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Abstract

The development of new creep resistant magnesium alloys has become a major issue in
recent years and therefore further alloy development is necessary. Newly developed alloys are
based on the binary system Mg-Sn. Sn as major alloying element was chosen due to its high
solid solubility over a wide temperature range and due to the possible formation of MgsSn
intermetallic precipitates with a high melting temperature of about 770°C. These character-
istics suggest that a fairly large volume fraction of thermally stable MgsSn particles can be
formed during solidification. This makes it possible that the Mg-Sn alloys can be developed as
creep resistant magnesium alloys and/or wrought magnesium alloys. Previous investigations
indicate that the Mg-Sn alloys have a comparable or even better creep properties than AE42
alloy. This paper presents an overview about recent works on the developments of Mg-Sn
alloys performed in MagIC, Helmholtz-Zentrum Geesthacht, which includes: microstructural
characterization, creep deformation and hot deformation, and corrosion behaviour. Very pos-
itive results have been obtained and show Mg-Sn-Ca alloy systems can be developed for power
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L MagIC — Magnesium Innovation Centre, Helmholtz-Zentrum Geesthacht Centre for Materials and Coastal Research,

train and hand tool applications.
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1. Introduction

Reducing green house gas emissions and fuel con-
sumption saves your money and protects the environ-
ment at the same time. In the past fifteen years mag-
nesium alloys have been mainly of interest for auto-
motive industries [1, 2]. The major target was and still
is the reduction of weight without limiting the com-
fort and safety issues. Moreover, legislative require-
ments force the automotive industries in Europe to
lower the CO5 emissions below 140 g km ™! at the end
of 2008 and 120 gkm~! at the end of 2012 as well as
to ensure that 85 % of new produced cars have to be
recycled. These targets can be reached by an increas-
ing use of magnesium alloys to replace materials with
higher density like aluminium alloys or even steels.
Besides the competition with other metallic materi-
als magnesium is also in competition with polymer
materials. But in difference to most polymers mag-
nesium offers higher stiffness and strength as well as
typical properties of a metal like good heat and elec-

trical conductivity and the possibility of shielding of
electromagnetic waves.

In the past, cast magnesium alloy development
mainly was carried out to improve corrosion behaviour
as well as mechanical properties and to enhance the
property profile towards the use of magnesium cast
alloys at elevated temperatures beyond 150°C [3, 4].
This led to the introduction of a number of new al-
loys. Examples for those new magnesium alloys are
the MRI alloys used by the Volkswagen group, modi-
fied AS alloys used by Daimler and the new AJ alloys
which are in use by BMW in the power train.

In the case of magnesium wrought alloys actu-
ally AZ31 is the alloy that is of most interest for
the consumer as well as for researcher. New develop-
ments started based on the knowledge of the beha-
viour of AZ31 during deformation and in service. The
aim is to improve deformability, ductility and strength
of new magnesium wrought alloys. With regard to
the hexagonal lattice structure of magnesium and its
alloys, the deformation processes like hot extrusion,
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rolling or forging need to be designed in a way that
high deformation rates can be used in low deforma-
tion temperatures. This has to be supported by alloy
development to assure that at the end of the process
a product stands with improved properties and a ho-
mogeneous microstructure.

In recent years the development of a new series of
Mg-Sn alloys had been started at the MaglC since
2000. In these binary alloys the amount of Sn has
been varied up 15 wt.% in the first. To achieve fur-
ther knowledge about the influence of alloying ele-
ments these binary alloys have been modified using Al,
Mn, Sr, Si, RE, and Ca. After preliminary investiga-
tions the decision was made to focus further research
on ternary Mg-Sn-Ca alloys first [5-10].

The addition of Sn as well as the addition of Ca
offers the possibility of both solid solution strength-
ening and precipitation hardening [6-8, 11-13]. With
regard to the binary phase diagrams Mg-Sn-Ca are
also offering the potential to change the property pro-
file with regard to different heat treating regimes [14].
Moreover, the intermetallic compounds MgsSn and
Mg-Ca are having high melting points of 770.5°C and
715°C, respectively. Therefore they are also promising
candidates to improve the creep response of those al-
loys. Besides these binary compounds a ternary in-
termetallic phase CaMgSn may appear in these alloys
and contributes to further improvement of the prop-
erty profile [6].

Following by MagIC, the development of Mg-Sn
systems for different applications was also performed
in the recent ten years by other research groups in
Korea, Japan and China etc. [15-34]. Most of their
investigations focus on the influences of alloying ele-
ments on the microstructure, mechanical properties
and corrosion behaviour. For the binary Mg-Sn al-
loys, Chen et al. reported that the grain sizes of ex-
truded and annealed alloys decreased with increas-
ing the content of Sn [15]. Nayyeri et al. concluded
that the precipitation of MgsSn during ageing could
enhance the creep resistance of binary Mg-Sn alloys
[24]. Their results show the aged Mg-Sn binary al-
loys have a much better creep resistance than that of
the as-cast alloys. Due to the fact that the proper-
ties of binary Mg-Sn alloys cannot meet the require-
ments for practical industrial applications, the optim-
ization of alloy compositions through the additions of
other alloying elements is inevitable. These alloying
elements include Ca, Sr, RE (rare earths), Al, Zn and
Sb. Among them, the additions of Ca, Sr or RE im-
proves both the room temperature strength and high
temperature creep resistance due to the formation of
precipitates such as CaMgSn or CaMgSr. The phases
CaMgSn and CaMgSr are high temperature stable.
They are very effective to improve the creep resist-
ance of Mg-Sn alloys. In Mg-Sn-Ca alloys, the size
of precipitates CaMgSn can further be decreased by

the additions of RE such as Y or Ce [32, 33], leading
to the further improvement of mechanical properties.
Like in Mg-Al alloys, Zn is also an interesting alloying
element for Mg-Sn alloys. The precipitation of Mg,Sn
and MgZns is largely enhanced in Mg-Sn alloys with
the small addition of Zn (< 1 at.%) [28]. Although
the alloying element Sb is unfriendly to environment,
its addition refines the dendritic microstructure and
modifies the morphology of Mg,Sn precipitates [22]. It
can also increase the creep resistance of Mg-Sn alloys.
Certainly, the additions of alloying elements influence
the corrosion resistance of Mg-Sn alloys. The previous
results indicate that the addition of Sn and Sr can im-
prove the corrosion resistance of Mg-Sn-Al-Zn alloys
[26, 27].

In order to assist the alloy development, the ther-
modynamic calculations of Mg-Sn-Ca ternary phase
diagram were performed by Kozlov et al. [18, 19].
The calculated results are quite in agreement with
those obtained by experimental results [35]. Both of
them demonstrate that the phase situation depends
on the composition of Sn and Ca in Mg-Sn-Ca sys-
tems, especially the ratio of Sn to Ca. Main two second
phases CaMgSn and Mgs;Ca are formed at the corner
of Mg. Besides the Mg-Sn-Ca systems, Zhao et al. cal-
culated the isothermal sections of Mg-Sn-Y system at
high temperatures [36]. At the Mg-rich corner, a new
second phase MgSnY exists.

The present paper presents an overview of the in-
vestigations on the alloy development of Mg-Sn sys-
tems done by MagIC in the last 10 years. The effects
of alloying elements, especially calcium, on the micro-
structure, mechanical properties and corrosion beha-
viour are discussed.

2. Experimental procedures
2.1. Materials production

All materials have been produced in the first by
permanent mould casting. The alloying elements Sn
and Ca have been introduced in their pure form into
the melt which was kept at 720°C melt bath temper-
ature under protective gas of Ar + 0.2 % SFg.

Table 1 shows the compositions of some selected al-
loys. After addition of the alloying elements the alloys
have been poured into a cylindrical permanent mould
which was preheated to 200°C. The mould had a dia-
meter of 100 mm and a length of 350 mm. From these
castings specimens for further investigations have been
manufactured.

2.2. Microstructural characterization

Microstructural investigations have been perfor-
med using light optical microscopy (LOM), scan-
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Table 1. Nominal compositions of investigated Mg-Sn-Ca alloys, detected intermetallic phases and lattice parameters of
primary Mg phase in the as-cast alloys

Composition (wt.%)

Second phases

Lattice parameters

Alloy
Sn Ca Mg as-cast a c

Mg3Sn 3 Bal. Mg2Sn 3.20750 5.20871
Mg3Sn0.5Ca 3 0.5 Bal. CaMgSn 3.20719 5.20734
Mg3Sn1Ca 3 1.0 Bal. CaMgSn 3.20877 5.20679
Mg3Sn1.5Ca 3 1.5 Bal. CaMgSn 3.20508 5.20918
Mg3Sn2Ca 3 2 Bal. CaMgSn, Mg2Ca 3.20735 5.20882
MgbhSn 5 Bal. Mg2Sn 3.20670 5.20873
Mg5Sn0.5Ca 5 0.5 Bal. CaMgSn, Mg2Sn 3.20685 5.20606
Mg5Sn1Ca 5 1 Bal. CaMgSn, Mg2Sn 3.20775 5.20656
MgbSnl1.5Ca 5 1.5 Bal. CaMgSn 3.20689 5.20348
MgbSn2Ca 5 2 Bal CaMgSn, Mg>Ca (very less) 3.20307 5.21120

ning electron microscopy (SEM) including energy
dispersive X-ray analysis (EDX), transmission elec-
tron microscopy (TEM) and X-ray diffraction analysis
(XRD). For LOM and EDX analysis standard pro-
cedures for grinding, polishing and etching were ap-
plied. Specimens for TEM were ground mechanically
to about 70 pm and then thinned using electropolish-
ing in a twin jet system using a solution of 5 % HC1O4
and 95 % ethanol at about —30°C and a voltage of 40
V. The TEM observations were performed on a JEOL
2000 transmission electron microscope with an energy
dispersive X-ray analysis (EDX) system operating at
200 kV. X-ray diffractions (XRD) were carried out us-
ing a Siemens diffractometer operating at 40 kV and
40 mA with Cu Ka radiation. Measurements were per-
formed by step scanning 26 from 20 to 120° with a step
size of 0.02°. A count time of 3s per step was used.

The microstructural evolution during solidification
was simulated using Scheil modelling by Pandat soft-
ware [37]. A comparison between the simulation and
experimental results was discussed.

2.3. Mechanical behaviour
2.3.1. Creep deformation

Cylindrical specimens of 15 mm length and 6 mm
diameter were used for the compressive creep tests.
They were tested at a temperature of 175°C subjec-
ted to a compressive stress of 80 MPa continuously
for 100 h. They were performed in uniaxial compres-
sion on an ATS testing system. After heating and
subsequent soaking time of 30 min the tests were
started automatically. The temperature was measured
with a Ni-CrNi thermocouple and maintained within
the range 4+ 3°C. Besides the compression creep tests,
tensile creep tests were also carried out for several al-
loys. They were conducted at ATS lever arm creep
test systems in air under constant stress 85 MPa and
constant temperature 135°C.

2.3.2. Hot deformation

Hot deformation trials have been performed to ob-
tain a deeper knowledge on the deformation behaviour
of the chosen alloys using the specimens with a dia-
meter of 10mm and a length of 15mm. The tests
were conducted using a computer-controlled servo-
-hydraulic machine in a 6 X 6 experimental matrix at
a temperature range of 300 to 550°C and strain rates
ranging from 0.0003s~! to 10s~'. Graphite powder
mixed with grease was used as the lubricant. All spe-
cimens were deformed up to a true strain of about 0.75
and then quenched in water. Deformation force, reduc-
tion in height, and rise in temperature of the specimen
during the tests were measured during all tests.

2.4. Corrosion

Corrosion samples with 18 mm in diameter and a
thickness of 4 mm were prepared in order to conduct
two kinds of corrosion tests, namely, polarization and
salt spray tests. For the polarization test the speci-
mens were ground with SiC emery paper (1200 grid)
on the side, where the specimen was exposed to the
corrosive medium. The set up used the specimens of
various alloys as working electrodes with an exposed
area of 1.54 cm? in contact with the electrolyte, in con-
junction with an Ag/AgCl reference electrode and a
platinum counter electrode. The potentio-dynamic po-
larization measurement scan was started at —250 mV
relative to the rest potential which was determined at
first. The scan rate was defined as 0.2mVs~!. The
corrosion rate was calculated using Tafel slope from
the cathodic branch of the polarization curve.

The specimens used for the salt spray tests had
the same dimensions as those used in the polarization
tests but were ground on both sides. The potentio-
-dynamic polarization measurements were conducted
at room temperature, in a 5 % NaCl solution with a
pH value adjusted to 11 using NaOH. The specimens
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Fig. 1. SEM micrographs taken from as-cast samples of: (a) Mg-3Sn, (b) Mg-5Sn, (c¢) Mg-3Sn-2Ca and (d) Mg-5Sn-2Ca
alloys.

were immersed in salt spray of 5% NaCl solution of
pH value 7 for 48 h. The temperature of the salt spray
chamber was controlled at 35°C. After the test the cor-
roded specimens were rinsed with water and cleaned
in chromic acid to remove the oxides and dried sub-
sequently. The weight loss of the specimens was used
to calculate the average corrosion rate in millimetres
per year.

3. Results and discussion
3.1. Microstructure
3.1.1. Microstructural evolution during solidification

In the binary Mg-Sn alloys, the dendritic bound-
aries are decorated with the bright globular particles
and diffusive bright bands (Fig. la). With increasing
the content of Sn from 3 % to 5 %, some particles with
a lamellar shape can be observed (Fig. 1b). The com-
positions of the globular and lamellar phases are close
to those of MgySn phase. XRD analysis also shows

the existence of the phase MgySn in the binary alloys
(Tables 1, 2 and Fig. 2). EDX analysis indicates that
the diffusive bright bands are attributed to the en-
richment of Sn at the dendritic boundaries. In these
regions, the content of Sn can be up to 7 wt.% which is
much higher than that in the matrix (approximately
1.2 wt.%). The volume fraction of MgsSn is affected
by the Sn content. The Mg,Sn content increases with
addition of the Sn content. The peaks of MgoSn were
detected by XRD in the as-cast Mg-5Sn alloys, but not
in the as-cast condition of the Mg-3Sn alloys. Based on
the Mg-Sn phase diagram, MgsSn was able to precip-
itate below the temperature of approximately 380°C
in Mg-3Sn alloy and below 420°C in Mg-5Sn alloy, re-
spectively. In the as-cast Mg-5Sn alloy condition, the
volume fraction of precipitated MgaSn phase is high
enough to be detected by XRD. The disappearance of
XRD peaks, which is caused by technical limitations,
cannot exclude the presence of MgsoSn phase in the
as-cast Mg-3Sn alloy (Fig. 1a).

The grain boundary second phases show a kind
of lamellar eutectic morphology with bright con-
trast in both the Mg-3Sn-2Ca and Mg-5Sn-2Ca al-
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Table 2. Phases in the ternary Mg-Sn-Ca systems are listed to check the effect of the weight percent ratio of Sn to Ca
on the formation of second phases in the Mg-Sn-Ca systems

Ratio of Sn to Ca (wt.%) Phases Alloys
1.0 CaMgSn, Mgz Ca Mg-2Sn-2.0Ca
1.5 CaMgSn, Mg2Ca Mg-3Sn-2.0Ca
2 CaMgSn, Mg.Ca CaMg8n, Mg Ca Mg-3Sn-1.5Ca
2.5 CaMgSn, Mg2Ca Mg-5Sn-2.0Ca
Mg-3Sn-1.0Ca
3 CaMgSn Mg-4.5Sn-1.5Ca
CaMgSn Mg-6Sn-2Ca
3.3 CaMgSn Mg-5Sn-1.5Ca
5 CaMgSn, Mg2Sn Mg-5Sn-1.0Ca
6 CaMgSn I CaMgSn, Mg2Sn Mg-3Sn-0.5Ca
10 CaMgSn, Mg2>Sn Mg-55n-0.5Ca
L Mg-3Sn-(X)Ca Mg-5Sn-(X)Ca
a ® Mg,Sn
( ) o CaMgsSn ® Mg,Sn
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Fig. 2. XRD patterns of (a) Mg-3Sn-zCa and (b) Mg-5Sn-2Ca alloys.

loys (Fig. lc,d). No diffusive bright bands were ob-
served in these two Ca-containing alloys. EDX ana-
lysis reveals that these lamellar precipitates are en-
riched with Ca, Mg and Sn. The ratio of atomic per-
cent of Ca to Sn is about 1 : 1. XRD and TEM ex-
periments indicate that the addition of Ca can lead
to the formation of the CaMgSn phase (Figs. 2, 3,
4 and Table 2). The volume fraction of the CaMgSn
phase is proportional to the content of Ca. On the
other hand, the volume fraction of MgsSn phase de-
creases in the Mg-5Sn-Ca alloys with the formation of
CaMgSn phase. The addition of Ca seems to suppress
the formation of MgoSn phase in the Mg-Sn-Ca sys-
tem (Table 1). Compared with CaMgSn particles, the

precipitates MgzSn are much smaller which are nor- Fig. 3. Low magnification observations (TEM; bright field)

mally observed near the dendritic and grain boundar- of particles in the as-cast Mg-5Sn-1Ca magnesium alloy.

ies (Fig. 5). The second phases with different shapes are observed at
Table 2 summarizes the effect of the ratio of Sn the dendritic or grain boundaries.

to Ca on the second phases in Mg-Sn-Ca alloys. If the
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Fig. 4. Observation of the large particle in the as-cast Mg-5Sn-1Ca magnesium alloy: (a) morphology of the particle by
TEM investigation and (b) diffraction pattern, the zone axis is [040]. It is identified as the phase CaMgSn.

Fig. 5. Observation of the fine particles in the as-cast Mg-5Sn-1Ca magnesium alloy: (a) morphology of the particles and
(b) diffraction rings from this area. The phases are identified as the MgoSn phases.

ratio is less than 3, the second phases include CaMgSn
and MgoCa. When the ratio is in the range from 3 to
5, only CaMgSn phase is formed. If the ratio further
increases to more than 5, then CaMgSn and MgsSn
are precipitated.

It can be clearly stated that the ternary phase
CaMgSn is forming first in a precipitation sequence.
As second, the a-Mg phase would form, keeping other
alloying elements in a solid solution. Only in the case
that there is an excess of Ca the possibility for the
formation of precipitates MgsCa is open, while an
excess of Sn would lead to the formation of MgoSn.
Moreover it seems if there is no chance to precipit-
ate MgoSn as long as there is some Ca present. The
presence of both Ca and Sn would lead to the forma-
tion of the ternary phase CaMgSn in any case. In fact
MgaSn could not be observed in any of the alloys if
the ratio of Sn to Ca was less than 5. These findings
are in good agreement with previous works [6, 38].
Therefore a precipitation sequence would be like the
following:

MgoCa
/7 (excess of Ca)
CaMgSn — «a-Mg
\, (excess of Sn)
MgoSn

The above analysis of experimental results is in
full agreement with the thermodynamic calculation
(Fig. 6).

3.1.2. Effect of heat treatment on microstructure

The volume fraction of MgoSn phase is affected
by the heat treatment, indicating that this phase is
thermally not stable. XRD results (Fig. 7a) show that
the peaks of MgySn phase can even be observed in the
Mg-3Sn alloys after ageing treatment (T6). The graph
presents the as-cast condition and the 500°C for 6 h
furnace cooled (FC), 500°C for 6h water quenched
(WQ) and 500°C for 6 h followed by 300°C for 6 h air
cooled, respectively. Due to the rapid cooling rate dur-



N. Hort et al. / Kovove Mater. 49 2011 163-177 169

Scheil r
=]
=

0.8 o
2
S 06
3
i
- P 515 -
g >
£ %
= =
027 ca,yMgySn 1.7% <
{mg,Ca 18%  Mg,Ca g
0.0 A+———r————————
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 6. Thermodynamic calculation results using Scheil’s
model for Mg-3Sn-2Ca alloy [18, 19].
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the as-cast Mg-3Sn alloy. The CaMgSn phase seems to
be a very stable phase. Its volume fraction is not af-
fected by the heat treatments. Even after the solution
treatment at 500°C for 6 h, the intensities of diffrac-
tion peaks keep the same level as that observed in-
tensity in the as-cast alloy (Fig. 7b). SEM and TEM
observations further confirm that this phase CaMgSn
is very stable (Figs. 8 and 9). It is still clearly observed
in Mg-Sn-Ca alloys after T4 solution treatment.

3.2. Creep deformation
3.2.1. Creep mechanism in binary Mg-Sn alloy

Both the tensile and compressive creep deforma-
tions demonstrate that the binary Mg-Sn alloys have a
very poor creep property (Tables 3 and 4). After creep
deformation, the voids are observed at the dendritic
and grain boundaries where Sn is enriched (Figs. 10
and 16). With the proceeding of creep deformation,

Mg-3Sn-2Ca

O CaMgSn
A Mg,Ca

o
0% 4 o

.
W
o)

CPS

C_ L § € o

As cast

20 30 40 50 60 70
Diffraction angle (degree)

Fig. 7. XRD patterns showing the effect of heat treatments on the formation of second phases in (a) Mg-3Sn and (b)
Mg-3Sn-2Ca alloys.

Fig. 8. SEM micrographs showing the microstructures after T4 heat treatments: (a) Mg-5Sn-1Ca and (b) Mg-5Sn-2Ca.
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(b)

Fig. 9. Observation of CaMgSn particle in the Mg-5Sn-1Ca magnesium alloy with the T4 treatment (300°C, 100 h): (a)
TEM and (b) diffraction pattern, the zone axis is [0, 14, 0].

Fig. 10. Microstructures after tensile creep rupture for the as-cast Mg-3Sn binary alloy: (a) formation of voids at the triple
joints of dendritic boundaries, (b) cracks propagating along the dendritic boundaries.

Table 3. Creep life of Mg-Sn alloys under the condition of 85 MPa and 135°C (tensile creep)

Alloy No. Alloys Creep life (h) Elongation (%) Secondary creep rate (s~')
1 Mg3Sn 0 0
2 Mg3Sn2Ca 358.4 3.6 4.5 x 107°
3 Mg5Sn 0 0
4 Mg5Sn2Ca 82.5 3.3 3.5 x 1078

Table 4. Creep rate in the time range of 140-150 h for
different heat treatments (compressive creep, 135°C and

85 MPa)
Creep rate (s™')
Alloy
F* FC** T4 T6
Mg3Sn 4.34E-05 1.99E-05 1.20E-05 3.32E-06

Mg3SnlCa 5.14E-08 1.2E-07 2.15E-07 4.07E-07
Mg3Sn2Ca 5.61E-09 7.87E-09 1.45E-09 1.86E-08

* As-cast, ** Furnace cooling

the crack even propagates along the dendritic and
grain boundaries. Based on these observed experi-
mental phenomena, the poor creep properties of the
binary Mg-Sn alloys are related to the segregation of
Sn at the dendritic and grain boundaries. The segreg-
ation of Sn increases the homologous temperature in
these regions, because the local solidus temperature is
lower than inside the grains [39]. If the solidus shown
in Mg-Sn phase diagram is approximately regarded
as a line, it is then known that the solidus temperat-
ure decreases by about 6.1°C/wt.% (26.5°C/at.%) in
Mg-Sn system. Present survey shows that the local ho-
mologous temperature is about 0.23 near the dendritic
and grain boundaries (test temperature is 135°C). In-
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Fig. 11. Creep curves obtained for the selected Mg-Sn-Ca
alloys.

side the grains, the homologous temperature decreases
to about 0.21. Consequently, owing to the heavy Sn
segregation in the as-cast sample, the creep deform-
ation preferentially starts at the dendritic and grain
boundaries. On the other hand, in the binary alloys,
the amount of the particles MgoSn decreases inside the
grains because of the segregation of Sn, which weakens
their pinning effects on the movement of dislocations.
The creep deformation then partially proceeds by dis-
location recovery.

3.2.2. Effect of Ca

After the addition of Ca to the binary Mg-Sn al-
loys, the creep resistance improves (Tables 3, 4 and
Fig. 11). With the increment in Ca content, the creep
rate decreases. For example, when the Ca content in-
creases from 1.0 wt.% to 2.0 wt.% in Mg-3Sn-Ca sys-
tems, the creep rate decreases from 5.1 x 107857 to
5.6 x 1079571,

After creep deformation, the voids and cracks are
still observed at the dendritic and grain boundar-
ies in both the Mg-3Sn-2Ca and Mg-5Sn-2Ca alloys
(Fig. 12). Compared with the binary alloys (Fig. 10),
the amount of voids and cracks largely decreases in
these two Ca-containing alloys. It is interesting to note
that the propagation of cracks normally stops in front
of the particles MgoCa or CaMgSn, indicating that
the existence of these two phases is very effective to
hinder the sliding of grain boundary. As mentioned
above, CaMgSn is a thermal stable phase. In addi-
tion, the addition of Ca alleviates the segregation of
Sn due to the depletion of Sn by the formation of the
Ca-containing intermetallics CaMgSn. All these factors
are beneficial for the improvement of creep resistance
of Mg-Sn alloys.

Fig. 12. Microstructures after tensile creep rupture: (a)
Mg-3Sn-2Ca and (b) Mg-5Sn-2Ca.

180
Temperature = 135°C
Applied stress = 85 MPa

160 [ Time range = 140 - 150 hours

140 |

8(-1

120

100

80

60

Creep rate x 10

40

20

1 2 3 4 5
Sn to Ca ratio

Fig. 13. Influence of the proportion of Sn to Ca on the
measured creep rates of the selected alloys in the time
range of 140-150 h.



172 N. Hort et al. / Kovove Mater. 49 2011 163-177

35 1 1 1 1
304 7.8x10° s™
T4
254 _—
< 48x10°s” 3.5x10" s I
< 20
= As cast T6
S 154
n
10
54 135°C, 85 MPa
0 T T T T
0 4 8 12 16 20

Time (hours)

Fig. 14. Creep curves for the Mg-3Sn alloys with different
states.

Fig. 15. Microstructure of the Mg-3Sn alloys without creep:
(a) as-cast and (b) T4 heat treatment, 500°C for 6 h.

3.2.3. Effect of the ratio of Sn to Ca

Figure 13 shows the creep rate as a function of
Sn to Ca ratio. With the reduction of the ratio of Sn
to Ca, the creep resistance improves. That means, if
increasing the content of Ca and decreasing the con-

tent of Sn, the creep properties of Mg-Sn-Ca increase.
This is in agreement with the above conclusions. If the
content of Ca increases, the amount of CaMgSn and
Mg, Ca increases, the segregation of Sn reduces, both
of these two factors lead to the improvement of creep
properties. If the content of Sn increases, it can be
expected that the Sn segregation becomes heavy and
correspondingly the creep resistance is deteriorated.
It is clearly evident from this figure that the relative
ratio of Sn and Ca plays a very critical role in determ-
ining the creep resistance of Mg-Sn-Ca alloys rather
than their individual amounts.

3.2.4. Effect of heat treatment

The compressive creep curves obtained at 135°C
and 85 MPa for the Mg-3Sn alloy in its as-cast state
and after T4 and T6 heat treatments have been shown
in Fig. 14. The as-cast Mg-3Sn alloy exhibits relatively
lower creep resistance than the ones after T4 and T6
heat treatments. From the results it can be seen that
the as-cast samples had a life of only 0.7 h with a high
creep rate of 4.8 x 107°s~1. On the other hand, the
T4 heat treated sample had a life of 7.2h (more than
10 times compared to that of as-cast) with a creep
rate of 7.8 x 1076571, After T6 heat treatment, the
sample had a life of 11.4 hours with a creep rate of
3.5 x 1076571,

In the T4 heat treated sample, unlike in the as-
cast sample, the diffusive bright bands could not be
observed (Fig. 15). The segregation of Sn is largely
alleviated by this diffusion annealing treatment. After
T6 heat treatment, fine particles MgaSn were homo-
geneously precipitated in the magnesium matrix. Fig-
ure 16 shows the microstructure after creep for the
Mg-3Sn alloys with different states. Voids can be ob-
served at the dendritic boundaries. The cracks propag-
ate along the dendritic boundaries, indicating that the
deformation by boundary sliding plays an important
role during the creep of these alloys. After creep, the
fine particles MgySn were precipitated in the sample
with T4 heat treatment (Fig. 16¢). Their distribution
is inhomogeneous. For the samples with T6 heat treat-
ment, the distribution and amount of the second phase
MgoSn have no change after creep.

After T4 heat treatment, the segregation of Sn
was alleviated and correspondingly the homologous
temperature decreased. In addition, the fine particles
MgsSn were formed during creep which may be useful
to hinder sliding of the grain boundaries and move-
ment of the dislocations. Therefore, the creep res-
istance is improved after T4 heat treatment. In the
sample with T6 heat treatment, more fine particles
MgoSn with better distribution are formed compared
with the sample with T4 heat treatment. T6 heat
treatment not only alleviates the segregation but also
leads to the formation of hard second phases. As a
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Fig. 16. Microstructure of the Mg-3Sn alloy after compressive creep at 135°C and 85 MPa: (a) as-cast, (b) T4, at a low
magnification, (c) T4, at large magnification and (d) T6. The cracks are marked by arrows.
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Fig. 17. Flow curves obtained on cast and homogenized Mg-3Sn-1Ca alloy deformed in compression at a temperature of
(a) 300°C and (b) 500°C at different strain rates.
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Fig. 18. Processing map obtained on cast and homogen-

ized Mg-3Sn-1Ca alloy at a strain of 0.5. The numbers

marked against the contours represent efficiency of power
dissipation in percent.

Fig. 19. Microstructure obtained on cast and homogen-
ized Mg-3Sn-1Ca alloy. Extruded at 500°C and an average
strain rate of 3s71.

result, the creep resistance can further be improved.
3.3. Hot deformation

The flow stress-true strain curves obtained on spe-
cimens deformed at temperatures 300°C and 500°C
and at different strain rates are shown in Fig. 17. It
reveals that the flow stress increased rapidly before
softening occurred and flow softening is significant at
lower temperatures and higher strain rates. The curves
tend to exhibit steady-state flow at lower strain rates
and higher temperatures.

The processing map at a strain of 0.5 is shown in
Fig. 18. This strain may be considered large enough
to represent steady-state flow. The map exhibits two

domains, both occurring in the temperature range of
350-550C. The first domain occurs in the lower strain
rate range (0.0003-0.01s71) with a peak efficiency of
about 36 % occurring at 500°C and 0.0003s~!. The
second domain occurs at higher strain rates in the
range 1-10s~! with a peak efficiency of 30 % occur-
ring at 550°C and 10s~!. The change-over occurs at
a strain rate of about 0.1s~!. With a view to exam-
ine whether DRX (dynamic recrystallization) has oc-
curred in the material during hot deformation, the ma-
terial has been extruded at 500°C and at a speed that
is equivalent to an average strain rate of about 3s~1.
The extrusion resulted in a sound product the micro-
structure of which is given in Figure 19, which shows
that DRX has occurred at this temperature. The map
did not exhibit any flow instability regime that could
restrict the hot workability window.

In magnesium materials, four different slip systems
operate if their critical resolved shear stress (CRSS)
is exceeded and these are: (1) basal slip {0002} (1120),
(2) prismatic slip {1010} (1120), (3) first order pyr-
amidal slip {1011} (1120) and {1012} (1120), and (4)
second order pyramidal slip {1122} (1123). The basal
slip has the lowest CRSS and is the easy slip sys-
tem. In polycrystalline magnesium, prismatic slip con-
tributes significantly to plastic flow at temperatures
higher than about 225°C and pyramidal slip bey-
ond about 350°C. Thus, at temperatures higher than
350°C, steady state deformation has a large contribu-
tion from the pyramidal slip systems. Also, the simul-
taneous occurrence of dynamic restoration processes
like DRX helps to soften the material and the recov-
ery mechanisms leading to DRX are likely to be strain
rate dependent — lattice self-diffusion at lower strain
rates and grain boundary diffusion as a “short-circuit”
mechanism at higher strain rates. Thus, two different
DRX domains appear in the processing map — one at
lower strain rates and the other at higher strain rates.

3.4. Corrosion

The corrosion rates measured using potentio-
-dynamic polarization and salt spray tests for a num-
ber of ternary Mg-Sn-Ca alloys are given in Table 5.
Also included in the table are the results obtained on
two binary Mg-Sn alloys for comparison. Several of the
selected ternary alloys have shown higher corrosion
resistance, i.e. lower corrosion rates, that are compar-
able with those measured for the binary magnesium
alloys with tin. Though there are differences in the
results obtained using the two different test methods,
the trends are very similar. In general, salt spray test
indicated higher corrosion rates for all the alloys.

To bring out the effect of individual alloying ele-
ments on corrosion rates, it is meaningful to change
one alloying element at a time by keeping the other
element constant. Such plots are given in Figs. 20 and
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Table 5. Corrosion rates of different alloys with different proportions of Sn and Ca measured through potentio-dynamic
polarization and salt spray tests

Corrosion rate (mm year™')

Alloy Ratio of Sn : Ca
Polarization test Salt spray test
Mg-3Sn NA 2.03 7.58
Mg-3Sn-1Ca 3:1 1.94 5.84
Mg-3Sn-1.5Ca 2:1 3.57 11.83
Mg-3Sn-2Ca 15:1 7.16 12.35
Mg-4.5Sn-1.5Ca 3:1 3.31 3.43
Mg-5Sn NA 1.40 10.99
Mg-55n-1Ca 5:1 3.50 5.00
Mg-55Sn-1.5Ca 3.33:1 6.72 9.60
Mg-5Sn-2Ca 25:1 6.76 9.84
Mg-6Sn-2Ca 3:1 3.15 3.94
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Fig. 20. Influence of the amount of Sn on the measured
corrosion rates.
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Fig. 21. Influence of the amount of Ca on the measured

corrosion rates.
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Fig. 22. Measured corrosion rates of alloys with same pro-
portions of Sn and Ca.

21 for increasing amounts of tin and calcium, respect-
ively. It is clear from Fig. 20 that increasing amount
of tin improves the corrosion resistance in these alloys.
This trend clearly indicates the beneficial role of tin
in the ternary Mg-Sn-Ca alloys in reducing the cor-
rosion of magnesium alloys, similar to that observed
in the case of Mg-Sn binary alloys [5]. The results in
Fig. 21 clearly indicate the detrimental role of cal-
cium as far as corrosion resistance of these alloys is
assessed. From these two figures it is now clear that tin
and calcium have opposite effects as far as corrosion
is concerned. However, from Fig. 20, one can also see
that even with high calcium content (2 %) the ternary
alloy Mg6Sn2Ca exhibited excellent corrosion resist-
ance whereas the same amount of Ca in Mg3Sn2Ca
gave poor corrosion resistance. Therefore, it may be
more meaningful if the relative amounts of Sn and
Ca are considered rather than amounts of individual
elements. Figure 22 shows results obtained on three
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alloys having the same ratio of Sn to Ca but with vary-
ing amounts of Sn and Ca. The figure indicates that
the corrosion rates are similar for Mg4.55n1.5Ca and
Mg6Sn2Ca alloys but not with Mg3Sn1Ca. The reason
for this behaviour is yet unclear and needs further in-
vestigation. The ratio of Sn to Ca obviously plays a
significant role in corrosion resistance of such ternary
systems as well as the amount of alloying elements.

4. Conclusions

Sn is easy to segregate at the dendritic and grain
boundaries. After the addition of Ca, the segregation
of Sn can largely be alleviated. Only one second phase
MgoSn is identified in the binary Mg-Sn alloys. In
the ternary Mg-Sn-Ca systems, MgoSn and CaMgSn
phases, or CaMgSn phase, or Mg,Ca and CaMgSn
phase can be observed which depends on the ratio of
Sn to Ca. Among them, CaMgSn is very stable and
cannot be dissolved even annealed at high temperat-
ures for long time (T4 treatments).

During solidification, CaMgSn phase is first formed
and then liquid magnesium starts solidifying. If the
content of remaining Ca and Sn is over the critical
value at the later stage of solidification, MgsSn or
Mg-Ca are precipitated. The experimental results are
in full agreement with that calculated by thermody-
namic calculation.

The binary Mg-Sn alloys still have poor creep
properties if Sn segregates at the dendritic and grain
boundaries, which increases the homologous temper-
atures in these regions. After the addition of Ca, the
creep resistance largely improves in the Mg-Sn-Ca al-
loys, because the second phases MgoCa and CaMgSn
act as obstacles to the sliding of boundaries during
creep deformation. In addition, the harmful effects on
the creep properties caused by Sn segregation are also
alleviated by the addition of Ca.

The heat treatments affect the creep properties of
binary Mg-Sn alloys. T4 and T6 treatments can im-
prove the creep resistance, due to the alleviation of Sn
segregation and/or the precipitation of fine MgsSn.

The processing map exhibits two domains both in
the temperature range 350-550 °C and one in the lower
strain rate range (0.0003-0.01s71) and the other at
higher strain rates (1-10s~1). The microstructures of
the alloy extruded at 500°C at an average strain rate of
about 3s~! exhibited dynamically recrystallized mi-
crostructure.

The corrosion behaviour of these alloys from
potentio-dynamic measurements and salt spray tests
indicates that while Sn improves corrosion resistance
of these alloys Ca has shown an opposite effect. How-
ever, an appropriate balance of Sn and Ca in the ratio
of 3 to 1 is able to offer good corrosion resistance irre-
spective of their individual levels in the alloys studied.

The ratio of Sn to Ca plays a critical role in determ-
ining both the creep properties and corrosion resist-
ance. It has a different effect on the creep properties
and corrosion resistance. How to optimize the ratio
of Sn to Ca is a key point to develop these alloys for
powertrain applications.
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