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ABSTRACT

Based on the values of the partial pressures of magnesium above dimagnesium stannide and melts
with tin, determined by the boiling point method (isobaric and isothermal variants, respectively)
and tin, calculated by numerical integration of the Gibbs - Duhem equation in accordance with
known expressions, the thermodynamic functions were determined: changes in entropy, enthalpy,
and free energy of evaporation. Methods to determine the vapor pressure of isobaric and
isothermal variants of the boiling point method and calculate thermodynamic values are
described. The dependences of the values of partial vapor pressure of magnesium and tin were
Received: December 22, 2025 determined, based on which the energy functions were determined. The measurement error was
Peer-reviewed: December 29, 2025 7.07%. Data on the change in evaporation entropies are presented graphically. An increase in the
Accepted: January 28, 2026 partial entropies of evaporation of magnesium and tin was noted with a decrease in their content
in the alloy (each) to less than 20 at. %. Extremes are noted: a maximum for magnesium and a
minimum for tin at a concentration corresponding to the stoichiometric composition of
dimagnesium stannide (60 at. % Mg). The latter indicates the presence of a dissociating compound
in the liquid phase that affects evaporation. The values of the change in enthalpy and Gibbs free
energy of evaporation are tabulated. It was established that the values of partial and integral
enthalpies and Gibbs free energy of vaporization monotonically increase from Mg to Sn in
accordance with second-degree dependencies on the concentration of components in the alloy
and linearly (Gibbs energy) with temperature. The very small change in the integral value of the
free energy of evaporation of magnesium (0.03 + 0.002 kJ/mol) at 1373 K (1100 °C) indicates a
practical coincidence with the boiling point of magnesium. The energy functions of evaporation of
magnesium-tin melts will supplement the thermodynamic database and can be used for thermal
engineering calculations in the design of distillation processes and apparatus.
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Introduction

Magnesium and its alloys are widely used in
various industries [[1], [2], [3], [4], [5], [6], [7], [8]].
In recent years, researchers have paid great
attention to the production of biodegradable
magnesium alloys that have a minimal negative
impact on the human body.

Along with the expansion of the range of
magnesium-based alloys, problems have arisen with
the processing of the wide variety of waste and
secondary raw materials based on it. However, to
date, no rational technology has been developed for
the processing of biodegradable magnesium
secondary raw materials containing tin, silver, and
other metals, as well as defective products. One
promising method to process such alloys may be
vacuum distillation, with magnesium being
transferred to the vapor phase and impurities being
concentrated in the still bottom. However, no data
on the energy characteristics of the evaporation of
liguid magnesium—tin alloys have been found. In this
regard, there is a need to determine the
thermodynamic characteristics of Mg — Sn melt
evaporation, which are necessary to calculate the
energy costs of the distillation process. This can be
done on the basis of experimental studies to
determine the saturated vapor pressure values of
the components that make up the system.

Magnesium and tin form alloys with unlimited
solubility in the liquid state and the presence of a
congruent melting compound Mg,Sn at 778 °C [[9],
[10]].

Quite a few papers [[11], [12], [13], [14], [15],
[16], [17], [18], [19], [20]] are devoted to the study
of the thermodynamic properties of magnesium—tin
system melts. In studies [[11], [12]], using the
method of electromotive forces of concentration
chains, the thermodynamic functions of the system
at temperatures of 650 °C and 800 °C were
determined over the entire range of liquid alloy
concentrations, and large negative deviations from
ideal behavior were found. In paper [13], the
saturated vapor pressure of magnesium, the
thermodynamic functions of liquid alloys, and the
liquidus lines of the phase diagram were determined
using the isopyestic method at 990 and 1290 K.

The authors of [[14], [15]] determined the
thermodynamic functions, thermal stability, and
other physical properties of the Mg,Sn condensed
phase.

In the study [16], the partial pressure of
saturated magnesium vapor for alloys containing
10-60 at. % Sn was determined using the boiling

point method at temperatures of 1154-1385 K
(881-1112 °C).

In papers [[17], [18]], data from previous studies
were introduced into a double system model using a
modified quasi-chemical model, which allowed for
very good agreement with published experimental
data.

Excess thermodynamic functions and activity
coefficients, based on which the saturated vapor
pressure can be determined for magnesium-tin alloy
components at a temperature of 1073 K (800 °C), are
given in publications [[19], [20]].

Other studies have investigated the physical
properties and structure of magnesium alloys
containing tin [[21], [22], [23]], as well as the effect
of alloying additives on them [24]. No other
information on vapor pressures, thermodynamic
properties, or the thermodynamics of evaporation
of the Mg — Sn system has been found in available
sources.

This paper aims to determine the partial and
integral thermodynamic functions of evaporation of
the molten magnesium — tin system.

Materials, research methods, and
calculations

Materials. The determination of the
thermodynamic functions of evaporation of
magnesium—tin alloys is based on the pressure
values of the metals that make up the system.

Alloys containing 85.44, 73.18, 60.00, 47.12, and
32.81 at. % (58.18, 35.85, 23.50, 15.43, and
09 wt. %) tin were prepared for experiments to
determine the saturated vapor pressure of the
components.

To prepare the alloys, tin (99.99 wt. %) and
double-distilled magnesium with a content of
99.99 wt.% of the main element were used for the
preparation of alloys. The alloy was prepared in an
alundum crucible placed in a steel retort at an argon
pressure of 500 kPa and a temperature of
800-1100 °C, depending on the composition.
Increased pressure was used to prevent magnesium
evaporation. The initial components in the crucible
were heated to the specified temperature, held for
5 hours, and then cooled by immersion in water.

An alloy with a content of 60.0 at. % Mg and
40.0 at. % Sn corresponds to the composition of the
intermetallic compound Mg,Sn — dimagnesium
stannide. Analysis of the phase composition of the
obtained sample, performed on a Bruker D8
Advance diffractometer with copper radiation
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Ma = 0.154051 nm with a graphite monochromator,
showed the presence of 97.8 % Mg,Sn and 2.8 % Sn.

There is no information on the evaporation or
decomposition of Mg,Sn. In the case of congruent
evaporation of the compound, the system should be
considered as two quasi-binary systems: Sn—Mg,Sn
and Mg,Sn—Mg with corresponding thermodynamic
characteristics.

Determination of vapor pressure and vapor
composition of Mg,Sn. In this regard, the pressure
and composition of the Mg,Sn vapor were first
determined. The boiling point method (isobaric
variant) was used to determine the vapor pressure.
The experiments were carried out on a continuous
weighing setup, which is described in detail in [25].
The determination procedure was as follows. A
sample of the Mg,Sn alloy was placed in a quartz
crucible and suspended on scales in a quartz retort
filled with argon. Then, by throttling the inlet of the
vacuum pump, the pressure specified by the
experimental conditions was set and the crucible
was lowered into the shaft furnace. The crucible
with the sample was placed in a predefined
isothermal zone of the furnace. After that, the
furnace was heated at a constant rate. At the same
time, the mass loss (Am) and the corresponding
temperature in the system were recorded. The
temperature at which a sharp increase in the rate of
mass loss was observed at a given pressure was
considered equal to the vapor pressure of
dimagnesium stannide or its decomposition
components.

The composition of the vapor was judged by the
composition of the condensate after the
evaporation of Mg,Sn in a vacuum at a temperature
of 850 °C and a pressure of 0.67 kPa in a horizontal
retort furnace.

Determination of the vapor pressure of
magnesium over its alloys with tin. The saturated
vapor pressures of magnesium and tin differ by
several orders of magnitude — at the boiling point of
magnesium (1373 K), the saturated vapor pressure
of tin is 0.1 Pa [26]. In this regard, the isothermal
boiling point method was chosen to determine the
values of magnesium vapor pressure above its alloys
with tin. The experiments were performed on a
setup described in paper [25].

The determination method was as follows. A
sample of the allov was placed in a crucible. which
was suspended in a retort outside the heating zone.
The retort was evacuated twice using a vacuum
pump and then filled with argon. After this. the
lower part of the retort was placed in the isothermal

zone of a preheated electric furnace. The retort was
heated under an overpressure of 2—5 kPa with an
open inert gas supply system to suppress the
evaporation of components and compensate for the
pressure increase in the retort due to gas expansion
during heating. Once the sample reached the target
temperature, argon evacuation from the retort
volume was initiated while maintaining a constant
sample temperature (isothermal mode). At the
same time, the loss of the sample in mass and the
change in pressure were simultaneously recorded.
The pressure at which a sharp increase in the
evaporation rate (weight loss) was observed was
considered to be equal to the pressure of
magnesium vapor above the alloy.

The values of the partial pressures of saturated
magnesium vapor of alloys of the same
concentration at different temperatures were
described by the equation: Inp,, =B+AxT™*, then

the dependence of each of the coefficients A and B
was determined as a function of the magnesium
concentration in the initial alloy. As a result, the
temperature-concentration dependence of the
magnesium vapor pressure Inp,, = f(T,x,,) was
obtained.

The partial pressure of tin vapor above the
magnesium-tin  alloy was determined as:
f_)Sn :p:nann :p:nx75nXX5n' where p;n is the
saturated vapor pressure above elemental tin; a,, is
the activity of tin in the alloy; y,, is the activity
coefficient of tin; x,, is the concentration of tin in
the alloy, equal to x;, =1-x,,. Here x,, is the

concentration of magnesium in the initial alloy.

The activity coefficient of tin was calculated by
numerical integration of the Gibbs-Duhem equation,
using an auxiliary function o, =Iny,, /X,

proposed by Darken [27]. After transformation [28]

and substitution into the equation:
|n7Mgatng
Iny,, =— I ﬂdln;/,wg , this function relates

X
In Sn
VMgaerg:1

Iny,, and Iny, inaform convenient for numerical
integration:

INY 0y X Xpg X Xs, +IXMQ

In}/ = —
s
! X2, % =0 (1 —

Determination of energy characteristics. The
values of the partial evaporation functions were
determined in accordance with the dependence:
AGyysm =—RTING,, s » Where AG,, ., is the partial

Mg(sn) — Mg(Sn

Gibbs energy of evaporation of magnesium or tin;
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is the partial pressure of saturated

Phag(sn)
magnesium or tin vapor in their alloys. Hence:

~V
é)AGMg(Sn — _Agv
Of).,. JP Mg(Sn 7

=AG

v 4
Ma(sn) where AS and

Mg(Sn

+TxASY

Mg(Sn)’

AH,,

Mg(Sn)

AH,\VAQ(S,,) are the partial entropy and enthalpy of
evaporation of magnesium or tin.

The integral values of the entropy and enthalpy
of evaporation were calculated by summing the
fractions of the partial functions in the initial alloy:

v _ ra ra

ASy o sn = XnigASpy + X5, AS, and
v Vv %

AHY, o = Xpg AHY, + X6, AHY, .

The change in Gibbs integral free energy

(AG,,.s,) is determined by the formula:
AC-;/\‘Clg—Sn = AHl‘\//lg—Sn _TAS/‘\//Ig—Sn :

Results and Discussion

The total error in the determination the vapor
pressure of dimagnesium stannide is calculated as
the sum of the errors in independent
measurements, %: temperature — 1; weighing — 0.1;
pressure 0.5; approximation of experimental data —
7.74, equal to 9.34%.

The values of the decomposition pressure —
dissociation of dimagnesium stannide (pP°)
depending on temperature were approximated by
the expression: Inp°[atm]=-21,250xT " +15.169.
The complete
atmospheric
1401 K=1128 °C.

The enthalpy of magnesium dissociative
evaporation, calculated from the equation of
magnesium vapor pressure dependence on
temperature, is 176.7 = 16.5 kl/mol, entropy —
126.1 + 11.8 J/(molxK).

Mg,Sn undergoes decomposition into
constituent metals during dissociative evaporation.
Decomposition process of the compound at a
temperature of 850 °C and a pressure of 0.67 kPa
was performed using an installation to confirm such
decomposition.

X-ray phase analysis of the condensate sample
revealed 91.6 % Mg, 1.52 % Mg,Sn, and 6.95 % SiO»
(figure 1). X-ray fluorescence analysis revealed
95.35 % magnesium, 0.25 % tin, and 4.84 % silicon
(figure 2). The presence of Mg,Sn can be explained
by entrainment of the initial alloy by the magnesium
vapor flow formed during compound dissociation.
As a result of the experiment to determine the
composition of the vapor condensate, a significant

dissociation
pressure

temperature at
corresponds to

number of spherical granules was found, indicating
the fusion of tin droplets after the evaporation of
magnesium from the alloy. The presence of SiO; is
apparently due to its entry into the condensate
sample when it was removed from the condenser.

The total measurement error in determining the
values of magnesium vapor pressure above tin alloys
was found to be equal to the errors of independent
measurements: temperature — 1 %, weighing —
0.1 %, pressure 0.5 %, approximation of
experimental data — 5.47 %, equal to 7.07 %.

We approximated the values of partial pressure
of saturated magnesium vapor p,, ) over alloys with

tin by the dependence (1):

Inp,, [atm] =(-259,546x,,, +642,802x,,, —554,808x,, +
+202,550x,,, —47,344)xT " +210.75x,,, —524.42x,,, +
+452.67x,,, —160.55Xx,,, +33.453+Inx,,, (1)

where: x,, — atomic fraction of magnesium in

the alloy; T— temperature, K.

The saturated vapor pressure above elemental
magnesium corresponds to the equation (2):

Inpy, [atm]=—16,346xT " +11.903  (2)

The partial pressure of saturated tin vapor in the
Mg-Sn system, was calculated by us by numerical
integration of the Gibbs—Duhem equation and
corresponds to the dependence (3):

Inp,, [atm] =(—259,546x¢, +741,443x; —776,751x;, +
+384,200x,, —125,543-16,884Inx,)xT " +
+210.75x; —599.58x; +621.78x; —302.35x,, +
81.96+15.53Inx,, (3)

The dependence of the vapor pressure above
metallic tin was taken from [26] and converted by us
to the form (4):

Inpg, [atm] =—36,197xT * +12.56 (4)

The decomposition pressure of dimagnesium
stannide (1401 + 131 K), determined by the boiling
point method (isobaric variant) within the limits of
the determination errors, coincides with the boiling
point of the melt (1494 + 105 K), determined by the
same method (isothermal variant).

The partial and integral entropies of evaporation
are shown in Figure 3, and the enthalpies of
evaporation of alloys calculated by us using the
above equations are summarized in Table 1.
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Figure 1 - X-ray diffraction pattern of the obtained magnesium condensate
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Figure 2 - Sections of the spectrogram of magnesium condensate obtained on different crystals
(a - PX1; b - LiF200; c - PE) using the X-ray fluorescence wave-dispersive analysis method
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Figure 3 - Change in the entropies of evaporation of magnesium-tin alloys: 1 — change in the partial entropy
of evaporation of magnesium; 2 —the same for tin; 3 — change in the integral entropy;
4 — calculated change in the integral entropy

The data shown in Figure 3 predictably indicate
anincrease in the partial entropies of evaporation of
magnesium and tin when their content in the alloy
(each) decreases to less than 20 at. %. Extremes are
noted: a maximum for magnesium and a minimum
for tin at a concentration corresponding to the
stoichiometric  composition of dimagnesium
stannide (60 at. % Mg). The latter indicates the
presence of a dissociating compound in the liquid
phase that affects evaporation.

Based on the data we obtained, the change in
the integral entropy of evaporation within the limits
of measurement errors is approximated by the
expression (5). In turn, the change in the integral
enthalpy of evaporation can be determined by the
formula (6), which was obtained by processing our
experimental data.

AS,,_s,[J / (Mol xK)] =—255.29x,, +522.5x,,, —
—383.48x;,, +108.08 ,, +105.14 (5)

AH,,,_s,[kI / mol]=—134.3x}, —30.96x,,, +302.18 (6)

The values of the change in Gibbs integral free
energy (AG,,, ) intheliquid phase region up to the

boiling point of magnesium at atmospheric pressure
(1100 °C) are determined by us by the formula

AGy, s, =AHy, o, —TASy, o, and summarized in
Table 2.

It can be seen, when analyzing the change in the
values of partial and integral enthalpies and Gibbs
free energy of vaporization, that the functions
increase monotonically from Mg to Sn in accordance
with the second-degree dependencies on the
concentration of components in the alloy and
linearly (Gibbs energy) with temperature. The very
small change in the integral value of the free energy
of evaporation of magnesium (0.03 + 0.002 kJ/mol)

at 1373 K (1100 °C) indicates a practical coincidence
with the boiling point of magnesium.
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Table 1 - Change in the partial and integral enthalpy of evaporation of magnesium-tin alloys

Composition of alloys,
at. % AH,\\;Q, kJ/mol AFISVH , kl/mol AFI,\\;H,, , kl/mol

Mg Sn
100 0 13591 +9.61 - 135.91£9.61
95 132.32£9.36 478.94 + 33.86 149.65 £ 10.58
90 10 134.10 £9.48 459.77 £ 32.51 166.59 + 11.78
80 20 146.14 £10.33 391.46 + 27.68 195.20 £ 13.00
70 30 160.06 +11.32 348.75 + 24.66 216.67 £15.32
60 40 169.09 +£11.95 331.45+23.43 234.03 £ 16.54
50 50 171.63£12.13 328.17 £23.20 249.90 £ 17.67
40 60 171.26 £12.11 328.55 £ 23.23 265.63 £18.78
30 70 176.75 +12.50 325.87 £23.04 281.14 £19.88
20 80 202.03 £ 14.28 317.87 £22.47 294.70 £ 20.83
10 90 266.23 £ 18.82 307.09+21.71 303.00 £ 21.42

5 95 320.31 £ 2264 302.80+21.41 303.68 £ 21.47

0 100 - 301.03 £21.28 301.03 +21.28

Table 2 - Values of the change in Gibbs free energy of evaporation

CZW:;?':E;M AG,\\i,g_s,1 (kJ/mol) at temperature, K:
Mg Sn 673 773 873 973 1073 1173 1273 1373
100 0 - - 4951 + 39.62 29.72 19.83 9.93+ 0.03+
3.50 2.80 2.10 1.40 0.70 0.002
90 10 - - 75.87 £ 65.48 + 55.09 £ 4470 £ 3431+ 2392+
5.36 4.63 3.89 3.16 2.43 1.69
80 20 - - - 88.12 77.12 + 66.11 + 55.11 ¢+ 4410 £
6.23 5.45 4.67 3.90 3.12
70 30 - - - - 96.33 ¢ 85.11 % 73.90 £ 62.68 £
6.81 6.02 5.22 4.43
60 40 - - - - 113.73+ | 102.52 91.30 % 80.09 £
8.04 7.23 6.45 5.66
50 50 - - - - 129.62+ | 11842+ | 107.21+ 96.00 £
9.16 8.37 7.58 6.79
40 60 - - - 155.71+ | 14442+ | 133,12+ | 121.82+ | 110.53+
10.99 10.21 9.41 8.61 7.81
30 70 - - 181.06+ | 169.60+ | 158.14+ | 146.67+ | 13521+ | 123.75%
12.80 11.99 11.18 1.37 9.6 8.75
20 80 - 205.31+ | 193.74+ | 182.18+ | 170.61+ | 159.05+ | 147.48+ | 13592+
14.52 13.70 12.88 12.06 11.24 10.43 9.61
10 90 226.68+ | 21534+ | 204.00+ | 192.66+ | 18131+ | 169.97+ | 158.63+ | 147.29%
16.03 15.22 14.42 13.62 12.82 12.02 11.22 10.41
0 100 230.75+ | 220.30% | 209.86+ | 199.42+ | 18897+ | 17853+ | 168.09+ | 157.65%
16.31 15.58 14.84 14.10 13.36 12.62 11.88 11.15
Conclusions determining the energy functions: changes in

entropy, enthalpy and free energy of evaporation.
As the content of each component in the alloy
decreases to less than 20 at.%, the partial entropies
of evaporation of magnesium and tin increase.

Thus, as a result of the research, the values of
partial pressure of magnesium and tin were
determined, which served as the basis for
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Extrema were established: a maximum for
magnesium and a minimum for tin, which
correspond to the dimagnesium stannide compound
containing stoichiometrically 60 at. % Mg. It was
found that the values of the partial and integral
enthalpies, as well as the Gibbs free energy of

evaporation, increase = monotonically  from
magnesium to tin, with their concentration
dependences  described by second-degree

polynomials, and the temperature dependence of
the Gibbs free energy being linear. It was shown that
the change in the integral value of the free energy of
evaporation of elemental magnesium corresponds
to 0.03+0.002 kJ/mol at 1373 K and indicates almost
complete coincidence with the boiling point of
magnesium.  Thermodynamic  functions  of
evaporation of magnesium-tin melts, determined on
the basis of the values of vapor pressure of the
system components, supplement the base of
physical and chemical data and can be used for heat

engineering calculations in the design of distillation
processes and equipment.

Conflicts of interest. The corresponding author
declare that there is no conflict of interest.

CRediT author statement: V. Volodin: Data
Curation, Writing — original draft preparation,
Conceptualization, Visualization, Investigation, Project
administration; S. Trebukhov, A. Nitsenko, A.
Mukangaliyeva, X. Linnik, N. Burabayeva: Data
curation, Methodology, Writing — original draft
preparation, Writing — Review & Editing. All authors
have read and agreed to the published version of the
manuscript.

Funding. The research was funded by the Science
Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant AP
26196623).

Cite this article as: Volodin VN, Trebukhov ST, Mukangaliyeva AO, Linnik XA, Nitsenko AV, Burabayeva NM. Thermodynamics of
Evaporation of Liquid Magnesium - Tin Alloys. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.
2027; 343(4):5-15. https://doi.org/10.31643/2027/6445.36

CyibIK MarHuii-Kanaubl KOpPbITNanapbiHbiH, 6yNaHYbIHbIH TEPMOAUHAMMUKACDI

BonoguH B.H., Tpebyxos C.A., MyKaHfanuesa A.O., JlIunHuk K.A., HuueHko A.B, bypa6aesa H.M.

Memannypaus #aHe KeH 6alieimy uHcmumymeol AK, Cambaes yHusepcumemi, Aamamesi, KazakcmaH

TYAIHAEME

MarHuiain, KariHay TemnepaTtypacbl d4iciMeH (CaliKeciHLwe M306apbIK KaHE U30TEPMUANbIK HYCKanap)
aHbIKTaNaTblH AMMArHMin CTaHHUAI MeH Kanalibl 6anKkbimacbliHa KaHe KanaiblFa napumangbl
KbICbIMbIHbIH, MHAEPIH Heriare ana oTbIpbIN, TEPMOAUHAMUKANLIK GYHKUMANAP, SHTPOMNUAHDBIH,
SHTAZIbNUAHBIH, KaHe bynaHyablH 60C 3HEPruACbIHbIH, e3repyi 6enrini epHeKTepre CaMKec CaHAbIK
MHTErpangay apKblabl ecentenreH M’mo6c-Lorem TeHaeyi apKblibl aHbIKTanAbl. KaiHay Temnepatypachl
9AiCiHIH  M306ap/blK  KOHE U30TEPMUANBIK  HYCKANapblHblH, Oy  KbICbIMbIH  @HbIKTAy ’KaHe
TepMOAMHAaMMKaNbIK LWamanapapl ecentey agictepi cunatranfaH. MarHuin meH KananbiHbIH, Napuvangpl
Heri3iHae 3HepreTUKanbiK,
dYHKUMANap aHbIKTanabl. Onweyaeri Katenik 7,07 % 6onapl. BynaHy sHTPONUACBIHbIH, ©3repyi Typabl
manimettep rpaduKanbik Typae 6HepinreH. KopbiTnagafbl MarHWi  MeH KanalblHblH, - yAeci
(apKavicbicbiHbIH) 20 aT. %-AaH asaitFaH Kesge onapablH, 6ynaHy SHTPONUANAPbIHBIH, apTybl Halikanabl

MaKkana kengi: 22 s#eamoxcaH 2025 Oy KbICbIMbIHbIH, M3HAEPiHIH, TayenainikTepi aHbIKTaNbIN, ONAPAbIH,

CapantamagaH eTTi: 29 xeamokcaH 2025
Kabbinganabl: 28 kaHmap 2026

IKcTpemymaap 6enrineHgi:: mMarHuin ylWiH MaKCUMyM »KoHe Kanaibl YWiH MUHUMYM AUMarHui
CTaHHUAHIH (60 aT.% Mg) cTexnomeTpuANbIK KypaMblHa COMKeC KeneTiH KoHueHTpauuaga COHfFbICb
cyblk dasaga bynaHyfa acep eTeTiH AuccoumauumsnaHaTbiH  KOCbINbICTbIH, 60MybIH KepceTesi.
JHTaNbNUAHBIH, ©3repy MaHAepi aHe MTMb6c 6oc bynaHy sHepruachbl Kecteae KenTipinreH. Mapumnanabl
JKOHE UHTErpanabl SHTaNbNUANAPABIH, KaHe MBOCTIH 6yNaHybIHbIH €pPKiH 3HEePrUACbIHbIH MaHAepi Mg-
OeH Sn-re Kapan KopbITnagafbl KOMMOHEHTTEP KOHLEHTPAUMACbIHAH EKiHWIi Aspeeni Tayenainikke
COliKeC MOHOTOHAbI TYpAe apTafbl aHe TemnepaTypafa 6GalnaHbICTbl CbI3bIKTbIK Typae (Mmb6c
3Hepruacol) aptagbl. MarHuiAiH, epkiH 6ynaHy 3HepruAcbiHbIH, UHTErpanaplK MaHAepiHiH eTe a3
mesnwepaeri esrepictepi (1373 K (1100 °C) temnepatypaga 0,03+0,002 kx/monb) MarHuingin, kanHay
TemnepaTypacbiMeH iC  JKy3iHAe CoOMKec KeneTiHiH MarHuin-Kanambl  »KyMECiHiH
6anKbIManapbiHbiH, 6yNaHybIHbIH, 3HEPreTUKaNbIK QGYHKUMANAPbI TEPMOAUHAMMKANLIK, MINIMETTEP
KOPbIH TO/IbIKTbIPaAbl aHe AUCTUANAUMA NPOLEcTepi MeH annapaTTapbiH »kobanay KesiHae Kblay

Kepcetenq,.

TEXHUKACbIHbIH, ecenTeyepi ylWiH nainganaHbliybl MyMKiH.

TyiiiH ce3dep: marHuii, Kanaibl, AMMArHUin CTaHHWUAI, TEPMOANHAMMKA, SHTPONMUA, IHTaNbNUA, TM66C
SHEPruAChI.
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BonoguH B.H., Tpebyxos C.A., MykaHranumesa A.O., JInHHuK K.A., HuueHko A.B. bypa6aesa H.M.

AO MHcmumym memannypauu u obozawieHus, Satbayev University, Aamamel, KazaxcmaH

Moctynuna: 22 dekabps 2025
PeueHsnpoBaHue: 29 dekabps 2025
MpuHATa B Nnevatb: 28 AHeapAa 2026

AHHOTALMA
Ha ocHoBaHMM BeMUYMH NapuMainbHbIX AaBNEHWII MarHMA Haj, CTaHHWAOM AMMArHuA M pacnaasamu C

0/10BOM, OMpeAesneHHble METOAOM TOYEK KUMeHUs (M306apuyeckuii U U30TEPMMYECKUIA BapuaHT
COOTBETCTBEHHO) M 0/10BA, PACCYUTAHHOTO YNCIIEHHBIM UHTErPUPOBaHWEM ypaBHeHus Tnb6ca-Aiorema B
COOTBETCTBUM C U3BECTHLIMMU BbIPAXKEHUAMU OMpPeAeeHbl TEPMOANHAMUYECKUE GYHKUMU: USMEHEHUA
3HTPOMNWK, SHTaNLNUKN U cBODOAHON sHEpPrnM ncnapeHua. OnNucaHbl METOAMKM OonpeaeneHna faBneHus
napa u3o06apuyeckoro M M30TEPMMYECKOrO BapMaHTOB MeEToAa TOYeK KUMEeHMA W pacyeTa
TEPMOAMHAMUYECKUX BENUYMH. OnpeneneHbl 3aBUCMMOCTU BEMYMH MAPUMANbHOTO A3BAEHWA Mapa
MarHua M 0/10Ba, Ha OCHOBAHWM KOTOPbIX OMNPefeneHbl 3HepreTuyeckne oyHKUMK. [MOrpewwHocTb
n3mepeHnus coctasuna 7,07 %. [JaHHble 06 M3MEHEHUW SHTPOMMUIN UCNIAPEHUA NPEACTABNEHbI TPadUYecKn.
OTMeYeHo yBenuyeHue napLmasbHbIX SHTPOMUI UCMAPEHUA MarHWa UM 010Ba NPU YMEHbLUEHUU WX
cofilepaHua B cnnase (Kaxporo) meHee 20 aT. %. OTMeYeHbl SKCTPEMYMbl: MaKCUMYM ANA MarHua u
MWHUMYM ON18 ON10Ba MPWU KOHLLEHTPALIMKM, COOTBETCTBYIOLLEN CTEXMOMETPUYECKOMY COCTaBY CTaHHMAA
ommarHma (60 at. % Mg). MocnegHee CBMAETENLCTBYET O HAaAMUYUM AUCCOLMMPYIOLWErO0 COEAUHEHUA B
KUAKOW ¢ase, BAUAIOWErO Ha MCMapeHue. BeanumHbl M3MEeHEHMs 3HTanbnui U CBOBOAHON 3Hepruu
ncnapeHus M'bbca TabynMpoBaHbl. BeAnumHbl NapLumanbHbIX U MHTErpanbHbIX 3HTaNbNWI U cBobOAHOM
3Heprumn ucnapenuna Mbbca MOHOTOHHO yBennunBatoTca oT Mg K Sn B COOTBETCTBUM C 3aBUCUMOCTAMM
BTOPOI CTENEHM OT KOHLLEHTPALMM KOMINOHEHTOB B CM/IaBE U JIMHENHO (3Heprua Mbbca) c TemnepaTypoil.
Becbma manas Be/MUMHA U3MEHEHUA UHTErPaNbHOWM BEIMUMHBI CBOBOAHON SHEPTUM UCMAPEHUA MarHUA
(0,03+0,002 kOsk/monb) npu 1373 K (1100 ° C) cBMAETENbCTBYET O MPAKTUYECKOM COBMaAeHMM C
TeMNepaTypolr KMNEHUA MarHua. dHepretnyeckne GyHKUMM UCNapeHWUa pacnnaBoB CUCTEMbI MarHui —
0/10BO NONONHAT 633y TEPMOAUHAMUYECKNX A@aHHbIX, U MOTYT 6bITb MCNONBb30BaHbI AJ18 TENNOTEXHUYECKUX
pacyeToB NPW NPOEKTUPOBAHUM ANUCTUANALMOHHBIX NPOLLECCOB M annapaTos.

Knroueeble ca108a: MarHuii, 01080, CTaHHUA, AUMarHus, TEPMOAMHAMMKA, SHTPOMMUSA, SHTANbNMA, SHEpPrUs
mb6ca.
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