Study of Morphology and Magnesium Purity, Formed
by Vapor Phase Through Silicothermic Reduction
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This article describes the influence of temperature profile on the morphology and impurity
distributions of magnesium vapor condensation during silicothermic reduction of calcined
dolomite. The formation of magnesium crystals was comprehensively analyzed by optical
microscopy, scanning electron microscopy (SEM), and inductively coupled plasma (ICP). The
results showed that the temperature changed the morphology and purity of condensation
products in the condenser. When the temperature of the condenser zone was lower than 250 °C,
the magnesium vapor condensation was fine and noncompacted. The crystal growth of
magnesium occurred in the range of 250 °C and 380 °C. It was found that crystal magnesium
became coarser and denser at higher temperatures. Based on the analysis of crystallized
magnesium, the impurity distributions decreased at temperatures higher than those of the
condenser. Furthermore, this indicates that the impurity contents with less than 0.04 pct were
distributed randomly through the condenser.
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I. INTRODUCTION

THE use of magnesium in different industries, such
as aerospace and automobile manufacturing, is signif-
icant due to its distinctive characteristics and properties
such as light atomic weight and high strength/density
ratio."?) Furthermore, pure magnesium is widely used
in the production of strategic and important metals such
as uranium and titanium.”! Commercial magnesium was
produced through two main approaches, i.e., electrolysis
and thermal methods."” The thermal methods consist of
two techniques of silicothermic and carbothermic.> "
Silicothermic reduction requires less capital cost and is
easily produced at small scales.®*” Compared to other
methods, this method is more suitable for the produc-
tion of high-purity (about 99.95 pct) magnesium.>% !
The silicothermic reduction method extracts magnesium
from dolomite, and as a reductant af%ent, ferrosilicon is
used to reduce MgO in dolomite ores.!'? ' This process,
the so-called Pidgeon process, is carried out in a reactor
with external heating at a temperature of 1150 °C to
1300 °C.*'*! This process is represented by Eq. [1]:
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2Ca0(s) + 2MgO(s) + Si(s) — 2Mg(g) + CaySiOq4(s)
1]

This reaction is endothermic and is carried out in
steel retorts. The final step is to condense magnesium
vapor in a steel condenser to deposit magnesium
crystals.>117)

Various parameters, such as temperature, impurities,
technical parameters, reductant agent, and reducing
agent, are effective in the production of magnesium;
furthermore, some have significant effects on the deposit
of magnesium vapor. The effect of these parameters on
the carbothermic process has been extensively studied.
Yang et al'® studied the manner of magnesium forma-
tion in the carbothermic reduction of dolomite by using a
multilevel condenser. The temperature among the levels
was different (923 K, 1023 K, 1123 K, and 1223 K).
Their results showed that the temperature gradient was
effective for the purity and morphology of magnesium in
the condenser. In other research, Yang et al. 1 studied
the effect of the temperature on the morphology of
magnesium nucleation by using the carbothermic pro-
cess. The results showed that this process was controlled
by the temperature and the rate of oxidation reduced
when the temperature gradient decreased. Therefore, the
quality of magnesium formed in these zones rises signif-
icantly at high temperatures. In another study, Yang
et al.”? studied the effect of temperature on the deposit of
the impurities of alkaline metals, such as sodium and
calcium, in different zones of the condenser by using the
carbothermic process. This study revealed that the purity
of the magnesium formed in a high-temperature zone was
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Fig. 1-—X-ray pattern of calcined dolomite powder.

Table I. Chemical Composition of Calcined Dolomite Powder
(Mass Percent)

Composition CaO MgO Fe,O; SiO, AlLO; LOI
Percent Weight 49.14 27.85 0.64 0.12 0.02 21.9

more than that in other zones. In general, although
morphological characteristics were investigated in the
carbothermic process, limited studies were performed on
the various morphologies of silicothermic reduction and
distribution of impurities inside the condenser during this
process. Investigation of the temperature gradient, mor-
phology, and distribution of impurities is necessary to
improve the performance of the silicothermic process.
This article focuses on the effect of temperature on the
morphological characteristics and distribution of impu-
rities in silicothermic reduction. The morphology of the
samples observed by scanning electron microscopy
(SEM) and the composition of the magnesium formed
were examined by inductively coupled plasma (ICP) and
X-ray diffraction (XRD).

II. MATERIALS AND EXPERIMENTAL
METHOD

The calcined dolomite powder (I um in average
diameter), calcium fluoride (0.5 um in average diame-
ter), and ferrosilicon powder (2 um in average diameter)
were used as the starting raw materials. Figure 1 and
Table I show the X-ray diffraction pattern and chemical
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Table II. Composition of the Charged Briquettes in the

Retort
Composition Dolomite Ferrosilicon Calcium Fluorine
Percent Weight 70 26.5 3.5

composition of calcined dolomite, respectively. Dolo-
mite, ferrosilicon, and calcium fluoride powder were
mixed with weight percentage according to Table II.
The mixture was compacted into briquettes of 60 mm in
diameter under 120 MPa.

The reduction tests were carried out by charging the
briquettes into a retort furnace at 1200 °C. This retort
furnace was made of alloy steel with a condenser, a
water-circulating system, and vacuum connections, as
shown schematically in Figure 2. Then, the retort valve
closed and the vacuum pump started working to reduce
the pressure inside the condenser as required (3 Pa).
Five thermocouples were used to measure the temper-
ature in different zones (Figure 2(c)), while local tem-
perature measurements along the condenser produced
the temperature profile (Figure 3(y)). After 7 hours, the
process was completed. Then, the retort valve was
opened and the magnesium crystals formed on the lining
of the condenser were discharged. The samples were
collected from different parts of the magnesium batch
and cross-sectional samples were prepared by acid
cleaning. The samples were dipped in 5 pct nitric acid
solution for 3 minutes followed by washing with water
and drying by air blowing. Ultimately, the product was
examined by optical microscopy (model BH2-UMA
manufactured by Olympus Company); SEM (model
XL30SERIES manufactured by Philips Company); and
ICP (model Optima8000 manufactured by Perkin Elmer
Company) to analyze the structure and manner of
distribution of impurities.

III. RESULTS AND DISCUSSION
A. Magnesium Morphology at the Length of Condenser

Figure 3 shows the optical micrographs of the mor-
phology of the magnesium product inside the condenser.
It is observed that the morphology of the magnesium
crystals is different in the zones of the condenser, so the
condenser can be divided into three zones: I, 11, and II.

This process can be attributed to the formation of
supersaturated magnesium vapor with a decreasing
temperature in the condenser. The temperature is an
important factor influencing the nucleation and growth
of magnesium atoms during the vapor — solid transi-
tion. This leads to the formation of the magnesium
nuclei on the surface of the condenser. The nucleation
radius of nuclei is calculated by Eq. [2]*"
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Fig. 2—(a) Schematic of the experimental apparatus: (1) retort, (2) condenser, (3) retort valve, (4) vacuum valve, (5) vacuum joint, (6)
water-circulating system, (7) furnace body, (8) retort keeper, and (9) flame torch; (b) dimension of condenser mentioned in part (a2); and (c)

location of thermocouples in condenser.

o (ZO'UTeq> s 2]
AHgy ) AT
where ¢ is the surface energy, v refers to the atomic
volume of the nucleus, AH,, stands for the enthalpy
of sublimation, T,q represents equilibrium temperature,
and AT is the value of undercooling.

It is concluded that the driving force of nucleation
(AT) increases the rate of nucleation at lower temper-
atures and the rate of growth increases at higher
temperatures. Under these conditions, magnesium for-
mation is controlled by diffusion parameters and its
morphology is controlled by growth mechanisms. Thus,
the nuclei formed in zone I did not grow (temperature
range was between 150 °C and 250 °C). The image
obtained from this zone (Figure 3(a)) clearly confirms
this fact. It can be seen that the uniform and noncon-
densed structure would result in the generation of
numerous nuclei, preventing their growth. Figure 4
shows the microstructure of the magnesium product in
zone I. Three-dimensional nucleation controlled by the
island growth mechanism was observed.
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According to Figures 3(b) and (c), the magnesium
vapor has a dense crystal structure compared to that
in Figure 3(a). Figure 5 illustrates SEM micrographs
of magnesium crystals collected at the second con-
denser zone (II) (temperature range was between
250 °C and 350 °C). The cross section of this zone is
shown in Figure 6. The magnesium formed in zone II
has a dense hexagonal crystal structure with a layer
growth mechanism (Figure 6). It can be seen that the
main planes have the lowest surface energy and the
edges have the highest energy. Therefore, these planes
have grown initially by two-dimensional (2-D) growth
that is in accordance with equal and coaxial [0001]
faces.

In contrast, Cho and Fawcett®” focused on the
growth morphology of Mg-chlorite (5MgO-Al,O5-
3Si0,-4H,0) with a hexagonal structure originating
from the vapor phase. According to their results, the
lateral growth rate was lower than that of the
nucleation frequency on the main planes. If it indeed
occurred, this plays an important role in the growth of
magnesium in zone II. It can be found that as the
thickness of each plane increases, the next plane grows
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Fig. 3—Details of the condenser and the morphology of magnesium formed in different zones: (x) front view of a batch of magnesium formed
inside the condenser; () schematic representation of different zones of the condenser; and (y) temperature profile along the condenser: (a)
magnesium formed in zone I, (b) magnesium formed between zones I and II, (¢) magnesium formed in zone II, (d) magnesium formed in zone
III, and (e) magnesium formed in the end of zone III.
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on its high-energy regions, including crystalline defects
and edges. Therefore, the magnesium of crystals with
polygonal shapes was mainly observed in zone II.
According to Figures 3(d) and (e), the massive mag-
nesium crystals with compact morphology were col-
lected at the third condenser zone (III) (temperature
range was between 350 °C and 450 °C). It is concluded
that the high temperature decreased the rate of
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nucleation and increased the rate of growth in this
zone. Figure 7 provides SEM micrographs of magne-
sium crystals collected at zone III.

Under these conditions, the growth rate was con-
trolled by three-dimensional nucleation and the spiral
growth mechanism, resulting in the appearance of
cauliflower-like morphologies. According to the
results obtained by Sunagawa,”®! the mechanism of
the layer growth was limited by the activation energy
of 2-D nucleation. Growth could not begin unless the
activation energy required for 2-D nucleation was
overcome. However, the mechanism of spiral growth
is not required to provide the activation energy at
high temperatures. The spiral growth starts with
polygonal nucleation, which eventually shows mor-
phological progress by making smooth crystals at
their surfaces over which impact structures are cre-
ated. The result of the growth mechanism shows that
the spiral growth mechanism takes place with tem-
perature after the layer growth mechanism. At the end
of zone III, the temperature is high and the crystals
are allowed to settle rapidly on the edges of the
condenser (Figure 3(d)). These factors determine the
morphologies of crystals including number of nuclei,
energy barrier, and temperature. As a result, the
cauliffower-like branch morphology will appear
(Figure 8).
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Fig. 5—SEM of zone II in different magnifications: (a) 10 times, (b) 20 times, (c¢) 40 times, and (d) 80 times.
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B. Magnesium Morphology at the Cross
Section of the Condenser

The cross section of the condenser was investigated in
detail for nucleation and the growth mechanism. The
magnesium vapor condenses in the crystalline structure on
the water circulator of the condenser (Figure 3 (direction of
R-axis)). This creates a thermal gradient due to the
continuous heat transfer from the wall of the condenser.
As shown in Figure 9, at the initial stage of deposition and
when clusters achieve a critical size in the condenser,
precipitation of initial particles on the wall of the condenser
takes place. In fact, these fine particles were observed on the
entire surface of the condenser (zones I-III).

As the thickness of the magnesium formed increases,
the rate of heat transfer decreases. This results in larger
crystalline grains for particles than those in the previous
layer. In addition, the temperature gradient generated at
the cross section of the condenser provides directional
growth, bringing about the columnar structures in the
condenser, as shown in Figure 10.

Spbt Magn De
5.0, 40X SE

: Spdf Magn '

C. Distribution of Impurities at the Length
of the Condenser

There are some oxide impurities in dolomite, which
are reduced to elements, such as Zn, Ca, K, Na, Si,
and Fe, and enter into magnesium produced during
the condensation of vapor in silicothermic process
(Table III). In this process, the concentration of impu-
rities and their distribution in the final product depend
on the composition of raw materials and the tempera-
ture profile in the condenser, respectively. Figure 11
shows the influence of temperature on the concentration
of impurities in different zones of the condenser. As
shown in this figure, the temperature profile along the
condenser brings about a change in magnesium purity in
the different zones (I-111), except the impurity elements
such as K, Si, and Fe with less than 0.04 pct (i.e., this
concentration of elements was distributed randomly
through the condenser). In fact, with increasing tem-
perature, the concentration of impurities in condensa-
tion products, such as Zn, Ca, and Na, is decreased.

/
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Fig. 6—SEM of the cross-sectional zone II condenser in different magnifications: (a) 10 times, (b) 20 times, (¢) 40 times, and (d) 80 times.
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Fig. 8—SEM photomicrograph of crystals at the end of zone III. Fig. 9—SEM photomicrograph of initial particles on the wall of the
condenser.
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Fig. 10—Directional growth of the crystals at the cross section of

the condenser.

Table III. Chemical Composition of Magnesium Formed in
Different Zones of the Condenser (RSD Percent < 2)

Zone | Zone 11 Zone 111

Composition (Wt Pct) (Wt Pct) (Wt Pct)

Mg 99.593 99.791 99.865

Zn 0.170 0.077 0.063

Ca 0.110 0.100 0.004

K 0.030 0.011 0.030

Na 0.090 0.012 0.020

Si 0.020 0.003 0.005

Fe 0.007 0.006 0.018

RSD: range and standard deviation.

Fig. 11-—Comparison of impurities in different zones of the condenser.

Weight Percentage (wt.%)

Therefore, the concentration of magnesium purity from
zone III (350 °C to 450 °C) is more than that of other
zones.

IV. CONCLUSIONS

This study investigated the morphology and purity
content of magnesium through the silicothermic reduc-
tion process. The results obtained are as follows.

1. The length of condenser as a function of temperature
in the range of 150 °C to 450 °C is shown. Therefore,
the condenser can be divided into three zones: cool,
medium, and warm. In the cool zone, the magnesium
vapor directly turns into solid. Therefore, it will have a
uniform, noncondensing, and powdery structure. By
moving toward the hot regions, the structure of mag-
nesium crystals will be more compressed and coarser.

2. The cross section of the condenser creates a thermal
gradient due to heat transfer from the wall of the
condenser. Therefore, it provides directional growth,
bringing about the columnar structures in the con-
denser.

3. The experimental results show that the temperature
profile changed the distribution of impurities in the
final product along the condenser. The concentration
of impurities decreased with an increase in tempera-
ture, except the impurity elements with less than
0.04 pct. These elements were distributed randomly
through the condenser.

0:16 . \§ c:
0.14 - § Bx
\ BNa
0.08 - §%
0.06 - \ %
0.04 - %%
-
0.02 - %/

Zon

(¢

2442—VOLUME 49B, OCTOBER 2018

1(150-250 °C)

Zone II (250-350 °C)

Zone III (350-450 °C)
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