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Abstract

The effects of Zr addition (0, 0.5 and 1 wt%) and extrusion ratio (6:1 and 12:1) on microstructure and mechanical proper-
ties of the Mg—5Sn alloy were studied. Results showed that the dendritic structure of the as-cast M—5Sn alloy gradually
transformed into a nearly globular structure with Zr addition. The effect of Zr addition was evident through refining the
microstructure, promoting the tendency to form partially divorced eutectic and increasing the Mg,Sn volume fraction, which
improved the thermal stability of the alloy during homogenizing treatment at high temperatures. Hot extrusion was found
to be very effective for enhancing both strength and ductility of the Mg—5Sn—xZr alloys. Grain refinement induced by twin
dynamic recrystallization and dynamic precipitation of fine particles were realized as the main strengthening mechanisms of
the extruded alloys. It was found that an increase of the extrusion ratio led to relatively coarser grains, lower yield strength,
and higher hardening capacities. However, the Mg—5Sn—1Zr alloy extruded with the area-reduction ratio of 12 exhibited the
best combination of tensile strength and elongation of 243 MPa and 10.6%, respectively. Moreover, tensile fracture studies
revealed the intergranular cracking and quasi-cleavage fracture as the dominant fracture modes of the as-cast and extruded
alloys, respectively.
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1 Introduction the most significant advantage of Mg—Sn alloys over cur-

rently used Mg—Al based alloys is their superior mechanical

The increasing need for high strength and lightweight mate-
rials has triggered the development of new Mg alloys for
structural applications. Owing to offering a good combi-
nation of mechanical properties, Mg—Sn based alloys have
been of particular interest as the cost-effective heat resistant
magnesium alloys in few last years [1, 2]. In comparison
with the more commercial Mg—Al and Mg—Zn based alloys,
Mg-Sn alloys show a lower tendency to hot tearing and
microporosity because of their narrower solidification tem-
perature range [3, 4]. Sn, as the major alloying element, can
also improve the corrosion resistance of Mg [5]. However,
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properties at high temperatures caused by Mg,Sn second
phase [6]. The high melting point of the intermetallic com-
pound Mg,Sn (~770 °C) ensures the excellent creep resist-
ance of Mg—Sn alloys. The maximum solid solubility of Sn
in Mg is 14.48 wt% at the eutectic temperature of 561 °C,
which drops rapidly to 0.17 wt% at room temperature [7, 8].
Therefore, Mg—Sn alloys could be strengthened by precipita-
tion hardening treatment.

Due to the aforementioned properties, Mg—Sn based
alloys have strong potentials to be used as a cast or
wrought product. However, the production of Mg—Sn
alloys using conventional ingot metallurgy results in a
Mg matrix with coarse grain sizes and large dendrite arm
spacing [9]. Besides, the hardening response of binary
Mg-Sn alloys is sluggish because coarse precipitates of
Mg,Sn are directly produced from the supersaturated
solid solution [10]. These issues can deteriorate mechan-
ical properties of Mg—Sn alloys. Therefore, there have
been extensive researches to improve the mechanical
properties of Mg—Sn alloys by adding different alloying
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elements. Elsayed et al. [7] reported the enhanced kinetic
of precipitation in the Mg—2.2 at% Sn alloy with Al addi-
tion. Zn was also found to increase the age-hardening
response of Mg—Sn alloys by changing the Mg,Sn mor-
phology [11]. Ca addition to the Mg—Sn system results in
the formation of CaMgSn and Mg,Ca phases. These pre-
cipitates are thermally more stable than Mg,Sn, thereby
improve the creep resistance of the alloy [12]. Moreover,
the effects of other alloying elements such as Li [13], Sr
[14], Sb [15], Si [16], rare earth elements [17-20] and
misch metals [21] on microstructural modification and
mechanical properties of Mg—Sn alloys have also been
discussed in the literature.

On the other hand, Mg—Sn based alloys show excel-
lent extrudability [22, 23]. Therefore, high-temperature
deformation processes such as hot extrusion can also
be employed to further improve mechanical proper-
ties of these alloys through eliminating casting defects,
grain refinement and precipitation strengthening of par-
ticles [17, 24]. Mahallawy et al. [25] achieved a high
combination of strength and ductility for the extruded
Mg-6Sn—(2-4)Zn alloys. This is mainly due to grain
refining, solid solution strengthening and precipitation
hardening during extrusion. Zhang et al. [26] studied
the effect of extrusion ratio on the microstructure and
mechanical properties of as-extruded Mg-6Sn-2Zn-1Ca
alloy. Alloys with higher extrusion ratios showed a higher
fraction of dynamically recrystallized grains, and conse-
quently, a finer average grain size resulted in improved
tensile properties.

Zr is the most efficient grain refiner for Mg alloys.
The great potential of Zr as a nucleating agent for Mg is
attributed to its hexagonal closed-packed (HCP) crystal
structure and lattice parameters close to those of Mg [27].
While Emley et al. [28] reported that the formation of
stable compounds with Sn could limit the ability of Zr
in grain refining of Sn-containing Mg alloys, there are
inconsistent reports in the literature. Pan et al. [29] dem-
onstrated that tensile strength and ductility of the as-cast
Mg-3Sn—-1Mn alloy were enhanced by the addition of 0.43
wt% Zr, mainly due to the grain refining effect of Zr. Yang
et al. [30] also reported that the addition of 0.41-1.18
wt% Zr could effectively refine the grains of Mg—-3Sn-2Ca
alloys. They concluded that the alloy with 0.76 wt% Zr
exhibited the smallest grain size and the best tensile prop-
erties at room temperature and 150 °C. However, reports
on the effect of Zr addition on binary Mg—Sn alloys are
rare. Therefore, this study aims to investigate the effect of
Zr addition on microstructure and mechanical properties
of the Mg—5Sn alloy in as-cast and extruded conditions.
The main focus is on the microstructural changes caused
by Zr addition and hot extruding, which affect tensile prop-
erties and fracture mechanisms of the alloys.

2 Experimental Procedure

Mg-5 wt% Sn—x wt% Zr (x = 0, 0.5 and 1) alloys were
prepared from commercially pure Mg (> 99.9%), pure Sn
(> 99.8%) and pure Zr (> 99.5%). Melting was carried
out in an electric resistance furnace using a silicon car-
bide crucible with 115 mm inner diameter and 127 mm
height, under the Foseco Magrex 36 covering flux to pro-
tect molten magnesium from oxidation. The molten alloys
were stirred mechanically at 750 °C for 3 min to ensure
chemical homogeneity. The melts were poured into bot-
tom-gating sand molds designed to minimize the melt tur-
bulence during filling, as schematically shown in Fig. la.
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Fig. 1 Schematic illustrations of the a sand mold, b extrusion and ¢
tensile test specimen
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The as-cast cylindrical billets were 30 mm in diameter and
120 mm in height. Analyzed compositions of Mg—5Sn—xZr
alloys were Mg—5.1 wt%Sn, Mg—4.9 wt%Sn—0.47 wt%Zr
and Mg—5.1 wt%Sn—-0.92 wt%Zr. The as-cast billets were
homogenized at 480 °C for 10 h under a protective argon
atmosphere and then water-quenched. Afterward, the
homogenized billets were extruded at 400 °C with two dif-
ferent extrusion ratios of 6:1 and 12:1 (denoted as ER6 and
ER12, respectively). The ram speed was 5 mm s~

Microstructural analysis was carried out using both opti-
cal microscopy (OM, Olympus BX51M) and scanning elec-
tron microscopy (SEM, FEI ESEM Quanta 200) equipped
with energy dispersive spectroscopy (EDS). To minimize
the effects of processing parameters such as the cooling
rate on the microstructure, central regions of each sample
were selected for the microscopic analysis. For the extruded
alloys, OM and SEM micrographs were taken from a section
normal to the extrusion direction. The surface of specimens
was prepared using standard metallographic techniques
and then chemically etched with an etchant consisting of
20 ml acetic acid, 6 g picric acid, 40 ml water and 100 ml
ethanol. X-ray diffraction (XRD, STOE STADI MP) with
monochromatic Cu Ko radiation was used for phase analysis.
The grain size was measured by the Heyn linear intercept
procedure based on the ASTM E 112 standard.

Hardness measurements were conducted using a Vickers
hardness tester INNOVATEST NEXUS 605U) by apply-
ing a load of 98 N for a duration of 15 s. The as-cast and
extruded rods were machined into round tensile specimens
of 6 mm gauge diameter and 30 mm gauge length. Tensile
tests were carried out at room temperature on a tensile test-
ing machine (SANTAM STM-150) with an initial strain rate
set at 1073 s~!. The fracture surfaces of tensile specimens
were examined by SEM.

3 Results and Discussion
3.1 Microstructure

Optical microstructures of the as-cast Mg—5Sn—xZr alloys
are depicted in Fig. 2. The microstructure of all the alloys

includes primary a-Mg phase surrounded by a eutectic
structure. It can be seen in Fig. 2a that the Mg—5Sn alloy
shows a coarse dendritic structure. It is well known that
the dendrite arm spacing is inversely proportional to the
cooling rate during solidification [31]. Therefore, obser-
vation of coarse microstructures in the as-cast condition
is mainly due to the relatively low cooling rate normally
encountered in the sand casting. In addition, the formation
of a coarse dendritic structure can also be attributed to the
low value of growth restriction factor (GRF) in the Mg—Sn
system. GRF is a parameter that quantifies the effect of
segregating solute atoms on the grain size of castings and
is expressed as mCy(k — 1), where m is the slope of liqui-
dus line, C,, is the initial concentration of the solute and
k is the equilibrium partition coefficient [32]. The growth
rate during dendritic growth is inversely proportional
to the GRF value, and consequently, a well-developed
coarse dendritic structure is anticipated when the GRF
value is low [33]. The observed dendritic configuration is
weakened by the addition of 0.5 wt% Zr, and the second-
ary arms are gradually disappeared in some regions, as
exhibited in Fig. 2b. When Sn content increases to 1 wt%
(Fig. 2c), many dendritic side arms are disappeared, and a
globular structure of a-Mg is formed. The XRD patterns
exhibited in Fig. 3 indicate that both binary Mg—-5Sn and
ternary Mg—5Sn—xZr alloys in the as-cast condition con-
sist of a-Mg and Mg,Sn phases.

Another microstructural characteristic of Zr containing
alloy exhibited in Fig. 2 is their smaller grain size as com-
pared with the binary Mg—5Sn alloy. The average grain size
in the as-cast state is found to decrease sharply from 211 to
107 pm by the addition of 1 wt% Zr. The grain refining role
of Zr is described by its influence on both nucleation and
growth of Mg dendrites/grains. Zr can exist as any three
forms of dissolved, undissolved or precipitated particles
within the Mg melt. Undissolved and precipitated Zr parti-
cles may act as powerful nucleants, helping to produce finer
grains. Meanwhile, dissolved Zr can refine the Mg grains by
acting as a growth restriction element [34]. During solidifi-
cation, excess Zr solute atoms segregate at the solid/liquid
interface and rapidly build up an effective constitutional
undercooling zone ahead of the solidification front.

Fig.2 Optical micrographs of as-cast a Mg—5Sn, b Mg—-5Sn—0.5Zr and ¢ Mg—5Sn—1Zr alloys
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Fig.3 XRD patterns of a, b, ¢ Mg-5Sn and d, e, f Mg-5Sn—1Zr
alloys in a, d as-cast, b, e homogenized and ¢, f ER6 conditions

Moreover, a high concentration of dissolved atoms can
restrict the growth rate of the growing interface [35, 36].
In magnesium, Zr has the highest m(k — 1) value after Fe
indicating significant grain refinement potential related to its
strong segregating power [37, 38]. The major contribution of
Zr in grain refining of Mg alloys is attributed to the dissolved
Zr atoms by Qian et al. [39].

To reveal more microstructural details and phases pre-
sent in the Mg matrix, SEM images of the as-cast alloys
are shown in Fig. 4. The results of EDS analysis of differ-
ent phases are also presented in this figure. Microstructure
of the as-cast Mg—5Sn alloy consists of primary a-Mg and
eutectic phases, as shown in Fig. 4a. EDS analysis of this
alloy indicates that the matrix is a solid solution of Sn in
Mg. The second phase is identified as the Mg,Sn particles by
XRD and EDS analysis. Similar to previous reports by other
researches [40], the percentage of Mg may be overestimated
by quantitative EDS analysis, which can be attributed to the
emission of X-ray from the Mg matrix beneath the Mg,Sn
precipitate.

Primary a-Mg is the first phase that forms from the super-
heated liquid alloy during cooling at liquidus temperature.
These a-Mg dendrites contain less Sn solute atom than the
initial liquid. The balance of Sn atoms is rejected from the
solid phase and accumulates at the solid-liquid interface,
forming a solute boundary layer in front of the interface. As
the solidification proceeds, this layer is further enriched in
solute atoms, which cause diffusive transport of Sn atoms to

the liquid bulk. Other growing dendrites gradually restrict
the growth of each primary a-Mg phase. As a result, the dif-
fusive transport of Sn atoms is inevitably disrupted before
dendrite impingement. This causes a raised Sn concentration
above the initial percentage at the lateral border of primary
a-Mg phases confirmed by EDS analysis. These Sn-rich
regions have appeared as the light gray bands in the back-
scattered SEM images shown in Fig. 4. Eventually, in the
last stage of solidification, the composition of the remainder
of the liquid reaches the eutectic composition. Consequently,
eutectic solidification takes place at around 561 °C along
dendritic/grain boundaries. The eutectic solidification results
in the formation of a lamellar structure of a-Mg and Mg,Sn
phase. Mg,Sn, as an intermetallic compound, is a faceted
phase. Therefore, it exhibits an irregular eutectic morphol-
ogy with a non-faceted metal such as Mg [41]. The forma-
tion of lamellar eutectic morphology in Mg is promoted at
low cooling rates involved in the sand casting process [42].

It is evident from the magnified SEM image in Fig. 4d
that as well as lamellar Mg,Sn, some precipitates with plate-
like and globular morphologies are formed. In these cases,
there is no cooperative growth of eutectic phases. Mg,Sn
particles may form earlier due to the local enrichment of
Sn solute atom and grow individually in a divorced mode
between or inside the a-Mg dendrites. While the faceted
platelike Mg,Sn precipitates are only observed at dendritic/
grain boundaries, the globular shaped precipitates are
distributed at both dendritic/grain boundaries and inside
the a-Mg phase, as shown in Fig. 4d. The results of EDS
analysis show that the Sn content of platelike precipitates is
greater than that of globular Mg,Sn, indicating the higher
Sn segregation at dendrite/grain boundaries.

In Zr containing alloys, dissolution of both Sn and Zr
atoms in the a-Mg has created a ternary solid solution as
the matrix, confirmed by EDS analysis. Another microstruc-
tural characteristic of Mg—5Sn—xZr alloys, as exhibited in
Fig. 4d, e, f, is the presence of partially divorced eutectic
structure where islands of a-Mg within the Mg,Sn phase
are revealed. It can be observed that the tendency to form
partially divorced eutectic morphology increases with Zr
addition. It seems that the segregation of Zr atoms around
the growing Mg,Sn particles changes their surface energy,
leading to the growth of eutectic constituents in a partially
divorced manner. The effects of alloy composition and cool-
ing conditions on the eutectic morphology of Mg alloys have
been described in detail by Dahle et al. [42].

Mg and Zr have not been observed to form any interme-
tallic compounds. Meanwhile, according to the binary Sn—Zr
phase diagram, the formation of new intermetallic phases
between Sn and Zr is possible. However, detailed EDS and
XRD analyses show that a-Mg and Mg,Sn are the only con-
stituents in the as-cast Mg—5Sn alloy and addition of 1 wt%
Zr does not cause the formation of any new phases such as
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Fig.4 SEM micrographs of as-cast a, d Mg—5Sn, b, e Mg-5Sn-0.5Zr and ¢, f Mg—5Sn—1Zr alloys together with their corresponding EDS analy-

sis results

Sn,Zr. In general, the ability of two elements in forming
intermetallic compounds is proportional to their electron-
egative difference [43]. The electronegative values of Mg,
Sn and Zr are 1.31, 1.96 and 1.33, respectively. Therefore,
the formation of the Sn,Zr compound is relatively more dif-
ficult than the Mg,Sn phase. Our results are in agreement
with those reported by Yang et al. [29, 30] who reported
that the Sn,Zr phase appeared in Mg—Sn based alloys when
Zr content exceeded 1.18 wt%. From XRD analysis results
presented in Fig. 3, it can be observed that the intensity of
diffraction peaks of the Mg,Sn phase increases with increas-
ing Zr content of the alloys. These results are in accord with
the microstructural observations (Fig. 4), which show that
the volume fraction of the Mg,Sn precipitates increases
with Zr addition. This is especially obvious when Zr con-
tent increases from 0 to 0.5 wt%, indicating that Zr prob-
ably facilitates the heterogeneous nucleation of Mg,Sn pre-
cipitates. In addition, Zr addition may decrease the solid

@ Springer

solubility of Sn in Mg, enhancing the driving force for the
formation of Mg,Sn precipitates.

Figure 5 shows the microstructures of as-homogenized
alloys. Neither the bright Sn-rich band nor the eutectic struc-
ture is observed in the microstructure of as-homogenized
binary Mg—5Sn alloy, as shown in Fig. 5a. The XRD results
presented in Fig. 3 reveal the disappearance of Mg,Sn dif-
fraction peaks of the Mg—5Sn alloy after homogenization,
indicating that Mg,Sn precipitates have been dissolved in
the a-Mg matrix. In contrast, the same homogenization
treatment does not dissolve all the Mg,Sn phase existed
in the Zr-containing alloys. As can be seen in Fig. 5c, the
amount of remnant Mg,Sn phase in the microstructure of
as-homogenized Mg-5Sn—1Zr alloy is substantial. The
detection of Mg,Sn diffraction peaks in the XRD pattern
of as-homogenized Mg—5Sn—1Zr alloy in Fig. 3 confirms
these microstructural observations. In general, dissolution
is a diffusion-associated process and thus depends on the
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time and temperature at which the treatment is carried out.
At a constant annealing temperature, the Mg—5Sn—1Zr alloy
with a higher volume fraction of the second phase needs a
more extended heating period for the complete dissolution
of the Mg,Sn phase. These results indicate that the ther-
mal stability of the binary Mg—Sn alloys is increased by Zr
addition. The superior microstructural stability of Zr-con-
taining Mg—Sn alloys can also be attributed to the probable

Fig.6 SEM micrographs of as-
extruded a, b Mg-5Sn and ¢, d
Mg—5Sn—1Zr alloys with extru-
sion ratioof a,c6 and b, d 12

/

Fine precipitates
¥ ,

File HFW HV
6-4000-2

c

- o 5

Coarse precipitates’

Mag | Scan WD

] ot
X

Sig File

A

File HFW HV Mag Scan WD Sig
6-4000-2_393.1if* 0.27 mm 25.0 kV 1000x 37.04 s 10.1 mm BSE
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the a-Mg matrix.

The microstructures of extruded Mg-5Sn and
Mg-5Sn-1Zr alloys, as exhibited in Fig. 6, consists of the
equiaxed grain of a-Mg with fine and coarse precipitates
of Mg,Sn. Fine Mg,Sn particles are less than 2 pm in size
and have been reprecipitated during hot extrusion at both
grain boundaries and grain interiors. Sn solute atoms that
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Table 1 The average grain size (in pm) of the as-cast and extruded
alloys

Alloy As-cast ER6 ER12
Mg-5Sn 211 38 45
Mg-5Sn-0.5Zr 145 36 39
Mg-5Sn—1Zr 107 34 35

are dissolved in the a-Mg matrix during homogenization can
re-form fine Mg,Sn particles through dynamic precipitation.
From the binary Mg—Sn phase diagram, Mg,Sn precipitates
can form in the Mg—5Sn alloy at temperatures lower than
420 °C [5]. Therefore, the precipitation of Mg,Sn particles
during extrusion at 400 °C is anticipated. Coarse Mg,Sn
particles, which are mostly observed in the Mg—-5Sn—1Zr
alloy, are caused by fragmentation of large eutectic phases,
remained from homogenizing treatment along grain
boundaries.

In comparison to the as-cast samples, the grain size of
the extruded alloys is refined, as reported in Table 1. After
extrusion with the area-reduction ratio of 6, the average
grain size of the Mg—5Sn and Mg—5Sn—1Zr alloys was
calculated as 38 and 34 pm, respectively, which are much
finer than their corresponding value in the as-cast condi-
tion. This grain refinement can be attributed to the dynamic
recrystallization (DRX), as observed in the microstructure
of extruded alloys shown in Fig. 6. It is revealed that the
extruded alloys exhibit a bimodal microstructure consisting
of relatively coarse and fine grains. Deformation twins are
noticed within the relatively coarse grains.

Twin dynamic recrystallization (TDRX), which was
found to be unique to Mg and its alloys, can be the predomi-
nant DRX mechanism at low plastic strains, high strain rates
and low to intermediate deformation temperatures (20-350
°C) [44, 45]. However, there are reports confirming that
twinning still plays an important role in DRX of Mg alloys at
elevated temperatures [46]. Twinning interfaces and original
grain boundaries provide additional sites for nucleation of
recrystallized grains in Mg alloys [47]. Due to the restricted
numbers of slip systems, characteristic of the HCP crys-
tal structure, and coarse microstructure of the alloys, many
twins appear in the original grains. Several twins can be
identified within a deformed original grain, most of which
are parallel to each other. Locally, fine twins are limited by
coarse twins. In fact, the twinning formation has divided the
original grains into smaller segments. It seems in this situ-
ation that deformation is proceeded by the growth of exist-
ing twins, and consequently, DRX and grain refinement are
achieved by the succession of twinning. This type of twin-
assisted DRX is in good agreement with previous reports
for AZ series of Mg alloys [48, 49]. The accumulation of
distortion energy by twining is considered as the reason for

@ Springer

the TDRX [50]. Therefore, increasing the extrusion ratio
from 6 to 12 results in the formation of a dense twinning
zone as shown for the Mg—5Sn—1Zr alloy in Fig. 6d. In addi-
tion, some fine grains are observed around coarse particles
in the microstructure of extruded Zr-containing alloys, as
shown in Fig. 6¢. This is related to the particle-stimulated
nucleation (PSN) [51].

Regardless of the Zr content of the alloy, ER12 samples
show a slightly coarser grain size in comparison to ER6
ones, but the difference becomes smaller as the Zr content
increases. Extrusion at a higher ratio in a constant ram speed
results in a larger total strain, which reduces the recrystal-
lization temperature [26]. Therefore, at a constant extrusion
temperature, a higher degree of grain growth is expected for
extrusion at a higher ratio. In addition, a higher extrusion
ratio at a constant ram speed corresponds to a higher extru-
sion velocity. This can raise the die exit temperature, leading
to a relatively larger grain size [47]. As the material exits the
extrusion die and cools to room temperature, some degree of
grain coarsening may also occur through the metadynamic
recrystallization (MDRX) mechanism. The increase in grain
size due to MDRX is effectively reduced by Zr addition in
Mg alloys [52]. This could be the reason why the influence
of the extrusion ratio on the final grain size is reduced with
increasing Zr content.

3.2 Mechanical Properties

Typical Engineering stress-strain curves of Mg—-5Sn—xZr
alloys tested at room temperature are presented in Fig. 7.
The results of tensile tests, including yield strength (YS),
ultimate tensile strength (UTS) and elongation to fracture
(ep) are summarized in Table 2. As observed, both strength
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Fig. 7 Engineering stress—strain curves of as-cast and extruded Mg—
5Sn—xZr alloys
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Table 2 Tensile properties of Alloy YS (MPa) UTS (MPa) e (%)

as-cast and extruded Mg—5Sn—

xZr alloys As-cast ER6  ER12  As-cast ER6  ERI2  As-cast ER6  ERI2
Mg-5Sn 52 148 121 101 234 230 4.3 6.4 8.4
Mg-5Sn-0.5Zr 57 145 128 112 229 234 4.5 6.8 9.1
Mg-5Sn—1Zr 61 142 125 119 223 243 4.9 7.1 10.6

and ductility of the Mg—5Sn alloy in the as-cast condition
increase with Zr addition. The as-cast Mg—5Sn alloy exhib-
ited a yield strength of 52 MPa, which was increased 17% by
the addition of 1 wt% Zr. The grain refinement and increased
fraction of Mg,Sn precipitates with Zr addition are the main
strengthening reasons. The small improvement in elonga-
tion with Zr addition can also be attributed to the as-cast
microstructural change from dendritic morphology to the
nearly globular type.

According to Table 2, both strength and ductility of the
alloys are significantly improved after hot extrusion. This is
due to the obvious grain refinement and formation of fine
Mg,Sn dispersoids caused by DRX and dynamic precipita-
tion during the hot extrusion. The strengthening contribution
of grain boundaries presented by the well-known Hall-Petch
relation is substantial for HCP metals such as Mg with a
restricted number of slip planes. In addition, the coarse den-
dritic structure with large Mg,Sn intermetallic compounds
in the dendrite/grain boundaries, as those observed for the
as-cast alloys, promote initiation and propagation of cracks
under tensile loads, leading to a reduction in strength and
ductility.

The presence of deformation twins in the extruded alloys
has a substantial effect on mechanical properties. Twin
boundaries act as an obstacle to dislocation motion, and
similar to grain boundaries are effective at dislocations trap-
ping. In some reports on Mg alloys [53], the contribution
of twinning in flow stress exceeded the effect of grain size.
However, assuming twin boundaries sub-divide a grain into
smaller grains, the Hall-Petch equation has been used to
evaluate the strengthening contribution of twins [54, 55].
As with other Mg alloys, hot extruded Mg—Sn based alloys
exhibit fiber texture [26], which also enhances the strength
of the extruded alloys. On the other hand, twins can accom-
modate more strains compared to the matrix. Therefore,
they locally relieve the applied tensile stress leading to an
increased ductility [53].

The effect of extrusion ratio on the tensile properties was
observed to be rather complicated. As shown in Table 2,
the yield strength decreases with an increase of extrusion
ratio from 6 to 12, regardless of the Zr content of the alloy.
As described earlier, the grain size of Mg—5Sn—xZr alloys
become relatively larger with increasing extrusion ratio.
Besides, a higher degree of deformation, i.e. higher extru-
sion ratio, results in a relatively weaker texture [26, 47].

Therefore, a reduction in yield strength with an increase of
extrusion ratio from 6 to 12 is expected.

At a constant extrusion ratio, the yield strength was not
observed to change obviously with Zr addition. Almost simi-
lar values of yield and tensile strength were observed for
the alloys containing different Zr contents. In addition, ten-
sile strength did not considerably change with the extrusion
ratio. Though, there is an exception for the Mg—-5Sn—1Zr
alloy, which revealed the lowest increase in grain size
with increasing extrusion ratio. The tensile strength of the
Mg-5Sn-1Zr alloy increases from 223 to 243 MPa, as the
extrusion ration increases from 6 to 12. The lower tensile
strength of the ER6 sample is attributed to the presence of
coarse Mg,Sn precipitates within the matrix of Mg—5Sn—1Zr
alloy, as exhibited in Fig. 6¢. These coarse particles are not
observed in the microstructure of the alloy extruded at the
ratio of 12 (Fig. 6d), which is strengthened by finer particles.
A higher degree of deformation caused by a higher extru-
sion ratio breaks the coarse precipitates that remained from
the homogenizing treatment more effectively. Therefore, the
alloy matrix is strengthened by the presence of finer particles
that pin mobile dislocations strongly. The highest tensile
strength (243 MPa) that is obtained for the Mg—5Sn—1Zr
alloy extruded with the ratio of 12 suggests that fine particles
can play an important role in strain hardening response of
Mg alloys.

To further clarify the hardening response of the alloys
at different conditions, studying the hardening capacity
and strain hardening rates obtained from tension tests is
beneficial. Hardening capacity, H,, of a material may be
defined as [56, 57]:

H = Ours — Oys _ Ours -1

e = (1

Oys Oys

Figure 8 shows the calculated H, values of Mg-5Sn—xZr
alloys at various conditions. It is observed that Zr addi-
tion does not significantly change the hardening capacity,
regardless of the alloy condition. For all the alloys, the
lowest H, value was obtained in ER6 condition, which
could be attributed to its smaller grain size. A reduction
in grain size would decrease dislocation storage ability,
leading to the lower hardening capacity [57, 58].

Figure 9 illustrates the strain hardening rate (6 = do/de)
versus the net flow stress (6 — o) of the alloys in different
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Fig. 8 Calculated hardening capacities of Mg—5Sn—xZr alloys at vari-
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Fig.9 Strain hardening rate versus net flow stress for the as-cast and
extruded alloys

conditions, where ¢ and € are true stress and true strain,
respectively. It is found for all the samples that the strain
hardening rate linearly decreases with net flow stress,
exhibiting stage III (parabolic) hardening behavior. Com-
pared with extruded alloys, the as-cast alloys show lower
strain hardening rates due to their larger grain size. The
grain refinement and increased volume fraction of Mg,Sn
precipitates with Zr addition in the as-cast alloys raised
the strain hardening rate. In extruded condition, the ER6
samples exhibited higher initial strain hardening rates than
the ER12 samples. At higher net flow stress levels, this
was reversed. The initially higher strain hardening rates

@ Springer

of ER6 alloys can be attributed to their smaller grain size.
However, the contribution of grain size in strain hardening
rate diminishes at higher strains because of dislocation
screening and dynamic recovery at grain boundaries [58].
At higher flow stresses, the strain hardening of materials is
more associated with the motion of dislocation by slip and
their interactions. Therefore, the enhanced strain harden-
ing rate of ER12 samples at higher flow stresses should be
sought in microstructural characteristics that hinder slip
of dislocations. Twins refine the grains and act as barri-
ers to dislocation movement, thereby reduce the effective
slip distance of dislocation and increase the work hard-
ening rate [59]. Besides, the presence of dispersive and
finer Mg,Sn precipitates in ER12 samples can drastically
decrease dislocation mean free path, leading to a higher
strain hardening rate.

As for ductility, a significant improvement in elongation
to failure was realized as the extrusion ratio increased. The
Mg-5Sn—1Zr alloy with the extrusion ratio of 12 exhib-
its the highest tensile elongation (~10.6%). The ductility
of materials is generally associated with the initiation and
propagation of cracks. A higher deformation level, which
is involved in the extrusion with a higher ratio, hinders the
crack nucleation and growth during the subsequent defor-
mation. The greater hardening capacities of ER12 samples
compared with those of ER6 alloys led to higher elongations.
Meanwhile, it is not easy for voids to nucleate at the inter-
face of fine (< 2.5 pm) strengthening particles present in the
microstructure of ER12 samples due to their better bonding
with the matrix [60]. Additionally, a comparatively strong
basal texture that forms at the lower extrusion ratio results
in a relatively low tensile elongation value [47]. Hence, an
increase either in the Zr content or the extrusion ratio results
in ductility enhancement.

SEM micrographs of tensile fracture surfaces of as-cast
and extruded alloys are shown in Fig. 10. The addition of
Zr exhibits a negligible influence on the appearance of the
fracture surface in the as-cast condition. Meanwhile, there
was found to be substantial differences in the appearance of
fracture surfaces of the alloys in as-cast and extruded con-
ditions. The fracture surfaces of the as-cast alloys shown in
Fig. 10a, b are mainly composed of large cleavage-type fac-
ets, characteristics of obvious cleavage fracture mode. Elon-
gated parallel grooves, characteristics of the fluting fracture
are also observed in the Mg matrix of the alloys. However,
the most marked aspect of these surfaces is the formation of
large secondary cracks. These cracks are observed within
the eutectic structures or along the interface between the
a-Mg matrix and the eutectic phase. The primary reason
for crack formation is the microstructural inhomogeneity
causing local stress raisers. Coarse Mg,Sn compounds,
distributed along dendrite/grain boundaries of the as-cast
alloy, are complex in shape and provide appropriate sites for
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Fig. 10 SEM micrographs of
the fracture surface after tensile
tests for a as-cast Mg—5Sn,

b as-cast Mg-5Sn—1Zr, ¢
Mg-5Sn-ER6 and d Mg—5Sn—
1Zr-ER12 alloys (C: secondary
cracks, D: dimples, F: flutes,

P: cleavage planes or facets, S:
cleavage steps)

As-cast
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local stress concentration. Therefore, large secondary cracks
are found to nucleate and propagate in the interdendritic
regions. As a result, the fracture is of intergranular type,
which results in the reduced strength and limited ductility
of the as-cast alloy, as reported in Table 2.

The fracture surfaces of extruded alloys (Fig. 10c, d) reveals
evidence of microstructural uniformity. The observed twins
retard the initiation and propagation of cracks during the frac-
ture process through enhancing the plastic dissipation in the
matrix and accommodating the strain incompatibility [61].
Since the interdendritic eutectic structures do not exist in the
extruded alloys, the applied tensile stresses are accumulated on
cleavage planes, causing a transition to transgranular fracture.
Compared to the as-cast alloy, the fracture surface of extruded
alloys is rougher and shows a higher degree of plastic defor-
mation. A higher density of flutes that are a result of a plastic
deformation process [62] is evident in the fracture surface
of the extruded alloys. In addition, the area of fluting region
increases with Zr addition. Tear ridges are also realized around
the upper surface of flutes. However, a large number of cleav-
age planes are again observed in the fracture surface. Some
cleavage steps can be noticed, which join cleavage planes
formed at different altitudes. The network of cleavage steps
has created river patterns. Fine-scale dimples, as well as large

Mg-5Sn-17Zr

00.0pm:

RASTAK Lab RASTAK Lab.

= 25 N i
200.0pm File HFW  HV Mag S 200.0pm

RASTAK Lab 6-4000-2_408.tif* 0.54 mm 25.0 kV 500x BS RASTAK Lab.

cleavage facets and steps, are observed in the fracture surface
of Mg—5Sn—1Zr alloy with the extrusion ratio of 12, as exhib-
ited in Fig. 10d. Therefore, extruded alloys show characteris-
tics of quasi-cleavage fracture as the dominant fracture mode.
Figure 11 illustrates the hardness variations with the Zr
content of the alloys. The hardness of the as-cast Mg—5Sn
alloy is slightly improved with Zr addition. A significant
increase in the volume fraction of the Mg,Sn compound
with Zr addition is responsible for the observed hardness
improvement. Mg,Sn is a hard and brittle phase with a hard-
ness of about 119 HV [4, 63], thereby contributes to the
hardening of the soft a-Mg matrix. The hardness of extruded
alloys does not change significantly with Zr addition. How-
ever, the hardness of all the alloys increased significantly
after hot extrusion, which can be ascribed to the hardening
mechanisms discussed previously. The effect of the extru-
sion ratio on the hardness of the alloys is also negligible.

4 Conclusion
Microstructure and mechanical properties of the as-cast and

extruded Mg—5Sn—xZr alloys are studied. The main conclu-
sions can be summarized as follows:

@ Springer
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facets and steps together with extensive fluting and local
dimples, indicating that quasi-cleavage is the dominant
fracture mode.
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Fig. 11 Vickers hardness of the as-cast and extruded Mg—5Sn—xZr
alloys

1. The as-cast microstructure of the alloys consists of
o-Mg and Mg,Sn phases. A transition from dendritic
to nearly globular structure was observed with Zr addi-
tion. Besides, substantial grain refinement is noticed in
Zr-containing alloys.

2. Different types of eutectic morphologies, including
lamellar, fully divorced, and partially divorced struc-
tures are observed in the Mg—Sn—Zr system. The overall
volume fraction of the eutectic phase and the tendency
to form partially divorced eutectic increases with an
increase in Zr content of the alloy.

participants or animals performed by any of the authors.
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