OPEN 8ACCESS

SCIEELL

ACTA METALLURGICA SLOVACA

2023, VOL. 29, NO. 2, 108-112

©)

RESEARCH PAPER
MgzSi INTERMETALLIC ALLOYS: PHASE GROWTH AND MICROSTRUCTURE

Septian Adi Chandra?, Rahadian Roberto?, Dedi Pria Utama?, Dhany Zulkarnain?, Delfiarina Salsabila
Putri Bratawan?, Mila Saprila Suherman?, Annisfiah Gayatri?, Arif Tjahjono?, Muhammad Yunan
Hasbi?, Sigit Dwi Yudanto?!

'Research Center for Metallurgy, National Research and Innovation Agency, Banten, 15314, Indonesia
2Department of Physics, Faculty of Sciences and Technology, UIN Syarif Hidayatullah Jakarta, Banten, 15412, In-
donesia

*Corresponding author: sigi012@brin.go.id & sd.yudanto@gmail.com, tel.: +6281213024663

Received: 03.05.2023
Accepted: 06.06.2023

ABSTRACT

The Mg:Si intermetallic alloys have been prepared by using a powder metallurgy process. The milling treatment of silicon powder as
a raw material to improve the formation of the Mg.Si phase was investigated in this research. The un-milled and milled silicon powder
was mixed with magnesium powder and milled for 2 hours. The milled powders were compacted in stainless steel tubes and sintered
at 500 and 600°C for 6 hours. The phase formation and crystal structure were identified using the X-ray diffractometer (XRD), while
the fracture surface was observed under the scanning electron microscope (SEM). The XRD results show that the Mg2Si phase is the
dominant phase, with the highest mass fraction of 86.31%. The lattice parameter calculated from the Mg.Si cubic phase is 0.6355 nm.
As a result, we might derive the conclusion that the Mg.Si intermetallic alloys can be produced with atmospheric mechanical milling

under air and powder sintering techniques in a tube.
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INTRODUCTION

Since the combustion process produces thermal energy, it is an
energy source that can be converted to electrical energy. The
material required for conversion shall have thermo-electrical
characteristics. Materials with thermoelectric properties gener-
ate electricity when two conductors differ in temperature [1]. A
general property of thermoelectric is the operating of thermo-
couples via the Seebeck effect. The value of the figure of merit
(ZT) indicates that a material can be used as a thermoelectric.
Thermoelectric materials of type p and n are two different types
used to construct thermoelectric modules, which are combined
with each other.

Mg:Si — an intermetallic alloy with a cubic crystal structure (Fm-
3m) atomic site coordinates of Mg (1/4,1/4,1/4) and Si (0,0,0)
[2] has an excellent opportunity to be applied as a thermoelectric
with an operating temperature range of 300 — 600°C [3, 4]. The
lattice a-constant of the Mg.Si crystal structure is 0.6356 nm,
and the Mg-Mg bond length=0.319 nm [5-8]. The ZT value of
Mg:Si alloy continues to increase through doping with certain
elements [9, 10]. Tani et al. reported that the ZT value of Bi-
doped Mg:Si at the Si site was 0.86 at 589°C [11]. Fig. 1 shows
the crystal structure of Mg2Si.

a=0.635 nm

Fig. 1 MgaSi crystal structure (adapted from Mizoguchi et al.
[5], Hayashi, et al [2], and constructed using Vesta [12])

While there have been many efforts to improve the performance
of Mg2Si-based materials, a number of researchers are still de-
veloping their synthesis methods [13-17]. The synthesis method
used by several researchers and efforts to increase the formation
of the Mg:Si phase. Stathokostopoulos et al. offered a pack ce-
mentation method for the synthesis of Mg.Si-based materials
[13, 18]. They mixed Mg and Si powders with variations of
Mg/Si ratio and added NH4CI as the powder activator. The
mixed powder was put into a crucible and heated at 500 and
650°C for 3 — 4 hours while flowing argon gas [18]. Based on
X-ray diffraction (XRD) analysis, they claim that the sample
with a ratio of Mg/Si=2.18 which was heated at 650°C for 4
hours produced the highest Mg.Si phase with less magnesium
oxide [18]. The absence of Mg and Si phase in the sample proves
that the excess Mg plays a role in compensate the levels of oxi-
dized Mg.

To prevent the formation of magnesium oxide, the synthesis of
the Mg.Si intermetallic alloy was carried out under the melting
temperature of magnesium. As done by Zhang et al., they com-
pared the raw materials of Mg and MgH2 powders in the synthe-
sis of Mg.Si [14]. Mg:Si alloys through solid-state reaction
method with low formation temperature and minimal MgO ob-
tained with MgH2 as raw material [14]. However, there has been
no research using the milling method in free air conditions and
heating in a closed tube during the sintering process. In this
study, we investigated the effect of free-air milling and sintering
processes that utilize stainless steel tubing on the formation of
Mg:Si-based intermetallic alloy. In addition, the influence of the
initial milling of silicon powder was also observed.
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MATERIAL AND METHODS
Materials preparation

Synthesis of MgSi alloys using magnesium powder (purity
98.5%) and Si powder (purity 99%). Mg:Si intermetallic alloy
was synthesized by using the powder metallurgy process. The
raw silicon powder with no pre-milling and milling for 2 hours
are compared in order to investigate its effect to the formation
of the MgzSi alloy. Weighing the Mg and Si powders with an
atomic ratio of Mg:Si=2:1 was the first step in the synthesis,
which was done in line with the Mg-Si phase diagram [19]. Sub-
sequently, the powders were placed in a stainless-steel vial and
the steel balls were then added with a ball-to-powder ratio (BPR)
of 2:1. The two powders were mixed and then milled using a
shaker mill for 2 hours. The milled powders were poured in the
stainless-steel tube and sealed at both ends of the tube to prevent
oxidation during the sintering process. This sealed technique
was used in previous Mg-based material research [20, 21]. The
stainless-steel tube containing the mixed powder was heated for
6 hours at temperatures of 500 and 600°C to produce the Mg2Si
phase. The heating process occurs in the air atmosphere, while
the cooling process is performed naturally in a furnace. The sam-
ple codes are tabulated in Table 1.

Materials characterization

A Rigaku Smart Lab XRD with Cu Ko radiation (A=0.15406
nm) was used to identify the phase and crystal structure. The
operating parameters were 36 mA, 36 kV, 0.01° steps, and a
range of 20 = 10 - 90°. The phase composition and crystal pa-
rameters were determined from the diffraction patterns using the
Rietveld method [22]. Scanning electron microscope (SEM)
JEOL JSM-6390A was used to observe the fracture surface mor-
phology of the samples. After the sintering process, the bulks
were mechanically removed from the tube. Using secondary
electrons, the surface morphology of the bulk flakes was in-
spected.

Table 1 Mg:Si-based alloys sample code

Sample Si-powder Tsinter Tsinter
code treatment (°C) (hours)
MS1-500 Milled, 2 hours 500 6
MS1-600 Milled, 2 hours 600 6
MS2-500 Un-milled 500 6
MS2-600 Un-milled 600 6

RESULTS AND DISCUSSION
XRD analysis

In this study, to determine the effect of the initial milling of pow-
der raw materials on the formation of Mg.Si alloys, the silicon
powder was ground with a shaker mill for 2 hours. The compar-
ison of the diffraction pattern of silicon powder before and after
milling is shown in Fig. 2. In the inset Fig. 2, it can be seen that
there is a widening of the peaks and a decrease in the intensity
of the diffraction pattern of milled silicon powder, indicated by
a dashed line. Broadening and decreasing the intensity of the
peaks indicate a reduction in the grain size of the silicon powder.
Fig. 3a-b shows the diffraction pattern of the Mg.Si-based alloy
samples powder after being removed from the stainless-steel
tube and ground using an agate mortar. All peaks indexed at
(111), (200), (220), (311), (222), (400), (331), (420), (422), and
(511) in the four samples are reflections of the Mg.Si phase [6,
17], [23]. Si, Mg, MgO, and SiO: phase were found in the alloy
samples. M. Saleemi et al. reported that the results of Mg:Si

preparation using the planetary ball mill method still showed Si
and MgO impurity phases [17]. According to them, this unre-
acted Si is the result of the formation of MgO. So that the ratio
of formation of MgSi alloy is not fulfilled according to the
phase diagram of the Mg-Si system. Based on the Mg-Si phase
diagram, the MgzSi phase will form when the atomic ratio
Mg/Si=2 [19]. Stathokostopoulos et al. conducted experiments
with variations in the Mg/Si ratio. They made an effort to mini-
mize unreacted silicon by exaggerating the amount of magne-
sium [18]. In contrast to the work done by Nakhowong et al., a
single phase Mg2Si was obtained by solid state reaction method
by heating 800°C for 6 hours under argon conditions reported by
Nakhowong et al [23]. When compared with the results of pre-
vious reports, the results we obtained with the simple method
offered have the same tendency.
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Fig. 2 Diffraction pattern of raw and milling silicon powder. The
insert image shows the magnification of the peak angle of 20
47.35°, the solid red line represents raw Si, and the black dashed
line represents milling Si.

The MgO phase at42.77° and 62.15° shows that oxidation is still
taking place during the synthesis. The MgO phase is the default
phase of the raw material and can also be formed during the mill-
ing process in free air conditions [17]. However, in general, the
sintering process in a closed tube has been shown to eliminate
the formation of MgO. As shown in the inset images in Fig. 3a
and 3b, it can be seen that the peak intensity of the Si phase at
an angle of 28.47° decreased with the increase in the sintering
temperature. In addition, the peak intensity of the Si phase in the
samples using Si-milled powder was lower than the Si powder
without milling. This indicates an increase in the formation of
the Mg:Si phase.
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Fig. 3 Powder XRD of the Mg:Si-based alloy samples at room
temperature, a). Sample MS1-500 and MS1-600, and b). Sample
MS2-500 and MS2-600

Based on the qualitative analysis of the diffraction pattern in Fig.
3a and 3b, the synthesis results still show multiphase. A quanti-
tative analysis was carried out using the Rietveld method to es-
timate the composition of the phase. The comparison of the dif-
fraction patterns calculated and observed for the samples MS1-
500, MS1-600, MS2-500, and MS2-600 is shown in Fig. 4 a—d.
Calculation of the composition of the formed phase refers to the
Mg:Si, Si, Mg, MgO, and SiO: phase as well as the results of a
qualitative analysis. Samples generated with Si powder that was
milled for 2 hours and sintered at 600°C produced the highest
Mg:Si phase of 86.31 wt.%. Sunohara et al. reported an increase
in the formation of the Mg:Si phase in direct proportion to the

refinement of silicon particles [24]. Table 2 shows that the in-
crease in the mass fraction of the Mg2Si phase was not only due
to the milling treatment of silicon powder but also to the increase
in sintering temperature. Isoda et al. stated that the sintering time
was above 4 hours capable of heating to 870°C [15]. They also
reported that single phase Mg:Si was easily obtained using sili-
con with a size below 53 um.

Table 2 Quantitative analysis of diffraction, lattice parameters,
and inter-atomic bond length calculation results of Mg.Si-based

alloy samples
Parameter MS1-500 MS1-600 MS2- MS2-
500 600

Mg:2Si, wt.% 82.45 86.31 7299 77.92
Impurities, wt.% 17.55 1369 27.01 22.08
a-lattice, nm 0.6354 0.6355 0.6353 0.6355
Mg-Mg bond length, 0.3176 0.3177 0.3176 0.3177
nm
Mg-Si bond length,  0.2751 0.2751 0.2751 0.2751
nm
Density, g/cm® 1.986 1.985 1.986 1.985

The refined lattice parameters of the MgzSi-based samples are
tabulated in Table 2, along with the composition of the phases
that were formed. The lattice parameters for samples based on
Mg:Si heated at 600°C obtained a value of 0.6355 nm. The value
of this lattice parameter has similarities with the results reported
by Hayashi et al [2].
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Fig. 4 The calculated curve results of the diffraction pattern of the Mg2Si-based alloys sample powder. a). MS1-500, b). MS1-600,

¢). MS2-500, and d). MS2-600
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SEM analysis

Fig. 5 shows the observations of the surface microstructure of
samples MS1-600 and MS2-600. Granules with heterogenous
shapes and non-uniform sizes existed in the MS1-600 sample.
The granules of the MS2-600 sample appear to have a more ho-
mogeneous shape with a larger size than the MS1-600 sample.
This is consistent with the XRD peak intensity of the sample
MS2-600, which was higher than that of MS1-600 (Fig. 4b and
4d).

20KV X5,000 5um 0000 1230 SEI

20KV X5000 6um 0000 1130 SEI

Fig. 5 Secondary Electron (SE) image of the fracture surface of
the sample MS1-600 and MS2-600

Fig. 6 shows the elemental composition of the fracture surface
area 002 of sample MS2-600. In the inset of Fig. 6, it can be seen
that the atomic ratio of Mg:Si=2.04:1. This elemental ratio ap-
proximates the value of the ratio in the phase diagram of the Mg-
Si system. Hu et al. reported that the average atomic ratio of Mg
and Si elements from the EDS test results of Mg.Si-based sam-
ples prepared by the spark plasma sintering (SPS) method was
2.11[23].

than the Mg2Si phase. The cubic MgSi phase has lattice a-con-
stant value of 0.3655 nm.
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