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Formation mechanism of bonded slag pellets in
vertical-pot Pidgeon process of magnesium production
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Abstract: In the Pidgeon process involving a vertical pot, bonded slag pellets occasionally emerge at the bottom of the
reduction pot, impeding smooth slag discharge. To reveal the formation mechanism of the bonded slag pellets,
thermodynamic calculations, X-ray diffraction (XRD), X-ray fluorescence spectrometry (XRF), electron probe
microanalyzer (EPMA), X-ray photoelectron spectroscopy (XPS), and differential scanning calorimetry (DSC) were
employed. The bonded slag pellets mainly comprise MgO, CaSi,, CaO, and Ca,SiOs. CaSi, in the bonded slag pellets is
attributed to the reduction reaction between Si and CaO, yielding liquid CaSi,. Simultaneously, the reaction between
CaSi, and MgO, which will typically produce Mg vapor, is inhibited, resulting in the accumulation of CaSi,. Owing to
the solid-liquid transition of CaSi,, this process culminates in the bonding of slag pellets. This study can guide the
Pidgeon process optimization, enabling mitigation of the “dead pot” issue, thereby enhancing efficiency and reducing
costs.
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conditions [9]. This process has gained rapid

1 Introduction development in China owing to its simplicity, low
equipment investment, high-purity output, and
Magnesium and its alloys exhibit immense alignment with the mineral and energy conditions

potential in automotive, electronic, and biomedicine pertinent to China. In recent years, the primary
applications [1-3] owing to their several advantages magnesium output using the Pidgeon process in
such as low density, high specific strength and China accounts for more than 70% of the global
specific stiffness [4—6], effective thermal and total magnesium production [10—12].

magnetic shielding, excellent damping capacity The traditional horizontal-pot Pidgeon process
and electrical conductivity [7,8], and superior involves manual feeding and slag discharge under
biocompatibility. high temperature conditions, and it encounters

Generally, magnesium production primarily challenges such as low mechanical -efficiency,
involves electrolysis and thermal reduction. The high labor intensity, and harsh operating
Pidgeon process, a thermal reduction method, conditions [13—15]. On the contrary, the vertical-
utilizes ferrosilicon as the reducing agent to pot Pidgeon process can realize automatic charging
extract magnesium from dolime under vacuum and discharging by leveraging the gravity of pellets
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and reduced slag, which considerably reduces the
labor intensity, enhances the working environment,
and improves the production efficiency. Recent
experimental research on the application of external-
heating vertical pots in the Pidgeon process has led
to its adoption in certain areas for primary magnesium
production [16]. However, during practical operations,
the wvertical-pot process encounters operational
challenges, especially in slag discharge. These
issues primarily arise from two phenomena: (1) slag
pellets adhering to the reduction pot wall and (2)
slag pellets bonding at the bottom of the vertical pot
during the reduction process.

The mechanism underlying the adhesion of
slag pellets to the reduction pot wall during
magnesium production has been investigated,
revealing that Al,O; and CaF, play an important
role in the glaze formation. The solid-liquid
transition of this glaze triggers the sticking of slag
pellets to the pot wall [17]. In the case of the slag
pellets bonding at the bottom of the vertical pot
during the reduction process, the bonded pellets
exhibit considerable strength and hardness,
complicating their breakage and impeding slag
discharge. This phenomenon is commonly referred
to as “dead pot” in the industry, and its formation
mechanism remains unclear.

Despite several studies, the chemical reaction
pathway in the silicon thermal reduction of dolime
is a subject of ongoing debate [18—20]. This
reaction process entails two prevailing perspectives:
the first suggests a direct reaction between the
reducing agent Si and CaO-MgO, without inter-
mediate products, as outlined in Reaction (1) [13,21]:

Si(s)+2Ca0-MgO(s)=2Mg(g)+CaSiO4(s) (1)

The second view posits the initial formation of
the intermediate compound silicocalcium (CaSi or
CaSiy), which subsequently participates in the
reduction reaction, as detailed in Reactions (2)—(5)
[22—-24]:

5Si(s)+4Ca0O(s)=2CaSix(1)+Ca,Si04(s) 2)
3Si(s)+4Ca0(s)=2CaSi(s)+CaSiOa(s) 3)
2MgO(s)+2/5CaSiy(1)+6/5Ca0(s)=
2Mg(g)+4/5Ca,Si04(s) @)
2MgO(s)+2/3CaSi(s)+2/3Ca0O(s)=
2Mg(g)+2/3CasSiOa(s) 5)

This study explores the formation mechanism
of bonded slag pellets at the bottom of the reduction

pot in magnesium production using the vertical-pot
Pidgeon process. This investigation aims to
facilitate the automation and mechanization of
magnesium production using the Pidgeon process.
The study establishes a causal link between the
formation of intermediate silicocalcium compounds
and the occurrence of bonded slag pellets.

2 Experimental

2.1 Materials

The raw materials for preparing pellets
included dolomite (CaCO3-MgCOs), 75% ferro-
silicon alloy (FeSi75), and fluorite (CaF,). The
chemical composition of dolomite was determined
using an ICP-OES analyzer (iCAP 7200, Thermo
Scientific, America), as depicted in Table 1. The
ferrosilicon alloy adopted the certified reference
material standards, and its chemical composition is
listed in Table 2.

Table 1 Composition and calcining index of dolomite
(wt.%)

MgO CaO ALOs; FeO3 KO Others CO;
2231 3122 0.05 0.05 0.02 082 47.02

Table 2 Chemical composition of ferrosilicon alloy
(wt.%)
Si Fe Al Others
77.6 19.3 1.24 4.86

The dolime (CaO-MgO) was in accordance
molar ratio of CaO/MgO about 1. Dolomite was
crushed into particles size of about 5 mm to calcine
at 1100 °C for 1.5 h. Subsequently, the calcined
dolime was sieved through a 75 um sieve. To
elucidate the challenges associated with slag discharge
in the vertical-pot Pidgeon process, the bonded
pellets were sourced from actual production.

These pellets provided by the
demonstration production line of magnesium at the
compound vertical pot of Zhengzhou University,
China. The bonded pellets were retrieved by
manually removing the reduction slag from the
bottom of the reduction pots, where difficulties in
slag discharge were encountered.

WeEre

2.2 Thermodynamic calculations
The aim of this study was to analyze the
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potential composition, physicochemical properties,
and thermodynamic equilibrium phases of pellets
during the magnesium production. It involved
calculating the potential reactions in the pellets,
their initial melting temperatures, and phase content
using Factsage 8.2, with FactPS and FToxid as the
selected databases. The Gibbs free energy change
under standard conditions was calculated using

Eq. (6):
AGy = AH; ~TASy (6)

where AG; represents the change in Gibbs free
energy of the chemical reaction at standard pressure,
T denotes the chemical reaction temperature, AH. ?

indicates the variation in enthalpy of the chemical
reaction, and AS;) denotes the entropy variation of
the chemical reaction. The temperature and pressure
relations for the reaction were determined by setting
ideal reaction conditions and utilizing the thermo-
dynamic database.

2.3 Preparation of sample

First, dolime, ferrosilicon alloy, and fluorite
were uniformly mixed according to a certain
proportion by ball milling in a planetary mill at
200 r/min for 0.5 h. The raw material of the pellets
was proportioned according to the rule that the
molar ratio of Si/MgO was 0.5 and the mass
fraction of fluorite was 3%. Then, the obtained
powder mixture was placed into the mold with an
inner diameter of 25 mm and shaped into pellets at
a pressure of 150 MPa. The obtained pellets were
stacked together to observe whether bonding
phenomenon occurred. Finally, the pellets were
placed in an alumina crucible and sintered using a
tubular high temperature furnace (GSL—1700X,
Kejing, China).

In the comparative experiments, argon gas was
first used to purge the air from the furnace. The
vacuum reactor was heated to the specified
temperature at a heating rate of 10 K/min, and the
vacuum state was consistent with the set state
during the experiment. The process initially
involved reducing the reactor pressure to below
1 Pa using a vacuum pump, followed by filling the

reactor with argon gas to achieve the target pressure.

The pressure was then stabilized at the desired
value by adjusting the valve angle, which was
monitored by a custom-modified pressure gauge.

According to the change of mass loss in the
pellets before and after the reaction, the conversion
rate of magnesium was evaluated using Eq. (7):

n= Myrore — Mafter %x100% (7)
m w

before

where # denotes the conversion rate of pellets, w is
the magnesium mass fraction in the pellets, and
Mpefore TEpresents the mass of the pellets before the
reduction reaction, and mager denotes the mass after
the reduction reaction.

2.4 Microstructural characterization

A thermogravimetric analyzer with differential
scanning calorimetry (TG—DSC, STA 449F3,
Netzsch, Germany) was used to measure the liquid-
phase temperature and reaction characteristics of
the bonded pellets. An X-ray diffraction spectro-
meter (XRD, XRD6100, SHIMADZU, Japan) and
an X-ray photoelectron spectroscope (XPS, Thermo
ESCALAB 250XI) were used to analyze the
composition and main phase of the pellets. The
precise elemental contents in the bonded pellets
were determined using an X-ray fluorescence
spectrometer (XRF, ARL PERFORM’X 4200W,
Thermo Fisher Scientific, USA).

The polished cross-sections of the samples,
embedded in epoxy resin, were examined through
scanning electron microscope (SEM, Helios G4 CX,
Thermo Fisher Scientific, USA) at an accelerating
voltage of 20 kV in the backscattered electron mode
(BSE). Energy dispersive spectroscopy (EDS) was
used to measure the chemical composition of the
specimen and ascertain the distribution of elements.
A more accurate analysis of the elemental
distribution was obtained using a field emission
electron probe microanalyzer (EPMA, EPMA-
8050G, SHIMADZU, Japan).

3 Results and discussion

3.1 Macromorphology of bonded slag pellets

In the vertical pot, pellets are predominantly
accumulated between the pot wall and the center
cylinder, as depicted in Fig. 1(a). The central
cylinder plays a role in transporting Mg vapor to the
crystallizer, regulating the pellet layer thickness,
facilitating slag discharge, and other applications.
For instance, after the termination of the reduction
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Fig. 1 Schematic diagram (a) and morphologies (b, ¢)
of bonded slag pellets at bottom of reduction pot
during magnesium production in vertical-pot Pidgeon
process

process, the central cylinder is lifted, and under
gravity, the slag pellets fall from the bottom of the
reduction pot. Nevertheless, bonded slag pellets are
occasionally formed at the base of the pot,
exhibiting considerable strength and hardness that
they cannot be disintegrated easily, as illustrated in
Figs. 1(a) and (b). This occurrence of bonded slag
pellets impedes automatic slag discharge, a
phenomenon referred to as “dead pot”. The
morphologies of these bonded slag pellets at high
temperature and room temperature are displayed in
Figs. 1(b) and (c), respectively.

Typically, the slag pellets from the Pidgeon
process experience pulverization during cooling
owing to the crystal transition from S-Ca;SiO4 to
y-CasSi04 [25]. However, these bonded, hard slag
pellets maintain their shape and compactness during
cooling, as depicted in Fig. 1(c), and continue to
exhibit high strength and hardness at room
temperature.

Table 3 Chemical compositions of bonded and initial pellets

3.2 Chemical composition and phase consitution
of bonded slag pellets

Table 3 presents the chemical compositions of
the bonded slag pellets and the initial pellets, which
are a mixture of calcined dolomite, ferrosilicon, and
fluorite. XRF analysis reveals that the Mg contents
in the bonded slag pellets and the initial pellets are
17.24 and 20.72 wt.%, respectively, indicating only
16.8% conversion of Mg. The contents of other
elements in the two samples are comparatively
similar.

The XRD patterns of the bonded slag pellets
and those subjected to specific treatments are
presented in Fig. 2. The bonded slag pellets display
the pronounced peaks of S-Ca,SiO4, MgO, CaSi»
[26—28], and CaO, without peaks of y-Ca,SiO4. The
phase transitions between various crystalline forms
of Ca,;Si0O4 can spontaneously occur with a change
in temperature. For instance, the f—y transition
involves an irreversible reconstructive phase change,
accompanied by a significant volume increase that
causes the pulverization of magnesium slag upon
cooling. However, intriguingly, the crystal
transition from f-Ca;SiO4 to p-Ca,SiOs4 does not
occur in the bonded slag pellets, explaining the
absence of natural pulverization in these pellets.

The presence of prominent peaks of MgO in
the bonded slag pellets indicates incomplete
completion of the reduction reaction, which is
consistent with XRF results. On the other hand, it
can be observed that the peak intensity of MgO in
the bonded slag pellets is higher than that of CaO.
This contrasts with their intensities in the pattern of
the initial pellets, where the peak intensity of CaO
is higher than that of MgO. This indicates that the
actual consumption of CaO is much greater than
that of MgO during the reactions. The distinct CaSi,
peak in the bonded slag pellets, coupled with
reports from prior studies [22,24], confirms that
Reaction (2) occurs and generates silicocalcium as
an intermediate product. This accounts for the
absence of Si peaks in the bonded slag pellet
pattern.

Content/wt.%

Sample
Mg Ca Fe CaF, ALO; Other
Bonded slag pellets 17.24 33.25 13.89 342 1.1 1.59 -
Initial pellets 20.72 34.12 13.21 3.61 1.8 0.98 -
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Fig. 2 XRD patterns of bonded slag pellets and those
after treatment under 1200 °C, 10 Pa and 1200 °C, air
conditions

Subsequently, the bonded slag pellets were
heated to 1200 °C and held for 2 h under vacuum
(~10 Pa). The pattern revealed a substantial
weakening in the diffraction peaks of MgO,
Ca0, and CaSi», combined with the strong peaks of

y-Ca,Si0s, indicating that Reaction (4) occurs under
these conditions.

Another treatment of the bonded slag pellets
was heated to 1200 °C and held for 2h under
air atmosphere. Although the intensity of the
diffraction peaks of CaSi, and CaO considerably
weakened, the intensity of the MgO peak remained
largely unchanged, suggesting that CaSi, did not
reduce MgO but instead oxidized directly to form
Ca,Si0; in the presence of oxygen, as per Reaction
(8). The slag obtained from these two treatments
underwent pulverization because of the crystal
transition from f-Ca,Si0;4 to y-Ca,SiOs.

CaSia(1)+5/20x(g)+3Ca0(s)=2Ca,SiOx4(s) (8)

To verify the presence of CaSi,, the chemical
states of Mg, Si, and Ca in the bonded slag pellets
were examined using XPS, as depicted in Fig. 3.
The broad spectra in Fig. 3(a) reveal that the
primary elements in the bonded slag pellets
and those treated at 1200 °C in air include Ca, O,
Mg, and Si, with trace amounts of Fe and F. However,

(a) (b)
Bonded slag pellets oL - 13,3[;5%012\/
Me 15 o Ll Bonded y N Mg
CalM2 OKLL Fls Ca2s [ME0 7 sizp slag pellets B
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Fig. 3 XPS analysis results of bonded slag pellets and those after treatment under different conditions: (a) Wide spectra;

(b) Mg 1s; (¢) Si 2p; (d) Ca 2p
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the peaks of the Mg element of the residue after
treatment at 1200 °C and 10 Pa are virtually absent,
which are consistent with the XRF and XRD
results. Figure 3(b) illustrates the Mg Is orbital
characteristic peaks of the bonded slag pellets and
their air-treated counterparts at 1200 °C. The peaks
observed at binding energies of 1303.9 and
1304.5 eV correspond to MgO.

The Si2p orbitals of the bonded slag pellets
and those after treatment under conditions of
1200 °C, 10 Pa and 1200 °C, air are portrayed in
Fig. 3(c). In these three samples, the peaks with
binding energies of 100.80, 100.91, and 100.90 eV
are attributed to Ca,SiO4 [29]. In the bonded slag
pellets, a peak with a binding energy of 99.78 eV
belongs to Si’ [30,31]. Two main peaks with
binding energies of 102.2 and 102.15 eV, which
belong to calcium silicate hydrate produced by the
reaction with atmospheric water and carbon dioxide,
are observed in the bonded pellets after treatments
under conditions of 1200 °C, 10 Pa and 1200 °C,
air [32].

Figure 3(d) shows the characteristic peaks of
the Ca 2p orbitals of the bonded slag pellets and
those after treatment under conditions of 1200 °C,
10 Pa and 1200 °C, air. In these three samples, the
binding energy peaks with binding energies of
346.77 and 346.78 eV belong to Ca»SiO4. Two main
peaks with binding energies of 345.88 and
350.01 eV can be observed in bonded slag pellets,
representing Ca’ and CaO, respectively [33]. The
concurrent presence of Si’ and Ca’ in the bonded
pellets and their disappearance after treatment under
conditions of 1200 °C, 10Pa and 1200 °C, air
signify the existence of silicocalcium in the bonded
slag pellets. These results imply that the pellets
underwent Reaction (2) at the bottom of the
reduction pot, producing Ca,SiOs; and CaSis,
whereas Reaction (4) was impeded by specific
factors, which is consistent with the analysis results
of the XRF and XRD.

3.3 Thermodynamic analysis results

The Gibbs free energy change (AG) of
silicocalcium formation in the CaO—Si system was
calculated versus temperature according to the
Factsage 8.2 Reaction module, and the results are
shown in Fig. 4(a). The results indicate that CaSi,
and CaSi can be produced within the temperature
interval of magnesium production by the Pidgeon

process, while Ca,Si cannot be formed. Notably, the
maximum AG value is observed for the formation
of CaSi,. These findings suggest that the formation
of CaSi; is most likely to occur at the early stage of
silicocalcium formation in the CaO—Si system,
despite a CaO/Si molar ratio of 2.0 in the pellets.

100 (@)
80t
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L 40f
E 20t
=
5
3 20t
_ 5Si+4Ca0=2CaSi,+Ca,Si0O,
40 o 38i+4Ca0=2CaSi+Ca,Si0,
—60 | —— 28i+4Ca0=Ca,Si+Ca,Si0,
—_ O 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
7/°C
1700
(b)
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Liquid CaSitliquid  Ca,Si+liquid
1300
Casmliqu%
001100- Liquid-+Si fiquid
S 900} | CaSipt
o iquid
| .
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300 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Ca/(Ca+Si) mass ratio

Fig. 4 AG®-T diagrams of reactions of CaO—Si system
(a) and binary phase diagram of Ca—Si system at
1.013x10° Pa (b)

The binary phase diagram of Ca—Si system is
shown in Fig. 4(b). The analysis of this diagram can
be used to determine whether the Ca—Si system
produces a liquid phase during the Pidgeon process.
The Ca—Si binary alloy primarily comprises three
stable intermediate phases: CaSi,, CaSi, and
Ca,Si [28]; the lowest temperatures at which these
phases convert to a liquid state involve 1050, 1307,
and 1302 °C, respectively. In the presence of silicon,
the minimum temperature required for the
formation of a liquid-phase region in CaSi, is
1028 °C.

Thermogravimetric (TG) and DSC tests were
conducted to evaluate the thermochemical
properties of the bonded slag pellets, including
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those subjected to treatment at 1200 °C under 10 Pa
and in air. The assessments were performed in an Ar
atmosphere, with a heating ramp rate of 10 °C/min,
ranging from 50 to 1200 °C. The results are shown
in Fig. 5. In Fig. 5(b), the DSC curve of the bonded
slag pellets exhibits a distinct heat absorption peak
at 1026 °C, whereas the TG curve displays no mass
loss at this temperature (Fig. 5(a)). On the contrary,
the DSC curves of the post-treatment bonded pellets
under conditions of 1200 °C, 10 Pa and 1200 °C, air
reveal no heat absorption peaks throughout the
entire temperature range.

102
(@)
101 -
S Bonded slag pellets
£ 100
£ ool 1200 °C, air
E
S ogl 1200 °C, 10 Pa
&
97
200 400 600 800 1000 1200
Temperature/°C
0.5
b EXO[
04T 1026°c— |
—~ 03r
a0 1200 °C, 10 Pa
= 02 >
2
2 o0l
= 1200 °C, air
3
Tz Of
-0.1¢ Bonded slag pellets
-0.2

200 400 600 800 1000 1200
Temperature/°C

Fig. 5 TG (a) and DSC (b) curves of bonded slag pellets
and those after treatment under conditions of 1200 °C,
10 Pa and 1200 °C, air

Coupled with the XRD analysis results
indicating the absence of Si in the bonded slag
pellets, it can be deduced that the observed heat
absorption peak is not associated with a chemical
reaction but linked to a solid—liquid transition.
Based on both Gibbs free energy changes of
the CaO—Si system as a function of reaction
temperature (Fig. 4(a)) and the binary phase
diagram of the Ca—Si system (Fig. 4(b)), the solid—
liquid transition likely corresponds to the formation

of CaSi», thereby substantiating its presence.

The relationship between the initial reaction
temperature and the equilibrium pressure of
Reaction (4) is plotted in Fig. 6, as derived from
the calculated results. In this system, the system
pressure is equal to the magnesium vapor pressure.
The initial reaction temperature gradually increases
with rising system pressure. When the actual system
pressure surpasses the equilibrium pressure,
Reaction (4) is hindered. Under such conditions,
only Reaction (2) will occur, resulting in the
preservation of CaSi, as a product, without its
subsequent consumption.

1400
1300 F—a— 2MgO(s)+2/5CaSi,(1)+6/5Ca0(s)=
2Mg(g)+4/5Ca,Si0,(s) -
1200 - ./
e /
2 1100} -~
g el
2. 1000 | -
£ -
= 900 /./
800 |
700 I . . . . . .
05 1.0 15 20 25 30 35 40 45

In( p/Pa)
Fig. 6 Relationship between initial reaction temperature
and equilibrium pressures (p) of Reaction (4)

The calculated contents of thermodynamic
equilibrium phases in the pellet with a CaO-MgO/
Si molar ratio of 2.0 in a temperature range of
800—1200 °C under various pressures are presented
in Fig. 7. The data suggest that at a system pressure
of 10 Pa (Fig. 7(a)), the direct reduction of dolime
by silicon at 930 °C results in the production of
magnesium vapor and slag (Ca,SiO4). This outcome
is primarily caused by the higher initial reaction
temperature of Reaction (2) compared to Reaction
(4); thus, the overall reaction temperature is
consistent with that of Reaction (2).

As the system pressure increases, the initial
reaction temperature of Reaction (4) also increases,
as indicated in Fig. 6. At a system pressure of
100 Pa, as depicted in Fig. 7(b), Si in the pellets
first reduces CaO to produce solid-phase silico-
calcium at 930 °C. Subsequently, this solid-phase
silicocalcium reduces MgO to generate magnesium
vapor and slag (Ca;SiO4) at 951 °C [34]. At a system
pressure of 1000 Pa, the initial reaction temperature
of Reaction (4) increases to 1090 °C, surpassing the
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Fig. 7 Calculated contents of thermodynamic equilibrium phases of pellets under different system pressures

solid—liquid transition temperature of CaSi,
(1028 °C). Thus, it can be concluded that the
reducing agent in Reaction (4) is not solid CaSi,
but liquid CaSi,, as illustrated in Fig. 7(c). Further
increasing the system pressure to 10000 Pa
(Fig. 7(d)) causes the initial reaction temperature to
exceed 1200 °C. Under these conditions, within the
operational temperature range of the Pidgeon
process, Reaction (4) will be suppressed, and the
liquid CaSi, formed via Reaction (2) will remain
unconsumed, as depicted in Fig. 7(d). Notably,
under actual operating pressures, if the reduction
temperature inside the reduction pot is lower than
the initial reaction temperature of Reaction (4), the
reaction will similarly be inhibited.

Based on the above analysis, the presence of
MgO, Ca0, CaSi,, and Ca,SiO4 in the bonded slag
pellets can be ascribed to the occurrence of
Reaction (2) and the inhibition of Reaction (4) in
the reduction pot under the actual conditions.

3.4 Micromorphology of bonded slag pellets

The low-magnification BSE—SEM morphology
and corresponding EPMA results of the bonded slag
pellets are displayed in Fig. 8. The BSE—SEM

morphology reveals that most regions are smooth
and crack-free after polishing, indicating a high
relative density of the bonded slag pellets. The
primary elemental distribution within the pellets
includes Ca, Mg, O, and Si, which are consistent
with the XRD and XRF results.

Notably, substantial Mg is present in the
bonded slag pellets, corresponding to the gray areas
observed in Fig. 8(a). The distinct separation of Mg
from Ca suggests that the bonded slag pellets differ
from both the pre- and post-production pellets.
Additionally, the overlap of Mg and O elements
indicates the distribution of MgO. Certain Ca-rich
regions, overlapping with O areas having low Si
content, are identified in the red zones marked
as A in Fig. 8(e). Conversely, other Ca-rich regions
coincide with O areas high in Si content, located in
the yellow zones marked as B in Fig. 8(e). The
bright spots observed in the BSE-SEM morphology
correspond to areas enriched in Si and Fe, implying
that these regions contain underreacted ferrosilicon
particles.

The high-magnification BSE-SEM morphology
and associated EPMA results of the bonded slag
pellets are presented in Fig. 9. The black regions in
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Fig. 9(a), enriched in Mg and O but lacking Ca and
Si, denote the distribution of MgO. Excluding these
black regions, the remaining areas can be divided
into two distinct parts. In conjunction with the
distribution of Mg, Ca, O, and Si, these two
components correspond to Areas 4 and B identified
in the low-magnification morphology.
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The cross-sectional BSE-SEM morphology of
the bonded slag pellets and the corresponding EDS
analysis results are presented in Fig. 10. In this
study, microarea chemical analyses were conducted
by selecting specific points within these four
regions: Points 1 and 2 in Area A4, Point 3 in the
black area, Points 4 and 5 in Area B, and Point 6 in
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Fig. 8 Low-magnification cross-sectional BSE—SEM morphology (a) and corresponding EPMA results (b—h) of bonded

slag pellets

Fig. 9 High-magnification cross-sectional BSE-SEM morphology (a) and corresponding EPMA results (b—f) of bonded

slag pellets
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Fig. 10 Cross-sectional BSE-SEM morphology and corresponding EDS analysis results of bonded slag pellets

the bright area. Based on the EDS results and the
distribution of elements, the black area is identified
as MgO and the bright area comprises ferrosilicon
particles. For Areas 4 and B, the main component
of Area A is presumed to be Ca,SiO4, whereas Area
B predominantly contains CaSi, along with some
CaO.

3.5 Comparative experiment results

The reaction was performed using the initial
pellets at a lower pressure as well as in an
environment exceeding the calculated equilibrium
pressure depicted in Fig. 6 to validate the formation
conditions of the bonded slag pellets. Table 4 shows
the experimental conditions and pellet conversion
parameters. Under lower pressure conditions, the
conversion rate of the slag pellets (referred to as
Sample 1) reaches 78%. However, under conditions
surpassing the calculated equilibrium pressure, the
slag pellets (designated as Sample 2) exhibit a
lower conversion rate, similar to that of the bonded
slag pellets. The TG and DSC curves of Samples 1
and 2 are plotted in Fig. 11. Below 1200 °C, no
mass loss is evident in the TG curve of Sample 1,
and its DSC curve similarly shows no heat absorption
peaks. However, the DSC curve of Sample 2 exhibits
an endothermic peak at 1029 °C with no mass loss,

Table 4 Parameters of experimental conditions and
conversion rate of Mg
Temperature/ Time/ Pressure/ Conversion

Sample °C min Pa rate/%
1 1120 50 10 78
2 1120 50 40000 18

closely mirroring the bonded slag pellet results.
This observation can be attributed to the solid—
liquid transition of CaSi,.

Moreover, the distribution regions of Mg
and Ca overlap in the dolime in the form of
Ca0O-MgO [35], which is considerably different
from the separation of Mg and Ca in the bonded
slag pellets.

The macromorphology of Sample 1, depicted
in Fig. 12, demonstrates that the slag pellets
undergo pulverization. Correspondingly, its XRD
results (Fig. 12(c)) reveal pronounced peaks of
y-Ca,Si04, Ca0, and MgO as well as weak peaks of
[-CasSi0s. However, the macromorphology of
Sample 2 (Fig. 12(f)) displays that the pellets do not
experience pulverization similar to the bonded slag
pellets. Notably, the two pellets in Sample 2 are
fused together and exhibit flexibility. Additionally,
the XRD results (Fig. 12(g)) display distinct peaks
of f-Ca,Si04, MgO, CaSi», and CaO but lack peaks
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Fig. 12 Characteristics of Samples 1 and 2: (a) Macromorphology of Sample 1 before reaction; (b) Macromorphology
of Sample 1 after reaction; (c) XRD pattern of Sample 1 after reaction; (d) Macromorphology of Sample 2 before
reaction; (e) Macromorphology of Sample 2 after reaction; (f) Macromorphology of cross-section of Sample 2;

(g) XRD pattern of cross-section of Sample 2

of y-CaySiO4 and Si [22]. This absence suggests
the non-occurrence of the crystal transition from
[-Ca,Si04 to y-CarSiOs, accounting for the lack
of natural pulverization in Sample 2 [25]. These
findings indicate that the bonding between the
pellets results from the presence of a certain amount
of CaSis.

The high-magnification BSE-SEM morphology
and the corresponding EPMA analysis results of
Sample 2 are presented in Fig. 13. The black
regions, enriched in Mg and O but devoid of Ca and

Si, indicate the distribution of MgO. Excluding
these black areas, the primary distribution involves
Ca, O, and Si elements, with the main components
presumed to be Ca,SiO4, CaSiy, and some CaO.
The micromorphology and elemental distributions
closely resemble those of the bonded slag pellets.
The analyses of Sample 2 suggest that if the actual
pressure exceeds the theoretical equilibrium
pressure or if the temperature is lower than the
theoretical initial reaction temperature, Reaction (4)
will be impeded.
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3.6 Formation mechanism of bonded slag pellets the Pidgeon process. In the standard Pidgeon

The aforementioned analyses are presented process for primary magnesium production, Si
comprehensively in a schematic diagram (Fig. 14), initially reacts with CaO in dolime to form CaSi,, as
elucidating the formation mechanism of bonded expressed in Reaction (2), simultaneously liberating
slag pellets in primary magnesium production via free MgO. Subsequently, the liquid silicocalcium

Counts

Fig. 13 High-magnification cross-sectional BSE-SEM morphology (a) and corresponding EPMA results (b—f) of
Sample 2

2MgO(s)+2/5CaSi(1)+6/5 —)M(g)+4/5Ca,Si
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Ca-Si alloy liquid

Si(s)+2Ca0-MgO(s)=2Mg(g)+Ca,SiO4(s)
Pidgeon process to produce primary magnesium

Ca-Si alloy liquid

Cooling down
Dead pot \

Bonded slag pellets
Fig. 14 Schematic diagram of formation mechanism of bonded slag pellets

7 Liquid phase
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alloy reduces MgO under vacuum conditions to
produce magnesium vapor and Ca»SiOs4 according
to Reaction (4).

The occurrence of “dead pot” in the vertical-
pot Pidgeon process can be attributed to two key
factors: (1) The slag outlet, situated at the bottom of
the vertical pot near the cooling jacket, potentially
creates “low temperature” zones at the base of the
pot; (2) Given that the crystallizer is typically
positioned at the top of the vertical pot and linked
to vacuum equipment, the pressure at the bottom of
the pot is likely to be higher than that at the top.
Additionally, any leakage in the sealing device at
the bottom of the pot during the reduction stage
may further elevate the bottom pressure. This
combination of temperature and pressure effectively
suppresses Reaction (4) in the pellets at the bottom
of the pot.

To prevent the formation of bonded slag

pellets, adopting appropriate measures is imperative.

The temperature and pressure in the reduction
pot should be maintained to avoid conditions
that inhibit Reaction (4). Based on the lowest
temperature in the reduction pot, the pressure
should remain below the equilibrium pressure of
Reaction (4) at this temperature, as depicted in
Fig. 6. For instance, if the minimum temperature is
1100 °C, the pressure should be kept under 1165 Pa.
Under these conditions, Reaction (4) progresses
rapidly and smoothly, not only preventing the
excessive build-up of liquid silicocalcium in the
pellets, which leads to the formation of bonded slag
pellets, but also enhancing the conversion of MgO.

4 Conclusions

(1) During magnesium production via the
Pidgeon process, the actual sequence of the
chemical reactions involves Si initially reducing
CaO to form CaSi,. Subsequently, CaSi; reacts with
MgO to produce Mg vapor.

(2) The principal constituents of the bonded
slag pellets are MgO, CaSi,, CaO, and Ca,SiOs. The
formation mechanism of these pellets entails Si
reacting with CaO-MgO to generate CaxSiOs
and liquid CaSi, at elevated temperatures while
concurrently releasing free MgO. The reaction
between CaSi; and MgO, crucial for producing Mg
vapor, is hindered. As a result, the bonding of slag
pellets is due to the solid—liquid transition of CaSiy,

thereby impeding slag discharge.

(3) The contributions of this study greatly
enhance our understanding of slag pellet bonding,
with practical implications for optimizing the
Pidgeon process. Future research should explore
broader methods for controlling process variables.
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