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ABSTRACT  

The efficiency of energy consumption can be improved by reducing the heat lost during the combustion process of automotive engines. 

By converting waste heat energy into other energy sources that can be used directly, efficiency can be achieved. Mg2Si0.3Sn0.7 is a 

metal alloy that has the potential to convert waste heat into power. In this research, we used the powder metallurgy method to synthe-

size the Mg2Si0.3Sn0.7-based alloy. A mixture of Mg, Si, and Sn powders that had been milled for 2 hours was insulated in the stainless-

steel tube to avoid oxidation and combustion. Heat treatment was conducted with temperature variations of 700, 750, and 800°C for 

4 hours to investigate the influence of sintering temperature on the crystal structure of the Mg2Si0.3Sn0.7-based alloy. The microstruc-

ture and formation of the material were examined using an X-ray diffractometer (XRD) and a scanning electron microscope (SEM). 

Based on XRD analysis, it was found that the Mg2Si0.3Sn0.7 phase and a small amount of magnesium oxide (MgO) phase have formed. 

Due to the phase transition from Mg2Si0.3Sn0.7 to Mg2Sn at a sintering temperature of 800°C, the cubic lattice constant -a changes 

from 0.6631 nm to 0.6765 nm. 
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INTRODUCTION 
 
Fossil fuels as a fuel in various fields such as transportation, 

electricity generation and industry are still an option today. In 

general, the majority of processes generate a substantial amount 

of waste heat. The use of wasted thermal energy can lead to an 

increase in fuel consumption. Through the Seebeck and Peltier 

phenomena, this heat can be converted directly into other energy 

sources. The Seebeck phenomenon states that if two materials 

have a temperature difference between their surfaces, a potential 

difference will result in both materials. Furthermore, this mate-

rial will be known as a thermoelectric material. When a material 

has a potential difference, the Peltier phenomenon states that ap-

plying heat to one surface will result in a cool temperature on 

the opposite surface. This material is referred to as a thermo-

cooler material. 

Magnesium based metal alloys, such as Mg2Si, Mg2Ge, and 

Mg2Sn, have the potential to be used as thermoelectric materi-

als. The ZT value of a material can be used to determine its ther-

moelectricity (ZT>1) The ZT values for the three magnesium-

based alloys are still lower than 1. Enhancing thermoelectric 

properties, particularly the ZT value, has been achieved through 

doping in materials. When Sn and Ge elements are doped on the 

Si site, the ZT value of Mg2Si-based alloys increases [1]. The 

Mg2Si0.3Sn0.7 alloy has thermoelectric properties that are sim-

ilar to those of p-type thermoelectric materials [1]–[4]. The ZT 

value of the Mg2Si0.3Sn0.7-based alloy was increased up to 1.4 

by doping several elements [1].  

The Mg2Si0.3Sn0.7 alloy generation process is generally based 

on the phase diagram of the Mg-Si-Sn system or pseudo-binary 

Mg2Si-Mg2Sn [5]–[7]. When manufacturing the 

Mg2Si0.3Sn0.7-based alloy, the heating method is challenging. 

Kun Cheng et al synthesized the Mg2Si0.3Sn0.7-based alloy 

through the melting technique [2]. Magnesium, silicon, and tin 

were weighed in accordance with their respective stoichiometric 

compositions of Mg2.03Si0.3Sn0.7 and then all of the compo-

nents were sealed in a tantalum tube. The melting occurred at 

1057°C for 7 hours, was quenched in water, and then annealed 

for 72 hours at 700°C. Huang et al employed the solid-state re-

action approach followed by hot pressing to synthesize the 

Mg2(Si0.3Sn0.7)0.99Sb0.01 alloy [8]. After the raw materials 

Mg, Si, Sn, and Sb have been weighed in accordance with the 

formula, they are mixed and put on a Mo crucible. To prevent 

the formation of magnesium oxide, the sample was carefully 

sealed in a silica tube before the heating procedure. At 580°C, 

the sample was heated for 15 hours at a relatively low heat rate. 

The heat-treated products are crushed and then heated to 750°, 

800°, and a combination of the two temperatures during a hot-

pressing process. The solid-state reaction method led to the for-

mation of Mg2Si0.3Sn0.7, Mg2Si, and Mg2Sn phases based on 

their X-ray diffraction investigation. When it was combined 

with hot pressing, the method was found to be effective in pro-

ducing Mg2Si0.3Sn0.7-based alloy. 

In this study, we report that the sintering temperature influences 

the evolution from the Mg2Si0.3Sn0.7 phase to the Mg2Sn 
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phase. Through X-ray diffraction and scanning electron micro-

scope investigations, it was discovered that the growth of grains 

occurred with an increase in sintering temperatures. 

 

MATERIAL AND METHODS 

Sample preparation 

 

Powder metallurgy was employed to synthesize the 

Mg2Si0.3Sn0.7-based alloy using commercially available magne-

sium powders (Merck Millipore), silicon powders (Sigma Al-

drich), and tin powders (Sigma Aldrich) as initial materials. To 

prepare the Mg2Si0.3Sn0.7- based alloy, Mg, Si and Sn powders 

were weighed at the atomic ratio of Mg:Si:Sn=2:0.3:0.7. The in-

itial powders were then ground for 2 hours in a shaker mill to 

further homogenize the mixture. In the milling process, steel 

balls are employed at a ratio of ball to powders weight (BPR) of 

2:1. The milled powder is sealed and compacted in a stainless-

steel tube. This technique has been demonstrated to be effective 

in minimizing magnesium oxidation while sintering process at 

high temperatures (above the melting point of Mg) [9], [10]. The 

samples were then sintered in a muffle furnace with variations 

in temperature of 700, 750 and 800°C for 4 hours. After the hold-

ing time was reached, all samples were permitted to naturally 

cool to room temperature in the furnace. The samples in this re-

search were coded and presented in Table 1. To characterize the 

sintered samples, it was divided into two sections. For X-ray dif-

fraction (XRD) testing, a piece was mechanically removed from 

the stainless-steel tube and ground using agate mortar. To ob-

serve the morphology of the surface samples, the other pieces 

are inserted into the resin to be grinded and polished. 

 

Sample characterization 

 

In this study, we investigate the phase formed after the sintering 

process using an XRD. The testing was conducted at room tem-

perature with a step size of 0.01° and an angle range of 2θ = 20-

80°. The Rigaku Smart Lab X-ray diffractometer, which has a 

240 mm goniometer radius, is operated by a copper radiation 

source (Cu kα = 0.15406 nm). Qualitative and quantitative char-

acterization was carried out to investigate the effect of sintering 

temperature on the phase and its crystal structure. The Rietveld 

method is employed to determine the lattice parameters of the 

phase that was obtained [11]. The surface morphology of the 

samples was observed using a JEOL JSM6390A scanning elec-

tron microscope (SEM). The sample surface that observed was 

a sintered solid surface that had been grinded and polished. The 

distribution of elements on the sample surface was determined 

through element mapping - energy dispersive X-ray spectros-

copy (Mapping-EDAXS). 

 

Table 1 Mg2Si0.3Sn0.7-based alloy samples code with heat treat-

ment variation. 

Sample 

code 

Milling 

time 

(hours) 

T-sinter-

ing (°C) 

Holding 

time 

(hours) 

M700 2 700 4 

M750 2 750 4 

M800 2 800 4 

  

RESULTS AND DISCUSSION 

Following 4 hours of sintering at 700, 750, and 800°C, Fig. 1 

shows the powder X-ray diffraction (PXRD) patterns of 

Mg2Si0.3Sn0.7-based alloy samples. The diffraction pattern for 

samples sintered at temperatures of 700 and 750°C shows peaks 

at angles of 2θ = 23.25, 26.74, 38.25, 45.19, 55.07, 60.64, 68.93, 

and 73.79°. Similar diffraction peaks may be seen at this angle 

in the planes indexed (111), (200), (220), (311), (400), (311), 

(422), and (511), which are the planes of the cubic phase 

Mg2Si0.3Sn0.7 [4], [12]–[15]. There is a peak that matches the 

MgO phase peak at angles 2θ = 42.90 and 62.30° [14]. These 

findings demonstrate that, despite sintering temperatures over 

the Mg melting point, the method employed can maintain the 

Mg2Si0.3Sn0.7 phase formation with less MgO. The SiO2 phase 

was detected at an angle of 2θ = 20.89°. The presence of the SiO2 

is a follow-up impurity phase from the silicon powder raw ma-

terial used [16]. In comparison to M700 and M750, the sample 

sintered at 800°C (M800) has a significant difference. The dif-

fraction peaks have been shifted to the left. Based on the inves-

tigation results, the peaks were detected at angles 2θ = 22.77, 

26.36, 37.61, 44.41, 46.49, 54.21, 59.54, 67.83, and 72.56°. Ac-

cording to Boudemagh et al and Huang et al, these peaks are 

correspond to the cubic Mg2Sn phase [8], [17]. On sintering at a 

temperature of 800°C it turns out to give rise to a cubic phase of 

Mg2Si which is detected at an angle of 2θ = 23.95°. The occur-

rence of the Mg2Si phase is most likely due to sintering temper-

atures exceeding the melting point of the Mg2Si0.3Sn0.7 alloy, 

causing the Mg2Si0.3Sn0.7 phase to decompose into Mg2Sn and 

Mg2Si [18]. The Mg2Sn alloy melts at a temperature of 774 °C 

[5], [6]. 

 

 
Fig. 1 Powder X-ray diffraction (PXRD) pattern of 

Mg2Si0.3Sn0.7-based alloy samples. 

 

Fig. 2a illustrates the shift in the diffraction peak of the 

Mg2Si0.3Sn0.7-based alloy sample when the diffraction pattern is 

enlarged in the angle range 2θ = 22.2–23.8°. The pattern indi-

cates that the highest peak of the Mg2Si0.3Sn0.7 sample has been 

moved by 0.48°. A peak shift and a phase transition from 

Mg2Si0.3Sn0.7 to Mg2Sn occur when the sintering temperature in-

creases. Between the Mg2Si0.3Sn0.7 and the Mg2Sn phase, an in-

termediate arises. Additionally, Mejri et al reported the existence 

of this intermediary phase [6].  

According to Fig. 2a, a higher sintering temperature results in a 

more crystallin phase of Mg2Si0.3Sn0.7-based alloy. This indi-

cates that the phase peak intensity value has increased by up to 

three times. According to the phase diagram of the Mg-Si-Sn 

system, the sintering process has reached the melting point of 

the Mg2Si0.3Sn0.7 phase, which has led to a rise in crystallinity. 

As a result, phase formation now occurs through a solidification 

mechanism, instead of continuing as a liquid solid process.  

The Monshi-Scherrer method was utilized to determine the size 

of the crystallite to determine the impact of sintering tempera-

ture on the microstructure [19], [20]. A linear line equation can 

be created using the ln (1/cos θ) vs ln FWHM plot, as displayed 
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in Fig. 2b. The full width at half maximum (FWHM) of the three 

samples in the indexed planes (111), (220), (311), and (331), ex-

pressed in degrees, are shown in Table 2. After that, the crystal 

size is determined using this FWHM value. Line equations 

M700, M750, and M800 samples have constant c values of -

5.5640, -5.8441, and -6.6683, respectively. As the sintering tem-

perature rises, crystals of the Mg2Si0.3Sn0.7-based alloy grow, as 

presented in Table 2. 

 

 

 
Fig. 2 Peak shift results from magnification of the diffraction pattern at 22.2 – 23.8° on the Mg2Si0.3Sn0.7-based alloy samples (a) and 

Plot of ln (1/cos θ) vs ln FWHM of Mg2Si0.3Sn0.7-based alloy samples. 

 

Table 2 Quantitative analysis of Mg2Si0.3Sn0.7-based alloy sam-

ples. 

Source M700 M750 M800 

Lattice constants -a 

(nm) 

0.6631 0.6670 0.6765 

FWHM (111) (°) 0.232 0.182 0.073 

FWHM (220) (°) 0.332 0.276 0.086 

FWHM (311) (°) 0.415 0.307 0.087 

FWHM (331) (°) 0.550 0.490 0.097 

Crystallite size (nm) 38 50 114 

 
Fig. 3 shows the refinement of the diffraction pattern of the 

Mg2Si0.3Sn0.7-based alloy sample sintered at 800°C. Mg2Sn, 

Mg2Si, MgO, and SiO2 were the 4 phases used in the refinement 

process that were detected qualitatively. The Mg2Sn phase input 

for the calculation process is modified by using the Mg2Si0.3Sn0.7 

formula and a cubic structure that is part of the space group fm-

3m [7]. The lattice constant -a at 0.6765 nm, as calculated, is 

similar to the lattice constant value of the Mg2Sn phase reported 

by Boudemagh et al [17]. The lattice constant -a for all 

Mg2Si0.3Sn0.7-based alloy samples are tabulated in Table 2. De-

spite calculations using the modified Mg2Sn phase, the lattice 

constants values of the M800 sample remained close to the 

Mg2Sn lattice constants value. This is in contrast to the M700 

and M750 samples, which have the lattice constants -a value of 

0.6631 nm and 0.6670 nm, respectively. According to Goyal et 

al, the Mg2Si0.3Sn0.7-based alloy synthesized by the melting tech-

nique has the lattice constants -a of 0.6655 nm [3]. Mg2Si0.3Sn0.7-

based alloy was synthesized by Assahsahi et al through melting 

and spark plasma sintering (SPS) [4]. They provided infor-

mation on the lattice constants -a value of the Mg2Si0.3Sn0.7 

phase at 0.6660 nm [4]. These findings indicate that the phase 

transition of Mg2Si0.3Sn0.7 phase is influenced by the sintering 

temperature. The Mg2Si0.3Sn0.7 alloy will tend to turn into Mg2Sn 

alloy when heated above its melting point of Mg2Sn. 

 

 

 
Fig. 3 Refined pattern of the sample sintered at 800°C. 

 

Fig. 4a – 4c are surface images of Mg2Si0.3Sn0.7-based alloy sam-

ples after grinding and polishing processes. Fig. 4a shows the 

polishing surface of the M700 sample with irregular shapes and 

random directions. There are no significant metallic grain con-

nections evident in the surface morphology of the M700 sample. 

As the sintering temperature increases, the surface begins to 

have a direction marked by polishing traces. The sample was 

sintered at 750°C and its surface microstructure is shown in Fig. 

4b. It appears that a metallic morphology has begun to form with 

a regular shape compared to the sample sintered at 700°C. Fig. 

4c demonstrates the polished surface with an enlarging grain 

surface. This is supported by the XRD analysis in Table 2 which 

shows that crystal growth occurs with increasing sintering tem-

perature. In addition, the metal surface shows the majority of 

Mg2Sn phase present in the M800 sample.  

Fig. 5a and 5b show the distribution of the elements contained 

on the surface of the Mg2Si0.3Sn0.7-based alloy sample sintered 

at 700 and 750°C. The elements mapping image indicates that 

magnesium and tin elements are the dominant elements through-

out the observation area. The alloy formula was created based 

on the content of these two elements, which is the reason for this. 

Magnesium oxide (MgO) is the most likely substance in Fig. 5b, 

which is marked with a red line. It can be seen that the area with 
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the red line has a distribution that is dominated by magnesium 

and oxygen. 

The mapping results (Fig. 5a - 5b) show that the sample ele-

ments M700 and M750 have the same distribution of elemental 

oxygen (O) with low intensity. The XRD results of the two sam-

ples validate this, indicating that the MgO produced is quite low. 

 

 
Fig. 4. Surface images of the Mg2Si0.3Sn0.7-based alloy samples. 

a) M700 sample, b) M750 sample, and c) M800 sample  

 

 

 
Fig. 5 SEM-EDAXS mapping of M700 sample (a) and M750 

sample (b). 

 

CONCLUSIONS 

Mg2Si0.3Sn0.7-based alloy has successfully been synthesized us-

ing the powder metallurgy method. An X-ray diffractometer 

(XRD) and a scanning electron microscope (SEM) were used to 

investigate synthesized samples with variations in sintering tem-

perature. Following is a list of some findings from the present 

research: 

1. The alloying process is maintained successfully with minor 

magnesium oxide by heating in the stainless-steel tube. 

2. The cubic Mg2Si0.3Sn0.7 phase is formed when sintering at 

temperatures below 800°C. 

3. The cubic Mg2Si0.3Sn0.7 phase is turned into the cubic 

Mg2Sn phase by the sintering process at 800°C. Evidence 

for this phenomenon can be found in the lattice constants -

a, which have a value change from 0.6631 nm to 0.6765 

nm. 

4. As the sintering temperature increases, the surface of the 

Mg2Si0.3Sn0.7-based alloy becomes clearer, which leads to 

grain growth. 
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