Research & Development IRy T |

Vol.16 No.5 September 2019

https://doi.org/10.1007/s41230-019-9067-9

Microstructure and mechanical properties of
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of Sm, Si1 and Ca elements
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Abstract: The effects of Sm, Si and Ca on the microstructure and mechanical property of AZ91 magnesium
alloy were investigated by means of optical microscopy (OM), differential scanning calorimetry (DSC), scanning
electronic microscopy (SEM), X-ray diffraction (XRD) and tensile testing. The results indicated that the addition
of 1.5 wt.% Sm with or without 0.8 Si/Ca led to a decrease in the volume fraction of the 8-Mg,,Al,, phase and the
formation of the intermetallic compounds of Al-Sm, Mg,Si, MgAICa and Al,Ca. The microstructure of AZ91 alloy
was significantly refined and distribution became discrete with additions of Sm and Ca; the average grain size of
the a-Mg matrix was reduced from 239.7 + 16.9 uym to 66.34 + 5.10 um. The AZ91-Sm-Ca alloy exhibited a good
combination of yield strength at 135 MPa, ultimate tensile strength at 199 MPa and elongation at 4.32%, which
was ascribed to grain refinement strengthening. Furthermore, the T6 treated AZ91-Sm-Ca alloy possessed yield
strength of 154 MPa and elongation of 7.1%, which was due to grain refinement strengthening and reduction in

discontinuous precipitates.
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he introduction of luxuries components and extra

safety measures in the automobile increased its
weight, leading to a higher fuel consumption and
subsequent release of greater amounts of greenhouse
gases (e.g., CO,). This effect motivates wide spread use
of magnesium alloys "' as they have many advantages
including low density, high specific strength and
stiffness, excellent machinability and good recyclability,
which generates application value in many fields such
as aerospace, automotive, and telecommunication
industries. AZ91 magnesium alloy is the most widely
used to fabricate commercial structural components
due to the good blend of room-temperature strength
and ductility "', However, its utilization is limited to
the interior parts in the cast products, since the reticular
p-Mg,,Al,, phases presenting at grain boundaries and
dendritic arms have a negative effect on mechanical
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properties . Grain refinement plays an important role
in enhancing mechanical properties of magnesium
alloys, especially magnesium alloys with a close-packed
hexagonal structure. Grain refinement can effectively
reduce hot tearing tendency and shrinkage porosity,
improving creep properties and corrosion resistance .
Alloying is one of the efficient methods to reduce grain
size and modify the morphology of the second phase.
Some researchers reported that the addition of
samarium (Sm) to magnesium alloys could refine the
grain and enhance mechanical properties ', The Sm-
containing AZ31, AZ61, AZ91 and AZ92 alloys formed
a new AL,Sm compound, resulting in a reduction in the
area fraction of the f-Mg;,Al,, phase. In addition, the
ALSm phase formed heterogeneous nuclei for the Mg
grains, improving elevated temperature resistance as well
as the corrosion resistance of Mg-Al alloys """, Chen et
al. ™ found that the combined additions of Ca and Sm
significantly refined the microstructure in the AZ61
alloy and the mechanical properties were improved due
to the formation of Al,Sm and Al,Sm phases, but grain
refinement was not realized. Addition of silicon (Si) to
magnesium generates thermally stable intermetallics
of FCC structure Mg,Si phase "' The Mg-Al-Si

319



CHINA_FOUNDRY R R

alloy has been considered as a potential elevated temperature
resistance magnesium alloy. For example, Si has been used to
improve the microstructure, fluidity, mechanical properties and
precipitation behavior of the Mg-6Al alloy "', Adding Ca to
Mg alloys can increase the ignition temperature of Mg alloys,
and result in the significant grain refinement and formation of
intermetallic compounds at grain boundaries, which improves
the thermal stability of the f-phase and the room and high
temperature strength (o1,

The aim of this work is to study the influence of Sm on the
microstructure, grain refinement and mechanical properties of
AZ91 alloys. Besides, the combined addition effects of Sm and

Si or Ca are further investigated in terms of microstructure and
mechanical properties.

1 Experimental procedures

AZ91 alloy was prepared by commercial pure Mg (=99.95%),
Al (3299.7%), Zn (299.99%) ingots and a master alloy of
Mg-3.5Mn. Alloying elements, Sm, Si and Ca were added to
the AZ91 alloy in the form of Mg-30Sm, Mg-10Si and Mg-
20Ca master alloys, respectively. The compositions of the
studied alloys are shown in Table 1, obtained by the X-ray
fluorescence (XRF) method.

Table 1: Chemical compositions of alloys (wt.%)

Alloy Nominal alloys Al Zn
A1 AZ91 8.97 0.70
A2 AZ91-1.5Sm 8.77 0.69
A3 AZ91-1.5Sm-0.8Si 8.89 0.66
A4 AZ91-1.5Sm-0.8Ca 8.90 0.77

The alloys were prepared in an electric resistance furnace
under the protective atmosphere of CO, and SF6. Mg-30Sm,
Mg-10Si and Mg-20Ca master alloys were added to the melt
at 730 °C. The melt was manually stirred for about 3 min, and
then, at 730 °C, was poured into a steel mould (preheated at
200 °C) having a 50 mm diameter and an 80 mm height. Some
specimens were homogenized at 410 °C for 20 h and then
quenched in 20 °C water (T4 treatment). Subsequent aging
treatment was carried out at 200 °C for 4 h (T6 treatment).
Metallographic samples were etched in acetic-picric acid (2.1 g
picric acid, 5 ml acetic acid, 5 ml H,O and 35 ml ethanol) for 10 s.
The microstructure was characterized by an optical microscope
and a scanning electron microscope (SEM) equipped with
a energy-dispersive X-ray spectroscope (EDS). Phase
identification was conducted by an X-ray diffraction (XRD)
using Cu Ko radiation. The average grain size was measured by
the linear intercept method. Differential scanning calorimetry
(DSC) was conducted to analyze the phase transition under Ar
atmosphere. The heating rate was 10 °C-min”" and the scanned
temperature interval was from room temperature to 650 °C.
Tensile tests were conducted at room temperature at a strain
rate of 2 mm-min”. The gauge length and diameters of tensile
specimens were 28 mm and 5 mm. At least three specimens
were used to obtain mechanical properties.

2 Results and discussion

2.1 Microstructure of as-cast alloys

The optical microstructures of the as-cast alloys are shown in
Fig. 1. Figure 1(a) shows that the as-cast AZ91 alloy (alloy
A1) mainly consists of dendritic a-Mg matrix and f-Mg,Al,,
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Mn Si (oF} Sm Mg
0.21 - - - Bal.
0.22 - - 1.43 Bal.
0.21 0.77 - 1.48 Bal.
0.22 - 0.79 1.45 Bal.

eutectic compounds distributing along the grain boundaries.
Addition of Sm element in Fig. 1(b) (alloy A2) leads to the
reduction of the f-Mg,,Al,, phase. The additions of 0.8Si or
0.8Ca to AZ91-1.5Sm (alloys A3 and A4) in Figs. 1(c) and (d)
further lead to the grain refinement. The coarse blocked-like
Mg,Si particles are observed at the grain boundaries in alloy A3.

Figure 2 shows the SEM micrographs and corresponding
EDS results of the alloys Al, A2, A3 and A4. It can be found
that the microstructures of the AZ91 alloy contain a-Mg matrix,
(0-Mg + -Mg,,Al,,), - Mg;,Al,, and Al,Mn phases in Fig. 2 (a).
When 1.5 wt.% Sm was added to AZ91, additional intermetallics
of AL,Sm and Al,;Sm, phases were observed in Fig. 2 (c), and
the EDS analysis is shown in Figs. 2 (d) and (e). Furthermore,
intermetallics of Al-Mn-Sm with atomic percentage ratio of
54.89:15.88:4.73 (the balance is Mg), are observed inside the
grains according to SEM/EDS analysis.

With the additions of Si and Sm in Fig. 2 (f), new dark gray
phases of block-shaped formed in addition to the intermetallic
compounds of the Al-Sm. EDS analysis in Fig. 2 (g) showed
that the block-shaped phase was Mg,Si. In Fig. 2 (h), the
addition of Ca to AZ91-Sm led to the formation of the fish-
bone Al,Ca intermetallics. Since Ca has nearly zero solubility
in Mg and Al at room temperature ", it segregated at the grain
boundaries as Al,Ca phase as shown by EDS analysis in Fig. 2
(1). Some intermetallics of Al-Sm-Ca formed in the matrix as
shown in Fig. 2 (j), which was also observed by Chen Y A, et al
8 Some intermetallics of Al-Mn, Al-Mn-Ca and MgAlICa were
also found in Alloys A3 and A4.

Figure 3 shows the XRD patterns of the studied alloys. The
diffraction peaks of AZ91 alloys in Fig. 3 (a) revealed several
rising peaks of a-Mg and f-Mg,,Al,, phases, which agreed
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Fig. 2: SEM images of as-cast alloys: (a) A1; (c) A2; (f) A3; (h) A4; (b), (d), (e), (9), (i) and (j) EDS analysis of
respective intermetallics formed
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Fig. 3: XRD patterns of as-cast alloys: (a) A1; (b) A2; (c) A3; (d) A4

with the observation in SEM micrograph in Fig. 2 (a). The
addition of Sm to AZ91 alloy resulted in extra peaks of Al,Sm
and Al;;Sm, as shown in Fig. 3 (b). Figures 3 (c) and (d) show
that alloys AZ91-1.5Sm-0.8Si/Ca are consisted of the a-Mg,
p-Mg,Al,,, Al,Sm, Al,;Sm,, and Mg,Si or Al,Ca phases.
Figure 4 shows the DSC curves of the as-cast alloys. As
shown in Fig. 4, the Curve 1 showed two endothermic peaks,
suggesting the a-Mg matrix and eutectic phase. Sm and Si
additions to the binary AZ91 alloy (Curves 2 and 3) did not
affect the types of phase transformations of the based alloy.
A small endothermic peak at 426.83-436.07 °C related to the
transformation of f-Mg,;Al,, phase is detected in Curves 1
to 3. Their corresponding peaks which represent the melting
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Fig. 4: DSC solidification curves of as-cast alloys
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temperature of the a-Mg matrix are at 597.00-609.87 °C. In
AZ91-Sm-Ca, the peak of the primary eutectic phase on the
Curve 4 has a higher melting temperature of 463.69 °C, which
can be considered as the decomposition temperature of the
MgAICa phase; the corresponding melting temperature of the
o-Mg matrix is at 595.35 °C.

2.2 Microstructures of solid solution alloys

Figure 5 shows the solution treated microstructures of various
alloys at 410 °C for 20 h. Figure 6 shows the calculated average
grain size. It can be seen in Fig. 5 (a) that the f-Mg;;Al,, phase has
dissolved in the solutionized AZ91 alloy. Figures 5 (b-d) show
the solutionized AZ91-1.5Sm, AZ91-1.5 Sm with 0.8 Si or Ca
alloys, respectively. In AZ91-1.5Sm, the microstructure and grains
of the solutionized alloy shown in Fig. 5 (b) is remarkably refined
and the high-melting point ALLSm phase is spotted in the center of
the grains, indicating some possible heterogeneous nuclei for the
Mg grains. In addition, the segregation of some Sm atoms in the
form of Al,;Sm; intermetallic contributes to the grain refinement
mechanism. Also, Al,MnSm particles are found in the center of
the grains. Thus, it may be said that the Al,MnSm and Al,Sm
compounds formed heterogeneous nucleation particles, and the
segregation of Al;;Sm; at the grain boundaries is responsible for
the effective refinement of the Mg grains. The alloy containing
1.5wt.% Sm shows a homogeneous microstructure with an average
grain size of 91.98 £ 1.99 um compared to the AZ91 alloy with an
average grain size of 239 + 16.94 um.

With additions of Si and Sm to the AZ91 alloy in Fig. 5
(c), the high-melting point ALLSm phases are still marked and
some Mg,Si intermetallics segregate massively at the grain
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Fig. 5: Microstructures of alloys after solution treatment at 410 °C for 20 h and water-quenched:
(a) A1; (b) A2; (c) A3; (d) A4
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Fig. 6: Average grain sizes of varous alloys

boundaries. The average grain size further decreased to 82.46
+ 5.54 pm. Additions of Ca and Sm elements to the AZ91
alloy as shown in Fig. 5 (d) shows the significant grain size
reduction with an average grain size of 66.34 = 5.10 um. In
this alloy, some intermetallic particles believed to be the ALLSm
intermetallic are still noted in the grain centers and some Al,Ca
particles concentrate at the grain boundaries. The calculated
growth restricting factor (GRF) values for the individual
solute elements, Si and Ca, are 9.25 and 11.94, respectively
3 indicating that Si or Ca addition to Sm strongly segregates
at the grain boundaries which can contribute to further grain
refinement by restricting growth of the grains.

2.3 Microstructures of aged alloys

Figure 7 shows the optical microstructures of the aged alloys
at 200 °C for 4 h after solutionizing and water-quenching.
The dark gray regions at the grain boundaries and inside the
grains shown in Fig. 7 (a) are indications of the presence of
discontinuous precipitates of the f-Mg,,Al,, phase in AZ91
alloy. Figures 7 (b-d) show that the quantity of discontinuous
precipitates decrease in the aged AZ91-Sm, AZ91-Sm-Si
and AZ91-Sm-Ca alloys and some intermetallics of Al,Sm,
Mg,Si and Al,Ca are found. The reasons for the decrease in
discontinuous precipitates are the presence of heterogeneous
nuclei which causes crystal defects within the matrix ™', and
the growth restriction effect which lowers the nucleation rate
and growth of discontinuous precipitates.

2.4 Tensile properties

Results of room temperature mechanical properties testing
of as-cast samples are shown in Fig. 8 (a). The yield strength
(YS) and ultimate tensile strength (UTS) of the as-cast AZ91
alloys with minor additions of Sm, and Si or Ca are higher
than AZ91 alloy, indicating improvements in mechanical
properties of the alloys. AZ91-Sm-Ca alloy has the optimum
YS and UTS of 135 MPa and 199 MPa, respectively, which
can be ascribed to grain refinement strengthening. On the
other side, the Al,Ca particles formed are brittle and coarse,
which could subsequently worsen the EL of the alloy at
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Fig. 7: Optical micrographs of alloys after T6 treatment at 200 °C for 4 h: (a) A1; (b) A2; (c) A3; (d) A4
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Fig. 8: Tensile properties of as-cast (a) and T6 alloys at room temperature (b)

room temperature. The mechanical performances of the
alloys in terms of YS, UTS and EL with or without element
additions increase after T6 treatment, as shown in Fig. 8
(b). However, the observable Mg,Si phase in Fig. 7 (c) after
aging contributes to the comparatively low UTS and EL in
alloy A3. The improvements in yield and ultimate tensile
strengths in the AZ91-Sm-Ca alloy can be attributed to grain
refinement strengthening and reduction in discontinuous
precipitates.
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3 Conclusions

(1) The as-cast microstructure of AZ91-1.5 Sm alloy consists
of intermetallic compounds of Al-Sm (Al,Sm and Al,;Sm,) and
Al-Mn-Sm, a-Mg and f-Mg,,Al,, phase. Moreover, adding
minor Sm additions to AZ91 alloy could refine the grains of
the alloy and a substantial grain refinement of 91.98 + 1.99 um
was recorded.

(2) In AZ91-1.5Sm-0.8Si/Ca alloys, the morphologies of
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S-Mg,,Al,, particles were modified and refined and their
growth patterns became discontinuous, and the average
grain sizes were 82.46 £ 5.54 um and 66.34 + 5.10 pm,
respectively.

(3) The as-cast YS and EL of AZ91-Sm-Ca are 135 MPa and
4.32%, respectively. The improvements in the YS were due to
grain refinement strengthening. The alloy possessed YS of 154
MPa with EL of 7.1% at T6 treatment, which was ascribed to
grain refinement strengthening and reduction in discontinuous
precipitates.
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