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ABSTRACT

In this study, phase formation, the microstructure and the thermal properties of an Al-Mg alloy solidified at 
high temperature in the argon atmosphere were investigated. The maximum formation of a single-phase Al-
Mg alloy was determined by the ratio of the primary aluminum and magnesium components Al – 50 at.% Mg 
and argon gas flow at a temperature of 750 oC. After solidification at pressures of 1 MPa and 2 MPa, the main 
phases are the β and γ phases of Al-Mg alloy, in equilibrium condition. The thermal properties of the Al-Mg 
alloy were studied using DTA-TG (Tmelting = 458.4 oC, Тoxidation = 568.4 and 616.9 oC oxidation of pure Mg and pure 
Al, respectively).

Keywords: Al-Mg alloy, High-temperature diffusion bonding method, Microstructure, Rapid-solidification, 
Phase transformations.

1. Introduction 

The initially high solidification rate inherent 
to liquid solidification, i.e rapid solidification 
from the liquid state, can a significant influence 
on the formation kinetics of aluminum-based 
alloys. Rapid solidification, compared to solid 
solidification, can result in an increased amount 
of excess vacancies and an enhanced degree 
of solute super saturation [1]. A solid solution 
becomes unstable through super saturation 
and decomposes partly but not completely into 
another crystalline phase as the equilibrium 
one is approached [2]. Structuring aluminum-
based alloys with a rapid solidification process 
is considered to improve the thermodynamic 
properties of aluminum [3].

Al–Mg alloys have been widely used in wrought 
due to their corrosion resistance, low density, 
formability and release of high energy. For 
example, in structural materials [4], for hydrogen 
storage [5], in aerospace [6], in the manufacture 
of electronics [7], in the anti-corrosion coating 
[8], etc. Mg-Al solid solutions in comparison 
with pure Al have several advantages, namely, 

lower ignition temperature, shorter burning 
time, higher flame propagation rate, etc. In recent 
years, due to these advantages, the possibility 
of used as a fuel in explosives, propellant and 
pyrotechnic composition has been considered in 
many research areas [9-12].

These days, there are many methods for the 
preparation of Al-Mg alloy, such as, the mixing 
method [13], mechanical alloying method 
[14], electrical deposition method [15], high-
temperature diffusion bonding method [16], 
molten salt electrolysis method [17], electron 
beam evaporation [18], etc. Al-Mg super-
structured solid-phase alloys were obtained by 
the high-temperature diffusion bonding method. 
Compared to other extraction methods, the high-
temperature diffusion bonding method is faster, 
cleaner, and less energy-intensive [19].

In this research work, the effects of the ratio of 
the initial components, the synthesis temperature 
and the environmental pressure on the formation 
of Al-Mg alloy were studied. The composition 
and structural anlysis of Al-Mg alloy synthesized 
at high temperatures were determined and the 
thermal properties were studied.
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2. Experimental part

2.1. Materials

Magnesium powder (Mg) – partial diameter 
around 200-250 µm and ≥ 99% purity. Melting 
point 659 oC. Aluminum powder (Al) – partial 
diameter around 65 µm and purity ≥ 99%. Melting 
point 669 oC.

2.2. Preparation of Mg-Al alloy

Pure Mg powder and pure Al powder are 
mixed and in placed in a high-pressure reactor, 
a solid solution of Mg-50% Al is synthesized by 
melting at a temperature of 750 oC. The scheme 
of the high-pressure reactor is shown in Fig. 1. 
The composition and structure of the Mg-Al alloy 
are determined by X-ray diffraction (XRD) and 
Scanning Electron Microscopy (SEM).

2.3 Measurement of thermal decomposition 
behavior 

Thermal analysis is a quick and effective way to 
study thermal ignition of Al-Mg alloy. Characteristics 
of thermal decomposition are determined and 
studied by using Thermogravimetry-Differential 
Thermal Analysis (TG/DTA) in the temperature 
range of 25–600 oC. The equipment operates in 
atmospheric pressure in a stream of nitrogen 
(300 cm3/min). DSC is working with the heating 
rate of (β) 10 Kmin–1. Aluminum pans (height 
2.5 mm and diameter 5 mm) were used and 
1 mg of the sample is placed in thermal connection 
with an aluminum pan. In TG/DTA equipment, the 
standard line of TG/DTA was measured four times 
for each sample. 

Fig. 1. Scheme of high-pressure reactor: 1 – vacuum pump; 2 – transformer; 3 – voltmeter; 4 – reactor top cap; 
5 – bottom reactor cover; 6 – furnace; 7 – thermocouple; 8 – sample; 9 – reactor vessel; 10 – manometer; 11 – inlet and 
exhaust valves; 12 – argon gas; 13 – LTR-U-1 data acquisition systems; 14 – computer.

3. Results and discussion

3.1. Influence of initial components on the 
formation of Al-Mg alloy

The degree of solubility of magnesium in 
aluminum is very important for the synthesis 
of Al-Mg alloy. Mg solution in Al for Al–40 at.% 
Mg composites are shown as 23%. In these 
experiments, the mixing temperature was stable 
at 45 oC. For Al–30 at.% Mg alloys the maximum 
solubility of magnesium is 14.1%. For Al–50 at.% 
Mg composites, around 45% solubility of Mg in 
the α-Al phase was shown [3].

In the synthesis of Al-rich Al-Mg alloy, the 
mechanical mixture from different concentrated 
magnesium is integrated with melting in the 
pressure reactor at 750 oC. The alloy is cooled by 
argon gas flow. The phase and crystal structure 
of all the samples were investigated by XRD and 
SEM. The results of XRD are shown in Table 1 and 
Fig. 2, respectively.

As shown in Table 1, Mg2Al3 and Al12Mg17 
intermetallic components were synthesized 
during the synthesis of Al and Mg powders at 
high-temperature argon flow. As increasing the 
amount of aluminum, Al-rich Mg2Al3 intermetalliс 
is decreased, but the Mg-rich Al12Mg17 amount is 
increased. Mg-rich Al12Mg17 alloy was formed for 
the Al–50 at.% Mg system. The Al–35 at.% Mg is 
an optimal ratio system for the synthesis of Al-
rich Al-Mg alloy. 

Structural analysis of synthesized alloys was 
carried out by scanning electron microscope. 
The microstructures for research results of the 
synthesized products are shown in Fig. 3.

As shown in Fig. 3, crystalline layers of 
aluminum and magnesium were formed at crystal 
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Fig. 2. X-ray pattern of Al 70 wt.%, Mg 30 wt.%.

lattices of synthesis Al-Mg alloy production. 
In addition, the structure of alloy crystals is in 
submicron sizes. Single-phase alloys are formed 
when the magnesium content in aluminum is 43.9–
62.5% [20]. Therefore, the degree of solubility of 
magnesium in aluminum is showed the maximum 
value. In addition, Al–50 at.% Mg alloy released 
maximum combustion heat.

3.2. Influence of synthesis parameters of the Al-
Mg alloy structure

The formation of single-phase alloy in synthesis 
of Al–50 at.% Mg depends on the parameters of the 

formation temperature and synthesis pressure. 
XRD results of Al-Mg alloy synthesized at different 
temperatures and different pressures are shown 
in Table 2.

As shown in Table 2, the increase in pressure 
does not play an important role in our system. 
The change in the temperature of the synthesis 
determines the β and γ phases of Al-Mg alloy.

The results of quantitative and qualitative 
analysis of synthesized alloys was carried out 
using a SEM. Structural analysis of systems is 
shown in Fig. 4. The most effective point for the 
synthesis of a single-phase Al-Mg alloy is shown 
temperature 750 oC.

Table 1. Results of XRD analysis for synthesized products of Mg-Al systems

Ratio of primary 
components

Synthesis products, %
Mg2Al3 Mg17Al12 Al2O3 MgO AlN

Al–50 at.% Mg
Al–35 at.% Mg
Al–30 at.% Mg
Al–20at.% Mg

-
84.6
83.8
82.1

97.7
4.2
4.8
5.5

-
4.4
5.9
6.2

2.3
5.9
5.5
5.1

-
0.9

-
1.1

Fig. 3. Microstructure and elemental analysis of the Al–50 at.% Mg system: (a) – electron microscopic image; (b) – the 
energy dispersive spectrum and mass fraction of elements.
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Fig. 4. Microstructure and elemental analysis of the Al–50 at.% Mg system (T = 750 oC, P = 2 MPa): (a) – electron 
microscopic image; (b) – the energy dispersive spectrum and mass fraction of elements.

The results of quantitative and qualitative 
analysis of synthesized alloys were carried out 
using a SEM. Structural analysis of systems is 
shown in Fig. 4.

According to the images of the electron 
microscope and elemental analysis of synthesized 
products, the formation of Al–50 at.% Mg alloy in 
the system can be predicted. Compared to Fig. 3, 
the increase in pressure does not have a significant 
effect on the structure of the alloy.

3.3. Thermal properties of Al-Mg alloy 
synthesized at high temperatures

The DTA-TG was used to investigate the 
thermal properties of the synthesized Al–50 at.% 
Mg alloy. In the nitrogen gas flow, at a heating rate 
of 10 оС/min and range of 30–650 оС the thermal 
characteristics of the system were measured. 
Thermal curves of Al–50 at.% Mg alloy is shown 
in Fig. 5.

The previous literature shows the DTA-TG 
values of single-phase Al–50 at.% Mg alloy [21]. 
According to the results, the oxidation process of 
double-step magnesium and aluminum occurs at 
temperatures of 542.6 and 599.2 оС along with the 
melting at 461.5 оС.

Figure 5 shows the thermogravimetric analysis 
of the Al–50 at.% Mg alloy at 458.4 оС, according 
to the previous literature endothermic peak is the 
melting point of the Al-Mg alloy. Also, the system 
has a two-stage exothermic peak alloy oxidation 
process. 

Exothermic peaks at temperatures of 568.2 
and 616.9 оC are oxidization processes of pure 
magnesium and pure aluminum, respectively. 
Together with the starting of two-phase 
exothermic peaks, the mass change in the system 
was shown. The temperature increases cause the 
reaction with oxygen in the air and forming high-
density MgO and Al2O3.

The thermal properties of Al–50 at.% alloy in 
our system correspond to the thermal properties 
of the alloy in the previous literature [21]. Thus, 
single-phase Al–50 at.% alloy can be formed in the 
synthesized system.

4. Conclusion

Al-Mg alloys were synthesized at high 
temperatures in the argon gas flow and the effects 
of various parameters on the formation of the 
alloy and the thermal properties of the alloy were 
studied.

Table 2. Results of XRD for synthesized products at different temperatures and different pressures for Al-Mg systems

Ratio of primary 
components

Synthesis 
temperature, оС

Environmental 
pressure, MPa

Synthesis products, %
Al12Mg17 Al3Mg2 MgO Al2O3

Al–50 at.% Mg
700

750

800

1
2
1
2
1
2

93.4
65.1
97.7
97.6
75.8
50.8

5.1
31.2

-
-

19.6
45.7

1.5
3.7
2.3
2.4
3.5
3.6

-
-
-
-
-

1.0
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Fig. 5. Thermogravimetric analysis of Al–50 at.% Mg 
alloy.

The main conclusions of this study are:
1) Different ratios of the initial components 

to the maximum formation of single-phase Al-
Mg alloys were studied. The ratio of the initial 
components of the Mg-Al alloy synthesized at high 
temperatures was determined Al–50 at.% Mg;

2) The effect of temperature on the formation 
of Al-Mg alloys was studied. The effective 
temperature for the formation of single-phase Mg-
Al alloy was determined at 750 оC;

3) The effect of pressure on the formation of 
Al-Mg alloys was studied. The increase in pressure 
does not have a significant effect on the structuring 
of alloys;

4) The thermal properties of Al-Mg alloys 
synthesized at high temperatures were 
determined at different temperatures (Тmelting = 
458.4 оC, Тoxidation = 568.4 and 616.9 оC, oxidation of 
Mg and Al, respectively).
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Микроструктура и термические свойства 
сплава Al–Mg затвердевшего при высокой 
температуре в атмосфере аргона

К. Камунур1,2, Н.К. Бекмурат1, Б. Милихат1, Р.Г. 
Абдулкаримова1,2
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Аннотация

В этой работе исследованы фазообразова-
ние, микроструктура и термические свойства 
Al-Mg сплава затвердевшего при высокой тем-
пературе в атмосфере аргона. Максимальное 
образование однофазного сплава Al-Mg со-
отношением компонентов первичного алю-
миния и магния Al–50%, потока Mg и газо-
вого аргона определялось при температуре 
750 оC. После затвердевания при давлениях 
1 МПа и 2 МПа основными фазами являются β- 
и γ-фазы сплава Al-Mg, находящиеся в равно-
весном состоянии. Теплофизические свойства 
алюминиево-магниевого сплава были иссле-
дованы методом DTA-TG (Tплавление = 458.4 oC, 
Токисление = 568.4 и 616.9 oC окисление чистого 
Mg и чистого Al соответственно).
Ключевые слова: Al-Mg сплав, высокотемператур-
ный диффузионный способ связывания, микро-
структура, быстрое затвердевание, фазовые пре-
вращения

Аргон атмосферасындағы жоғары темпера-
турада қатайтылған Al-Mg қорытпасының 
микроқұрылымы және термиялық қасиет-
тері

Қ. Қамұнұр1,2 , Н.Қ. Бекмұрат1, Б. Милихат1, 
Р.Г. Абдулкаримова1,2

1әл-Фараби атындағы Қазақ Ұлттық Университеті, 
Алматы, Қазақстан
2Жану проблемалары институты, Алматы, Қа-
зақстан

Аңдатпа

Бұл зерттеу жұмысында, аргон атмосфера-
сында жоғары температурада қатайтылған Al-
Mg қорытпасының фазалық құрылымдануы, 
микроқұрылымы және термиялық қаситтері 
зерттелінген. Бір фазалы Al-Mg қорытпасы-
ның максималды түзілуі бастапқы алюминий 
және магний компоненттерінің арақатына-
стары Al–50 at.% Mg және аргон газ ағынында 
750 оС температурада анықталынды. Те-
пе-теңдік жағдайда, 1 МПа және 2 МПа қы-
сымдарда қатайтылғаннан кейінгі Al-Mg 
қорытпасының басты фазалары β және γ фаза-
лары болады. DTA-TG арқылы Al-Mg қорытпа-
сының термиялық қасиеттері (Тбалқу = 458.4 oC, 
Ттотығу = 568.4 және 616.9 оС сәйкесінше Мg және 
Al) зерттелінді.
Кілт сөздер: Al-Mg қорытпасы, жоғары темпе-
ратуралық диффузиялық байланысу әдісі, ми-
кроқұрылым, жылдам қатаю, фазалық ауысулар


