
Yu-Lan Zhen, Guo-Hua Zhang* and Kuo-Chih Chou

Carbothermic Reduction of Titanium-Bearing Blast
Furnace Slag

Abstract: The carbothermic reduction experiments were
carried out for titanium-bearing blast furnace slag in
Panzhihua Iron and Steel Company in argon atmosphere
at high temperatures. The effects of reduction tempera-
ture, isothermal treatment time and carbon content on
the formation of TiC were studied by X-ray diffraction
(XRD) and scanning electron microscope (SEM). The
XRD pattern results showed that MgAl2O4 phase disap-
peared and the main phase of the reduced sample was
TiC when the reduction temperature was higher than
1,773 K. The SEM pictures showed that the reduction
rate of the titanium-bearing blast furnace slag could be
increased by enhancing the temperature and the C con-
tent (carbon ratio �1.0). Furthermore, it was also found
that TiC had the tendency of concentrating around the
iron. The effects of additives such as Fe and CaCl2 on
the formation of TiC were also studied in the present
study.
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Introduction

Vanadium–titanium-bearing magnetite of Panzhihua,
China, is a complex iron ore with the coexistence ele-
ments of vanadium and titanium. It accounts for more

than 90% of the titanium reserves in China. By the
beneficiation process of the ore, titanomagnetite concen-
trates and ilmenite concentrates are produced [1, 2].
The titanomagnetite concentrates are used as the main
materials for the blast furnace process in Panzhihua area
now. In this process, most of the iron and partly of the
vanadium can be reduced into the hot metal; however,
almost all of the titanium remains in the slag, forming
the high titanium bearing slag, which contains about
21–25% of TiO2, and emission in every year is more
than 3 million tons [3]. This slag is the considerable
strategic resources and the precious wealth. There is no
appropriate and economic method to deal with such slag
so far. Titanium is very important and useful metal which
is widely used in the aerospace and chemical industrial.
Many countries regard the deposit of titanium as a stra-
tegic resource. China is abundant in titanium, accounting
for about 48% of the world. However, the recovery ratio
of the titanium is too low in the current smelting process
of the vanadium titanomagnetite resource.

Over the past several decades, many works have
been conducted on the mechanism and kinetics of the
carbothermic reduction of titanomagnetite [4–11] and tita-
nium-bearing blast furnace slag [12–15]. Li et al. [12, 13]
researched the extracting Ti(C, N) from high-titanium
slag, results of which confirm that the final products
consist mainly of TiC in argon atmosphere and
TiC0.3N0.7 in nitrogen atmosphere. Feng et al. [14]
described the preparation of TiC from TiO2 bearing
blast-furnace slags from Panzhihua and indicated that
the final obtained TiC-containing slag can be used in
superior refractory materials. Li et al. [15] studied the
carbonization (nitrogenation) for titanium-bearing blast
furnace slag by plasma furnace. With the sample of slag
being held in the plasma furnace at 1,973 K for 1 h, 92%
TiO2 in the slag can be transformed into Ti(C,N) and the
diameter of Ti(C,N) crystalline is more than 20 μm.
Although many works have been done, the recycling
utilization of TiO2 bearing blast furnace slag still had
some problems. All of these works were focused on the
crystalline slags which were cooled in the air slowly after
samples are reduced at different temperatures for
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different times, and the crystalline phase containing spi-
nel, akermanite–gehlenite and diopside and so on. Then
the problem is that it is very hard to remove the crystal-
line phase even using acid leaching if extracting pure TiC
from the treated slag, especially spinel, which is insolu-
ble in both acid and alkali. If no crystalline phase is
formed after high temperature treatment, it will be
much easy to remove these glass phases. Therefore, the
aim of the present study is to obtain the glass slags and
to avoid the precipitation of spinel and other crystalline
phase, and then find the best experimental conditions for
carbothermic reduction.

Experimental procedures

Chemical compositions of the titanium-bearing blast fur-
nace slag were examined by the X-ray fluorescence
(Shimadzu XRF-1800, current 140 mA, voltage 60 kV),
which was presented in Table 1. Figure 1 shows the
X-ray diffraction (XRD, conducted using a Cu-Kα source)
patterns of the slag. The main mineral phase of the
titanium-bearing blast furnace slag is CaTiO3.

The titanium-bearing blast furnace slag and the gra-
phite powder were mixed homogenously with the addi-
tion of the alcohol. By considering eqs (1) and (2), the
mass ratios of C to slag in mixtures were set to be
7.75:100 (corresponding to the carbon molar ratio of
0.70), 9.69:100 (corresponding to the carbon molar ratio
of 0.85), 11.63:100 (corresponding to the carbon molar
ratio of 1.0), 13.03:100 (corresponding to the carbon
molar ratio of 1.15), respectively.

TiO2 þ 3C ¼ TiCþ 2CO ð1Þ

Fe2O3 þ 3C ¼ 2Feþ 3CO ð2Þ
Then the mixtures were dried to get rid of the alcohol at
393 K for 2 h. The powder was placed in an alumina
crucible. Vertical tube furnace with silicon molybdenum
as the heating element was used. The temperature was
accurately controlled within �1 K by PID controller under
a flowing argon atmosphere. The alumina crucible was put
into the hot zone of the vertical tube furnace quickly when
the furnace temperature reached the desired value. The
isothermal reduction reactions at three different tempera-
tures were studied, as 1,673, 1,773 and 1,873 K, respectively.
The reaction time at each reaction temperature was 2, 4
and 6 h, respectively. The samples reduced at different
temperatures for different times were cooled in the water
quickly after the alumina crucibles were took out from the
furnace. The reduced slags were examined by XRD and
SEM (Mineral Liberation Analyzer, voltage 200 V to 30 kV)
analyses to study its phase composition and morphology.

In addition, in order to obtain the percentage of total
mass loss, each samples reduced at different tempera-
tures for different times were also prepared again. But
instead of quenching in water, these samples were took
out from the furnace and cooled in the argon.

Results

Thermodynamic calculation

(1) The main reactions probably occurred during the
carbothermic treatment of titanium-bearing blast
furnace slag are given as follows:

TiO2 þ 3C ¼ TiCþ 2CO ð1Þ
CaOþ 3C ¼ CaC2 þ CO ð3Þ
MgOþ C ¼ Mgþ CO ð4Þ

2Al2O3 þ 9C ¼ Al4C3 þ 6CO ð5Þ
SiO2 þ 3C ¼ SiCþ 2CO ð6Þ

Table 1: Chemical composition of the titanium-bearing blast fur-
nace slag (wt%).

Components SiO CaO TiO AlO MgO FeO Others

Content . . . . . . .
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Figure 1: XRD patterns for titanium-bearing blast furnace slag in
Panzhihua.
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The results of thermodynamics calculation by FactSage6.0
were given in Table 2. The activities of different components
in titanium-bearing blast furnace slag are listed in Table 3.
From Table 2, it could be indicated that eqs (3)–(5) would
not occur, due to the initial reaction temperatures Tstart are
much higher than 1,873 K which is the highest treatment
temperature of the present study. Considering that the
activities of CaO, MgO and Al2O3 are less than 1, the Tstart

will be even higher. The Gibbs free energy change of eqs (1)
and (6) are given as follows:

ΔG1 ¼ ΔG1
θ þ RT ln

ðPCO=PθÞ2 � αTiC
αTiO2 � αC3

ΔG6 ¼ ΔG6
θ þ RT ln

ðPCO=PθÞ2 � αSiC
αSiO2 � αC3

In the molten slag, TiC and SiC exist as independent
phase, so αTiC ¼ 1 and αSiC ¼ 1; CO occurred in the
liquidus slag, PCO � Pθ; αC ¼ 1; αTiO2 ¼ 8:997� 10�2,
αSiO2 ¼ 7:986� 10�2. So

ΔG1 ¼ ΔG1
θ þ RT ln

1
αTiO2

;Tstart1
0 ¼ 1; 589 K < 1; 673 K

ΔG6 ¼ ΔG6
θ þ RT ln

1
αSiO2

;Tstart6
0 ¼ 1; 912 K > 1; 873 K

Therefore, C could only reduce TiO2 in the slag at the
present reduction temperature.
(2) After reduced, the mainly chemical compositions of

slag are CaO, MgO, Al2O3, SiO2 and TiC. TiC exists in
the form of solid particles at the present reduction
temperature. The other components form CaO-MgO-
Al2O3-SiO2 slag system. The result of phase diagram

for CaO-MgO-Al2O3 system (constant SiO2 content)
by FactSage6.0 was given in Figure 2. From
Figure 2, it can be seen that the composition of
completely reduced titanium-bearing blast furnace
slag (the black spot in Figure 2) exists in the spinel
phase when the temperature is less than 1,763 K.
Therefore, if the temperature is lower than 1,763 K,
spine will be formed as a thermodynamic stable
phase, while it can be avoided at a higher tempera-
ture. Of course, in order to keep the phase composi-
tion at high temperature, the quenching is
necessary. In the present work, it is completed by
water quenching.

The percentage of total mass loss

During the reduction of titanium-bearing blast furnace
slag by graphite, the percentage of total mass loss (W)
was calculated by the following reaction formula, where
wt is the initial mass of the mixture:

W ¼ w0 � wt

w0
� 100% ð7Þ

Table 2: Results of the thermodynamics calculation by FactSage6.0.

Equation Reaction ΔGθðJ=molÞ Tstart (K)

() TiO þ C ¼ TiC þ CO ,–. T ,
() CaO þ C ¼ CaC þ CO ,–. T ,
() MgO þ C ¼ Mg þ CO ,–. T ,
() AlO þ C ¼ AlC þ CO ,–. T ,
() SiO þ C ¼ SiC þ CO ,–. T ,

Table 3: Activities of different components in the titanium-bearing
blast furnace slag.

Components SiO CaO TiO AlO MgO

α=ð10�2Þ . . . . .

Figure 2: Phase diagram of CaO-Al2O3-MgO system.
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The changes of weight loss ratio with temperature and
time are shown in Figures 3–9. Figures 3–5 show that
in the case of the same temperature, the higher the
carbon ratio (�1.0) is, the faster the reaction rate and
the larger the maximum weight loss ratio will be; but
when the carbon ratio was higher than 1.0, the max-
imum value of weight loss ratio decreased obviously,
and the reaction rate also cannot increase any more
with the increase of carbon ratio. Therefore, the carbon
ratio of 1 is enough for the reduction reaction and the
further increase of carbon ratio could not lead to the
increases of reaction rate and the maximum weight loss
ratio. When the carbon ratio is 1.15, the excess carbon
could not participate into the reaction but only increase
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Figure 3: The percentage of total mass loss with different carbon
ratios at 1 673 K.
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Figure 4: The percentage of total mass loss with different carbon
ratios at 1,773 K.
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Figure 5: The percentage of total mass loss with different carbon
ratios at 1,873 K.
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Figure 6: The percentage of total mass loss with carbon ratio of 0.7
at different temperatures.
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Figure 7: The percentage of total mass loss with carbon ratio of 0.85
at different temperatures.

312 Y.-L. Zhen et al.: Carbothermic Reduction



the initial mass w0, subsequently, according to eq. (7),
the maximum weight loss will decrease. Figures 6–9
show that the mass loss ratio is much larger when
reacting at a higher reduction temperature from 1,673
to 1,773 K. However, as the temperature is higher than
1,773 K, both the reaction rate and the maximum value
of weight loss ratio just had a negligible change. From
these figures, it could also be seen that the reduction
reaction could be finished when the reduction time is
longer than 4 h.

X-ray diffraction

In the case of 1,673 K, the XRD patterns of the samples
reduced with different carbon ratios for 2 h are

presented in Figure 10. Figure 11 gives the XRD results
of reduced samples for different reduction times with
carbon ratio of 1.0, at 1,673 K. The XRD pattern results
show that the main phases of the reduced samples at
1,673 K were TiC, MgAl2O4 and C. From Figures 10 and
11, it can be seen that there was no obvious change in
the main phases as increasing the carbon ration and
reduction time at1,673 K. But C phase gradually
decrease with the increase of reduction time, and dis-
appeared after being reduced for 4 h at 1,673 K (shown
in Figure 11).

In the case of 1,773 K, the XRD patterns of the
samples reduced with carbon ratio of 1.0 for different
times are presented in Figure 12, and Figure 13 gives
the XRD results of reduced samples with different
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Figure 9: The percentage of total mass loss with carbon ratio of 1.15
at different temperatures
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Figure 10: XRD results of reduced samples at 1,673 K, 2 h for
different carbon ratios: (a) 0.7, (b) 0.85 and (c) 1.0.
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Figure 11: XRD results of reduced samples with carbon ratio of 1.0, at
1,673 K for different times: (a) 2 h, (b) 4 h and (c) 6 h.

0 1 2 3 4 5 6
−2

0

2

4

6

8

10

12

14

16

18

Lo
ss

 w
ei

gh
t (

%
)

Time (h)

1,673 K

1,773 K

1,873 K

1.0

Figure 8: The percentage of total mass loss with carbon ratio of 1.0
at different temperatures.
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carbon ratios for 4 h. The XRD patterns results show
that the main phases of the reduced sample at 1,773 K
were TiC and C. It could also be seen that MgAl2O4

phase disappeared after being reduced at 1,773 K,
which means the main phase of the reduced sample
was TiC when the reduction temperature is more than
1,773 K. It is also in accordance with the result of phase
diagram (Figure 2).

In the case of 1,873 K, the XRD results of reduced
samples with carbon ratio of 1.0, for 4 h at different
reduction temperature are presented in Figure 14. The
XRD patterns results show that the main phase of the

reduced sample was TiC when the reduction temperature
more than 1,773 K. In addition, the effect of additives
such as Fe and CaCl2 on the reduction was studied. The
XRD results of reduced samples with carbon ratio of 1.0, 2
h, at 1,873 K for different additives are given in Figure 15.
From Figure 15, the main phases of the samples reduced
without or with additive were still TiC.

The microstructure of the reduction product

Backscattered Electron Diffraction (BSED) images of the sam-
ples reduced for different carbon ratios and different
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Figure 12: XRD results of reduced samples with carbon ratio of 1.0,
at 1,773 K for different times: (a) 2 h, (b) 4 h and (c) 6 h.
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Figure 13: XRD results of reduced samples at 1,773 K, 4 h for
different carbon ratio: (a) 0.7; (b) 0.85; (c) 1.0.
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Figure 14: XRD results of reduced samples with carbon ratio of 1.0,
for 4 h at different temperatures: (a) 1,673 K; (b) 1,773 K; (c) 1,873 K
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Figure 15: XRD results of reduced samples with carbon ratio of
1.0, 2 h, at 1,873 K for different additives: (a) 5 wt% CaCl2;
(b) 5 wt% Fe; (c) none.
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reduction times at 1,673 K are shown in Figure 16(a)–(i). The
BSED image reveals three distinct regions which appear as
bright, light gray, dark gray, some black. In order to identify
the phases, Energy Dispersive Spectrometer (EDS) analyses
were performed at different regions as shown in SEM images
of Figure 17(b)–(e). The region 1 consists of 86.50%Fe, which
indicates that the bright phase is composed of Fe phase. The
region 2 is made up of 78.96% Ti, and 11.68% C, which
indicates that the light gray phase is mainly composed of
TiC phase. The region 3 consists of many elements, such as
34.10% O, 25.29% Al, 20.88% Ca, 8.47% Si, 9.30% Ti, 1.96%
Mg and so on, which implies that the dark gray phase is
mainly incompletely reduced titanium-bearing blast furnace
slag. The region 4 is made up of 30.23% O, 46.13% Al and
18.32% Mg, which indicates that the black phase is mainly
composed of MgAl2O4 phase.

BSED images of the samples reduced for different
carbon ratios and different times at 1,773 K are shown
in Figures 18(a)–(i). There are three distinct regions.
Compared to 1,673 K, the black phase disappeared,
which means the main phases of the products were
TiC and Fe when the temperature was higher than
1,773 K.

BSED images of the samples reduced for different
carbon ratios and different reduction times at 1,873 K
are shown in Figure 19(a)–(i). There are also three distinct
regions.

In order to enhance the conversion rate of TiC,
about 5% of CaCl2 or Fe was added. CaCl2 was added
for its strong ability of decreasing viscosity which is
beneficial for the diffusion transport of titanium ion,
while Fe is added to increase the nuclei of

Figure 16: BSED images of the samples reduced with different carbon ratios for different times at 1,673 K: (a) 2 h, 0.7; (b) 2 h, 0.85;
(c) 2 h, 1.0; (d) 4 h, 0.7; (e) 4 h, 0.85; (f) 4 h, 1.0; (g) 6 h, 0.7; (h) 6 h, 0.85 and (i) 6 h, 1.0.
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heterogeneous nucleation of TiC. BSED images of the
samples reduced for carbon ratio of 1.0, 2 h, at 1,873 K
for different additives are shown in Figure 20(a)–(c).
The results show that the areas of TiC phase are larger
by adding the additives, especially CaCl2, which
implies that the additives could be helpful for reaction.
Furthermore, Fe and TiC were obviously found to be
mixed together tightly from Figure 13(b), which may
imply that the additive of Fe could be helpful for the
nucleation of TiC.

Discussion

(1) From Figures 16(a)–(i), 17(a)–(i) and 18(a)–(i), it can
be seen that more TiC could be produced by improv-
ing the C content and reaction time at each tempera-
tures. That is, the reaction rate would be improved
by increasing the C content (carbon ratio � 1.0) and
the degree of reduction would be enhanced by
increasing reaction time. By comparing Figures 16,
17 and 18, the higher temperature is, the bigger than

Figure 17: SEM image (a) of reduced sample at 1,673 K (with carbon ratio 0.85, 2 h) and EDS results of regions 1 (b), 2 (c), 3 (d) and 4 (e).
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the areas of TiC phase could be. Therefore, by
improving the reaction temperature, the reaction
rate and the reduction degree could be accelerated
obviously.

(2) From the experiment results, it was found that TiC
had the tendency of concentrating around the iron.
Many studies [16–18] pointed that TiC can be chemi-
cally wetted in iron, and the wetting angle θ
between TiC and molten iron is less than 50° even
in high temperature and many different kinds of
atmosphere. In the slag, Fe2O3 could be reduced to
Fe easily, and then TiC would be heterogeneous
nucleation dependence on the iron. Moreover, the
grain growth of Fe would be prevented, because of
TiC grew around the iron. It may be one reason for
the increase of iron loss when more TiC is reduced

during the smelting of TiO2 bearing ore in blast
furnace.

Conclusions

The carbothermic reduction process of titanium-bearing
blast furnace slag in Panzhihua Iron and Steel Company
was investigated in argon atmosphere. Reduction experi-
ments with different carbon ratios at different tempera-
tures for different times were carried out to investigate
their influences on the reduction. The following conclu-
sions were obtained:
(1) The XRD pattern results show that MgAl2O4 phase

disappeared and the main phase of the reduced
sample was TiC when the reduction temperature

Figure 18: BSED images of the samples reduced with different carbon ratios for different times
at 1,773 K: (a) 2 h, 0.7; (b) 2 h, 0.85; (c) 2 h, 1.0; (d) 4 h, 0.7; (e) 4 h, 0.85; (f) 4 h, 1.0; (g) 6 h,
0.7; (h) 6 h, 0.85 and (i) 6 h, 1.0.
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was more than 1,773 K. The SEM pictures show that
the reduction rate of the titanium-bearing blast
furnace slag could be increased by enhancing
the temperature and the C content (carbon ratio
� 1.0).

(2) Fe and TiC were found to be mixed together tightly.
TiC would be heterogeneous nucleation on the sur-
face of the iron.

(3) The additives such as Fe and CaCl2 could be helpful
for the carbothermic reduction process.

Figure 19: BSED images of the samples reduced with different carbon ratios for different times at 1,873 K: (a) 2 h, 0.7; (b) 2 h, 0.85; (c) 2 h,
1.0; (d) 4 h, 0.7; (e) 4 h, 0.85; (f) 4 h, 1.0; (g) 6 h, 0.7; (h) 6 h, 0.85 and (i) 6 h, 1.0.

Figure 20: BSED images of the samples reduced with carbon ratio of 1.0, 2 h, at 1,873 K for different additives:
(a) none; (b) 5 wt% Fe; (c) 5 wt% CaCl2.
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