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Abstract: The thermodynamic properties of the CaO-Al2O3-VOx slag system are of great significance
to the direct alloying of vanadium in the smelting process of vanadium steel. In this paper, the phase
equilibrium relationship of the CaO-Al2O3-VOx system under argon atmosphere at 1500 ◦C was
studied with a high-temperature phase equilibrium experiment. Combined with SEM-EDS, XRD,
and XPS, the types and compositions of each phase of the equilibrium slag samples and the content
of different valence states of the vanadium element were determined. The result shows that under
argon atmosphere (p(O2) = 10−3 atm) at 1500 ◦C, the CaO-Al2O3-VOx slag system contains four
three-phase regions, seven two-phase regions, and a single-phase region (glass phase). The phase
equilibrium results were plotted in a CaO-Al2O3-V2O5-VO2 spatial phase diagram, and the phase
equilibrium results were projected on the CaO-Al2O3-V2O5 and CaO-Al2O3-VO2 pseudo-ternary
phase diagrams, respectively. In the end, the rationality of projecting the phase equilibrium results to
the pseudo-ternary phase diagram was quantitatively evaluated.

Keywords: phase diagram; slag system; CaO-Al2O3-VOx; phase equilibria

1. Introduction

Alloy steels are indispensable basic materials; among them, vanadium alloy steel
benefits from its excellent high thermal resistance and corrosion resistance, and it is widely
used in nuclear energy, petrochemicals, and other fields [1,2]. At present, vanadium steel is
mostly smelted by adding ferrovanadium to an electric arc furnace or converter process [3].
However, the production process of ferrovanadium has some problems, such as high energy
consumption and a low recovery rate of vanadium [4–7]. Against this background, direct
alloying of vanadium with vanadium slag has become an important research direction.
The direct alloying process of vanadium refers to a reduction in vanadium in vanadium-
containing oxides into molten steel using a reducing agent during steel metallurgy [8]. Up
to now, vanadium oxide raw materials have been mostly V2O5 [9], but there are still some
unsolved problems, such as V2O5 volatilization, and the addition of V2O5 leads to the
compositional fluctuation in molten steel, which results in unstable vanadium yield, so its
industrial application has not been realized [10–15].

Research shows that the addition of CaO as a slag component can effectively inhibit
the volatilization of V2O5 and increase the yield of vanadium [9]. Considering the current
clean steel smelting background, the CaO-Al2O3-based slag system is more applicable than
the CaO-SiO2-based slag system; therefore, the CaO-Al2O3-VOx slag system is a potential-
based slag system for the direct alloying of vanadium. In addition, in view of the slag–metal
interfacial reaction between vanadium-containing molten steel and the metallurgical slag
system, it is also important to study the properties of the CaO-Al2O3-VOx slag system for
the optimization of the smelting process of vanadium steel.
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A phase diagram is important to the design of the metallurgical slag system and
subsequent thermodynamic assessment [16]. At present, the phase diagrams of the sub-
binary system of the CaO-Al2O3-V2O5 slag system, including the CaO-Al2O3 [17–20],
Al2O3-V2O5 [21–24], and CaO-V2O5 [25–29] systems under air atmosphere at 1500 ◦C and
1600 ◦C, have been determined. In addition, Arnulf Muan [30] also studied the types
of solid phases in the CaO-Al2O3-V2O3 system and their preparation methods under
temperature conditions of 700 ◦C to 1500 ◦C and oxygen partial pressures ranging from
10−10 to 10−6 atm. However, the phase diagrams of vanadium-containing oxides under
a reductive atmosphere have not been reported. Considering that the alloying process
for vanadium inevitably involves the redox process of vanadium, the phase diagram
information of the CaO-Al2O3-VOx system under a reducing atmosphere is particularly
important for process guidance and process optimization, but so far, no relevant reports
have been reported.

In this paper, the phase equilibrium relationship of the CaO-Al2O3-VOx slag system un-
der argon atmosphere (PO2 = 10−3 atm) at 1500 ◦C was determined with a high-temperature
phase equilibrium experiment. The component, type, and oxidation states of vanadium
in each equilibrium phase were determined with a scanning electron microscope-energy
dispersive spectrometer (SEM-EDS, Phenom Pro X (Phenom-world, Eindhoven, Holland),
15 KV, SDD, CeB6), X-ray Diffraction (XRD, Ultima IV ((Rigaku Corporation, Tokyo, Japan),
1.6 KW, Cu Kα), and X-ray photoelectron spectroscopy (XPS, Thermo Kalpha, Al Kα,
100~4000 eV). The research results of this paper not only provide theoretical guidance
for the composition design of a slag system and technology optimization in the direct
alloying process of vanadium but are also helpful for other potential application fields
of the slag system, such as the removal of nitrogen from molten steel with molten slag,
the pyrometallurgy of vanadium from vanadium titano-magnetite, and the establishment
of Ca-Al-V-O thermodynamic database [31,32]. For the removal of nitrogen from molten
steel with molten slag, the vacuum method commonly used for steel degassing cannot
meet the requirements for nitrogen content in clean steel. The CaO-Al2O3-VOx slag system,
which is a new type of basic slag system, can form a stable product (VN) with nitrogen,
which shows potential for nitrogen removal. Hence, the phase diagram information of
this slag system can directly assist in slag system design and process optimization. For
the pyrometallurgy of vanadium from vanadium titano-magnetite, the CaO-Al2O3-VOx
slag system is one of the basic slag systems formed in the multi-component slag systems,
and its phase diagram information can also guide further research on the properties of
multi-component slag systems and help to optimize the process. For the establishment of a
Ca-Al-V-O thermodynamic database, the phase diagram information of the slag system
can provide a data foundation and reference for thermodynamic optimization.

2. Experimental Procedure

The experimental process consists of three steps: sample preparation, a high-temperature
phase equilibrium experiment, and equilibrium slag sample detection.

Sample preparation. To ensure the accuracy of the experimental results, 4N (99.99%)
reagents CaO, Al2O3, and V2O5 were selected to prepare the slag samples, which were
sourced from Sinopharm Co., Ltd. (Beijing, China) [33]. Firstly, CaO and Al2O3 were
calcined at 1000 ◦C for 4 h to evaporate water and impurities. Due to the high-temperature
instability of V2O5, it was calcined at 600 ◦C. Then, a 1.5 g slag sample was weighed using
an electronic balance with an accuracy of 0.1 mg. The sample was fully mixed and put into
a platinum crucible to compact so that the slag material was fully contacted. To prevent
incomplete reactions due to insufficient mixing, it was necessary to thoroughly grind the
mixed residue for 30 min. Table 1 lists the initial compositions of the slag system, and
Figure 1 shows the Ca-Al-V element ratio of the initial compositions.
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Table 1. Design composition of samples in the CaO-Al2O3-VOx system, mass%.

No. CaO Al2O3 V2O5 No. CaO Al2O3 V2O5

1# 47.70 - 52.30 10# 4.43 7.44 88.13

2# - 7.75 92.25 11# - 52.25 47.75

3# 4.23 58.90 36.87 12# 26.41 69.10 4.49

4# 65.96 21.99 12.05 13# 12.54 81.01 6.45

5# 49.36 48.99 1.65 14# 3.34 92.99 3.67

6# 16.82 76.47 6.71 15# 6.26 2.19 91.55

7# 7.00 86.85 6.15 16# 10.52 55.64 33.84

8# 9.20 - 90.80 17# 26.77 47.62 25.61

9# 78.49 - 21.51 18# 68.40 11.99 19.61

Figure 1. Design composition of samples in the CaO-Al2O3-VOx system, mass%.

High-temperature phase equilibrium experiment. The platinum crucible containing
the slag sample was put into a MoSi2 furnace, and the slag was heated to 1500 ◦C and kept
at equilibrium for 24 h under argon atmosphere. Based on the results of our preliminary
experiments, we found that there is a significant difference between the equilibrium ex-
periment results for 12 h of insulation and 24 h of insulation. However, the equilibrium
experiment results for 20 h of insulation and 24 h of insulation are basically consistent.
Therefore, to ensure that the slag samples reached an equilibrium state, we chose an in-
sulation duration of 24 h. In addition, according to the literature on high-temperature
equilibrium experiments conducted by various scholars, a 24-hour insulation time can en-
able the system to reach an equilibrium state [34,35]. The argon flow rate was 500 mL/min,
and the B-type thermocouple was used for temperature measurement and control, with a
temperature control accuracy within ±2 ◦C. Then, the slag sample was quenched for 3 s
with an ice–water mixture and quickly dried. The oxygen partial pressure in the furnace
under argon atmosphere was measured with a ZrO2 oxygen sensor, and the result was
PO2 = 10−3 atm.

Equilibrium slag sample detection. The quenching slag was inlaid, polished, and
analyzed with SEM-EDS (detection error: 1%) to obtain the composition of each equi-
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librium phase. The typical slag samples were tested with XRD to identify the type of
equilibrium phase. The determination of the valence state of vanadium in the glass phase
was introduced and discussed as follows. Previous research has found that, in the study of
the high-temperature phase equilibrium of slag systems containing variable valence com-
ponents, the valence states of variable valence components in the glass phase are usually
neglected, and the glass phase composition of an equilibrium slag sample will be projected
to a certain valence state plane with approximate projection, such as the CaO-Al2O3-V2O5
and CaO-Al2O3-VO2 planes. The reliability of the projected phase diagram depends on
the extent of approximation between the valence state of the components in the actual
slag system and the system that will be projected. In order to truly represent the phase
equilibrium results under the conditions studied in this paper and evaluate the reliability of
the approximate projection, an XPS detection method was carried out on each equilibrium
slag sample to determine the relative content of vanadium with different valence states in
the glass phase.

In photoelectron spectroscopy, V2p is the main peak of the vanadium element, with
spin–orbit splitting peaks V2p3/2 and V2p1/2, which is the basis for the qualitative analysis
of the vanadium element. Table 2 summarizes the relevant data of the V2p peak, in which
the binding energy and FWHM are reference values, which is the basis of the XPS peak
fitting of the vanadium element in this paper.

Table 2. Related data of V2p [36].

Oxidation
State

Binding Energy of
V2p3/2 (eV) Std. DeV. (±eV) Energy Difference between

V2p1/2 and V2p3/2 (eV)
FWHM,

V2p3/2 (eV)
FWHM,

V2p1/2 (eV)

+2 513.67 0.2 7.33~7.35 2.0~2.3 2.6~3.4

+3 515.30 0.2 7.33~7.35 2.7~4.0 3.1~4.7

+4 516.30 0.2 7.33~7.35 2.2~3.2 3.1~3.7

+5 517.18 0.6 7.33~7.48 1.0~1.5 2.6

3. Phase Equilibria of the CaO-Al2O3-VOx System under Argon Atmosphere at 1500 ◦C
3.1. Experimental Results

Under the current experimental conditions, slag samples 1#–18# show a total of
11 kinds of phase equilibrium relations, and Table 3 summarizes the energy spectrum
analysis results of the equilibrium phases in each slag sample. Since the energy spectrum
analysis can only determine the relative content of different elements, it is powerless to
determine the relative content of different valence states of the same element. Therefore,
the constituent content of each phase in Table 3 is expressed in terms of the mass fraction
of metallic elements. Figure 2 shows the specific SEM images. Slag sample 5# shows
glass + CaO + Ca3Al2O6 three-phase coexistence (Figure 2a). Slag sample 6# shows the
three-phase coexistence of glass + CaAl2O4 + CaAl4O7 (Figure 2b). Slag sample 13#
shows the three-phase coexistence of glass + CaAl4O7 + CaAl12O19 (Figure 2c). Slag
sample 14# shows glass + CaAl12O19 + Al2O3 three-phase coexistence (Figure 2d). Slag
sample 4#, 9#, and 18# show the coexistence of glass + CaO (Figure 2e). Slag sample
12# shows glass + CaAl2O4 two-phase coexistence (Figure 2f). Slag sample 17# shows
the coexistence of glass+ CaAl4O7 (Figure 2g). Slag sample 7# shows glass + CaAl12O19
two-phase coexistence (Figure 2h). Slag samples 3# and 16# show the coexistence of
glass + Al2O3 (Figure 2i). Slag samples 2#, 8#, 10#, and 15# show glass + VO2 two-phase
coexistence (Figure 2j). Slag sample 1# shows a single glass phase, as shown in Figure 2k.
In addition, in order to figure out the phase of vanadium oxide in the form of precipitation
under argon atmosphere, slag sample 10 # was detected with XRD, and the test result
showed that the crystal structure of the precipitated solid phase was VO2, as shown
in Figure 3.
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Figure 2. Typical SEM images of samples in the CaO-Al2O3-VOx system at 1500 ◦C: (a) glass + CaO +
Ca3Al2O6, (b) glass + CaAl2O4 + CaAl4O7, (c) glass + CaAl4O7 + CaAl12O19, (d) glass + CaAl12O19 + Al2O3,
(e) glass + CaO, (f) glass + CaAl2O4, (g) glass + CaAl4O7, (h) glass + CaAl12O19, (i) glass + Al2O3,
(j) glass + VO2, and (k) glass.
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Figure 3. XRD results of slag sample 10#.

Table 3. EDS measurement of samples in the CaO-Al2O3-VOx system at 1500 ◦C, mass%.

No. Phase Ca Al V O No. Phase Ca Al V O

1# Glass 40.58 - 26.44 32.98 10# Glass 6.97 2.88 43.77 46.38

2# Glass - 2.80 42.93 54.27 VO2 - 1.50 49.46 49.04

VO2 - - 49.57 50.43 11# Glass - 15.74 40.60 43.66

3# Glass 11.02 4.13 40.42 44.43 Al2O3 - 48.13 5.82 46.05

Al2O3 - 49.06 4.56 46.38 12# Glass 39.30 21.09 6.69 32.92

4# Glass 47.84 11.55 11.06 29.55 CaAl2O4 27.97 32.70 39.33

CaO 61.69 2.34 2.21 33.76 13# Glass 30.10 12.84 20.39 36.67

5# Glass 42.34 17.94 3.69 36.03 CaAl4O7 17.44 41.20 - 41.37

CaO 63.14 2.83 - 34.03 CaAl12O19 6.84 45.13 - 48.03

Ca3Al2O6 42.33 17.94 3.68 36.05 14# Glass 25.88 5.82 30.08 38.22

6# Glass 33.79 11.79 17.50 36.92 CaAl12O19 5.77 48.11 - 46.12

CaAl2O4 27.56 29.83 4.32 38.29 Al2O3 - 42.17 - 57.83

CaAl4O7 16.41 39.95 - 43.64 15# Glass 14.97 1.38 41.10 42.55

7# Glass 28.82 12.46 19.70 39.02 VO2 0.94 0.35 46.21 52.49

CaAl12O19 - 47.97 - 52.03 16# Glass 20.26 3.30 35.19 41.25

8# Glass 13.45 - 43.00 43.55 Al2O3 0.43 49.49 4.60 45.48

VO2 - - 51.14 48.86 17# Glass 32.90 5.07 24.73 37.30

9# Glass 42.20 - 22.79 35.01 CaAl4O7 16.00 37.49 - 46.51

CaO 49.54 - 2.04 48.42 18# Glass 43.80 6.14 15.32 34.74

CaO 29.67 0.79 2.57 66.97

Figure 4 shows the XPS energy spectrum of the vanadium element after the charge-
correction treatment of each equilibrium slag sample. The relative contents of different
valence vanadium in each equilibrium slag sample are listed in Table 4. The percentage
content of VOx in the glass phase can be determined based on the data from Tables 3 and 4,
which are listed in Table 5. Taking the subsequent need to show the phase equilibrium
relationship in the Ca-Al-V-O phase diagram into account, Table 5 also gives the O/V ratio
of the glass phase after synthesizing various valence state contents. Figure 4a shows the
result of the peak fitting of slag sample 1# using the characteristic peaks of +5, +4, +3, and
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+2 valence of vanadium. It can be seen that the content of V2+ is about 0.73%, which is
lower than the detection accuracy of XPS, and it is too low to be considered. Therefore,
the existence of V2+ in slag can be ignored under the current experimental condition. In
addition, there are no obvious V2p peaks in the XPS test results for slag samples 2#, 5#, 6#,
8#, 10#, and 18#, so the peak fitting of vanadium cannot be carried out. The reason for the
result could be that the content of the vanadium element in the slag sample is small, and
the proportion of the CaO, Al2O3, or calcium aluminate solid phase precipitated in the slag
sample is large, which will affect the signal acquisition of the vanadium element in the glass
phase during the XPS detection process. In view of the fact that the ratio of each valence
state of vanadium in the glass phase fluctuates a little under one oxygen partial pressure,
to ensure the integrity of the characterization of the phase equilibrium relationship, this paper
used the ratio average of each valence state of vanadium in the system to characterize the
proportions of different valence states of vanadium in slag samples 2#, 5#, 6#, 8#, 10#, and 18#.

Figure 4. Cont.
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Figure 4. XPS spectrum results of samples in the CaO-Al2O3-VOx system at 1500 ◦C.

Table 4. Relative contents of vanadium with different valence states of equilibrium slag samples, mole%.

NO. V5+ V4+ V3+

1# 77.29 17.85 4.07

3# 70.18 23.06 6.76

4# 83.77 6.83 9.40

7# 78.09 19.77 2.14

9# 84.77 14.24 0.99

11# 72.79 20.14 7.07

12# 90.61 9.39 -

13# 81.56 11.35 7.09

14# 71.07 24.97 3.96

15# 66.56 32.57 0.87

16# 64.52 27.17 8.31

17# 81.27 12.82 5.91

Table 5. Actual contents of each component in the glass phase of the CaO-Al2O3-VOx system at
1500 ◦C, mass%.

NO. CaO Al2O3 V2O5 VO2 V2O3 O/V

1# 46.79 - 42.43 8.94 1.84 2.37

2# - 6.57 73.67 16.04 3.72 2.32

3# 12.41 8.78 57.14 17.13 4.54 2.37

4# 53.80 24.54 18.56 1.38 1.72 2.38

5# 51.24 40.99 6.13 1.33 0.31 2.42

6# 39.08 25.70 27.77 6.05 1.40 2.33

7# 32.45 24.48 34.36 7.93 0.78 2.45

8# 15.21 - 66.86 14.55 3.38 2.37

9# 51.26 - 41.91 6.42 0.40 2.34

10# 7.84 6.14 67.83 14.77 3.43 2.43

11# - 29.70 52.76 13.31 4.22 2.28

12# 43.20 43.79 11.88 1.12 - 2.38

13# 33.49 26.97 32.99 4.19 2.36 2.36

14# 29.12 12.34 42.84 13.73 1.97 2.36

15# 16.62 2.89 71.24 8.48 0.77 2.36

16# 23.34 7.23 46.59 17.89 4.95 2.36

17# 40.08 10.82 40.79 5.87 2.44 2.36

18# 53.40 14.11 25.62 5.58 1.29 2.36

X = 2.367
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3.2. The 1500 ◦C Iso-Thermal Phase Diagram of the CaO-Al2O3-VOx System

According to the data in Table 5, the glass phase compositions of each equilibrium
slag sample are marked in the Ca-Al-V-O three-dimensional phase diagram, as shown in
Figure 5. It can be seen from the diagram that the glass phase compositions are located
between the CaO-Al2O3-V2O5 plane and the CaO-Al2O3-VO2 plane, which mainly depends
on the O/V ratio of the glass phase compositions. Therefore, in this paper, the CaO-Al2O3-
V2O5-VO2 local space quaternary system is used as the framework to show the phase
equilibrium relationships of the Ca-Al-V-O slag system, as shown in Figure 6.

Figure 5. The positions of the glass compositions in the Ca-Al-V-O three-dimensional phase diagram.

Figure 6. Phase diagram of CaO-Al2O3-V2O5-VO2 at 1500 ◦C and p(O2) = 10−3atm.
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According to the Gibbs phase law, under the fixed condition of temperature and
pressure, when the equilibrium oxygen partial pressure is also fixed, the degrees of freedom
of the glass phase region in the Ca-Al-V-O quaternary slag system is F = 4-P-1 = 2, the
degrees of freedom of the two-phase region F = 4-P-1 = 1, and the degrees of freedom in
the three-phase region F = 4-P-1 = 0. In other words, the glass region of the Ca-Al-V-O
system under one oxygen partial pressure at 1500 ◦C is a curved surface in the Ca-Al-V-O
space. The equilibrium glass phase composition in the glass–solid two-phase coexistence
region is the boundary curve of the curved surface, and the equilibrium glass phase com-
position in the solid three-phase coexistence region is the boundary point of the curved
surface. According to the experimental results for the phase equilibrium in Section 3.1,
the isothermal phase diagram contains four three-phase regions (glass + CaO + Ca3Al2O6,
glass + CaAl2O4 + CaAl4O7, glass + CaAl4O7 +CaAl12O19, glass + CaAl12O19 + Al2O3),
seven two-phase regions (glass + CaO, glass + Ca3Al2O6, glass + CaAl2O4, glass + CaAl4O7,
glass + CaAl12O19, glass +Al2O3, glass + VO2), and a single-phase region (glass phase). By
connecting the equilibrium glass phase components of each phase region, the isobaric oxy-
gen potential line of the system under the condition of PO2 = 10−3 atm can be determined,
and the area surrounded is the glass phase surface, as shown in Figure 6. It can be seen from
Figure 6 that the phase region of the CaO-Al2O3-VOx slag system under the experimental
condition extends from the low melting point region of the CaO-Al2O3 binary system to the
interior of the CaO-Al2O3-V2O5-VO2 system. With the decrease in the w(CaO)/w(Al2O3)
ratio, the O/V ratio of VOx of the glass phase decreases gradually, which means the content
of V2O5 in the glass phase decreases gradually, and the content of low valence vanadium
oxide increases gradually. In the range of 45% < w(CaO) < 55%, the shape of the glass
region can remain relatively stable when the w(Al2O3)/w(VOx) ratio changes drastically,
and the valence states of vanadium in the glass phase can remain relatively stable in the
range of w(CaO)/w(Al2O3) < 0.55.

At the same time, the equilibrium phase regions (mainly the glass phase composition)
in Figure 6 are projected on the CaO-Al2O3-VO2 and CaO-Al2O3-V2O5 pseudo-ternary
phase diagram, and the traditional isothermal section shown in Figures 7 and 8 can be
obtained, respectively. Considering the existing comprehensive study of the CaO-Al2O3
binary phase diagram, the equilibrium glass phase compositions of CaO and Al2O3 in the
CaO-Al2O3 sub-binary system are taken from values available in the literature, while the
glass phase compositions of other sub-binary systems are experimental values obtained
in this study. As the equilibrium slag samples 2#, 8#, 9#, and 11# in this study belong
to the CaO-VOx and Al2O3-VOx sub-binary systems, their phase equilibrium results can
complement and revise the corresponding binary phase diagrams. Among them, the
phase diagrams for the CaO-VO2 and Al2O3-VO2 binary systems have not been reported
in the literature. Therefore, in this study, the equilibrium glass phase compositions of
CaO and VO2 in the CaO-VO2 binary system at 1500 ◦C and the equilibrium glass phase
compositions of Al2O3 and VO2 in the Al2O3-VO2 binary system at 1500 ◦C serve as
supplements to the respective binary systems. The equilibrium glass phase compositions
of CaO in the CaO-V2O5 binary system and Al2O3 in the Al2O3-V2O5 binary system at
1500 ◦C are consistent with data available in the literature, demonstrating the reliability of
the experimental results.

It can be seen in Figure 7 that in the range of w (VO2) < 55%, the glass phase region
of the ternary slag system extends from the low melting point region of the CaO-Al2O3
binary system to the increasing direction of w (VO2) and the w(CaO)/w(Al2O3) ratio
to the CaO-VO2 binary system. In the range of 50% < w(VO2) < 85%, the glass region
extends from the low-melting-point region of the CaO-VO2 binary system to the range of
w(Al2O3) = 10%. In the range of 80% < w(VO2) < 85%, the glass phase region extends from
the low-melting-point range of the Al2O3-VO2 binary system to the direction of increasing
CaO content to the CaO-VO2 binary system. The glass regions that extend from the three
binary systems are connected as a whole. When w(CaO) is in the range of 45~50%, the
shape of the glass phase region can remain relatively stable under the condition of drastic
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change in w (Al2O3)/w (VO2). The CaO-Al2O3-V2O5 isothermal section in Figure 7 shows a
similar variation in the glass region as shown in Figure 6, but what is different in the former
is that the CaO-Al2O3-V2O5 phase diagram has no glass + VO2 two-phase region. The
reason is that the experimental temperature (1500 ◦C) is higher than the melting point of
V2O5 (690 ◦C) and lower than the melting point of VO2 (1545 ◦C). Therefore, the glass phase
region of the CaO-Al2O3-V2O5 isothermal section can be extended from the glassus of the
glass + Al2O3 two-phase region to the increasing direction of V2O5 to the composition
of V2O5.

Figure 7. Isothermal section of the CaO-Al2O3-VO2 system at 1500 ◦C, mass%.

Figure 8. Isothermal section of the CaO-Al2O3-V2O5 system at 1500 ◦C, mass%.
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It should be clearly pointed out that Figures 7 and 8 are only the approximate pro-
jections of the Ca-Al-V-O spatial phase equilibrium relationship (mainly the equilibrium
glass phase composition) shown in Figure 6 on the two pseudo-ternary phase diagrams.
Whether it can truly characterize the phase equilibrium relationships of the corresponding
pseudo-ternary system depends on the approaching degree of the spatial phase equi-
librium relationship to the pseudo-ternary plane. To this end, this paper evaluated the
reliability of the projection of the Ca-Al-V-O spatial phase equilibrium relationships to the
CaO-Al2O3-VO2 and CaO-Al2O3-V2O5 pseudo-ternary systems by calculating and compar-
ing the O/V ratio of VOx of the glass phase composition with the O/V ratio of the adjacent
pseudo-ternary planes. For the glass + VO2 phase equilibrium in the Ca-Al-V-O space
(slag samples 2#, 8#, 10#, and 15#), because the phase diagram of the CaO-Al2O3-V2O5
pseudo-ternary system does not contain the glass–solid two-phase coexistence region of
vanadium oxide, if the spatial phase equilibrium relationship is projected to this plane, it
will cause the lack of phase equilibrium information, so it is reasonable to project the glass
phase compositions to the CaO-Al2O3-VO2 pseudo-ternary system. For the rest of the phase
equilibrium relationships, by calculating the O/V ratios of each equilibrium slag sample,
as listed in Table 5, it can be seen that the average O/V ratio of the system (O/V = 2.367)
is closer to the CaO-Al2O3-V2O5 pseudo-ternary system (O/V = 2.5), so it is more rea-
sonable to project the rest of the phase equilibrium relationships to the CaO-Al2O3-V2O5
pseudo-ternary system.

Using the CaO-Al2O3-VOx system as a metallurgical slag presents significant potential
for addressing the issue of fluctuating vanadium recovery rates during the direct alloying
process of vanadium. The research conducted in this paper on the phase equilibrium of the
CaO-Al2O3-VOx system under argon atmosphere at 1500 ◦C provides practical guidance for
optimizing the direct alloying process of vanadium. Specifically, when designing the slag
composition for the direct alloying of vanadium, it is crucial to consider the requirements
of slag properties such as density, melting point, viscosity, and fluidity. The composition is
generally designed within the glass phase region of the system. Therefore, utilizing the
information from the CaO-Al2O3-VOx phase diagram for slag composition design is an
effective approach to address the existing issues in the direct alloying process of vanadium.

4. Conclusions

In this paper, the phase equilibrium relationship of the CaO-Al2O3-VOx system un-
der argon atmosphere at 1500 ◦C was studied with a high-temperature phase equilib-
rium experiment. The types and compositions of each phase of the equilibrium slag
samples and the content of different valence states of the vanadium element were deter-
mined. The result shows that the CaO-Al2O3-VOx slag system contains four three-phase
regions (glass + CaO + Ca3Al2O6, glass + CaAl2O4 + CaAl4O7, glass + CaAl4O7 + CaAl12O19,
glass + CaAl12O19 + Al2O3), seven two-phase regions (glass + CaO, glass + Ca3Al2O6,
glass + CaAl2O4, glass + CaAl4O7, glass + CaAl12O19, glass + Al2O3, glass + VO2), and
a single-phase region (glass) under argon atmosphere (p(O2) = 10−3 atm) at 1500 ◦C. By
calculating and comparing the O/V ratio of the equilibrium glass phase composition of
VOx with the O/V ratio of adjacent pseudo-ternary planes, it was found that projecting the
glass + VO2 equilibrium of the Ca-Al-V-O space onto the CaO-Al2O3-VO2 pseudo-ternary
system is more reasonable, while the rest of the phase equilibrium relationships project
more reasonably onto the CaO-Al2O3-V2O5 pseudo-ternary system.
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