. The highly essential and
favored alloys currently in use are based on Mg-Al
system, such as AZ or AM series alloys. They offer
advantages like good corrosion resistance, good
castability and suitable property profile at competitive
costs. However, due to their poor creep resistance at
elevated temperatures, they cannot be directly used for
the fabrication of an block[4—5]. The
discontinuous precipitations of the Mgj;Al;, phase at
grain boundaries decrease the creep resistance[6].
Therefore, there is a clear need for the development of
new magnesium alloys with an optimal combination of

engine

creep and corrosion resistance[4—10].

Recently, the alloy AJ62 has been successfully
introduced for engine block applications. In this alloy
system, AlSr and Mg;;Al;Sr intermetallic phases
improve the creep performance due to their stability at
elevated temperatures. However, very specific conditions
are required in order to use die casting for this alloy
[8—10]. Other attempts to develop new magnesium alloys
have been undertaken. In recent years, significant
improvements on the binary Mg-Sn and ternary
Mg-Sn-Ca system, in as-cast condition, have also been
taken up for the purpose of achieving best combination
of castability, creep and corrosion resistance[11-23].
Investigations on the Mg,Sn phase or on the Mg,Sn,
Mg,Ca, and Ca, ,Mg,Sn phases that can be formed in
binary Mg-Sn or in ternary Mg-Sn-Ca alloys have been
performed as well. It is also known that tin has a low
melting point[24], and it is a comparatively economical
metal to use. Furthermore, tin has a reputation of
enhancing castability and is beneficial to providing
corrosion resistance as well[25]. The addition of Ca has
been found to improve the creep resistance[26]. In this
work, the selected alloys, namely, Mg-3Sn (T3),
Mg-3Sn-1Ca (TX31), and Mg-3Sn-2Ca (TX32) (mass
fraction, %) have been investigated after extrusion. The
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microstructure has been characterized using optical
microscopy. The corrosion behavior of these alloys has
been investigated by means of salt spray test and
potentio-dynamic  polarization measurements. The
influence of extrusion on the microstructure and
corrosion resistance of these alloys has been examined
and compared with the same alloys before extrusion.

2 Experimental

One binary Mg-3Sn and two ternary Mg-3Sn-xCa
alloys (x=1, 2, mass fraction, %) have been used. Their
nominal compositions are given in Table 1. The
investigated alloys were prepared using elemental metals
with purities of 99.9% Mg (Hydro Magnesium, Norway),
99.9% Sn (MCP HEK, Germany), and 99.5% Ca (Merck,
Germany). These alloys were prepared using induction
furnace (Nabertherm, Germany) at approximately
720 °C under the shielding of Argon + SF¢ mixed cover
gas, followed by gravity casting of the melt in permanent
molds preheated to 200 ‘C to obtain cylindrical billets
of 100 mm in diameter and 350 mm in length.

Table 1 Nominal compositions of three selected alloys

w/%
Alloy Abbreviation
Sn Ca Mg
Mg-3Sn T3 3 0 Bal.
Mg-3Sn-1Ca TX31 3 1 Bal.
Mg-3Sn-2Ca TX32 3 2 Bal.

The as-cast billets of the selected alloys were
machined to 93 mm in diameter and 300 mm in length,
and heat-treated for 6 h at 500 °C. Indirect extrusion was
carried out to produce round bars measuring 17 mm in
diameter. The extrusion ratio was 1:30 and the extrusion
rate (speed of the extruded bar at die exit) was set to 10
m/min (corresponding ram speed set at about 5.5 mm/s)
at an extrusion temperature of 350 ‘C.

Round discs about 4 mm in thickness and 17 mm in
diameter were used to examine the microstructure and
the corrosion properties of these alloys. To study the
microstructure, optical microscopy was used. The
specimens were ground with silicon carbide paper to
4000 grit, and then polished with diamond paste (6 pm
and 1 um), respectively. Then, they were polished with
OPS™ suspension. These samples were further etched in
a solution of 8 g picric acid, 5 mL acetic acid, 10 mL
distilled water and 100 mL ethanol for 10 s. Finally, they
were washed using ethanol and then blow-dried. The
optical microscopy was performed on Reichert-Jung
MeF3 microscope attached with digital camera. The
microscope is connected with a computer to get digital
image of the samples.

Similar specimens were ground with a 1200 grade
silicone carbide paper and then cleaned with alcohol and
dried for study by X-ray diffractometry(XRD). The
phase identification was done using XRD by means of
Siemens diffractometer operating at 40 kV and 40 mA
with Cu K, radiation. The measurements were conducted
by step scanning (26) from 20° to 120° with a step size of
0.02°. A count time of 3 s per step was applied.

Two kinds of corrosion tests were performed,
namely, polarization and salt spray test. For the
polarization test the specimens were ground on one side,
while the pre-requisite for the salt spray test is specimen
ground on both sides. The potentio-dynamic polarization
measurements were conducted for these alloys at room
temperature, in a 5% NaCl solution with a pH value
adjusted to 11 with NaOH. The measurements were
performed in a standard three electrode set-up with the
specimens of various alloys as working electrodes
(exposed area of 1.54 cm® in contact with the electrolyte)
in conjunction with an Ag/AgCl reference electrode and
a platinum counter electrode. After recording the free
corrosion potential for 30 min, the polarization scan was
started at —250 mV relative to the free corrosion potential
with a scan rate of 0.2 mV/s. The corrosion rate was
calculated using the current determined from the
intersection of the cathodic Tafel slope with the vertical
through the free corrosion potential. The temperature of
the salt spray chamber was controlled at 35 °C. The
specimens were exposed to salt spray of 5% NaCl
solution (pH value 7) for 48 h. After the test, the
corroded specimens were rinsed with water and cleaned
in chromic acid to remove the oxides and dried
subsequently. The mass loss of the specimens was used
to calculate the average corrosion rate.

3 Results and discussion

3.1 Microstructure and phase characterization

The microstructures of T3, TX31 and TX32 both in
as-cast condition and after extrusion are presented in
Figs.1-3 in the same magnification. It can be clearly
seen that after extrusion in the binary T3 alloy newly
recrystallized fine grains have developed. The average
grain size of T3 in as-cast condition (Fig.1(a)) is 345 pm,
while the grain size decreases by about 5 times to 64 pm
after extrusion (Fig.1(b)).

The grain structure in the ternary alloy TX31 in the
cast condition (Fig.2(a)) shows large grains having
irregular boundaries, with an average grain size of
520 pm. Though the cast structure has disappeared
completely (Fig.2(b)), as in the binary alloy, uniform and
clear grain structure has not emerged after extrusion of
this alloy. The microstructure reveals the typical
fibre-like flow with some recrystallized grains, suggesting
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Fig.1 Microstructures of T3-alloy: (a) In as-cast condition;
(b) After extrusion

Fig.2 Microstructures of T31 alloy: (a) In as-cast condition;
(b) After extrusion

Fig.3 Microstructures of TX32 alloy: (a) In as-cast condition;
(b) After extrusion

inadequate temperature conditions for full dynamic
recrystallization.

The microstructure of cast TX32 alloy (Fig.3(a)) is
somewhat similar to TX31 alloy except that the grain is
slightly smaller at 455 pum and has smooth grain
boundaries. The microstructure of the extruded material
(Fig.3(b)) has shown very fine grains of uniform size,
with an average grain size of 18 pm. This shows a fully
recrystallized microstructure.

XRD measurements detect several phases in these
alloys. The very few phases observed in both as-cast and
extruded conditions of the binary T3 alloy have been
identified as Mg,Sn. However, in the ternary TX31 alloy
only the Ca,,Mg,Sn phase has been identified. On the
other hand, in the TX32 alloy the Mg,Ca phase has been
detected besides the Ca,,Mg,Sn phase. Earlier studies
[11-19] have indicated similar results with the presence
of Mg,Ca phase predominantly at the grain boundaries. It
is proposed that existing Ca and Sn will be first used to
develop the particles of Ca, MgSn type and the
remaining amounts of Ca will eventually form the
Mg,Ca phase. Formation of Mg,Sn and Mg,Ca phases
can be expected on the basis of the respective binary
phase diagrams of Mg-Sn and Mg-Ca systems[24]
depending on the amount of alloying elements added. A
summary of the phases identified and grain size of the
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alloys in both as-cast and extruded conditions is given in
Table 2. It may be proposed that Mg,Ca phase distributed
at the grain boundaries is largely responsible for the
development of fine recrystallized grains in the case of
TX32 alloy.

Table 2 Phases found and grain sizes in as-cast condition and
after extrusion of selected alloys

Phases detected Average grain size/um

Alloy .
using XRD As-cast Extruded
T3 Mg,Sn 345 64
TX31 Ca, Mg,Sn 520 34"
TX32 Ca,,Mg:Sn, Mg,Ca 455 18

* Grain was not uniformly recrystallized.

3.2 Corrosion behavior

The results of corrosion tests are given in Table 3
for T3, TX31 and TX32 obtained from potentio-dynamic
polarization and salt spray tests. While the free potential
is within a narrow range for all the alloys in as-cast and
extruded conditions, there are significant differences in
the corrosion rates between as-cast and extruded
conditions of all the alloys. The corrosion resistance of
the alloys increases enormously after extrusion and
reaches values closer to those of a highly corrosion
resistant alloy AZ91D. This significant increase can be
attributed to reduction in microporosities and segregation,
and recrystallization of the original large grains into
smaller ones that have been accomplished due to
extensive hot working of the alloys. The results of salt
spray test of the extruded alloys also follow similar trend
to that observed in potentio-dynamic polarization tests.
However, the behavior might be related to the phases
present which are similar and more uniformly distributed

Table 3 Corrosion rates of selected alloys in as-cast condition

and after extrusion

Free potential Corrosion rate/mm

Alloy  Condition (polarization pgjarization Salt spray
test)/mV test test
- +
As-cast 1364.8% 1.41£0.62 1.65%0.05
14.8
Mg-35n 13635+
Extruded 4 0' ~  0.80%+0.13 1.50%+0.21
—1366.6*=
. + +
Mg-3Sn- As-cast 1.7 2.07£0.31 2.34+0.21
- +
ICa Extruded ! 32911'4_ 1.76£0.08 1.91%0.40
—1403.6+
. - + +
Me-3Sn- As-cast 59 5.92+0.23 5.99+0.44
- +
2Ca Extruded 1329?5'0_ 3.14+0.08 2.28+0.16
AZ91D —1343.0+
- + +
[27] As-cast 6.4 0.43+£0.04 1.07+0.23

after extrusion. The phases can form micro-galvanic cells
on the specimen surface, thus enhancing the corrosion
attack. Looking at the measured corrosion rates and the
phases detected in the various alloys, one can assume
that Mg,Sn is less detrimental for the surrounding
magnesium matrix than Ca, ,Mg,Sn. Latter is still better
than the mixture of Ca,,Mg,Sn and Mg,Ca. However,
more electrochemical studies of the single phases are
required and will be performed to give a final answer.

4 Conclusions

1) The corrosion behavior of three cast and extruded
Mg-alloys, based primarily on binary Mg-3Sn system
with addition of Ca in the range of 1%—2%, have been
investigated using polarization and salt spray test
methods.

2) Studies on the microstructure of the selected
alloys using OM and XRD facility have revealed that the
alloys retain the original second phases found in their
cast condition, such as Mg,Sn, Mg,Ca and Ca, (Mg,Sn.
However, the grain size has significantly reduced due to
the occurrence of extensive recrystallization in the
extrusion process.

3) The corrosion resistance of the three alloys has
improved after extrusion compared with the same alloys
in their as-cast condition. The corrosion resistance of
extruded materials is comparable to AZ91D.
Furthermore, the corrosion behavior is influenced by the
phases present in the alloys, with Mg,Sn being the most
compatible followed by Ca,4Mg,Sn and finally Mg,Ca.
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