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Introduction

A
t present time, Russian scientists as well as their 

foreign colleagues from many countries, take an 

active part in the development of alloys based on 

magnesium with rare earth metals, with gadolinium in 

particular [1–13]. The increased interest in gadolinium 

is due to its influence on the properties of magnesium-

based alloys. It has been proved that gadolinium additives 

to a ZK60 alloy (the Russian equivalent of MA14) of the 

Mg – Zn – Zr system can increase the strength and yield 

strength up to 405 MPa and 375 MPa, respectively; in ad-

dition, the gadolinium additive refines the magnesium 

alloy grain, increasing by this its plasticity [6]. It is worth 

noting that a large number of systems of magnesium al-

loys with gadolinium contain zinc, which is introduced 

both into cast and wrought magnesium alloys to increase 

strength [14–18]. An analysis of patent activity in Russia 

in the field of magnesium alloys with rare earth metals 

has also showed that up to 40% of the published patents 

belong to the C22C 23/04 subclass of the International 

patent classification: the magnesium-based alloys with 

zinc as the next main component.

Manufacturing of light metal alloys is carried out by 

dissolving in a melt of double and triple master alloys 

based on magnesium or aluminum with rare earth metals, 

which can be obtained in two main ways: by alloying pure 

components or by recovering the alloying metal from its 

compounds [19–32]. The necessity to use master alloys is 

determined by low rate of dissolution of refractory com-

ponents in pure form in liquid magnesium or aluminium, 

as well as by an increase in the assimilation degree of easily 

oxidizing alloying elements. It is established that the tech-

nology for the double master alloys obtaining by alloying is 

characterized by high process temperatures, and accord-

ingly high irretrievable losses of an alloying element [21]. 

It is known that recently there is a tendency to produce 

more complex master alloys, the triple ones in particular. 

Application of triple master alloys can be effectively used 

in the manufacturing of magnesium alloys, and introduc-

tion of zinc into the composition of master alloys reduces 
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their melting temperatures, increases the solubility of re-

fractory alloying elements in them, lessens the duration 

of preparing the magnesium alloys, and the irretrievable 

losses of alloying components are also reduced [33].

The technology of production of triple magnesium 

master alloys with yttrium and zinc has already shown 

its effectiveness and present practicality. In this regard, it 

seems relevant to substantiate and develop the scientific 

and methodological approaches to the triple master al-

loys synthesis on metallothermic recovery of gadolinium 

compounds, taking into account the selection of rational 

technological parameters [34]. An application of triple 

magnesium-zinc-REM master alloys can be effectively 

used in the manufacturing of magnesium alloys, for ex-

ample, in the following systems: Mg – Zn – Y – Gd, 

Mg – Gd – Y – Zn – Mn, etc. 

Equipment, materials and experimental technique

Thermal analysis was performed on a Netzsch STA 

429 CD (Germany) unit in alund crucibles with covers in 

a high-purity argon stream at a gas flow rate of 50 ml 

per minute (with S-type thermocouples Pt-PtRh10). 

To carry out an analysis, a mixture of salts 35KCl – 

35NaCl – 30CaCl2 – GdF3 (111.59 mg) was weighed into 

the reaction crucible, with a mass ratio of gadolinium 

fluoride to chlorides in the mixture of 1:6, magne-

sium (66.32 mg) and granulated zinc (132.21 mg). The 

total weight of the weighed material sample was 310.12 mg. 

Heating and cooling were carried out in two cycles at a 

speed of 10 oC per minute. In the first cycle, the cruci-

ble with the weighed material sample has been heated to a 

temperature of 800 oC, then it was cooled to 200 oC, and in 

the second successive cycle, the crucible was heated from 

200 to 800 oC and cooled again. Comparing two heating 

and cooling cycles confirmes that the exothermic reaction 

of gadolinium recovery is realized completely.

A shaft electric furnace was used as a laboratory-scale 

plant (Fig. 1).

Preliminary studies on the gadolinium fluoride mag-

nesium-thermal recovery from the melt of salts over zinc 

were carried out at a constant temperature of 700 oC 

and holding time of 20 minutes with continuous stirring 

of the melt by means of a mixing device at a speed of 

40 rpm; at that, the Mg:Zn ratio was adjusted from 2:1 

to 1:2. The experiments were conducted using the follow-

ing procedure. The technological salt mixture consisting 

of potassium, sodium, calcium chlorides and gadolinium 

fluoride was pre-prepared. Then the salts were thoroughly 

mixed, after which the salt mixture combined with mag-

nesium and zinc was placed into an alund crucible, which 

was installed to the furnace. Kept at a given temperature 

for a given time while stirring, the melt was settled for 

5 minutes after the end of the reducing reaction, then the 

surface part of the melt of salts was drained, and the result-

ing ligature was poured into the molds.

The subsequent experimental studies were carried out 

using the same procedure on varying temperatures from 

550 to 700 oC and holding time from 15 to 30 minutes with 

a constant Mg:Zn ratio of 1:2. All the experiments were 

carried out with a constant mass ratio of the components 

of the 35KCl – 35NaCl – 30CaCl2 salt mixture, to which 

gadolinium fluoride was added on keeping the mass ratio 

of GdF3 to chlorides in the mixture as 1:6. The required 

gadolinium content in the master alloy was achieved by 

adjusting the magnesium and zinc content when reducing 

gadolinium fluoride from the melt of salts. In the discus-

sion of the results, the average values of the gadolinium 

extraction degree obtained from the results of three paral-

lel experiments are presented.

Elemental sample analysis of the obtained master al-

loys was performed using a Shimadzu XRF-1800 sequen-

tial X-ray fluorescence spectrometer (Japan). Metallo-

graphic study of the samples of the obtained master alloys 

was performed with the use of a TESCAN VEGA (Czech 

Republic) electron microscope with an Oxford Instru-

ments INCAx-act (United Kingdom) energy dispersive 

X-rays spectrometer and a Carl Zeiss Axio Vert 40 MAT 

(Germany) inverted microscope. The investigations were 

carried out using the resources of the laboratory base of 

the Core facilities Centre of the Saint-Petersburg Mining 

University. 

Research results and discussion 

At the first stage of experimental research, thermal 

analysis of the process of gadolinium recovery from a 

technological salt mixture with a magnesium-zinc alloy 

was performed. In Fig. 2 the thermograms obtained in the 

first heating cycle (the firm line) and the second one (the 

hatch line) are presented.

During the first cycle of charge heating, at 416 oC there 

is observed the beginning of zinc melting, which is ac-

companied by an endothermic effect with a maximum at 

436 oC , after which zinc begins to actively interact with 

magnesium indicating an exothermic peak with a mini-

mum at 448 oC  and ends at 473 oC . After the end of the 

2 1 5 6 3 4 7

Fig. 1.  A laboratory-scale plant:

 1 — shaft electric furnace; 2 — silicon-carbide heating spirals; 

3 – CK thermocouple (Chromel-kopel); 4 — thermoregulator; 

5 — crucible; 6 — mixer; 7 — control desk
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reaction between magnesium and zinc at 473 oC, one can 

observe the beginning of another one exothermic effect 

with a minimum at 574 oC, ceasing at 648 oC  The exo-

thermic effect evidences that the process of gadolinium 

fluoride recovering by magnesium-zinc melt is tak-

ing place. The endothermic effect with a maximum at 

697.4 oC  corresponds to the melting of the technologi-

cal salt mixture components and all the interactions in the 

system under study stop at a temperature of 747 oC. Dur-

ing the second heating cycle, the thermogram shows the 

endothermic effects of melting the magnesium-zinc alloy 

with a maximum at 350 oC  and the triple ligature with a 

maximum at 534 oC. Based on the master alloy data ob-

tained as a result of thermal analysis [35], it was found that 

this effect corresponds to the melting of the MgxGdyZnz 
triple compound.

The thermograms obtained on cooling up of the weighed 

material sample to 200 oC  are represented in Fig. 3.

During the first cycle of crystallization (the firm line) 

and during the second cycle of it (the hatch line), the ther-

mograms clearly reflects two thermal effects: the first one 

with minimums at 325 oC, corresponding to the crystal-

lization of magnesium-zinc double eutec-

tic, and the second one at 510–512 oC, 

corresponding to the crystallization of a 

MgxGdyZnz triple compound. Besides, ther-

mal effects at 489–495 oC were stated, which 

corresponds to the crystallization of the re-

acted technological salt mixture. Elemental 

analysis of a magnesium-zinc-gadolinium 

master alloy sample obtained after ther-

mal analysis has showed the presence of 

17.56 wt.% gadolinium in it, which indicates 

that the process of gadolinium recovery from 

a fluoride-chloride melt with a magnesium-

zinc alloy is taking place.

 The next stage has comprised the pre-

liminary studies on the gadolinium fluoride 

magnesium-thermal recovery from the melt 

of salts over zinc, which allowed one to de-

termine the principal possibility of the mag-

nesium-zinc-gadolinium triple master alloy 

synthesis. It was found that the magnesium 

to zinc ratio does not significantly affect 

the degree of gadolinium recovery from the 

technological salt mixture (Table 1).

Subsequent to conducting the prelimi-

nary experiments and analyzing the available 

information, the process factors influence 

on the gadolinium recovery degree was stud-

ied. At that, a constant value of the Mg:Zn 

ratio equal to 1:2 was adopted in subsequent 

studies in order to reduce the temperature of 

triple master alloy synthesis performing. In 

this case, the base of the charge forms more 

fusible component, which begins to interact 

with magnesium at a temperature of 342 oC 

according to the Mg – Zn system constitution diagram 

[36] and fulfilled thermal studies. This can provide the be-

ginning of an exothermic reaction when recovering gado-

linium at lower temperatures.

As a result of processing the obtained data, the de-

pendences of the gadolinium recovery degree on the 

holding time at temperatures of 550, 600, 650, 700 oC 

are constructed (Fig. 4). In the course of experiments, 

it was confirmed that zinc adding to the charge reduces 

the temperature of gadolinium recovery from the melt 

of salts, unlike the temperature intervals for obtaining 

the double magnesium-gadolinium master alloys [26]. 

0.20

DTA/(uV/mg)

0.15

0.10

0.05

0

–0.05

–0.10

–0.15

–0.20
300 400 500 600 700

Temperature/ oC

448.0 oC

330.0 oC
416.0 oC

350.0 oC 436.0 oC

440.0 oC

473.0 oC

510.0 oC
569.0 oC

574.0 oC

634.0 oC
648.0 oC 734.0 oC

697.0 oC534.0 oC

1st melting

2 nd melting

0.20
DTA/(uV/mg)

0.15

0.10

0.05

0

–0.05

–0.10

–0.15

–0.20
300200 400 500 600 700 700

Temperature/ oC

275.0 oC
275.0 oC

350.0 oC
461.0 oC

464.0 oC

350.0 oC

525.0 oC

489.0 oC

325.0 oC
325.0 oC

510.0 oC
512.0 oC

495.0 oC

525.0 oC

1st crystallization

2 nd crystallization

Fig. 2. Thermograms of the first and second melting cycles for the Mg – Zn – KCl – 

NaCl – CaCl2 – GdF3 sample under study on heating up to 800 oС

Fig. 3. Thermograms of the first and second crystallization cycles for the Mg – Zn – KCl – 

NaCl – CaCl2 – GdF3 sample under study on cooling up to 200 oС

Table 1
The results of the Mg – Zn – Gd master alloy forming 

Melt 
number

Mg:Zn ratio
Recovery, 

% 

Actual master alloy 
composition, % 

Mg Zn Gd

1 2:1 99.1 60.12 28.49 11.39

2 1:1 99.0 37.11 35.62 27.27

3 1:2 99.6 20.19 54.75 25.06
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It was ascertained that the gadolinium recovery degree 

of about 70% is achieved at a synthesis temperature of 

550 oC, and it rises to 97.6–99.2% with an increase in 

temperature to 650 oC. 

Quality analysis of the resulting master alloy showed 

that its macrostructure is characterized by the absence 

of non-metallic inclusions and gas pores. Since there are 

no regulatory requirements on triple master alloys of the 

studied composition, the comparison has been carried 

out according to the requirements on impurity content 

imposed upon a magnesium-neodymium master alloy, 

which is also used in production of magnesium special-

purpose alloys. An Mg – Zn – Gd master alloy meets the 

requirements on impurity content for Mg – Nd master 

alloys according to TU 48-4-271-91 (Table 2). 

Microstructure analysis has showed that the magne-

sium-zinc-gadolinium master alloy has a structure that 

includes magnesium-zinc double eutectic with a uniform 

distribution of triple Mg3GdZn6 intermetallic compounds 

of a clearly defined form, the composition of which has 

been determined by micro-X-ray spectrum analysis. Fig. 5 

shows the microstructure images of a 25Mg – 50Zn – 

25Gd master alloy with gadolinium content of 25 wt.%. 

Analysis of electronic microstructure images of a 

25Mg – 50Zn – 25Gd master alloy confirmed the phase 

structure of the resulting master alloy (Fig. 6). The values 
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Fig. 4. Dependence of the gadolinium extraction degree on holding time

Fig. 5. Microstructure of a 25 Mg – 50 Zn – 25 Gd master alloy:

 a —  �50 (200 μm); b – �500 (50 μm)
Fig. 6. Electronic images of the 25 Mg – 50 Zn – 25 Gd master alloy 

microstructure (�2000):

 a — Spectrum 2 (50 μm); b – Spectrum 3 (50 μm)

Table 2 
Chemical composition of Mg – Zn – Gd master alloy

Grade

 Standard

Mass fraction, %

of main components
of controlled impurities, 

no more than

Zn Mg REM Fe Cu Ni Si Al

МН – base 20–35 0.15 0.1 0.01 0.05 0.05

Mg – Zn – Gd,
Melt No.16

base 25.3 25.1 0.06 0.05 – 0.02 0.04
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of the Mg – Zn – Gd master alloy spectra are presented 

in Table 3.

The electronic images of microstructures demonstrate 

that intermetallic compounds (Mg3GdZn6) are distribut-

ed in the volume of magnesium-zinc double eutectic.

Conclusions

Thus, the temperature ranges of thermal effects dur-

ing the recovery of gadolinium from the technological salt 

mixture KCl – NaCl – СaCl2 – GdF3 with magnesium 

and zinc were determined resulting from thermal analysis.

It is experimentally proved that in the course of obtain-

ing Mg – Zn – Gd triple master alloys, the rational mag-

nesium to zinc ratio of 1:2 provides reducing the melting 

temperature (up to 650 oC) and holding time (up to 20 mi-

nutes) when recovering gadolinium from the technological 

salt mixture KCl – NaCl – СaCl2 – GdF3. The process of 

magnesium-thermal recovery with zinc addition is char-

acterized by high gadolinium extraction (up to 99.2%), 

and the resulting master alloy is formed as an ingot.

The microstructure analysis has showed that the re-

sulting 25Mg – 50Zn – 25Gd triple master alloys are 

characterized by a uniform distribution of intermetallic 

compounds (Mg3GdZn6) in the volume of magnesium-

zinc double eutectic. 

The experimental data obtained are a prerequisite for 

a development of industrial technology for production of 

magnesium-zinc-gadolinium master alloys for their use in 

non-ferrous and ferrous metallurgy. 
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