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Abstract: The effect of temperature on phase transforma-
tion, metallization rate, carbon residue and agglomeration
of metal Fe after the pre-reduction of carbon-containing
pellets in high-chromium vanadium–titanium magnetite
(HCVTM) was investigated. The results indicated that tita-
nomagnetite was finally reduced to metal Fe and (Mg, Fe)
Ti2O5 without low valence titanium oxide with increasing
pre-reduction temperature from 950 to 1,250℃; Vanadium
magnetite produces Fe, VO and VC0.88 without V, and
chromite magnetite produces Fe, Cr2O3, CrCx and a small
amount of Cr. With an increase in the pre-reduction tem-
perature, the metallization rate in the metallized pellets
gradually increases, while the content of the residual
carbon gradually decreases. Meanwhile, the iron particles
precipitated on the surface of ore particles begin to soften
into strips and finally agglomerate to form spherical iron
particles, which leads to the diameter of iron particles
increasing from 8.23 to 182.35 μm. When the pre-reduction
temperature is 1,250℃, the maximum metallization rate

in the metallized pellets is 92.49wt% and the minimum
content of residual carbon is 10.37 wt%.

Keywords: pre-reduction, carbon-containing pellets, high
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1 Introduction

Vanadium–titaniummagnetite (VTM) is a kind of compos-
ite ore with the coexistence of iron, vanadium, titanium
and other valuable elements. The VTM resources in China
are mainly distributed in Panxi and Chengde, which
reserves above 18 billion tons. Hongge mining area in
Panzhihua has 3.6 billion tons of high-chromium vana-
dium–titanium magnetite (HCVTM) [1–3]. Due to the valu-
able chromium resources associated with this mineral, it
has a higher comprehensive utilization value. At present,
the smelting methods of VTM mainly include the blast
furnace method and the non-blast furnace method. How-
ever, compared with ordinary VTM, the mineral composi-
tion of HCVTM is more complex, and the main phases of
HCVTM are magnetite (Fe3O4), ilmenite (FeTiO3), chro-
miummagnetite (FeCr2O4), titaniummagnetite (Fe2.75Ti0.25O4)
and vanadium magnetite (FeV2O4) [4]. The blast furnace
smelting of HCVTM is the main method for recovering Fe
and V. However, in the process of blast furnace smelting,
the tailings discharge in the beneficiation process will be
accompanied by the loss of vanadium and the titanium-con-
taining phase grains in the slag after blast furnace smelting
are fine and dispersed, resulting in a low comprehensive uti-
lization rate of titanium recovered from high-titanium blast
furnace slag [5,6], which makes it more difficult to blast-fur-
nace smelting and comprehensive utilization of vanadium,
titanium and chromium resources. Meanwhile, the chromium
element with high content in the HCVTM enters the liquid
iron with vanadium in the blast furnace smelting process
and is oxidized into the vanadium slag after converting.
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Therefore, the chromium element has not been recovered and
utilized, and other rare metal elements such as cobalt, nickel,
scandium and gallium have not been utilized and also enter
into the slag. Therefore, the blast furnace smelting process of
HCVTM reduces the recovery and utilization of Fe, V, Ti and
Cr in the mineral. It is particularly important to develop the
non-blast furnace smelting technology of HCVTM.

At present, the typical non-blast furnace smelting
process of HCVTM is the pre-reduction of HCVTM to
prepare metallized pellets, then the preparation of the
Fe–V–Cr alloy and titanium-containing slag by electric
furnace melting of metallized pellets. Li et al. [7] carried
out an oxidation roasting gas-based direct reduction
experiment with HCVTM; the result shows that pellets
with different metallization rates are melted and sepa-
rated in an electric furnace to obtain the titanium-con-
taining slag and Fe–V–Cr alloy. The TiO2 grade in the
titanium-containing slag was 39.36 wt%, and the yield
was 89.69%. The TFe content in the Fe–V–Cr alloy was
92.34 wt%, and the yield of Fe, V, Cr was 93.53, 85.68, and
89.50%, respectively. He et al. [8] used HCVTM-con-
taining TFe: (52.29 wt%), Cr2O3 (0.48 wt%) and Fe2O3

(27.25 wt%) for direct reduction-furnace smelting experi-
ment, and the migration law of iron, vanadium and tita-
nium during the smelting process were analysed by
thermodynamic calculation at different C and O molar
ratios. The results show that the recovery rate of Fe, V
and Ti increases with an increase in nC/nO and melting
temperature, respectively. When the nc/no ratio is greater
than 1.15, the recovery rate of Fe, V and Ti reaches 90%.
The suitable optimum conditions for melting separation
of metal and slag are temperature T = 1,678 K and nC/nO =
1.16. Zhou et al. [9] carried out a direct reduction of
HCVTM based on thermodynamic calculation. The results
show that the minimum reduction temperature of HCVTM
is 860℃, but the reduction of Cr is difficult to achieve at
this temperature, and the minimum reduction tempera-
ture of V is above 700℃. When the temperature is 1,350℃,
C/O is 1.0, and the reduction time is 30min, HCVTM can be
completely reduced, and the reduction degree can reach
0.98.When C/O was lower than 1.0, FeTi2O5 was the reduc-
tion intermediate product of FeO·TiO2. When C/O was 1.0,
HCVTM can be completely reduced to Fe and TiO2. There-
fore, in the direct reduction-melting process of HCVTM,

there are multiple ways to recover Fe, V, Ti and Cr, which
can further improve the metal recovery rate and utilization
rate. However, according to the analysis of the current
research status of pre-reduction, there are few studies on
the metallization rate and the residual carbon content in
the metal pellets after the pre-reduction of HCVTM. Metal-
lization rate and the residual carbon content in the metal
pellets can determine the final reduction degree of residual
oxides in the metallized pellets and the selection of melting
and separation temperature of metal and slag in the sub-
sequent electric furnace melting process, which are the key
factors to improve the direct reduction-melting separation
of HCVTM, recover valuable metals and prepare titanium-
rich slag.

Hence, HCVTM in the Hongge mining area of Panxi
area was selected as raw material combined with the
HCVTM pre-reduction-electric furnace melting separa-
tion process. The pre-reduction experiment of carbon dis-
tribution pellets in HCVTM was investigated. The effects
of the pre-reduction temperature on the metallization
rate and residual carbon of pellets after pre-reduction
are mainly studied, which lays a foundation for the selec-
tion of final reduction and melting separation process
parameters of subsequent metallized pellets.

2 Experimental

2.1 Materials

The main raw materials for the preparation of HCVTM
carbon-containing pellets are HCVTM in the Honggemining
area, PVA (polyvinyl alcohol) and anthracite powder. The
chemical compositions of HCVTM and anthracite powder
are listed in Tables 1 and 2. The phase characteristics of
HCVTM were investigated using X-ray diffraction (XRD)
with the obtained results shown in Figure 1.

As shown in Figure 1, the main Fe-bearing phases in
HCVTM are magnetite (Fe3O4), chromite magnetite (FeCr2O4),
titanomagnetite (Fe2.75Ti0.25O4), ilmenite (FeTiO3) and vana-
dium magnetite (FeV2O4). TiO2 is mainly enriched in titano-
magnetite and a small amount of ilmenite, V2O5 is mainly

Table 1: Chemical compositions of HCVTM (wt%)

TFe FeO TiO2 SiO2 Al2O3 MgO CaO V2O5 Cr2O3 P S

50.16 26.47 12.44 4.60 2.58 3.68 0.48 0.57 1.28 <0.01 0.15
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enriched in vanadiummagnetite and Cr2O3 is mainly enriched
in chromite magnetite.

2.2 Experimental procedure

The pre-reduction experiment of HCVTM was carried out
at 950, 1,000, 1,050, 1,100, 1,150, 1,200, and 1,250℃ for
30min by using HCVTM pellets with C and O molar ratio
(nc/no) of 1.5 as raw materials. The pellets with nC/nO = 1.5
were placed in a corundum crucible with an inner dia-
meter of 50mm, an outer diameter of 55 mm and a height
of 150mm, respectively. Each carbon-containing pellet is
about 25 mm in diameter and 15 mm in thickness. Then,
the corundum crucible was placed in a high-temperature
box-type resistance furnace, and the pre-reduction tem-
peratures were 950, 1,000, 1,050, 1,100, 1,150, 1,200, and
1,250℃; the pre-reduction time was 30min. After pre-
reduction, the metallized pellets were taken out, then
the pulverized coal was used to cover them. Metallized
pellets are covered with anthracite powder until the tem-
perature of metallized pellets cools to the room tempera-
ture. Subsequently, the metallized pellets were removed
and ground by a ball mill. The phase in the metallized
pellets after pre-reduction was detected by XRD analysis.
The contents of TFe, MFe and C in pellets were measured
by chemical analyses. The metallized pellets were cut
along the longitudinal by a diamondwire cutting machine.

After polishing, the microstructures of the different enrich-
ment layers were observed using a scanning electron
microscope (SEM).

In the experiment, the calculation of the molar ratio
of carbon to oxygen (nc/no) and metallization rate of
metallized pellets is shown in equations (1) and (2),
respectively.
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mAD is the mass of anthracite powder, g; mHCVTM is the
mass of HCVTM, g; wC is the mass fraction of fixed carbon
in anthracite, wt%; wO is the mass fraction of oxygen in
HCVTM, wt%; w FeO, O2 3 is the mass fraction of oxygen in
Fe2O3, wt%; wO,FeO is the mass fraction of oxygen in FeO,
wt%; MC is the molar mass of carbon, g·mol−1 and MO is
the molar mass of oxygen, g·mol−1.
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T

100%,Fe
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η is the metallization rate, %; MFe is the mass fraction of
metallic iron in reduced samples, wt% and TFe is the
mass fraction of total iron in reduced samples, wt%.

3 Results and discussion

3.1 Effect of pre-reduction temperature on
phase transformation of HCVTM

The main phases of metallized pellets obtained by HCVTM
pellets with carbon at different pre-reduction temperatures
for 30min are shown in Figure 2. Table 3 lists the possible
chemical reaction equations of titanomagnetite in the
reduction process of HCVTM and the relationship between
Gibbs free energy and temperature [10,11].

According to the results of the previous studies on
the composition of HCVTM, titanomagnetite in VTM is a
solid solution composed of magnetite (Fe3O4) and ulv-
spinel (Fe2TiO4). The expression of this solid solution
is xFe3O4·yFe2TiO4. According to the different solid solu-
tion degrees of magnetite (Fe3O4) and ulvspinel (Fe2TiO4),
the chemical formula of titanomagnetite can be expressed
as Fe2.75Ti0.25O4, Fe2.5Ti0.5O4 and Fe2.25Ti0.75O4, which are com-
posed of 3Fe3O4·Fe2TiO4, Fe3O4·Fe2TiO4 and Fe3O4·3Fe2TiO4,
respectively. Therefore, when the carbon-containing pel-
lets of HCVTM are pre-reduced at different temperatures,
according to equations (3)–(6) given in Table 3, it can be

Table 2: Chemical compositions of anthracite powder (wt%)

Fixed carbon Moisture Ash Volatile

78.03 9.5 10.5 1.1
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Figure 1: X-ray diffraction analysis of HCVTM.
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seen that Fe3O4 in the titanium magnetite composed of
HCVTM will be reduced to FeO at 681℃. Then, the FeO
begins to be reduced to metallic Fe at 719℃. Therefore,
during the pre-reduction process of HCVTM, the Fe3O4

that forms titaniummagnetite will be continuously reduced
to FeO and Fe, so that the content of Fe3O4 dissolved in
titanium magnetite will gradually decrease, leading to
the gradual reduction of titanium magnetite to ulvspinel
(Fe2TiO4) and Fe.

However, according to Figure 2, there is no ulvspinel
(Fe2TiO4) in the metallized pellets after pre-reduction at
950–1,250℃. According to equation (8) given in Table 3,
ulvspinel (Fe2TiO4) is unstable and will begin to be
reduced to ilmenite (FeTiO3) by CO at 427℃. Therefore,
FeTiO3 can be found in XRD results at different tempera-
tures. It can be considered that ulvspinel (Fe2TiO4) exists
in the form of FeTiO3 in the reduction process. However,

there are two paths in the reduction process of ilmenite
(FeTiO3): (1) If the pre-reduction temperature is between
67 and 1,010℃, the ilmenite will occur, equation (11) and
(12) in Table 3, and then the ilmenite (FeTiO3) will be
reduced to Fe and low valence titanium oxides; (2) if
the temperature is higher than 1,010℃, the ilmenite
will undergo equation (9) given in Table 3 and the ilme-
nite (FeTiO3) will be reduced to metallic Fe and FeTi2O5

(pseudobrookite) by CO. Moreover, FeTi2O5 (pseudobroo-
kite) will participate in equation (10) given in Table 3 and
continue to be reduced to Fe and low valence titanium
oxides by CO. However, combined with Figure 2, TiO2 and
the other low valence titanium oxides do not appear in
the temperature range of 950–1,250℃, (Mg, Fe)Ti2O5

begins to appear in metallized pellets at 1,200℃. Some
studies [12–14] investigated that the atomic radius of
Mg2+ and Fe2+ are relatively close; thus, Mg2+ can easily
replace the position of Fe2+ in FeTi2O5 (pseudobrookite)
to form magnesium-containing pseudobrookite. Thus,
(Mg, Fe) Ti2O5 appears in the XRD pattern of metallized
pellets after pre-reduction at 1,200℃. In the pre-reduc-
tion process, ilmenite should be pre-reduced according to
the high-temperature reduction route and produce Fe
and FeTi2O5 (pseudobrookite). As the temperature rises
to 1,250℃, the number of diffraction peaks of (Mg, Fe)
Ti2O5 phase increases, while the number of diffraction
peaks of ilmenite (FeTiO3) phase decreases obviously.
For this reason, ilmenite (FeTiO3) is greatly reduced to
FeTi2O5 (pseudobrookite) at 1,250℃, increasing the number
of diffraction peaks of FeTi2O5 (pseudobrookite). The Mg2+

replaces the position of Fe2+ in FeTi2O5 (pseudobrookite) to
formmagnesium-containing pseudobrookite. According to
the thermodynamic calculation results, ilmenite (FeTiO3)
will be reduced to Fe and FeTi2O5 (pseudobrookite) by CO
at 1,010°C, but the (Mg, Fe) Ti2O5 phase appears in the XRD
pattern at 1,200℃, and the content of (Mg, Fe)Ti2O5 phase

Figure 2: XRD patterns of metallized pellets after reduction at dif-
ferent pre-reduction temperatures.

Table 3: Possible chemical reactions of titanium magnetite and magnetite in HCVTM [10,11]

No. Chemical equation ΔGθ–T Reduction temperature (℃)

3 Fe3O4 + C = 3FeO + CO(g) ΔGθ = 207,510 – 217.62T 681
4 FeO + C = Fe + CO(g) ΔGθ = 158,970 – 160.25T 719
5 Fe3O4 + CO = 3FeO + CO2(g) ΔGθ = 35,380 – 40.16T 608
6 FeO + CO = Fe + CO2(g) ΔGθ = −13,160 + 17.21T 765
7 Fe2TiO5 + CO = Fe2TiO4 + CO2 ΔGθ = −9,785 – 4.95T −1,704
8 Fe2TiO4 + CO = FeTiO3 + Fe + CO2 ΔGθ = −4,550 + 6.5T 427
9 2FeTiO3 + CO = FeTi2O5 + Fe + CO2 ΔGθ = 10.1 – 0.01T 1,010
10 3FeTi2O5 + 5CO = 2Ti3O5 + 3Fe + 5CO2 ΔGθ = 20.65 – 0.0371T 557
11 3/4FeTiO3 + C = 3/4Fe + 1/4Ti3O5 + CO ΔGθ = 184.07 – 0.2742T 671
12 2/3FeTiO3 + C = 2/3Fe + 1/3Ti2O3 + CO ΔGθ = 213,000 – 171.00T 972
13 2Fe2TiO4 + MgO + 4CO = MgTi2O5 + 4Fe + 4CO2 ΔGθ = 637.45 – 0.605T 781
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increases significantly at 1,250℃. Therefore, it can be
inferred that when the pre-reduction temperature is about
1,200℃, ilmenite (FeTiO3) in HCVTM will be reduced to Fe
and FeTi2O5 (pseudobrookite) by CO, and the reaction rate
will be accelerated at 1,250℃.

Hence, the reduction paths of titanomagnetite in
HCVTM during pre-reduction can be summarized as shown
in Figure 3.

During the pre-reduction of HCVTM, the possible reac-
tions of vanadium magnetite and chromium magnetite are
given in Tables 4 [15] and 5 [16,17]. The Gibbs free energy
of reaction equation given in Tables 4 and 5 is calculated,
and the calculation results are shown in Figure 4.

In this work, the pre-reduction temperature range is
in the range of 950–1,250℃. According to the thermody-
namic calculation results given in Table 4, when the
pre-reduction temperature is 848℃, FeO in vanadium
magnetite FeO·V2O3 (FeV2O4) begins to be reduced to Fe
as equation (14) given in Table 4, resulting in the gradual
reduction of FeO content in solid solution to vanadium
magnetite, and vanadium magnetite will eventually change
to V2O3. When the temperature rises to 1,021℃, the vana-
diummagnetite undergoes equation (15), and V2O3 in vana-
dium magnetite begins to be reduced to VO; when the tem-
perature is 1,025℃, the equation (17)may occur and start to
generate VC0.88. It can be seen from equation (16) that metal
V cannot be generated under the whole pre-reduction
temperature range. According to Figure 4(a), when the
pre-reduction temperature is 950 and 1,000℃, V in the
metallized pellets may exist in the form of vanadium mag-
netite (FeV2O4) and V2O3. Meanwhile, XRD results also
show that there is a diffraction peak of vanadiummagnetite

FeO·V2O3 (FeV2O4) at 950 and 1,000℃, as shown in Figure 2,
but no diffraction peak of V2O3 is found in Figure 2, which
may be mainly due to the low content of V in the raw ore,
Measured by V2O5, the mass fraction is only 0.57wt%, as
given in Table 1; thus, it is lower than the lowest limit of XRD
detection; thus, no diffraction peak of V2O3 is found in
Figure 2. As the pre-reduction temperature increases to
1,050℃, the possible V-containing phases in the metallized
pellets are vanadiummagnetite FeO·V2O3 (FeV2O4), VO, V2O3

and VC0.88. But according to Figure 4(a), it can be found that
when the temperature is larger than 1,000℃, the ΔGθ-T posi-
tion of equation (17) is lower than that of equation (15), thus
the possibility of occurrence of equation (17) is larger than
that of equation (15). Therefore, when the pre-reduction tem-
perature is larger than 1,050℃, the V-containing phases in
the metallized pellets may be vanadiummagnetite FeO·V2O3

(FeV2O4), VO and VC0.88.
When the pre-reduction experiment of chromite mag-

netite is carried out at 950–1,250℃, according to the ther-
modynamic calculation results given in Table 5, when the
temperature is higher than 994℃, FeO in chromite begins
to be reduced to metallic Fe, resulting in the gradual
reduction of FeO content in chromite FeCr2O4. Mean-
while, when the temperature is higher than 1,200℃,
chromite FeCr2O4 (FeO·Cr2O3) begins to be reduced to Cr
by equation (19) given in Table 5. Therefore, when the
pre-reduction temperature is lower than 1,100℃, the pos-
sible phases in the metallized pellets are chrome magne-
tite FeCr2O4 (FeO·Cr2O3) and Cr2O3; according to equa-
tions (20) and (21) given in Table 5, CrCx (0 < x < 1)
may be generated in the metallized pellet at 1,150℃.
Meanwhile, as shown in Figure 4(b), the ΔGθ–T position
of equation (18) is the lowest at this temperature condi-
tion. Thus, equations (18) is the most likely to occur at
1,150℃. Then, the main reaction of chromite magnetite is
that FeCr2O4 (FeO·Cr2O3) is reduced to Cr2O3. When the
temperature is larger than 1,200℃, the thermodynamic
calculation results show that metal Cr may be generated.
However, according to Figure 4(b), the ΔGθ-T position of
equation (19) is the highest than others; thus, this reac-
tion is difficult to occur. But there may be a small amount
of metal Cr in the metallized pellets. Therefore, when the

Figure 3: Reduction paths of titanomagnetite in HCVTM.

Table 4: Possible chemical reactions of vanadium magnetite in HCVTM [15]

No. Chemical equation ΔGθ–T Reduction temperature (°C)

14 FeO·V2O3 + CO = V2O3 + Fe + CO2 ΔGθ = 164.84 – 0.147T 848
15 FeO·V2O3 + 2CO = 2VO + Fe + 2CO2 ΔGθ = 399.74 – 0.309T 1,021
16 FeO·V2O3 + 4CO = 2V + Fe + 4CO2 ΔGθ = 1003.88 – 0.63T 1,320
17 FeO·V2O3 + 7.52CO = 2VC0.88 + Fe + 5.76CO2 ΔGθ = 806.13 – 0.621T 1,025
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temperature is 1,200–1,250℃, the possible Cr-containing
phases in the metallized pellets are FeCr2O4 (FeO·Cr2O3),
Cr2O3, CrCx and Cr.

Therefore, according to the thermodynamic calcula-
tion results and the phase analysis results of metallized
pellets at different pre-reduction temperatures, it can be
seen that with the increase in pre-reduction temperature,
themetallization rate of pre-reduced pellets should increase,
and the metallization rate obtained by pre-reduction at
1,250℃ is the largest. However, the pre-reduction degree
of the metallized pellets obtained by pre-reduction at
1,250°C is not complete. There may be a small amount of
(Mg, Fe) Ti2O5, FeO·V2O3 (FeV2O4) and FeCr2O4 (FeO·Cr2O3)
in the metallized pellets, which cannot be completely
reduced to metallic Fe. Meanwhile, the vanadium magne-
tite FeO·V2O3 (FeV2O4) cannot be reduced to metallic V
but exists in the form of vanadium magnetite FeO·V2O3

(FeV2O4), VO and VC0.88 in the metallized pellets. A small
amount of chromite magnetite FeCr2O4 (FeO·Cr2O3)may be
reduced to metallic Cr, while other chromite magnetite
FeCr2O4 (FeO·Cr2O3) after pre-reduction exists in metal-
lized pellets in the form of FeCr2O4 (FeO·Cr2O3), Cr2O3

and CrCx. Therefore, when the pre-reduction temperature
is 950–1,250℃, the pre-reduction of HCVTM can only be
carried out to reduce Fe in titanomagnetite, chromium

magnetite and vanadium magnetite. While the reduction
of V and Cr, especially the reduction of metal V, which
will not occur in the pre-reduction process, and a small
amount of chromium magnetite FeCr2O4 (FeO·Cr2O3) may
be reduced to metallic Cr. Therefore, the deep reduction of
vanadium magnetite and chromite magnetite to obtain V
and Cr depends on the high temperature provided by the
subsequent furnace melting process.

3.2 Effect of pre-reduction temperature on
metallization rate and residual carbon in
metallized pellets

The metallization rate and carbon residue in the metal-
lized pellets obtained after pre-reduction at the tempera-
ture of 950–1,250℃ are shown in Figure 5.

As shown in Figure 5, when the pre-reduction tem-
perature increases from 950 to 1,250℃, the metallization
rate in the metallized pellets gradually increases from 27.97
to 92.49wt%. However, it can be found from Figure 5 that
the increasing trend of metallization rate in metallized pel-
lets exhibits two states: when the temperature is lower than
1,050°C, the metallization rate increases slowly and the
metallization rate of metallized pellets is small; when the

Table 5: Possible chemical reactions of chromium magnetite in HCVTM [16,17]

No. Chemical equation ΔGθ–T Reduction temperature (℃)

18 FeCr2O4 + CO = Fe + Cr2O3 + CO2(g) ΔGθ = 205.23 – 0.162T 994
19 FeCr2O4 + 4CO = Fe + 2Cr + 4CO2(g) ΔGθ = 975.03 – 0.662T 1,200
20 7FeCr2O4 + 40CO = 7Fe + 2Cr7C3 + 34CO2(g) ΔGθ = 652.18 – 0.471T 1,133
21 2/3Cr2O3 + 54/23C = 4/69Cr23C6 + 2CO(g) ΔGθ = 494.37 – 0.342T 1,112

Figure 4: ΔGθ–T diagram of possible chemical reaction equations during pre-reduction of vanadium magnetite and chrome magnetite:
(a) vanadium magnetite, (b) chrome magnetite.
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temperature was higher than 1,050°C, the metallization rate
of the pre-reduced pellets showed a sharp increase. Com-
bined with the thermodynamic analysis results, it can be
indicated that when the temperature is higher than 681°C,
magnetite begins to be reduced to metallic Fe, as shown in
equation (3) given in Table 3, but this reaction is a solid
reduction process of magnetite; thus, the chemical reaction
rate is slow. Thus, when the temperature is lower than
1,050°C, Fe3O4 in HCVTM is mainly reduced, while the
gasification reaction of C in the pellets is weak in this tem-
perature range, resulting in a lower partial pressure of
CO. Therefore, the reduction degree of titanium magnetite,
vanadium magnetite and chromium magnetite is lower,
resulting in a lower metallization rate of the pellets. Mean-
while, as shown in Figure 5, at the range of 950–1,050°C,
the amount of residual carbon in metallized pellets also
decreases slowly with the increase of temperature, which
can indirectly explain the gasification reaction rate of C in
this temperature range is low. When the temperature range
is 1,050–1,100℃, as shown in Figure 5, the residual carbon
in metallized pellets decreases sharply with increasing tem-
perature. Therefore, within this temperature range, the gasi-
fication reaction rate of C is the largest, and the partial
pressure of CO in the furnace increases. Therefore, after
1,100℃, titanomagnetite, vanadium magnetite and chro-
mium magnetite in HCVMT participate in the reduction.
As a result, the metallization rate in the metallized pellet
will continue to increase. When the temperature increases
to 1,250℃, the maximum metallization rate in the metal-
lized pellet is 92.49wt%. And, the content of residual C in
the pellet is 10.37wt%. Therefore, residual C can be used as
the reducing agent for a deep reduction in the subsequent
electric furnace melting and separation process to further
reduce HCVMT.

3.3 Effect of pre-reduction temperature on Fe
agglomeration in metallized pellets

The microstructures of the metallized pellets obtained by
pre-reduction of HCVTM at 950–1,250°C are shown in
Figure 6. Figure 6(a) is the microstructure of HCVTM
raw ore, Figure 6(b)–(h) is the microstructure morphology
of metallized pellets after pre-reduction at 950–1,250°C
and Figure 6(i) is the microstructure of the cross-section
of the metallized pellets after pre-reduction at 1,250°C.

As shown in Figure 6, magnetite, titanomagnetite,
chrome magnetite and vanadium magnetite of HCVTM
form irregular block structures in the form of symbiosis
and association. When the pre-reduction temperature
was 950°C, the block structure showed that it became
loose and porous, and no iron particles or iron beads
were observed. When the pre-reduction temperature is
1,000°C, the microstructure shows that the surface of
the ore particles in the form of a loose porous structure,
and compared with the block structure at 950°C, the sur-
face of the block structure became loose and porous;
however, no iron particles or iron beads were observed
on the surface of mineral particles. When the pre-reduc-
tion temperature is 1,000°C, the microstructure shows
that the surface of the massive ore particles presents a
loose porous structure. Compared with the massive struc-
ture at 950°C, the massive structure splits at 1,000°C
and then becomes a smaller massive structure, as shown
in Figure 6(c). When the pre-reduction temperature was
1,050°C, the microstructure showed that iron beads began
to appear on the surface of loose and porous ore particles.
However, the average particle size of iron beads was about
8.23 μm measured by the SEM. Meanwhile, iron beads
were also found only in the local area of the ore particle
surface as shown in Figure 6(d). When the pre-reduction
temperature increased to 1,100°C, as shown in Figure 6(e),
the number of iron beads on the surface of the ore particles
was significantly more than that of the sample after pre-
reduction at 1,050°C. The average particle size of the iron
beads was about 24.26 μm. When the pre-reduction tem-
perature was 1,150°C, as shown in Figure 6(f), and the
microstructure on the surface of the ore particles showed
that the number of iron beads increased significantly. After
the iron beads were precipitated on the surface of the ore
particles, the shrinkage phenomenon appeared. Moreover,
the iron beads on the surface of the local ore particles have
been agglomerated, and the particle size of the iron beads
has increased obviously. The average particle size of the
iron beads is about 56.58 μm at 1,150°C. When the pre-
reduction temperature was 1,200°C, which can be found
in Figure 6(g) that the precipitated iron beads had an

Figure 5: Metallization rate and carbon residue in metallized pellets
were obtained at different pre-reduction temperatures.
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obvious softening phenomenon, then gradually changed
from the previous spherical shape to the strip-shaped iron
particles; while the strip-shaped iron particles wrapped
the ore particles. When the temperature rises to 1,250°C,
the softened iron particles begin to agglomerate and form
spherical iron particles as shown in Figure 6(h). The
average diameter of the spherical iron particles is about
182.35 μm. Moreover, it can be found from Figure 6(i) that
there is still the agglomeration morphology of strip iron
particles on the surface of spherical iron particles with
large particles, indicating that the strip iron particles are
interconnected to form spherical iron particles with large
particles after softening. And, there is no slag phase after
softening the iron particles.

Therefore, according to the results of the microstruc-
tures of metal pellets after pre-reduction, it can be found
that the ore particles gradually change from block
structure to loose and porous surface at a pre-reduction
temperature of 950–1,000℃, and the large ore particles
gradually crack into small block structure, which can sig-
nificantly improve the dynamic conditions of pre-reduction,
but no iron beads are precipitated on the surface of ore
particles. When the temperature rises to 1,050℃, iron beads
begin to precipitate on the surface of ore particles. When the
temperature rises to 1,150℃, the number of iron beads on

the surface of ore particles increases significantly, and the
particle size of iron beads becomes larger. When it reaches
1,200℃, the iron beads begin to soften and hook up to form
strip iron particles. When the temperature is 1,250℃, the
strip iron particles hook up and accumulate to form sphe-
rical iron particles, and the average particle size of spherical
iron particles is 182.35 μm. Therefore, in the pre-reduction
process of HCVTM, when the pre-reduction temperature is
higher than 1,000℃, iron beads begin to precipitate on the
surface of ore particles. With the increase in temperature,
spherical iron beads change into strip iron particles at about
1,200℃. At 1,250℃, strip iron particles agglomerate and
turn into spherical iron beads, so increasing the tempera-
ture is conducive to improving the enrichment and agglom-
eration of metallic iron.

4 Conclusion

The pre-reduction of HCVTM with carbon pellets was car-
ried out at the range of 950–1,250℃. The phase transfor-
mation law of HCVTM, metallization rate, and the preci-
pitation and agglomeration of the Fe phase in metallized
pellets at different pre-reduction temperatures were analysed.

Figure 6: Microstructures of metallized pellets after different pre-reduction temperatures of high-chromium vanadium–titanium magnetite:
(a) raw ore, (b)–(h) pre-reduction temperature 950–1,250°C and (i) microstructure of cross-section of metallized pellets at a pre-reduction
temperature of 1,250°C.
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1. At the pre-reduction temperature range of 950–1,250℃,
titanomagnetite in HCVTM is finally reduced tometal Fe
and (Mg, Fe)Ti2O5, and low valence titanium oxide will
not appear. Vanadium magnetite produces Fe, VO, and
VC0.88 without metal V; chromite magnetite produces
Fe, Cr2O3, CrCx and a small amount of metal Cr.

2. With an increase in the pre-reduction temperature, the
metallization rate in the metallized pellets obtained
after pre-reduction of HCVTM gradually increases,
while the content of residual carbon gradually decreases.
When the pre-reduction temperature is 1,250℃, the max-
imum metallization rate in the metallized pellets is
92.49wt%, and the minimum content of residual carbon
is 10.37wt%.

3. With the increase of pre-reduction temperature, the
bulk surface of HCVTM gradually becomes loose and
porous; then. the large block structure gradually split
into small particles. Meanwhile, the iron particles pre-
cipitated on the surface of ore particles begin to soften
into strips with an increase in temperature and finally
agglomerate to form spherical iron particles, which
leads to a diameter of iron particles increases from
8.23 to 182.35 μm.
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