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Abstract: The oxidation induration and reduction swelling behavior of chromium-bearing vanadium titanomagnetite pellets (CVTP) with 
Cr2O3 addition were studied, and the reduction swelling index (RSI) and compressive strength (CS) of the reduced CVTP with simulated 
coke oven gas (COG) injection were investigated. The results showed that the CS of the CVTP decreases and the porosity of the CVTP in-
creases with increasing amount of Cr2O3 added. The Cr2O3 mainly exists in the form of (Cr, Fe)2O3 solid solution in the CVTP and as FeCr 
in the reduced CVTP. The CS of the reduced CVTP increases and the RSI of the reduced CVTP decreases with increasing amount of Cr2O3 
added. The limited aggregation and diffusion of metallic iron contribute to the formation of dense lamellar crystals, which leads to the slight 
decrease for reduction swelling behavior of reduced CVTP. This work provides a theoretical and technical basis for the utilization of CVTP 
and other Cr-bearing ores such as chromite with COG recycling technology. 
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1. Introduction 

The blast furnace (BF) is widely used in the ironmaking 
process and the BF ironmaking has been the primary iron-
making method. Nevertheless, the massive utilization of 
coke and coal in the BF process generates large amounts 
of carbon monoxide (CO) and carbon dioxide (CO2). The 
CO2 emissions from the iron and steel industry are responsi-
ble for approximately 15% of the total CO2 emissions in 
China [1]. At present, the amount of idle coke oven gas 
(COG) produced by the Baosteel Co., Ltd. is greater than 
6.5  107 m3 per year. The average calorific value of COG is 
18500 kJ/m3. Hence, COG represents a valuable fuel that 
could be used to decrease the consumption of coal and coke in 
BF. In addition, COG contains 60.7vol% H2 and COG injection 
is recognized as a viable method to decrease CO2 emissions 
and enable low-carbon ironmaking in BF. Mousa et al. [2] 
studied the influence of COG injection on a BF with iso-
thermal and nonisothermal reduction of sinter under differ-

ent gas compositions and temperatures; they found that the 
reduction rate could be increased with COG injection under 
isothermal conditions. Liu et al. [3] speculated that COG 
injection into a BF could increase hot-metal productivity 
and decrease the coal ratio, coke ratio, and the carbon emis-
sions of the BF. Wang et al. [4] conducted a mathematical 
simulation of BF operation with COG injection and found 
that the indirect reduction degree increases because of the 
involvement of hydrogen in the cohesive zone with COG 
injection. They further found that the productivity and utili-
zation efficiency of CO increased and CO2 emission and 
energy consumption decreased with COG injection. Nishi-
oka et al. [5] considered that COG is a readily available and 
stable hydrogen source for industry. Meanwhile, COG has 
been successfully used in a BF in the COURSE50 project 
(CO2 ultimate reduction in steelmaking process by innova-
tive technology for cool earth 50). Mousa et al. [6] found 
that the reduction rate of pellets increased sharply with COG 
injection. 
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The chromium-bearing vanadium titanomagnetite 
(CVTM) in the Panzhihua, Sichuan province in China is a 
large reserve resource, and the reserves are more than 3.5 
billion tons [7]. The CVTM is one of the largest vanadium 
titanomagnetite (VTM) mineral resources that includes V, 
Cr, and many other elements [8]. The grade of Cr in the 
Hongge mine is as high as 0.81wt%. Similar types of ores 
are mainly distributed in Russia, Canada, Australia, and 
other places in the world [9–10]. Many studies on the utili-
zation of CVTM have been conducted, whereas studies on 
the reduction of chromium-bearing vanadium titanomag-
netite pellets (CVTP) with COG are scarce [11–12]. Given 
the under-researched and preindustrial technology of 
CVTM in the BF process, studies of reduction of CVTP 
with COG injection are necessary. Cheng et al. [9] studied 
the effect of Cr2O3 on the reduction of high-chromium 
vanadium-titanium pellets. Their results showed that the 
Cr2O3 adversely affected the reduction process and in-
creased the smelting difficulty of CVTP. Li et al. [13–14] 
investigated the effect of Cr2O3 on oxidation induration and 
reduction behavior of CVTP with simulated shaft furnace 
gases and found that the reduction swelling index (RSI) in-
creases with increasing Cr2O3 addition because of the for-
mation of metallic iron whiskers. The work was closely re-
lated to the smelting parameters on the separation behaviors 
of CVTP obtained from the gas-based direct reduction 

process [15]. As noted in previous papers, the reduction of 
CVTM by COG has not been mentioned. Due to chromium 
is one of the main valuable elements in CVTM, investiga-
tions of its mechanism of influence in the oxidation and re-
duction process of CVTM by utilization of COG are war-
ranted to supply the theoretical basis and technical support. 

In the present study, the effects of Cr2O3 addition on the 
phase compositions, compressive strength (CS), porosity, 
microstructure, and oxidation induration of CVTP were 
analyzed. Furthermore, the effect of Cr2O3 addition on the 
reduction swelling behavior of reduced CVTP with simu-
lated COG injection was investigated. The results provided 
theoretical and technical bases for the smelting of CVTP and 
other Cr-bearing minerals such as chromite with COG recy-
cling technology. 

2. Experimental 

2.1. Materials 

The CVTM was obtained from Hongge (Sichuan, China). 
The chemical compositions of the CVTM and bentonite are 
listed in Table 1. Fig. 1 shows the X-ray diffraction (XRD) 
pattern of the CVTM. The main minerals of the CVTM are 
Fe3O4 and FeTiO3. The Cr2O3 was analytical grade and 
was purchased from Sinopharm Chemical Reagent Co. 
(China). 

Table 1.  Chemical compositions of raw materials                               wt% 

Materials FeTotal FeO TiO2 Co2O3 V2O5 Cr2O3 CaO SiO2 MgO Al2O3 P S 

CVTM 53.35 26.91 11.60 0.02 0.57 0.81 0.96 4.71 3.33 2.82 0.02 0.26

Bentonite ― ― ― ― ― ― 2.19 68.28 3.56 13.45 ― ― 

 

 
Fig. 1.  XRD pattern of the CVTM. 

2.2. Apparatus and procedure 

The pelletizing process includes mixing, balling, drying, 
oxidation induration, and cooling. The main parameters of 
the pelletization process were 8.0wt% moisture of the mix-

ing materials, 1.0wt% of bentonite, 30 min of pelletizing 
time, 10–12 mm of green pellets, a drying temperature of 
105°C for 5 h, a preheating temperature of 900°C for 20 min, 
and a roasting temperate of 1200°C for 20 min with 1.5 
L/min blown air. When the oxidation process was finished, 
the CVTP was removed from the muffle furnace with the 
temperature lower than 900°C and allowed to cool to am-
bient temperature. 

The reduction swelling behavior of the CVTP was stu-
died in a comprehensive metallurgical measuring apparatus, 
as shown in Fig. 2. First, the 18 CVTP samples with an av-
erage size of 10–12.5 mm were placed into the con-
stant-temperature zone of the apparatus and heated to the 
target temperature under the N2 atmosphere flowing at 3 
L/min. Then, COG injection (150 m3/t hot metal, 
40vol%CO–15vol%H2–10vol%CO2–35vol%N2) was purged 
into the apparatus at 15 L/min. Finally, the reactor was re-
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moved from the apparatus and cooled in the N2 atmosphere 
when the reduction was completed. The RSI and CS of re-
duced CVTP were measured. The reduction temperature and 
time were 900°C and 60 min, respectively. 

 

Fig. 2.  Schematic of the experimental apparatus. 

The RSI is defined as 

t 0

0

RSI 100%
V V

V


   (1) 

where V0 and Vt are the volumes of original CVTP and re-
duced CVTP, respectively, mm3. The diameters of the CVTP 
and reduced CVTP were measured with electronic Vernier 
calipers. 

2.3. Analytical methods 

X-ray fluorescence (XRF, ZSXPrimus II; Rigaku, Japan) 
was used to determine the chemical compositions of the raw 
materials. XRD (X’Pert Pro; PANalytical, Almelo, The 
Netherlands) with Cu Kα radiation (wavelength = 0.15406 
nm) generated at 40 kV and 40 mA was used to analyze the 
mineral phases of the CVTM and CVTP. Scanning electron 
microscopy (SEM) conducted with an electron microscope 
(Ultra Plus; Carl Zeiss GmbH, Jena, Germany) equipped 
with a backscattering electron (BSE) detector and an ener-
gy-dispersive spectroscopy (EDS) apparatus was used to 
detect the microstructure of CVTP. The porosity and pore 
size distribution of CVTP were tested by mercury-injection 
porosimetry (Micromeritics Instrument Corp., Autopore IV 
9500, USA). The CS of CVTP was measured according to 
standard ISO4700. 

3. Results and discussion 

3.1. Oxidation induration of CVTP 

3.1.1. Phase composition 
The oxidation induration process of CVTP includes a se-

ries of physicochemical reactions. Fig. 3 shows the primary 

phases of CVTP with different Cr2O3 addition amounts. The 
XRD peak of Cr2O3 was not detected in all samples and the 
primary phases of CVTP with or without Cr2O3 addition are 
both Fe2O3, Fe2TiO5, and (Cr, Fe)2O3 solid solution; howev-
er, the peak position of the (Cr, Fe)2O3 solid solution shifted 
toward higher angles with increasing Cr2O3 addition amount, 
indicating that Cr2O3 dissolved into the hematite lattice to 
generate a solid solution. The main oxidation reactions and 
phase transformations of Fe3O4, FeTiO3, and Cr2O3 in CVTP 
can be written as: 

3 4 2 2 3Fe O O Fe O   (2) 

2 3 3 2 2 5Fe O FeTiO O Fe TiO    (3) 

2 3 2 3 2 3Fe O Cr O (Cr,  Fe) O   (4) 

 

Fig. 3.  XRD patterns of CVTP with different Cr2O3 addi-
tions. 

3.1.2. Compressive strength and porosity 
Fig. 4 shows the changes in CS and porosity of CVTP 

with different Cr2O3 additions. The CS clearly decreases 
from 2448 to 1891 N and the porosity increases from 
14.86% to 19.84% with increasing Cr2O3 addition. Fig. 5 
shows the relationship between the porosity and the CS; the 
porosity increases as the CS decreases. Furthermore, they 
exhibit a negative correlation relationship. The experimental 
linear regression equation between the porosity and the CS 
of CVTP is 

114.0 4124.36C P    (5) 
where the C is the CS and P is the porosity of the CVTP. 

On the basis of the empirical equation between porosity 
and CS (Eq. (6)), where d is the grain radius (cm) and K, , 
and  are coefficients[16], the CS really decreases with in-
creasing porosity. 

exp( )C K d P       (6) 

Orowan [17] studied the equation of theoretical fracture 
strength of the solid material th (Eq. (7)), where E is the 
elastic modulus, s is the free surface energy, and r0 is the 
mean radius of atoms. 
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Spriggs [18] studied the effect of porosity on the elastic 
modulus and deduced the following equation (Eq.(8)), 
where E0 is the elastic modulus of the nonporous sample 
and  is an empirical constant. 

0 exp( )E E P     (8) 

Hence, the relationship between theoretical fracture 
strength and porosity is 

0 s
th

0 exp( )

E

r P






 

 (9) 

According to Eq. (9), the theoretical fracture strength 
decreases exponentially with increasing porosity, which 
means that the theoretical fracture strength decreases with 
increasing number of pores in the pellets. Hence, with the 
addition of Cr2O3, the porosity increases as the CS de-
creases. 

 

Fig. 4.  Effect of Cr2O3 addition on the compressive strength 
and porosity of CVTP. 

 

Fig. 5.  Relationship between porosity and compressive 
strength of CVTP. 

According to the histograms, Fig. 6 shows the effect of 
different Cr2O3 additions on the pore size distribution of 
CVTP in logarithmic form. The microsize pore size distri-
bution of CVTP mainly distributes between 0 and 5 m 
when the Cr2O3 addition amount is less than 4wt%. In addi-
tion, the proportion of microsized pores in the pore size dis-
tribution of CVTP clearly decreases with increasing Cr2O3 
addition amount, as indicated by the incremental intrusion 
of mercury into microsized pores decreasing continuously. 
Meanwhile, the pore size increased markedly in a large 
range from 5 to 30 m when Cr2O3 addition increased from 
4wt% to 6wt%, which corresponds to an increase in porosity 
from 18.15% to 19.84%. 
3.1.3. Microscopic structure 

Fig. 7 shows the microstructure of CVTP with different 
Cr2O3 additions, as observed by SEM and Table 2 shows the 
EDS analysis result of points and phases in the Fig. 7. On 
the basis of the XRD analysis of CVTP with various Cr2O3 
addition, the Cr2O3 mainly exists as a (Cr, Fe)2O3 solid solu-
tion on the phase composition of CVTP during the oxidation 
induration process. As shown in Fig. 7(a), forsterite exists 
among the hematite, and the connection between the fors-
terite and hematite appears fragile; the forsterite mineral 
does not contain Cr. The foliated pseudobrookite exists in 
the hematite with distinct boundaries, and its Cr content is 
1.19wt%. The gangue minerals exist at the boundaries and 
interiors of hematite, and some Cr dissolves into these 
gangue minerals, which connect with hematite. The con-
tents of Cr in gangue mineral is 0.29wt%. Furthermore, the 
concentrations of Mg and Al in the gangue minerals 
(points 3 and 4) are high, and the existence of Mg2+ and 
Al3+ tends to impede the further oxidation of iron oxides. 
As shown in Figs. 7(b)–7(d), the Cr mainly exists in the 
intervals of hematite and reacts with hematite to form mi-
cropore-structured (Cr ,Fe)2O3 solid solution on the boun-
daries of hematite and then dissolves into the interior of 
the hematite. The content of Cr in the product layer (points 
6, 9, and 12) between Cr2O3 and hematite clearly increases 
from 2.02wt% to 12.96wt% with increasing Cr2O3 addition 
amount, and the (Cr, Fe)2O3 solid solution layer and the 
size of the micropores increase simultaneously. Moreo-
ver, Cr dissolves into the ilmenite. Zhu et al. [19] studied 
the oxidation of pellets prepared from a mixture of magne-
tite and chromite and observed substantial internal diffu-
sion of Fe3+ from hematite to chromite spinel and coun-
ter-diffusion of Cr3+ and Al3+ from chromite spinel to 
outer hematite to form sesquioxide (Fe, Cr, Al)2O3. 
Meanwhile, the (Cr, Fe)2O3 solid solution is thermody-
namically stable in the oxidation process. The generation 
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of (Cr, Fe)2O3 solid solution layer changes the morphology 
and impedes the recrystallization process of hematite, which 

leads to a decrease of CS and an increase of porosity of 
CVTP. 

 

Fig. 6.  Porosity and pore size distribution of CVTP with various Cr2O3 addition amounts: (a) 0wt%; (b) 2wt%; (c) 4wt%; (d) 
6wt%. 

 

Fig. 7.  SEM images and EDS analysis of CVTP with Cr2O3 different additions: (a) 0wt%; (b) 2wt%; (c) 4wt%; (d) 6wt%. H: he-
matite; C: (Cr, Fe)2O3 solid solution; I: ilmenite; Ps: pseudobrookite; F: forsterite; G: gangue; S: spinel; P: pore. 
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Table 2.  EDS analysis result of points in Fig. 7                               wt% 

Points/Phases Fe Cr Ti V Mg Al Si Ca O 

1/Ps 66.25 1.19 2.85 0.15 0.23 0.67 0.00 0.04 27.97 

2/F 5.80 0.00 0.29 1.74 20.72 0.70 30.02 3.22 36.47 

3/G 6.78 0.29 0.47 1.41 7.31 12.69 21.17 8.69 35.76 

4/S 18.45 1.84 0.42 0.13 12.13 35.06 0.01 0.08 31.40 

5/I 40.42 0.00 26.36 0.38 0.14 0.13 0.13 0.12 31.46 

6/C 61.96 2.02 6.92 0.23 1.79 1.29 0.00 0.05 25.09 

7/I 39.82 1.08 26.26 0.72 2.24 1.25 2.68 0.49 24.85 

8/G 1.90 0.04 0.26 1.24 0.27 2.11 45.85 1.66 46.60 

9/C 53.95 5.33 4.09 0.55 1.35 2.71 2.45 1.66 27.28 

10/H 67.80 0.16 4.64 0.20 1.46 1.41 0.02 0.00 23.38 

11/I 37.88 1.18 22.47 0.67 1.12 0.55 4.02 0.21 31.05 

12/C 43.85 12.96 3.04 0.56 1.74 1.28 0.78 0.60 34.72 

13/I 47.82 0.57 18.00 0.66 0.75 0.36 0.05 0.04 31.12 

 
The induration of pellets greatly depends on the sol-

id-state bonding. Friel and Erickson [20] considered that 
the bonding of magnetite pellets is primarily oxide indura-
tion when the basicity of the pellets is less than 0.8. Nev-
ertheless, bentonite is usually added during the pelleting 
process as a binder, and the liquid phase will induce oxida-
tion induration because the bentonite contains siliceous 
gangue. The formed liquid phases fill the intervals among 
mineral particles. The liquid phases can connect mineral 

particles, promote particle rearrangement, and accelerate 
ion exchange among mineral particles. As shown in Fig. 8, 
a siliceous liquid phase can be obtained in CVTP. The si-
liceous liquid phase distributes in the gaps of mineral par-
ticles and a (Cr, Fe)2O3 solid solution with an incompact 
and porous structure, improving the induration and inten-
sity of pellets; however, the degree of influence of the sili-
ceous liquid phase is low in comparison to the effect of (Cr, 
Fe)2O3 solid solution. 

 

Fig. 8.  X-ray element mapping of CVTP with 6wt% Cr2O3 addition. 

3.1.4 Induration mechanism 
According to the aforementioned results, the Cr2O3 addi-

tion has an inhibiting effect on the recrystallization of hema-
tite grains, changes the morphology of hematite boundaries, 
and strengthens the loose structure in the intervals of hema-
tite grains because of the generation of (Cr, Fe)2O3 solid so-

lution. Fig. 9 shows the schematic diagrams of oxidation 
induration mechanism of CVTP. The hematite grains are 
large-grained and interconnected and distribute relatively 
uniformly in the absence of Cr2O3 addition. Furthermore, 
the hematite grains fully recrystallize and connect and 
bonding phases exist at the intervals of grains; both of these 
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effects enhance the CS of the CVTP. Nevertheless, the loose 
and porous (Cr, Fe)2O3 solid solution fills the intervals of 
hematite grains when Cr2O3 is added. The Cr2O3 mainly 
reacts with hematite to generate (Cr, Fe)2O3 at the bounda-
ries of the hematite. The (Cr, Fe)2O3 solid solution increases 
the porous structure and decreases recrystallization of the 
hematite grains. Hence, Cr2O3 addition is disadvantageous 
to the oxidation induration of the CVTP and decreases its 
CS. 

 

Fig. 9.  Schematic of the oxidation induration mechanism of 
CVTP with Cr2O3 addition. 

3.2. Swelling behavior of CVTP 

3.2.1. Phase composition 
Fig. 10 shows the XRD patterns of reduced CVTP with 

different Cr2O3 additions, after reduction for 60 min. The 
XRD patterns show a gradual change in peak positions with 
Cr2O3 addition, indicating that the addition of Cr2O3 affects 
the phase composition of reduced CVTP. The primary phas-
es of reduced CVTP are Fe, FeO, Fe2TiO4, and FeCr. Liu 
et al. [21] reported that the Fe2TiO4 is one of the reduction 
products of iron titanium reduced with H2. Meanwhile, the 
peak intensity of Fe2TiO4 clearly increases with increasing 
Cr2O3 addition as shown in the Fig. 10. On the one hand, the 
H2 accelerates the reduction of iron oxides. On the other 
hand, the increasing porosity of CVTP enhances the reduc-
tion rate of the pellets. 

 

Fig. 10.  XRD patterns of reduced CVTP with different Cr2O3 
additions. 

In the reduction of CVTP with simulated COG injection, 
the main possible reactions can be classified as the reduction 
of Fe2O3, Fe2TiO5, and (Cr, Fe)2O3 solid solution and side 
reactions of the products. The possible chemical reactions 

during the reduction of CVTP with simulated COG injection 
are expressed in Table 3. Reactions (10)–(13) and Reactions 
(16)–(19) are the possible reduction reactions of hematite by 
CO and H2, respectively. Reaction (14) and Reaction (20) 
are the possible reduction reactions of Fe2TiO5, respectively. 
Fig. 11 shows the relation between G   and T for the 
possible CVTP reduction reactions. According to the calcu-
lation results, the whole G   lines of Reactions (14) and 
(19) are below the zero line, which means that the Fe2TiO5 
can be reduced to Fe2TiO4 by both CO and H2 at a reduction 
temperature of 900C. Furthermore, Reaction (15) and 
Reaction (21) are the possible reduction reactions of (Cr, 
Fe)2O3 by CO and H2, respectively. 

 

Fig. 11.  Relation between G and T for CVTP possible 
reduction reactions. 

Table 3.  Reduction reactions of CVTP 

Reactions Numbers 

3Fe2O3 + CO = 2Fe3O4 + CO2 (10) 

Fe2O3 + CO = 2FeO + CO2 (11) 

Fe3O4 + CO = 3FeO + CO2 (12) 

FeO + CO = Fe + CO2 (13) 

Fe2TiO5 + CO = Fe2TiO4 + CO2 (14) 

(Cr, Fe)2O3 + 3CO = 2(Fe–Cr) + 3CO2 (15) 

3Fe2O3 + H2 = 2Fe3O4 + H2O (16) 

Fe2O3 + H2 = 2FeO + H2O (17) 

Fe3O4 + H2 = 3FeO + H2O (18) 

FeO + H2 = Fe + H2O (19) 

Fe2TiO5 + H2 = Fe2TiO4 + H2O (20) 

(Cr, Fe)2O3 + 3H2 = 2(Fe–Cr) + 3H2O (21) 
 

3.2.2. Effect of time and Cr2O3 addition on RSI 
The physical stability of CVTP in BF is an important 

factor in the reduction process. The RSI and CS are the im-
portant physical characteristics of reduced CVTP. The swel-
ling behavior with simulated COG injection into BF at 
900°C as a function of time was studied; the results are 
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shown in Fig. 12. Fig. 12 shows the different reduction 
stages in the swelling behavior of reduced CVTP. The RSI 
of reduced CVTP can be separated into three stages: the ini-
tial stage, intermediate stage, and final stage. In the initial 
stage, the RSI increases rapidly with increasing time and 
reaches the peak value of 8.45% at 15 min. Moreover, the 
RSI decreases gradually in the intermediate stage with in-
creasing time. Furthermore, the RSI decreases relaxedly as a 
smooth curve in the final stage with increasing time. Finally, 
the RSI reaches 5.87% at 60 min. The intermediate stage 
and final stage indicate the CVTP shrinks after 15 min, 
which is speculated to be the sintering of iron whiskers and 
grains. Hence, the maximum swelling of CVTP occurs at 15 
min at a reduction temperature of 900°C. Sharma et al. [22] 
investigated possible causes of the shrinkage, including the 
sintering of iron whiskers and pores and the formation of si-
licate phases. These phenomena restrict the growth and 
crystallization of iron whiskers in the structure of reduced 
pellets and result in shrinkage of the pellets. 

 

Fig. 12.  Effect of time on the reduction swelling index of re-
duced CVTP without Cr2O3 addition. 

Fig. 13 shows the effect of Cr2O3 addition on the RSI and 
CS of reduced CVTP with simulated COG injection into BF. 
The RSI decreases from 5.87% to 3.25%, whereas the CS 
increases from 901 to 1036 N with increasing Cr2O3 addi-
tion from 0wt% to 6wt%. Sharma et al. [23] studied the ef-
fect of oxidation induration on the reduction swelling beha-
vior of pellets and found that an increase in the CS and de-
crease of the porosity of pellets result in a decrease of the 
RSI. Hence, the CS and porosity of pellets influence the RSI 
of pellets. The low reduction swelling of pellets is mainly 
caused by the presence of slag bonds, which cannot push the 
adjacent grains mechanically and lead to a decrease of vo-
lume [24]. Moreover, the generation of iron whiskers during 
reduction leads to additional stresses in pellets, a higher CS 

of reduced CVTP, and less reduction swelling of CVTP. In 
previous studies, the reduction swelling of pellets usually 
reached a maximum value at approximately 900°C for re-
duction carried out with CO in the temperature range 
800–1100°C because of the formation of a mass of whiskers 
at approximately 900°C [25]. Yi et al. [26] investigated the 
effect of adding H2 to the reduction atmosphere and ob-
served decreased swelling and expansion characteristics of 
pellets, which indicated a higher CS of reduced CVTP, be-
cause the pellets passed the wüstite stage rapidly and the 
bonding of the reduced pellets was remarkably improved. 

 

Fig. 13.  Effect of Cr2O3 addition on the reduction swelling 
index and compressive strength of reduced CVTP. 

3.2.3. Microscopic structure 
To reveal the mechanism of swelling behavior and CS of 

reduced CVTP, the microstructures of reduced CVTP with 
different Cr2O3 additions were detected; the results are 
shown in Fig. 14. The results indicate that the Cr2O3 addi-
tion prominently affects the microstructures of the reduced 
CVTP. As shown in Fig. 14(a), the microstructure of re-
duced CVTP is reticular and filiform, and metallic iron 
whiskers exist in the reticular structure. Hence, the genera-
tion of metallic iron whiskers results in the reticular struc-
ture and reduction swelling of CVTP. Fig. 14(b) shows that 
the metallic iron whiskers form on the surfaces of lamellar 
grains as the cellular structure forms when the Cr2O3 addi-
tion amount is 2wt%. The lamellar microstructure of CVTP 
with 2wt% Cr2O3 is thin. When the Cr2O3 addition amount 
is increased to 4wt%, the metallic iron whiskers grow grad-
ually, the interval among lamellar crystals shrinks, and some 
metallic iron particles aggregate at the intervals. Additional-
ly, the reduction swelling of CVTP decreases further when 
the Cr2O3 addition is increased to 6wt%, as shown in Fig. 13. 
Fig. 14(d) shows that the lamellar grains are denser than 
those formed with low Cr2O3 additions of CVTP. The inter-
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vals of lamellar grains are small, and the cracks also become 
less abundant and smaller. Hence, the RSI of the reduced 
CVTP decreases gradually with increasing Cr2O3 addition, 
as shown in Fig. 13. 

On the basis of the aforementioned analysis, Fig. 15 
shows the evolutive schematics of the reduction swelling 
behavior of reduced CVTP with Cr2O3 addition during the 
reduction process with simulated COG injection. The round 
dot of metallic iron decreases, and the dense interval of la-
mellar crystals form with high Cr2O3 addition. Under these 

conditions, the CS of the reduced CVTP is high and the RSI 
of the reduced CVTP is low, with little reduction swelling. 
When large amount of Cr2O3 are added, the limited aggre-
gation and diffusion of metallic iron contribute the dense 
lamellar crystals, leading to little reduction swelling. Hence, 
the addition of Cr2O3 decreases the reduction swelling of 
CVTP and improves the CS of CVTP. Wang and Sohn [25] 
studied the reduction swelling behavior of iron ore during 
the reduction process and deduced that the metal iron 
whiskers were a critical factor that caused the swelling. 

 

Fig. 14.  SEM images of reduced CVTP with Cr2O3 additions (a) 0wt%; (b) 2wt%; (c) 4wt%; and (d) 6wt%. 

 

Fig. 15.  Schematics of the swelling behavior of reduced 
CVTP with Cr2O3 addition. 

4. Conclusions 

(1) The primary phases of CVTP with Cr2O3 addition are 
Fe2O3, Fe2TiO5, and (Cr, Fe)2O3 solid solution. The CS of 
the CVTP decreases from 2448 to 1891 N and its porosity 
increases from 14.86% to 19.84% with increasing Cr2O3 ad-
dition from 0wt% to 6wt%. 

(2) The generation of the (Cr, Fe)2O3 solid solution layer 
changes the morphology and impedes the recrystallization 
process of hematite, leading to a decrease of the CS and an 
increase of the porosity of the CVTP. 

(3) The primary phases of the reduced CVTP with simu-
lated COG injection are Fe, FeO, Fe2TiO4, and FeCr. The 

RSI of the reduced CVTP without Cr2O3 addition increases 
rapidly with increasing time, reaching the peak value of 
8.45% at 15 min, and then decreases to 5.87% smoothly 
with increasing time. 

(4) The RSI decreases from 5.87% to 3.25%, whereas the 
CS of reduced CVTP increases from 901 to 1036 N with in-
creasing Cr2O3 addition. The Cr2O3 addition decreases the 
reduction swelling of CVTP and improves the CS of re-
duced CVTP. 
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