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a b s t r a c t

Solid solution effects on the hardness and flow stress in Mg–Sn binary alloys with Sn content between
0.18% and 2.18% at temperatures ranging from ambient to 623 K were investigated in this study. At room
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temperature, the hardness increases with the Sn content as Hv0.5 = 28.3 + 6.88c, the 0.2% proof strength
(corrected for grain size strengthening effect) and cn follow a linear relationship, where c is the solute
atom fraction and n = 1/2 or 2/3. The results suggest that the strengthening of basal planes controls
the solid solution strengthening in polycrystals of Mg–Sn binary alloys. However, the cn power-law is
not applicable in the temperature range from 423 K to 623 K, which is proposed to be ascribed to the

id sol
olid solution strengthening
oftening effect

competition between sol

. Introduction

Recently Mg–Sn based alloys have been given tremendous
ttention, and were deemed to be new cost-effective heat-
esistance magnesium alloys [1–6]. The Mg–Sn system shows some
haracteristics in terms of creep resistance due to the formation
f Mg2Sn phase with a high melting temperature of 1043 K [1–9].
oreover, with the aid of thermodynamic modeling for Mg–Sn

ased ternary system [4–6], we can better understand the rela-
ionship of the phase constituents and compositions to design new
lloys.

Similar to typical binary Mg–Al, Mg–Zn and Mg–RE (RE stands
or rare earth elements) phase diagrams, the Mg–Sn system is

eutectic and precipitation–hardenable system [4]. Up to now,
here have been some researches on improving the precipitation
trengthening by changing the state of precipitation with addi-
ion of Zn or other minor elements [2,3]. Except for precipitation
trengthening, solid solution strengthening is another important
trengthening mechanism in magnesium alloys. However, in con-
rast to Mg–Al, Mg–Zn, Mg–Y and Mg–Gd systems [10–13], the
olid solution strengthening in the Mg–Sn based alloys are not
lear. Additionally, little experimental work has been carried out
n the concentration dependence of solid solution strengthening

n polycrystals of Mg–Sn binary alloys at elevated temperatures.

In this work, the solid solution effects on the hardness and 0.2%
roof strength for polycrystalline Mg–Sn binary alloys with vari-
us Sn concentrations were studied. The tensile tests were carried

∗ Corresponding author. Tel.: +86 24 23926646; fax: +86 24 23894149.
E-mail address: rschen@imr.ac.cn (R.S. Chen).
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ution strengthening and softening effect.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

out from ambient to 623 K aiming at investigating the effect of
temperature on the solid solution strengthening.

2. Experimental procedures

Commercial high purity Mg ingots were melted in an electrical resistance fur-
nace, and then pure Sn ingots with nominal composition (see Table 1) were added at
1023 K; after uniformly stirring and holding for 30 mins, the melt was poured into a
mild steel mould with a diameter of 100 mm preheated at 573 K. The chemical com-
positions were determined by using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and the analyzed results are listed in Table 1. The as-cast
samples were solution treated and quenched into hot water, and the solid solution
parameters are also listed in Table 1. Phase identification was determined by X-ray
diffraction (XRD) (RigakuD/max 2400 X-ray diffractometer) with Cu K� radiation.

The samples for optical microscopy were electropolished in a solution compris-
ing 5% perchloric acid and 95% ethanol for 30–60 s at 243 K and a voltage of 15 V.
Microstructural observation for backscattered electron imaging was conducted on
a Philips XL30 ESEM-FEG/EDAX scanning electron microscope.

Tensile specimens were cut from the solution treated samples, and machined
into dog bone shape of 5 mm gauge length and 2.4 mm × 3 mm cross-section. Tensile
tests were conducted on a Sans type tensile testing machine with an initial crosshead
speed of 1 mm/min, from room temperature up to 623 K. At least three tests were
carried out under all test conditions. For the tests above room temperature, spec-
imens were held for 10 min at the selected temperature, which was controlled to
within ±2 K. Hardness measurement tests were performed on a Vickers tester with
a load of 500 g and holding time of 15 s. No fewer than nine indents were made for
each specimen.

Grain size measurements were carried out using the linear intercept method
with d = 1.74 L (L is the size of the linear intercept). At least 200 grain boundaries
were counted for each composition to obtain an average grain size.

3. Results and discussion
3.1. Solid solution effects on hardness

Fig. 1(a) and (b) shows the microstructures of the Mg–2.2 at.% Sn
binary alloy in the as-cast and solution-treated state, respectively.

ghts reserved.
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Fig. 1. Microstructure of Mg–2.2 at.% Sn alloy (a) SEM photograph in

Table 1
Sn content, grain size and solution treatment conditions of the alloys in this study.

Nominal Sn content
(at.%)

0.2 0.8 1.6 2.2

Analyzed Sn content
(at.%) [wt.%]

0.18
[0.90]

0.75
[3.63]

1.52
[7.12]

2.18
[10.70]

N
w
m
w
t
p
t
a

i
M
t
M
S

H

F
c

where �0 = 11 MPa �m1/2 for pure magnesium [10–12,15], k is
Average grain size
(�m)

591 409 286 291

Solution treatment 723 K/8 h 723 K/10 h 793 K/12 h 793 K/14 h

o second phases were observed after the solution treatment; this
as the case for all the compositions studied after solution treat-
ent. The average grain sizes are listed in Table 1, and decrease
ith increasing concentration of Sn. The XRD patterns of the solu-

ion treated alloys (in Fig. 2) indicate that all the alloys were single
hase. The XRD results and microstructural observations agree with
he Mg–Sn phase diagram; the solubility of Sn in magnesium is
bout 3.0 at.% at 793 K [4].

As shown in Fig. 3, the hardness of the experimental alloys
ncreases monotonically with the concentration of Sn. The data for

g–Al [10], Mg–Zn [11] and Mg–Y [12] are also included, and all
he data follow a similar linear relationship. The best fit line for the

g–Sn data points shows that the hardness (H ) is related to the
v0.5
n content (c) as

v0.5 (kg mm−2) = 28.34 + 6.88c (R2 = 0.994) (1)

ig. 2. XRD patterns of solution treated Mg–Sn binary alloys. The labels indicate the
oncentration of Sn in at.%.
the as-cast state; (b) Optical image in the solid-solution state.

Fig. 3 and Eq. (1) indicate a near linear increase of hardness with
solute concentration (≈6.88 kg mm−2/at.% Sn), which is dramati-
cally higher than that reported for Mg–Al alloys (≈3.3 kg mm−2/at.%
Al) [10], but lower than that for Mg–Zn alloys (≈9 kg mm−2/at.%Zn)
[11] and Mg–Y alloys (≈13.23 kg mm−2/at.% Y) [12].

3.2. Solid solution effect on the 0.2% proof strength

Representative true stress-true strain curves for the alloys are
shown in Fig. 4(a), and the average values of three tensile testing
results have been plotted versus the Sn concentration (see Fig. 4(b)).
With increasing Sn content, the ultimate tensile strength (�UTS)
and the 0.2% proof strength (�0.2) increased monotonically, while
a maximum value for the elongation-to-failure (εf) was observed
for the Mg–1.6 at.% Sn alloy.

The strengthening effects in the single phase Mg–Sn alloys origi-
nate from solid solution strengthening and grain size strengthening
effect. The grain size strengthening effect, defined as ��g, can be
estimated by the Hall–Petch law [14]:

��g = �0 + kd−1/2 (2)
a parameter determined for the polycrystalline material, and d
is the grain size from Table 1. No detailed studies are avail-
able on the Hall–Petch laws in Mg–Sn binary alloys. The value

Fig. 3. The Victors hardness as a function of the concentration of alloying elements.
The data of Mg–Al [10], Mg–Zn [11] and Mg–Y [12] are also included in the figure
for comparison.
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So, the proportion (�) of �b to the solid strengthening effect in
the polycrystalline Mg–Sn alloys (from the slope of the solid lines
ig. 4. (a) Tensile flow curves of Mg–Sn binary alloys at room temperature. (b) Ten
s the 0.2% proof strength; �UTS is the ultimate tensile strength; and εf is the elonga

= 220 MPa �m1/2 [10–12,15] in pure Mg is used for the following
nalysis. It is also assumed that k is independent of alloy compo-
ition. Accordingly, the effect of solid solution strengthening ��s

an be calculated as follows:

�s = �0.2 − ��g = �0.2 − (�0 + kd−1/2) (3)

here �0.2 is the 0.2% proof strength read from Fig. 4(b); ��g is the
alue for grain size strengthening effect.

The effect of solid solution strengthening ��s can be obtained
y using the method mentioned above. Fleischer [16] and Labusch
17,18] developed different solid solution models based on the
olute concentration dependence of yield strength as follows:

ys = �y0 + ZF G�F
3/2c1/2 (4)

ys = �y0 + ZLG�L
4/3c2/3 (5)

here �y0 is the yield stress of pure magnesium; ZL and ZF are
onstants, �F and �L are different linear combination of the size
isfit parameter and the modulus misfit parameter (the subscripts
and F stand for Labusch and Fleischer, respectively); G is the shear
odulus of pure magnesium; c is the atomic concentration of solute

toms.
Since both the two equations developed by Fleischer [16] and

abusch [17,18] suggested that the solid solution strengthening
ffect of various solutes arises from the size misfit and modu-
us misfit parameters [16], the two equations should be generally
pplied to describe the solid solution strengthening effect in the
agnesium alloys with different alloying elements. In this work

he solid solution strengthening effect ��s of Mg–Sn alloys were
lotted in Fig. 5 as a function of c1/2 and c2/3 (R2 = 0.996 and 0.999).
s observed from the solid lines in this figure, all data points follow
oth equations well in this composition range; which is also the
ase for the data of Mg–Al [10] and Mg–Y alloys [12] at all concen-
rations, and Mg–Zn alloys [11] at concentration above 0.7 at.%. The
lopes (in MPa (at.)−n) of the best fit lines for Mg–Sn polycrystalline
lloys, are 233 and 389 for n = 1/2 and 2/3, respectively.

Caceres and Rovera [10] demonstrated that the strengthen-
ng of the basal plane controls the solid solution strengthening
n polycrystalline Mg–Al alloys. Van Der Planken and Deruyttere
19] tested the critical resolved shear stress (CRSS) data in the

onocrystalline Mg–Sn solid solutions with different levels of con-
aining elements. Combined with relevant Schimid factors [19], the

ata for the CRSS of basal slip in basal planes in single crystals are
btained and also plotted in Fig. 5 as a function of c1/2 and c2/3

R2 = 0.973 and 0.984) for comparison.
Consequently, the evaluation of the strengthening effect arising

rom the basal plane in polycrystals of Mg–Sn alloys, �b, can be
operties of the Mg–Sn alloys as a function of the atom concentration of solute. �0.2

o-failure. The labels indicate the concentration of Sn in at.%.

estimated as [10]:

�b = m��s = mBn(c − c0)n ≈ mBncn (6)

where m is the Taylor orientation factor connecting the tensile flow
stress of the polycrystals to the CRSS of the relevant slip systems.
It was reported by R. Armstrong et al. [20] that m corresponds to
6.5 for magnesium with a theoretical random texture, while Lukáč
[21] suggested that m should lie between 4 and 6. Due to lack of
relevant data, a mean value of m = 5.5 was adopted in this paper. Bn

(in MPa (at.)−n) is the solid solution strengthening rate on the basal
plane for single crystals of Mg–Sn alloys. From Fig. 5, the values of
Bn (the slopes of the dashed lines, in MPa (at.)−n) were determined
as 35 and 52 for n = 1/2 and 2/3, respectively. Substituting m and Bn

into Eq. (6), the strengthening effect arising from the basal plane in
polycrystals of Mg–Sn alloys, �b (in MPa (at.)−n) was estimated as
follows:

� ≈ 5.5B cn = 192.5
(

for n = 1
)

or 286
(

for n = 2
)

(7)
Fig. 5. The best fit lines with solid symbols (denoted as ��s in the vertical axis)
represent the average experimental 0.2% proof strength data after subtracting the
grain size strengthening effect calculated by Eq. (2); The best fit lines with open
symbols (denoted as ��s in the vertical axis) correspond to the critical resolved
shear stress (CRSS) of basal slip in the basal plane in monocrystalline Mg–Sn alloys
[19].



3360 B.Q. Shi et al. / Journal of Alloys and Compounds 509 (2011) 3357–3362

ied all

i

�

i
f

t
y
e
c
b
t
b

F
i

Fig. 6. Ultimate tensile strength and 0.2% proof strength (�0.2) for the stud

n Fig. 5) is:

= 192.5
233

= 83%
(

for n = 1
2

)
or 286/389 = 74%

(
for n = 2

3

)
(8)

From the above calculations, it can be seen that the strengthen-
ng of the basal plane dominates the solid solution strengthening
or polycrystalline single-phase Mg–Sn alloys.

Note that a common feature of both Eq. (4) and (5) is that
he plots of ��s versus c1/2 or c2/3 should pass through �y0 (the
ield strength of pure Mg in this case). However, the values of �yo
xtrapolated from the fitted line (−3 MPa and 1 MPa for c1/2 and
2/3) are unrealistic, since the yield strength of pure Mg cannot
e negative. Despite lack of strength data for the low composi-
ions in this study, one possible explanation for this effect may
e a higher strengthening rate at higher compositions. A similar

ig. 7. Typical tensile flow curves for the studied alloys (a) at 573 K and (b) at 623 K; th
ndicate the concentration of Sn in at.%.
oys versus temperature. The labels indicate the concentration of Sn in at.%.

phenomenon was observed in concentrated Mg–Zn alloys [11] in
which the strengthening rate at concentrations above 0.7 at.% is
higher than that at dilute concentrations, and the author suggest
that the increased rate of strengthening in concentrated Mg–Zn
alloys should be ascribed to the formation of regions of SRO
(short-range ordering) during the solution heat treatment [11].
Van Der Planken and Deruyttere [19] estimated the contribu-
tion of SRO in single crystals of Mg–Sn alloys, but the calculation
is very rough due to lack of relevant parameters. Accordingly
the formation of SRO can also be assumed to have a strength-

ening effect on the concentrated alloys which accounts for a
negative value by extrapolation. Although such an assumption is
reasonable, the correct explanation is not certain. Further exper-
iments are needed to verify the existence of SRO in the Mg–Sn
system.

e strain-hardening rate versus true strain (c) at 573 K and (d) at 623 K. The labels
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ig. 8. 0.2% proof strength after correction from grain size strengthening effect by
q. (3) as a function of c2/3. The arrow points at the corrected value of 0.2% proof
trength for Mg–0.2 at.% alloy at 473 K.

.3. Temperature dependence of the 0.2% proof strength

Tensile tests were carried out in the temperature range
93–623 K. Fig. 6(a) and (b) show the change in ultimate tensile
trength and 0.2% proof strength (�0.2) versus temperature for the
lloys; both of them decline monotonically with increasing tem-
erature.

Fig. 7(a), (b) shows typical tensile flow curves at 573 K and 623 K,
he changes in the strain-hardening rate of the tensile curves in
ig. 7(a) and (b) versus true strain are plotted in Fig. 7(c) and (d),
espectively. For the Mg–1.6 at.% Sn and Mg–2.2 at.% Sn alloy, a clear
rop is observed after the yield point in the tensile flow curves at
23 K and the highest strain-hardening rate of the tensile plots at
23 K is one half of that at 573 K. One effect to be considered is the
oftening effect of solute atoms, which caused the decrease in yield
trength seen in Fig. 6(b), and a negative strain-hardening rate with
ncreasing temperature. It can be expected that softening effect
ominates the strengthening effect at 623 K for the high composi-
ions, while the softening effect for lower compositions manifests
t lower temperatures. From the tensile plots of the Mg–0.2 at.%Sn
nd Mg–0.8 at.% Sn alloys, the stable plastic deformation region
n which the strain-hardening rate is close to zero occurs above
73 K (see Fig. 7(c) and (d)), indicating that a dynamic equilibrium
etween the strengthening and softening effects occurs at this tem-
erature. Actually the occurrence of the softening effect may also be

ndicated from Fig. 6(a); the difference in the UTS between different
ompositions is small when the temperature is above 423 K.

It was confirmed that the Hall–Petch relationship holds for poly-
rystalline magnesium at higher temperatures up to 523 K [15,22].
fter correction from grain size strengthening effect by Eq. (3) with
elevant parameters [15,22], the 0.2% proof strength was replotted
s a dependence of c2/3 in Fig. 8. The 0.2% proof strength exhibits a
inear relationship with c2/3 from room temperature to 373 K. How-
ver, the corrected 0.2% proof strength deviate from the cn power
aw at 423 K; moreover, the corrected value for Mg–0.2 at.% Sn alloy
s negative at 473 K (pointed by the arrow in Fig. 8). That indicates
hat the softening effect is expected at higher temperatures, that
s, the cn power-law is not applicable in the temperature range of
23–623 K. The data tested at temperatures higher than 473 K are

ot plotted in Fig. 8.

The temperature dependence of the yield stress can be
xplained by assuming that it is controlled by the thermally acti-
ated dislocation processes. At higher temperatures, there is a
mpounds 509 (2011) 3357–3362 3361

dynamic balance between the build up of dislocations, leading to
strengthening, and the annihilation of dislocations, leading to soft-
ening [23]. One possible factor related to the softening effect is
the decrease in the CRSS for non-basal slip systems with increas-
ing temperature, which has been demonstrated by many authors
[24,25]. Another possible factor is dynamic recovery, which has
been accepted as one of the softening mechanisms in magne-
sium alloys during higher temperature deformation [26], especially
when the temperature is above 0.4Tm (Tm is the melting point of
the alloy). In addition, the precipitation of Mg2Sn phase [27] and
dynamic recrystallization should also be discussed. Considering
that the total holding and testing time for every sample at high tem-
peratures were not more than 15mins, no precipitation hardening
can occur in such short testing time and that has been reported
in the Mg–Y alloys [28]. Consequently the precipitation of Mg2Sn
phase should be ruled out. Moreover, because no recrystallized
grains were observed according to the microstructure examina-
tion conducted at higher temperatures, the contribution of dynamic
recrystallization should also be ignored.

In this study the fact that the cn power-law for polycrys-
talline Mg–Sn binary alloys cannot apply in the temperature range
423–623 K has been explained by the competition between the
solid solution strengthening effect and the softening effect. The
latter may be due to the decrease in the CRSS for non-basal slip
systems and the occurrence of dynamic recovery. With increas-
ing temperature, a point is reached at which the softening effect
dominates the strengthening effect. However, there may be other
factors that have not been considered in this discussion, such as
the contribution of SRO (short-range-ordering) [19,29–31] due to
lack of correlative parameters. Further investigations are needed
to understand the strengthening/softening mechanisms for Mg–Sn
alloys especially at elevated temperatures.

4. Conclusions

Four compositions (0.2, 0.8, 1.6, 2.2 at.%) of polycrystalline
Mg–Sn binary alloys were chosen to investigate the solid solu-
tion effect in the temperature range from ambient to 623 K. The
hardness increased with the Sn content as Hv0.5 = 28.3 + 6.88c.

After correcting for the grain size effects, the 0.2% proof strength
of the Mg–Sn alloys follows a linear relationship with cn, where c is
the atom fraction and n = 1/2 or 2/3. It is suggested that the strength-
ening of the basal plane controls the solid solution strengthening
of polycrystalline Mg–Sn binary alloys.

The cn power-law is not applicable in the temperature range
423–623 K, which is attributed to the opposing contributions of
the solid solution effect and the softening effect. The softening
effect may be caused by the decrease in the CRSS for non-basal
slip systems and the occurrence of the dynamic recovery.
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