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Abstract
The process of magnesium extraction by silicothermic
process is in vacuum, which leads to discontinuous
production. The condensation of magnesium vapor in
inert gas is an important step to realize continuous
magnesium production. In this paper, the condensation
behavior of magnesium vapor in inert carrier gas is
studied. The effects of temperatures on the condensation
phenomenon, temperature in condensation zone, direct
recovery rate of condensation, and microstructure of
magnesium vapor were investigated. The results show
that three different condensation appearance can be
obtained by magnesium condensation in argon gas
conditions, and the size has significant difference, and
large particles of condensed magnesium are more than
500 lm, small particles of magnesium from 50 to 100 lm
and powdered magnesium less than 10 lm. With the
increase of temperature, the initial condensation temper-
ature of magnesium vapor increases from 680.2 to
745.1 °C, small particles of magnesium increases, while
the powdered magnesium keeps constant; the direct
recovery rate of large particles of magnesium decreases
from 27.1 to 15.4%, and the direct recovery rate of
condensed magnesium of small particles increases; higher
purity of magnesium can be obtained at different
temperatures, which can provide theoretical support for
continuous magnesium production process.
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Introduction

As the lightest structural material in industrial applications
[1, 2], magnesium is widely used in metallurgy, mechanical
manufacturing, aerospace, and other fields [3]. The energy
consumption and pollution have been reduced with the
continuous development of magnesium production by sili-
cothermic process [4], but it still belongs to high energy
consumption metallurgical process [5]; the continuous pro-
cess cannot be achieved because of the existence of vacuum.

Therefore, the new technologies and processes was put
forward for the existing problems in magnesium production
by experts and scholars. The kinetics of magnesium reduction
by silicothermic process was studied by Fu [6–9] et al.; a new
process by prefabricated pellet silicothermic process was put
forward, which shortened the period of magnesium produc-
tion. Tian [10–13] collected magnesium powder by carboth-
ermal reduction at 1280 °C and found that magnesium reacted
inversely with CO to form magnesium oxide. The nucleation
and growth process of magnesium vapor under vacuum con-
ditions was described by Yang [14, 15], and the effects of
condensation temperature, temperature gradient, and satu-
rated vapor pressure on the morphology of magnesium crys-
tals were explained. Xiong [16, 17] continued to study the
condensation behavior and obtained the volatilization and
condensation rules of pure magnesium under vacuum condi-
tions. The Australian CSIRO Research Institute [18] uses
supersonic gas injection to rapidly cool magnesium vapor to
obtain condensed magnesium powder which is not easy to
explode. Other experts and scholars have studied the collec-
tion of magnesium vapor condensation [19], which provides
ideas for the continuous production of magnesium extracting.

All the above studies are based on vacuum conditions. In
order to achieve continuous production, magnesium vapor
condensation needs to be carried out in non-vacuum con-
ditions. So the condensation behavior of magnesium vapor
in argon carrier was studied using metal magnesium as raw
material in this paper. The effects of temperature in constant
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temperature zone of magnesium vapor on initial condensa-
tion temperature, direct recovery rate, and condensation
microstructure were studied experimentally in order to
understand the condensation law of magnesium vapor and
provide a condensation method for continuous production of
magnesium.

Experiment

Experimental Materials

Condensation experiments of pure magnesium (99.9%) were
carried out to obtain the condensation law of magnesium
vapor.

Experimental Method

Measure the furnace temperature before placing the sample.
The 15 g (±0.5 g) magnesium ingot was put into the tube
furnace (in a corundum crucible) and volatilized for 2 h at
1000–1200 °C. The experimental device is shown in Fig. 1.

Pure argon (99.99%) was continuously flowed into the
tube at a flow rate of 0.2 m3/h, and the magnesium vapor
was fully mixed with argon and then moved to a

low-temperature zone for condensation. Graphite paper
(0.2 mm thick) is lined inside the tube to collect magnesium
vapor condensation products, and the condensation diagram
is shown in Fig. 2.

The center position of the tube furnace is 0 cm, which is
the raw material placement position (that is the central
position of the furnace which is the initial temperature
position of the furnace temperature measurement). Magne-
sium vapor condenses at different positions after volatiliza-
tion in argon gas flow. Large particles condense at T1–T2,
small particles condense at T2–T3, and powder condense
after T3 (the condensation temperature changes with different
conditions). After collection, the condensate was weighed
and characterized by XRD and SEM.

The formula for calculating the percentage of condensa-
tion mass is as follows:

wi ¼ mi

mt
ð1Þ

wi represents the mass fraction of magnesium vapor
condensation in different regions,

mi represents the mass of magnesium vapor condensation
products in different regions, and

mt represents the total mass of magnesium.

Fig. 1 Tube furnace
experimental device

Fig. 2 Schematic diagram of
magnesium vapor condensation
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Results and Discussion

Description of Experimental Principle
and Phenomena

According to Eqs. 2 and 3 [20], the relationship between
saturated vapor pressure and temperature can be obtained in
Fig. 3 which shows that when the temperature decreases, the
saturated vapor pressure of magnesium vapor decreases
gradually. When the actual partial pressure of magnesium
vapor is greater than the saturated vapor pressure, the
magnesium vapor begins to condense.

lgPðPaÞ ¼ 14:92� 7550
T

� 1:41 lg Tð298�924KÞ ð2Þ

lgPðPaÞ ¼ 13:54� 7780
T

� 0:86 lg Tð924�1393KÞ ð3Þ

Different forms of condensation products appear during
the evaporation condensation process of magnesium vapor

in argon at 1000–1200 °C. The phenomenon of condensa-
tion products at 1100 °C is shown in Fig. 4.

Figure 4a is Mg vapor condensation in T1–T2 region,
which is droplet condensation with large particles; 4 (b) is
small particle condensation in T2–T3; and 4 (c) is powder
condensation after T3. As can be seen from the figure, with
the decrease of temperature in the condensation zone, the
particle size of magnesium vapor decreases, from large
droplets to small particles, and finally to powder. The reason
is that the magnesium vapor moves far from the furnace
center, the temperature decreases, and the magnesium vapor
condenses. As the magnesium vapor continues to move, the
condensation process reduces the partial pressure of mag-
nesium vapor, the lower partial pressure leads to the direct
conversion of magnesium vapor into powdered magnesium
without liquefaction, so the magnesium particles size
decrease gradually, which shown in Fig. 4.

Effect of Temperature in Constant Temperature
Zone on Condensation Temperature
of Condensation Products at Different Positions

Temperature is the main factor affecting the condensation of
magnesium vapor, so the effect of temperature in constant
temperature zone (1000–1200 °C) on the condensation
behavior of magnesium vapor was studied experimentally.
0 cm is the central position of the furnace, and the corre-
sponding data are the central temperature of the furnace. The
temperature distribution of the tube furnace was measured
which is shown in Fig. 5. The purpose of temperature
measurement is to obtain the condensation temperature of
magnesium vapor in different regions after obtaining the
condensation products of magnesium vapor. As the distance
increases, the temperature decreases.

The initial temperature of magnesium vapor condensation
varies with the temperature distribution of furnace and the
temperature in constant temperature zone. Figure 6 shows
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Fig. 3 Relationship between saturated vapor pressure and temperature

Fig. 4 Condensation of
magnesium vapor in different
regions
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the variation of Mg initial temperature at different conden-
sation zones. With the increase of temperature in constant
temperature zone, the initial condensation temperature of
large and small particles of condensed magnesium increases,
from 680.2 °C to 745.1 °C and 599.7 °C to 659.5 °C,
respectively; the initial condensation temperature of pow-
dered condensed magnesium is maintained between 495 and
508 °C; although there is an increasing trend, it remains
basically unchanged. This is because the volatilization rate
of magnesium vapor increases with the increase of temper-
ature in constant temperature zone, and the partial pressure
of magnesium vapor increases at the constant flow rate of
argon; after the two stages of condensation, the vapor
pressure is very low, so T3 basically remains unchanged.
When the temperature change in the constant temperature
zone is from 1000 to 1200 °C, the initial condensation

temperature of large and small particles of condensed mag-
nesium rises 64.9 and 59.8 °C, respectively. From the rela-
tionship between saturated vapor pressure and temperature
and three-phase diagram [21] of metal magnesium, it can be
seen that the condensation temperature increases with the
increase of saturated vapor pressure. When the vapor pres-
sure is higher than the saturated vapor pressure, the mag-
nesium vapor condenses. Therefore, the vapor pressure of
magnesium vapor is the key factor affecting the condensa-
tion temperature, and the temperature in the constant tem-
perature zone plays an important role in changing the vapor
pressure of magnesium vapor.

Effect of Temperature in Constant Temperature
Zone on the Direct Recovery Rate of Different
Forms of Condensation Products

The change of temperature in the constant temperature zone
not only affects the initial condensation temperature of
magnesium vapor, but also affects the condensation direct
recovery rate of magnesium vapor. The relationship between
temperature and condensation direct recovery rate of mag-
nesium vapor in different regions is shown in Fig. 7.

Some of the magnesium vapor is taken out of the furnace
because of the condensation is in the carrier gas flow pro-
cess; therefore, with the increase of temperature, the total
recovery rate of magnesium is 60–67%. Magnesium vapor
pressure increases at high temperature, which makes it easier
to condense. With the increase of temperature, the direct
recovery rate of large particles of condensed magnesium
decreases from 27.1 to 15.4%, when the temperature is
1000 °C and does not reach the boiling point of magnesium,
the direct recovery rate is low, the volatilization is slow, and

Fig. 5 Relationship between furnace temperature distribution and
distance

Fig. 6 Relationship between initial temperature of magnesium vapor
condensation in different regions and temperature in constant temper-
ature zone

Fig. 7 Relationship between temperature and condensation direct
recovery rate of magnesium vapor in different regions
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the vapor pressure is low, so it is difficult to condensate at a
constant temperature. However, the direct recovery rate of
large particles of condensed magnesium decreases with the
increase of temperature due to the re-evaporation of mag-
nesium after condensation. The direct recovery rate of con-
densed magnesium from small particles increased from 18.7
to 26.4%.

Microstructure and Composition of Condensation
Products

Figure 8 shows the microstructure and composition of
magnesium vapor condensation in different regions in the
flow rate of 0.2 m3/h argon at 1100 °C.

Figure 8a shows large particles of condensed magnesium
with a particle size of more than 500 lm; most of them are
spherical or hemispherical. Figure 8b shows a small particles
of condensed magnesium with a particle size ranging from
50 to 100 lm; most of the particles are massive structure. In
Fig. 8c, the particle size of powdered condensed magnesium
is less than 10 lm. This figure proves that magnesium vapor
with different temperatures in condensation temperature
zone can collect different microstructure of magnesium.
From EDS images, the purity of magnesium is higher and
not oxidized. The reason for the existence of carbon element
is that the magnesium metal is collected by condensation on
graphite paper.

As shown in Fig. 9, X-ray diffraction analysis of three
regions of large particles of condensed Mg (1), small parti-
cles of condensed Mg (2) and powder of Mg (3) at 1100 °C,

the XRD diffraction peak corresponds to the characteristic
peak of magnesium, which indicates that the product is pure
magnesium and has good crystallization. Therefore, mag-
nesium collected by condensation has high purity and is not
oxidized in inert gas.

Conclusions

The condensation behavior of magnesium vapor was studied
in inert gas at 1000–1200 °C. The effect of temperature in
different constant temperature zone on condensation tem-
perature and condensation direct recovery rate was analyzed,
and the microstructure and composition of condensation
products were obtained. The conclusions are as follows:

Fig. 8 Microstructure and
composition of magnesium vapor
condensation in different
condensation regions

Fig. 9 XRD analysis of condensation products in different condensa-
tion regions
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(1) With the increase of the temperature in the constant
temperature zone, the initial condensation temperature
of large particles of magnesium increases from 680.2 to
745.1 °C and that of small particles of magnesium from
599.7 to 659.5 °C, while the powdered magnesium is
kept between 485 and 508 °C, with little change.

(2) With the increase of temperature, the direct recovery
rate of magnesium and small particles of magnesium
increases, while the direct recovery rate of large parti-
cles of magnesium decreases, and the powdered mag-
nesium changes accordingly.

(3) Three different microstructures of magnesium were
obtained after magnesium condensation in argon gas
flow; the results show that large particles of condensed
magnesium are more than 500 lm, small particles of
magnesium from 50 to 100 lm, and powdered mag-
nesium less than 10 lm.

(4) The microstructure and composition analysis showed
that the condensed magnesium obtained by this method
was not oxidized and has high purity, which can pro-
vide support for continuous magnesium production
process.
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