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Abstract: The effects of Sb and Sr on the modification and refinement of Mg,Si phase in an AZ61-0.7Si magnesium alloy were
investigated and compared. The results indicate that the difference of Sb and Sr in the modification and refinement of Mg,Si phase is
significant. Addition of 0.4%Sb (mass fraction) to AZ61-0.7Si alloy can refine but not modify Mg,Si phase. Oppositely, by addition
of 0.12%Sr to AZ61-0.7Si alloy, the Mg,Si phase changes from initial coarse Chinese script shape to fine granule and/or irregular
polygonal shape. Accordingly, the Sr-modified AZ61-0.7Si alloy exhibits higher tensile and creep properties than the Sb-modified
one. The difference of Sb and Sr in the modification and refinement of Mg,Si phase is possibly related to the following two aspects:
1) the disregistry at (100)Al,Sr//(100)Mg,Si is lower than that at (0001)Mg;Sb,//(111)Mg,Si (0.69% vs 1.72%) and 2) the onset
crystallizing temperature of the Sr-modified AZ61-0.7Si alloy is lower than that of the Sb-modified one (603.1 C vs 606.9 C).
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1 Introduction

It is well known that Mg-Al-Si based alloys are
potential high temperature lightmass materials[1-2] due
to the existence of Mg,Si phase that has high melting
point, high hardness, low density, high elastic modulus
and low thermal expansion coefficient. Furthermore, the
Mg,Si phase is very stable and can impede grain
boundary sliding at high temperatures[3—5]. However,
under a low solidification rate it is easy to form Mg,Si
phase with coarse Chinese script shape and lower the
mechanical properties of the alloys. Therefore, the
modification and refinement of Mg,Si phase is one of the
means to improve the mechanical properties of Mg-Al-Si
based alloys[6—8]. Many researches about modification
and refinement of Mg,Si phase in Mg-Al-Si based alloys
have been carried out. It has been reported that the
Chinese script Mg,Si phase in Mg-Al-Si based alloys
could be modified and refined by addition of Sb or
Sr[9—-13]. For example, YUAN et al[9] reported that
when 0.5%Sb was added to Mg-5Al-1Zn-1Si alloy, the
Mg;Sb, particles, acting as nuclei for Mg,Si phase,

would form in the alloy and change Mg,Si particles from
coarse Chinese script shapes to small polygons.
SRINIVASAN et al[11] reported that the addition of Sr
to a Si-containing AZ91-Mg alloy refined the
microstructure by decreasing grain size, and the coarse
Chinese script Mg,Si precipitates were smaller and more
uniformly distributed. Similar results were obtained by
NAM et al[12] and SONG et al[13]. In spite of the
abovementioned studies, further investigation about the
effects of Sb and Sr on the modification and refinement
of Chinese script Mg,Si phase in Mg-Al-Si based alloys
are still necessary due to the following reasons. 1) Some
disagreement for the Sb modification still exists. For
example, QUIMBY et al[14] reported that Sb is not an
effective modifier of Mg,Si phase in Si-containing Mg
alloys. 2) The mechanism of modification and
refinement of Mg,Si phase in Sr-containing Mg-Al-Si
based alloys is not completely clear. 3) The comparison
of Sb and Sr in the modification and refinement of Mg,Si
phase in Mg-Al-Si based alloys is scarce. So, in the
present works, the effects of Sb and Sr on the
modification and refinement of Mg,Si phase in an
AZ61-0.7Si alloy were compared and the corresponding
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mechanism was analyzed.
2 Experimental

The Sb and Sr containing AZ61-0.7Si alloys were
prepared by adding following materials: commercial
AMG60 alloy, pure Mg, Al, Zn and Sb (>99.9%),
Al-30%Si and Al-10%Sr master alloys. The studied
alloys were melted in a crucible resistance furnace and
protected by a flux addition. When the melt temperature
was around 740 ‘C, the 0.4%Sb and 0.12%Sr were
added into the melt of studied alloys, respectively. After
being held at 740 ‘C for 60 min, the melts were
homogenized by mechanical stirring and then poured
into a preheated permanent mould. As reference, the
AZ61-0.7Si alloy without Sb and Sr modification was
also cast and analyzed under the same conditions. The
actual chemical compositions of the studied alloys are
listed in Table 1.

The samples were etched with 8% nitric acid
distilled water solution, and then examined by JOEL/
JSM-6460LV type scanning electron microscope
equipped with Oxford energy dispersive spectrometer.
The phases in the studied alloys were analyzed by
D/Max—1200X type X-ray diffractometer operated at 40
kV and 30 mA. The differential scanning calorimetry
(DSC) testing was carried out using a NETZSCH STA
449C system. Samples weighted around 30 mg were
heated in a flowing argon atmosphere from room
temperature to 700 ‘C and held for 5 min before being
cold down to 100 “C. The cooling curve was recorded at
a controlling rate of 15 ‘C/min.

Table 1 Compositions of studied alloys (mass fraction, %)

In addition, the tensile and creep properties of
studied alloys were also tested. The tensile properties of
studied alloys at room temperature and 150 ‘C were
determined from a complete stress—strain curve. The
0.2% yield strength(YS), ultimate tensile strength(UTS)
and elongation to failure (elongation) were obtained
based on the average of three tests. The constant-load
tensile creep tests were performed at 150 ‘C and 50
MPa for creep extension up to 100 h. The total creep
strain and minimum creep rate were measured from each
elongation—time curve and averaged over three tests
respectively.

3 Results and discussion

3.1 As-cast microstructures of studied alloys

Fig.1 shows the XRD patterns of alloys 2 and 3.
The alloy 1 is composed of a-Mg, M;7Al;, and Mg,Si.
According to Fig.1, adding 0.4%Sb and 0.12%Sr to
AZ61-0.7Si alloy will cause the formation of small
amounts of Mg;Sb, and Al,Sr, respectively.

Fig.2 shows the SEM images of studied alloys.
Combined with the EDS results of experimental alloys
(Table 2), it is found that the Mg,Si phase in the
AZ61-0.7Si alloy without Sb or Sr modification exhibits
coarse Chinese script morphology. However, after adding
0.4%Sb to AZ61-0.7Si alloy, the Mg,Si phase in the
alloy becomes relatively fine although the Chinese script
morphology is still observable (Fig.2(b)). The above
results indicate that adding 0.4%Sb to AZ61-0.7Si alloy
can refine the Chinese script shaped Mg,Si phase in the

Alloy No. Al Zn Mn Si Sb Sr Mg
1 5.92 0.79 0.24 0.68 - - Bal.
2 5.89 0.82 0.23 0.67 0.40 - Bal.
3 5.93 0.84 0.23 0.69 - 0.114 Bal.

20 40 60 80
20/(%)

Fig.1 XRD patterns of studied alloys: (a) Alloy 2; (b) Alloy 3

20 40 60 80
20/(%)
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Fig.2 SEM images of studied alloys: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Local magnification in (c)
Table 2 EDS results of studied alloys (atomic fraction, %)

Position Mg Al Si Sb Sr Total/%
Fig.2(a)-4 65.96 2.09 31.95 - - 100
Fig.2(b)-4 63.96 3.73 31.68 0.63 - 100
Fig.2(b)-B 56.15 5.23 2542 13.2 - 100
Fig.2(d)-4 65.43 3.48 30.65 - 0.44 100
Fig.2(d)-B 50.32 33.80 1.23 - 14.65 100

alloy. Furthermore, by comparing Figs.2(b) with (c), it is that the alloy 3 exhibits higher tensile and creep

interesting to observe that after adding 0.12%Sr to
AZ61-0.7Si alloy, the Mg,Si phase in the alloy becomes
very fine, and its morphology changes from initial
Chinese script shape to granule and/or irregular polygon,
indicating that Sr can effectively modify and refine the
Chinese script Mg,Si phase in the AZ61-0.7Si alloy. The
coarse Chinese script shaped Mg,Si phase will cause
detrimental effect on the mechanical properties of
Si-containing Mg alloys where long cracks can easily
nucleate along the interface between Chinese script
Mg,Si particles and a-Mg matrix[15]. Therefore, it is
inferred that the difference of Sb and Sr in the
modification and refinement of Mg,Si phase in
AZ61-0.7Si alloy results in different tensile and creep
properties of experimental alloys. Table 3 lists the tensile
and creep properties of studied alloys. It is observed
from Table 3 that the tensile and creep properties of
alloys 2 and 3 are higher than those of the alloy 1, and

properties than alloy 2, especially for the elongation.
Apparently, the testing results of tensile and creep
properties of studied alloys are consistent with the above
microstructural analysis.

3.2 Discussion

In general, in the process of nucleus formation, the
boundary energy of heterogeneous nucleus with the
crystallization phase has an effect on nucleus formation
and the effect depends on the structures of the two
contacting  crystalline faces. One criterion of
heterogeneous nucleation is that the disregistry of
nucleant planes is less than 6%[9]. According to the
report of YUAN et al[9], the two-dimensional lattice
misfit mathematical model is given as:

iy, 12 ‘d[uvw]écosé’—d[uvw]f1

i), =3 x100%

(D

i1 dluvw],
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where (hkl); and (hkl), are the low index planes of the
substrate and nucleated solid respectively; [uvw]; and
[uvw], are the low index directions in (kkl)s and (hkl),,
respectively; d[uvw]s and d[uvw], are the atomic spacing
along [uvw]s and the [uvw],, respectively; 8 is the angle
between [uvw]s and [uvw],,.

Figs.3 and 4 show the relationship of some possible
crystal faces of Mg;Sb, to Mg,Si and Al,;Sr to Mg,Si,
respectively. According to Figs.3 and 4 and Eq.(1), the
planar mismatch of some possible crystallographic
orientations for Mg,Si nucleation on the Mg;Sb, or Al,Sr
particles were calculated, and the results are listed in
Tables 4 and 5. It is found from Table 4 that, when the
orientation relationship between Mg;Sb, and Mg,Si is
(0001) g sp, /(111 g i » the disregistry is the lowest
(1.72%). Furthermore, it is found from Table 5 that the

Table 3 Tensile and creep properties of studied alloys
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orientation relationship between Al,Sr and Mg,Si has the
lowest disregistry value of 0.69% at (100),g, //
(100) pg5i- Although the disregistry at (100) 5, //
(100)pg,si is lower than that at (0001)y,.p, //
(111 yg,si  (0.69% vs 1.72%), the Mg;Sb, is also
possible to act as the heterogeneous nucleus for the
Mg,Si particles according to the above-mentioned
disregistry mechanism. Therefore, it is inferred that the
disregistry is possible one of the reasons for the
difference of Sb and Sr in the modification and
refinement of Mg,Si phase in the AZ61-0.78Si alloy. The
difference of Sb and Sr in the modification and
refinement of Mg,Si phase in the AZ61-0.7Si alloy may
be related to other reasons.

The degree of undercooling during solidification
process is a very pivotal factor for the microstructural

Tensile properties

Creep properties

Studied Room temperature 150 C 150 °C and 50 MPa for 100 h
ey UTS/MPa  YS/MPa Elongation/% UTS/MPa YS/MPa Elongation/% |l creep  Minimum creep
& ’ & ° strain/% rate/(10%h ")
Alloy 1 147 77 4.0 140 70 12.0 0.54 5.11
Alloy 2 175 99 5.0 160 91 16.0 0.47 4.56
Alloy 3 187 118 5.9 174 109 18.2 0.41 4.22
[2110]g,sp, [010lmg,si  [2]10]mg,s,
D 1 (01T }vig,si
g,1 - =
; [] Iz]Mg Si -
i, [1100]yg g, 1100]1g,p, [1100]mg,sb,
7 [112]mg,si
(12100 0, [1210]v1g,sb, [1210]1g,s0,
______ e [0T]yggs A 00T )i A s f 5 (00 mgsi
(a) (b) (c)
Fig.3 Crystallographic relationship at interface between Mg;Sb, and Mg,Si phases[12]: (a) (0001) g sp, /(100)y1g i3
() (0001) g s, /(110)1g,5i3 (€) (0001 gy s, /(11 s
(011 a1sr
[110]nmg,si
. {3(1]}%“4&
] Mg,Si
[Ol 0];’\]45]' [0] 0];‘\|_‘Sr
..... o e, A[01 g
) Whgs [, 0 s
[011]a),5¢ [011]a),80
r [001 ]ng,si [010]mg,si
(b) (c)

Fig.4 Crystallographic relationship at interface between Al,Sr and Mg,Si phases: (a) (100) At /(100 g i3 (b) (100) s /(110 yg i3

(c) (100) j,5¢ /(111 g s
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Table 4 Calculated values of planar mismatch between Mg;Sb,
and Mg,Si[12]

Matching 0, Wkl ) . Disregistry/
interface (k)ngg,sp,  (MKD)\g,si /(%) %
2110 010 30
(0001) gy 5, // o] 1 ,,]
) 1110 011 15 45.32
(100) g, si [, _ ] [ ,]
[1120] [001] 0
2110 110 30
(0001) yyg s, // [7 ] [ ”]
. 1110 112 5.26 13.76
(110) g si [, _ ] [ ,]
[1120] [00T] 0
2110 011 0
(0001) yyg s, // [7 ] [7 ”]
; 1110 112 0 1.72
(11 Dyig,si [, _ ] [, ,]
[T120]  [10T1] 0

Table 5 Calculated values of planar mismatch between Al,Sr
and Mg,Si

Matching Wkl Wil ] . Disregistry/
interface (FkDngse (PRDvigs 00) %
(100 ./ [011] [001] 0
Al,Sr
100y, s 010 [011] 0 0.69
“ [011] [010] 0
(100) ./ [011] [110] 0
Al,Sr —
(10) [010] [112] 9.74 28.21
Mg,Si _ _
’ [011] [001] 0
(100) 5, <./ [011] [011] 30
Al,Sr J—
111 [010] [112] 15 35.57
Mg,Si _ o
“ [011] [101] 0

refinement of engineering alloys. According to the
classic solidification theory, the relationship between
critical nucleus radius and the degree of undercooling is
given as follows[16]:

« 20 20T, 20T,

A(;r LmAT Lm (Tm _Tl)

where 7+ is the critical nucleus radius; AG, is the
variation of volume free energy; o is the interfacial
energy of unit surface area; T, is the equilibrium
crystallizing temperature; L,, is the crystallizing latent
heat; AT is the degree of undercooling; 7 is the onset
crystallizing temperature. According to Eq.(2), the
critical nucleus radius decreases with the decreasing of 7,
then the nucleation energy of crystal nucleus reduces and
the nucleation probability increases. Fig.5 shows the
DSC cooling curves of studied alloys. It is observed from
Fig.5 that after adding 0.4%Sb and 0.12%Sr to AZ61-
0.7Si alloy, the onset crystallizing temperatures of the
alloy decreases from 608.8 C to 606.9 C and 603.1
C, respectively. Obviously, according to the under-
cooling degree mechanism, the nucleation probability of

Mg,Si phase in the Sr-modified AZ61-0.7Si alloy is
higher than that of the Mg,Si phase in the Sb-modified
AZ61-0.7Si alloy. Accordingly, as shown in Fig.2(c), the
Mg,Si phases in the Sr-modified AZ61-0.7Si alloy are
effectively modified and refined. Oppositely, the Mg,Si
phases in the Sb-modified AZ61-0.7Si alloy is only
refined, but its modification is not obvious. Actually, the
above-mentioned situation is similar to the modification
and refinement of Chinese script shaped Mg,Si phases in
Si-containing Mg alloys under a fast cooling condition
such as die casting that has larger undercooling degree
[9, 14].

0.5
(a;
0 B ]:‘:r Ual
Xo 4122°C 63
— _05 B
'
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=
E-L5f
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§ -25}
T
3.0
_35 1 1 1 1 L 1 1 L
20 100 180 260 340 420 500 580 660 740
Temperature/'C
0.5
(b)
tExo 4089C 5774°TC
0r
T:D
£ 05}
z 606.9°C
Z-1.0t
-
T -15¢
_2‘(] 1 1 1 1 1 1 1 1
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0.5
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= 4093°C 5787°C
@-05F
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Temperature/ C

Fig.5 DSC cooling curves of studied alloys: (a) Alloy I;
(b) Alloy 2; (c) Alloy 3
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4 Conclusions

1) The difference of Sb and Sr in the modification
and refinement of Mg,Si phase in an AZ61-0.7Si Mg
alloy is significant. Adding 0.4%Sb to AZ61-0.7Si alloy
can refine the Chinese script Mg,Si phase. However,
after adding 0.12%Sr to AZ61-0.7Si alloy, the Mg,Si
phase changes from initial coarse Chinese script shape to
fine granule and/or irregular polygon. Accordingly, the
Sr-modified AZ61-0.7Si alloy exhibits higher tensile and
creep properties than the Sb-modified one.

2) The difference of Sb and Sr in the modification
and refinement of Mg,Si phase in AZ61-0.7Si alloy is
possibly related to the following two aspects: the
disregistry at (100)Al,Sr//(100)Mg,Si is lower than that
at (0001)Mg;Sby//(111)Mg,Si (0.69% vs 1.72%) and the
onset crystallizing temperature of the Sr-treated
AZ61-0.7Si alloy is lower than that of the Sb-modified
one (603.1 C vs 606.9 C).
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