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Abstract: In the presented article, a differential thermal analysis was carried out and the
temperatures of thermal effects were established that arise during the reduction of neodymium from
a technological salt mixture KCl–NaCl–CaCl2–NdF3 with a magnesium–zinc alloy. The results of
experimental studies on the reduction of neodymium from a fluoride–chloride melt in a shaft
electric furnace at temperatures of 550, 600, 650, 700 °C are presented. In order to increase the degree
of extraction of neodymium into the Mg–Zn–Nd master alloy, the study of the influence of
technological parameters on the degree of extraction of neodymium was carried out. It was
experimentally proven that when zinc is added to a reducing agent (magnesium), the degree of
extraction of neodymium into the master alloy is 99.5–99.7%. The structure of the obtained master
alloy samples, characterized by a uniform distribution of ternary intermetallic compounds
(Mg3,4NdZn7) in the volume of a double magnesium–zinc eutectic, was studied by optical and
electron microscopy.
Keywords: magnesium–zinc–neodymium master alloy; Mg–Zn–Nd; magnesium master alloy;
magnesium; rare-earth metals; master alloy synthesis; metallothermic reduction

1. Introduction
The addition of neodymium into the magnesium–zinc–zirconium system leads to a change in
the phase composition of magnesium-based alloys. In this case, simultaneously with the known
strengthening phases of magnesium with neodymium (for example, Mg12Nd), phases of a more
complex stoichiometric composition are formed, containing magnesium, neodymium, and zinc, for
example Nd15Mg65Zn20, Nd16Mg37Zn47, Nd6Mg41Zn53 [1–7]. Due to the presence of these phases in the
system, a combination of highly plastic and structural characteristics of magnesium alloys, as well as
their high-temperature strength, is ensured, since the thermal expansion coefficient of long period
stacking ordered (LPSO) phases is much lower than that of the basic α-solid solution [8–11].
It is known that the production of magnesium and aluminum alloys is carried out by dissolving
in the melt double and ternary master alloys, which are produced by fusing the components, using
metallothermic reduction of alloying components from their compounds (for example, oxides or
fluorides) or electrolysis [12–15]. In recent years, there has been a tendency to produce more complex
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master alloys, for example, ternary or quadruple [16–18]. It was found that ternary master alloys can
be effectively used in the production of alloys based on light metals [19,20].
In this regard, it seems relevant to develop new solutions for the production of complex
magnesium master alloys including rare earth metals (REEs). It should be noted that for the domestic
magnesium industry the task of obtaining magnesium alloys is of great importance in connection
with the approval of the Strategy for the development of the metallurgical industry in Russia for the
period up to 2030. In accordance with the sustainable development plan, the task of increasing the
production of metallurgical products with high added value was approved, which should lead to a
reduction in imports of such products [21]. In addition, the state′s priority is to improve the quality
of production of Russian metallurgical companies in order to increase the efficiency of processing
mineral raw materials [22–29].
The aim of the work is to develop technological solutions that ensure high extraction of
neodymium in the ternary Mg–Zn–Nd master alloy during metallothermic reduction of neodymium
fluoride, which can be used in the production of high-strength and heat-resistant magnesium and
aluminum alloys.
2. Materials and Methods
Differential thermal analysis (DTA) was carried out using a (NETZSCH, Selb, Germany)
Simultaneous thermal analyzer (STA 429 CD) in a high purity argon flow at a gas flow rate of 50 mL
per minute [30]. For the analysis, a salt mixture 35KCl–35NaCl–30CaCl2–NdF3, granular zinc and
magnesium were weighed into an alundum melting pot. Two heating–cooling cycles were carried
out at a rate of 10 °C per minute. In the first cycle, the melting pot with the weighed portion was
heated to a temperature of 800 °C, then cooled to 200 °C; in the second successive cycle, the melting
pot was heated from 200 to 800 °C and cooled again.
Experimental studies were carried out on a laboratory setup, which includes the following items:
the shaft electric furnace with silicon carbide heating elements, the thermostat, the furnace control
panel, the thermocouple and the stirring device. The synthesis of ternary master alloy Mg–Zn–Nd
was carried out according to the following procedure. A mixture of salts consisting of Potassium
chloride, (35 wt.%), Sodium chloride (35 wt.%), Calcium chloride (30 wt.%) was previously prepared.
To this mixture was added neodymium fluoride (NdF3) and the mixture stirred continuously. Then
the resulting technological salt mixture was added to magnesium and zinc and placed in an alundum
melting pot in the furnace. In the first series of experiments, in order to determine the optimal
temperature condition for the synthesis of the master alloy, the melting pot was kept in a furnace
with temperatures variations from 550 to 700 °C, and the residence time from 15 to 30 min, with a
constant ratio of chlorides to neodymium fluoride. In the second series of experiments, in order to
identify the most optimal technological condition, the synthesis temperature was varied from 650 to
700 °C, the residence time from 20 to 30 min, the ratio of chlorides to neodymium fluoride from 1:4
to 1:6. After the exposure time, in all experiments, the melt was settled for 5 min. The surface part of
the molten salt was poured out, and the resulting master alloy was poured into molds. The studies
were carried out with a constant mass ratio of Mg: Zn 1:2 and components of the salt mixture 35KCl–
35NaCl–30CaCl2, the qualifications of the initial salts of the mixture are: KCl, NaCl, CaCl2,—
chemically pure, NdF3—pure. The average values of the degree extraction for neodymium obtained
from the results of three parallel experiments are presented in the discussion of the results.
Elemental analysis of master alloy samples, which were obtained after DTA and experiments on
a laboratory setup, was carried out on the sequential Wavelength Dispersive X-Ray Fluorescence
Spectrometer XRF-1800 (Shimadzu, Kyoto, Japan). The metallographic study for the samples of the
obtained master alloy was carried out on the Axiovert 40 MAT optical microscope (Carl Zeiss,
Oberkochen, Germany) and the VEGA electron microscope (TESCAN, Brno, Czech Republic) with
the INCAx-act energy dispersive spectrometer (Oxford Instruments, Abingdon, UK). The research
was carried out with the involvement of the laboratory facilities of the Common Use Center of the
Saint-Petersburg Mining University.
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3. Results
At the first stage of experimental studies, DTA of the reduction process for neodymium from a
technological salt mixture with a magnesium–zinc alloy was carried out. Figure 1 shows the
thermograms obtained in the first heating cycle (green line of the curve) and the second heating cycle
(purple line of the curve) of the Mg–Zn–KCl–NaCl–CaCl2–NdF3 sample up to 800 °C.

Figure 1. Thermograms of the first (green) and second (purple) heating cycle of the sample Mg–Zn–
KCl–NaCl–CaCl2–NdF3 up to 800 °C.

During the first cycle of heating the charge, the beginning of zinc melting was recorded at a
temperature of 413 °C. It was accompanied by an endothermic effect with a maximum at 431 °C. The
interaction with magnesium begins after the zinc melts, which is confirmed by a strong exothermic
effect with a minimum at 476 °C. It is typical for the process of formation of intermetallic compounds
from pure elements. The exothermic peak with a minimum at 486 °C cannot be interpreted since it is
associated with the uneven melting of the charge and the peculiarity of filling the melting pot. The
onset of the reduction of neodymium by magnesium–zinc melt from fluoride in the chloride melt was
recorded at a temperature of 522 °C after the end of the interaction of magnesium and zinc. This is
confirmed by an extended exothermic effect with a minimum at 566 °C. The endothermic effect with
a maximum at 703 °C corresponds to the melting of the components of the technological salt mixture,
and at the temperature of 731 °C all interactions in the system under study cease. During the second
heating cycle, the thermogram recorded endothermic effects of melting of the magnesium-zinc alloy
with a maximum at 347 °C and a ternary master alloy with a maximum at 532 °C It was found that
this effect corresponds to the melting of a ternary compound MgxNdyZnz [7].
Figure 2 shows the thermograms obtained in the first cooling cycle (blue line) and the second
cooling cycle (brown line) of the Mg–Zn–KCl–NaCl–CaCl2–NdF3 sample up to 200 °C.
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Figure 2. Thermograms of the first (blue) and second (brown) cooling cycle of the sample Mg–Zn–
KCl–NaCl–CaCl2–NdF3 up to 200 °C.

During the first and second cooling cycles, two thermal effects were revealed on the
thermograms. The first with the minimum at 326 °C, corresponding to the crystallization of the
double magnesium–zinc eutectic. The second at 511–512 °C, corresponding to the crystallization of
the MgxNdyZnz ternary compound. In addition, thermal effects were recorded at the temperature of
494 °C, corresponding to the crystallization of the reacted technological salt mixture. Elemental
analysis of the obtained sample for the magnesium–zinc–neodymium master alloy showed the
presence of 18.11 wt.% neodymium, which proves the fundamental possibility of obtaining the
master alloy at temperatures up to 700 °C and indicates the process of the reduction of neodymium
from the fluoride–chloride melt with the magnesium–zinc alloy (Table 1).
Table 1. Chemical composition of Mg–Zn–Nd master alloy.

Mass Fraction, %
Master Alloy Main Components
Impurities
Zn
Mg
Nd Fe Cu Ni Si Al
Mg–Zn–Nd, 53.46 28.15 18.11 0.12 0.06 0.01 0.05 0.04
In the first series of experiments, the temperature effect on the degree of neodymium extraction
was studied during experimental research on the neodymium reduction from a fluoride–chloride
melt in a shaft electric furnace. In this case, in order to reduce the temperature for the synthesis of the
ternary master alloy was taken the constant value of the Mg:Zn ratio equal to 1:2 [31]. As a result of
processing the obtained data, the dependences of the degree of extraction of neodymium on the
residence time at temperatures of 550, 600, 650, 700 ° C were assessed (Figure 3).
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Figure 3. Dependence of the degree of extraction of neodymium and the residence time at
temperatures of 550–700 °C.

During the experiments, it was confirmed that the addition of zinc to the charge helps to reduce
the temperature of the neodymium reduction process from the molten salt, in contrast to the
temperature ranges for obtaining the double magnesium–neodymium master alloy [32]. It was found
that the degree of extraction of neodymium of up to 60% is achieved at a synthesis temperature of
550 °C. Moreover, the degree of extraction of neodymium increases to 92.2–93.2% with an increase in
temperature to 650 °C
In the second series of experiments, studies were carried out in order to identify the most optimal
technological parameters for conducting melts. In this case, a high degree of neodymium extraction
into the maser alloy is achieved. The initial data and the results of experiments on obtaining the
master alloy are shown in Table 2.
Table 2. Results of synthesis of Mg–Zn–Nd master alloy.
Melt Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Chloride Ratio: NdF3
4:1
6:1
4:1
6:1
4:1
6:1
4:1
6:1
4:1
6:1
4:1
6:1
4:1
6:1
4:1
6:1

T, °C
650
650
700
700
650
650
700
700
650
650
700
700
650
650
700
700

t, min
20
20
20
20
30
30
30
30
20
20
20
20
30
30
30
30

Stirring
no
no
yes
yes
yes
yes
no
no
yes
yes
no
no
no
no
yes
yes

Nd Recovery, %
86.9
95.8
88.1
99.6
88.4
99.5
88.1
96.3
86.2
99.6
85.2
91.4
84.3
93.6
87.9
99.6

It was determined that the neodymium fluoride reduction is accompanied by the formation of
the homogeneous magnesium–zinc–neodymium master alloy. According to experimental data, it has
been proved that the neodymium yield increases to 99.6% with an increase in the ratio of chlorides
to NdF3 up to 6:1 in the technological salt mixture and with continuous stirring of the melt. With an
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increase in temperature up to 700 °C, the neodymium yield does not change significantly. As a result
of the performed melts, master alloys with a neodymium content of 10 to 25 wt.% were obtained.
Analysis of the quality of the resulting master alloy showed that its macrostructure is characterized
by the absence of gas pores and non-metallic inclusions (Figure 4).

Figure 4. Macrostructure of master alloy 25Mg–50Zn–25Nd.

Since there are no regulatory requirements for the ternary master alloy of the studied
composition, the comparison was made with the requirements for the content of impurities for the
magnesium–neodymium alloy; this one is also used for the production of special-purpose
magnesium alloys. The Mg–Zn–Nd master alloys meets the requirements for Mg–Nd magnesium
master alloys according to specification TU 48-4-271-91 (Table 3).
Table 3. Chemical composition of Mg–Zn–Nd master alloy.

Mass Traction, %
Alloy Grade
MH
Mg–Zn–Nd,
melting №16

Main Components
Zn
Mg
REEs
base
20–35
base

25.0

24.8

Fe
0.15

Cu
0.1

0.08

0.06

Impurities, max
Ni
Si
0.01
0.05
-

0.03

Al
0.05
0.02

The microstructure of all tested master alloys in the cast state consisted of a magnesium–zinc
matrix, and well-distinguishable individual intermetallic compounds, mainly polygon-shaped.
Regular shapes and some coagulation of the edges can be detected, which ultimately leads to the
absence of local defects in the microstructure in the matrix. A significant part of the thin section for
the obtained magnesium–zinc–neodymium master alloy with a content of 24.8 wt.% neodymium
(Figure 5a) is occupied by eutectic colonies (dark areas). It is located along the boundaries of the
individual intermetallic compounds (light areas). In some cases, areas of accretion of intermetallic
compounds are observed. The average grain diameter is 35 µm. Zones of eutectics are revealed at
×500 magnification (Figure 5b). They are located within the individual intermetallic compounds.
Micro X-ray spectral analysis of the structure sections shows (Figure 6a) that individual
intermetallic compounds contain about 21 wt.% neodymium, which corresponds to the Mg 3,4NdZn7
phase. Double eutectic (Figure 6b), alloyed with neodymium, contains 32.41 wt.% magnesium, 60.72
wt.% zinc and 6.88 wt.% neodymium (Table 4).
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(a)

(b)

Figure 5. Microstructure of master alloy 25Mg–50Zn–25Nd. Zoom (a) ×100, and (b) ×500.

(a)

(b)

Figure 6. Electronic images of the microstructure of the 25Mg–50Zn–25Nd master alloy (a) and (b)—
×2000.
Table 4. Values of spectra of Mg–Zn–Nd master alloy.

Spectrum
spectrum 1 (a)
spectrum 2 (b)

Mg, wt.%.
12.08
32.41

Zn, wt.%.
66.73
60.72

Nd, wt.%.
21.19
6.88

4. Conclusions
Thus, as a result of the experimental studies, a ternary master alloy of magnesium–zinc–
neodymium was obtained, while optimal technological conditions of the synthesis were revealed
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(temperature 650 °C, residence time 20 min, ratio of chlorides to neodymium fluoride 1:6, while
stirring the melt), in this case, the degree of extraction of neodymium achieved is up to 99.6%.
It was established that the onset of the reduction of neodymium by magnesium–zinc melt from
its fluoride in the chloride melt occurs at a temperature of 522 °C using DTA. This is confirmed by an
extended exothermic effect with a minimum at 566 °C.
Analysis of the microstructure showed that the obtained ternary master alloy 25Mg–50Zn–25Nd
is characterized by a uniform distribution of intermetallic compounds (Mg3NdZn6) in the bulk of the
double magnesium–zinc eutectic. The obtained experimental data are a prerequisite for the
development of industrial technology for the production of magnesium–zinc–neodymium alloys for
their use in non-ferrous and ferrous metallurgy.
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