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/e sintering basic characteristics of iron ore play a key role in the process of sintering. In this study, the effects of B2O3 on the
assimilation characteristics, softening temperature, fluidity of liquid phase, compressive strength of bonding phase, and mi-
crostructure of the mixed fine powder of hematite and vanadium-titanium magnetite (H-VTM) are studied. Results show that
B2O3 content from 0%–5% (wt%) could improve the assimilation characteristics of the H-VTM and increase the amount of the
liquid phase. /e liquidity of the bonding phase index (LBPI) of the H-VTM increases from 3.7 to 24.2. When B2O3 content
exceeds 2%, the diameter of the pore in the H-VTM sintered samples enlarges. However, the compressive strength gradually
decreases. Boron and calcium-magnesium-aluminium elements are abundant in the bonding phase, which can reduce the
formation of calcium silicate and perovskite in H-VTM sintered samples.

1. Introduction

With the rapid development of the steel industry, the supply
of high-quality iron ore is insufficient, so the vanadium-
titanium magnetite (VTM) with sufficient reserves is highly
needed. /e extraction of iron, vanadium, titanium, and
other elements in VTM has remarkably progressed, and its
industrial-scale production is still dominated by the blast
furnace ironmaking process. /e primary raw materials for
the blast furnace are vanadium-titanium sinter and vana-
dium-titanium pellets [1, 2].

Vanadium-titanium sinter is the raw material for the
blast furnace, and there are still many difficulties in the
production of vanadium-titanium sinter. As increasing the
proportion of VTM in sintering, the amount of the liquid
phase and the liquid-phase bonding force both decrease.
Resulting in a lower yield and drum strength of vanadium-
titanium sinter, the production volume of small size sinter
also increases. Low-temperature reduction pulverization

index (RDI−3.15) of the vanadium-titanium sinter is signif-
icantly higher than the sinter without vanadium-titanium
magnetite [3, 4].

Zhou et al. [5] revealed that enhancing granulation
improved the breathability of the sintering layer, and the
increase in oxygen potential couldmultiply themass fraction
of calcium ferrite in the sinter, including mineral compo-
sition, yield, and quality [6]. D. G. Jiang et al. [7] proposed a
new idea based on the complementary mineralization of the
assimilation characteristics and liquid phase fluidity. /ey
confirmed the feasibility of mineralization based on the
sintering basic characteristics of iron ore by optimizing the
mineralization method and the sinter pot test. Xu et al. [8]
confirmed that the low-temperature reduction pulverization
index was improved, and the reduction index was enhanced
by 2.6% when the content of iron concentrate rich in boron
andmagnesium in the vanadium-titanium sintering mixture
approached 5%. Chu et al. [9–12] determined that economic
indicators such as vertical sintering speed, yield, drum index,
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sintering cup utilization coefficient, and low-temperature
reduction pulverization index initially increased and sub-
sequently decreased with increasing mass ratio of boron ore.
Hao [13] found that the low-temperature reduction pul-
verization index and drum strength of the sintered ore
increased, and the reduction index, softening temperature,
and softening remain unchanged after boric acid and cal-
cium chloride were added. Zhao et al. [14, 15] observed that
adding a certain amount of boron-iron concentrate to the
vanadium-titanium sinter could make full use of B2O3, as a
result, the liquid phase of the sinter increased, the consol-
idation process improved, and the metallurgical properties
of the sinter also enhanced.

Ren et al. [16, 17] researched the influencing pattern of
different B2O3 contents on the mineral phase of high-tita-
nium-type VTM and the qualities of sinter; they pronounced
that B2O3 was mainly deposited in the 2CaO∙xSiO2∙2/3
(1− x) B2O3 phase of vanadium-titanium sinter and B2O3
effectively inhibited the precipitation of CaTiO3 and
2CaO∙xSiO2∙2/3 (1− x) B2O3 and promoted the precipita-
tion of iron-containing mineral phase.

In summary, we find that adding boron slime, boric acid,
and boron-iron concentrate could improve the strength and
the metallurgical performance of sinter and reduce the low-
temperature pulverulent ratio, which is conducive to the
blast furnace. It is not difficult to find that boron oxide plays
a very important role in the sintering process. However,
existing researches mainly focus on the effect of boron oxide
on the macroperformance of vanadium-titanium sinter.
Studies on the influence of B2O3 on the sintering basic
characteristics of mixed ore powders using vanadium-tita-
nium fine powder as the main raw material are rarely re-
ported. Especially the researches on the influence
mechanism of B2O3 on the sintering basic characteristics of
mixed ore powder of vanadium-titanium magnetite and
hematite have not been reported so far.

Hence, in this work, according to the actual production
of mineral types and proportions in southwest China. Ex-
perimental samples are mixed with VTM concentrate and
Australian hematite powder with a specific mass ratio (8 : 2),
and this particular mixture powder is called H-VTM. /e
effects of B2O3 content on the assimilation characteristics,
melting temperature, liquidity of liquid phase, compressive
strength, and microstructure changes are studied. /e in-
fluences of different B2O3 contents on the sintering basic
characteristics of H-VTM sintering samples are obtained.
/e mechanism of B2O3 affecting the sintering process of
vanadium-titanium magnetite and hematite is also clarified.
Meanwhile, it is possible to find a new method for the
recycling of B2O3 in boron-containing solid wastes.

2. Materials and Methods

2.1. Raw Materials. /e chemical composition of the sin-
tered raw material is shown in Table 1. Based on actual
production situation, the mixed mineral powder used in this
study composes of hematite powder and vanadium-titanium
magnetite powder with a mass ratio of 2 : 8. /e particle size
of hematite powder and vanadium-titanium magnetite

powder is both less than 74 μm. All the other reagents used in
the experiments are of analytical grade.

2.2. Methods

2.2.1. Assimilation Characteristics. /e assimilation char-
acteristics experiment is shown in Figure 1. H-VTM and
CaO are made into a mixed ore powder sample at 6000N
pressure, with a diameter of 8mm and CaO sample with a
diameter of 15mm. /e mixed ore powder sample was
placed on top of the CaO sample and then placed into the
sintering device to roast at 200°C in a specific heating system.
/e heating rate is 10° per minute until the end of the as-
similation. Afterwards, the samples were naturally cooled
and removed from the device. /e assimilation character-
istics were characterized at the temperature at which the
contact angle between the H-VTM sample and the CaO
sample began to change. /e assimilation characteristics are
used to characterize the difficulty of the reaction between
iron ore powder and calcium oxide.

2.2.2. Melting Temperature. /e experiment of melting
temperature is shown in Figure 2./e chemical composition
of the samples ensured the binary basicity R2 of 2.0. A mixed
sample (1.00 g) is placed in a 3mm× 3mm mould to make
into the sample./en, it is placed on a corundum gasket./e
well-made sample is heated with a particular heating system;
the melting of the column is observed to determine its
melting temperature.

2.2.3. Compressive Strength of Bonding Phase. /e experi-
ment of the compressive strength of the bonding phase is
shown in Figure 3. /e chemical composition of the samples
ensured the binary basicity R2 of 2.0. Every mixed sample
(3.00 g) is placed in a Φ8mm × 8mm mould. /e samples
are placed in the heating furnace under an air atmosphere
and heated at 1250°C for 30min. After heating, the speci-
mens are moved out from the furnace and air-cooled to
ambient temperature. Four sintered samples are selected for
the compressive strength test. /e average compressive
strength is used to characterize the bonding phase strength.

2.2.4. Fluidity of Liquid Phase. /e experiment of the flu-
idity is shown in Figure 4./e liquidity of the bonding phase
index (LBPI) is calculated according to the equation as
follows:

LBPI � S
∗

�
S1 − S0

S0
× 100%, (1)

where S∗ represents the ratio of the increased area of the
sample to the original area of the sample after heating and
flowing and S0 and S1 are the vertical projection areas before
and after flowing.

/e chemical composition of the samples ensured the
binary basicity R2 of 2.0. A mixed sample of 1.00 g is placed
in a Φ8mm× 8mmmould and heated at 1350°C for 30min.
After the samples cooled, every sample is removed and
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Figure 1: Diagrammatic chart of the assimilation characteristics experiment.
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Figure 2: Diagrammatic chart of melting temperature experiment.
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Figure 3: Diagrammatic chart of compressive strength of bonding phase.

Table 1: Chemical composition of ore powder (wt%).

Ore powder TFe SiO2 CaO Al2O3 MgO TiO2 MnO FeO P S
VTM 55.78 4.33 0.69 3.86 2.78 9.08 0.36 30.50 0.09 0.54
Hematite 59.76 4.32 0.73 3.16 0.14 0.12 0.16 0.80 0.07 0.09
H-VTM 56.58 4.33 0.70 3.72 2.25 7.29 0.32 24.56 0.09 0.45
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analysed by image software. /e fluidity of the bonding
phase index of H-VTM samples is calculated according to
equation (1).

3. Results and Discussion

3.1. Sintering Basic Characteristics of H-VTM with Different
B2O3 Contents. In Figure 5, the sample without B2O3 began
to assimilate at 1359°C, but the assimilation temperature
decreased to 1205°C when the B2O3 was 5.00% (wt%). /is
result indicated that adding B2O3 could improve the assim-
ilation characteristics of H-VTM. B2O3 has a low melting
point (450°C), which could form a low-melting-point
chemical compound and promote the formation of the liquid
phase. For instance, the reaction of B2O3 with CaO and SiO2
can form 2CaO·B2O3·SiO2 whose melting point is 901°C. /is
reaction could effectively inhibit the formation of calcium
orthosilicate (2CaO·SiO2). B3+ is quickly diffused into the
crystals of calcium orthosilicate (2CaO·SiO2) and inhibits
multiphase transformation of calcium orthosilicate. /is re-
action is described in the subsequent microstructure analysis.

As is shown in Figure 5, when the mass ratio of B2O3
increased from 0.00% to 5.00%, the melting temperature
decreased from 1504°C to 1453°C. When increasing the
amount of B2O3, the melting temperature of H-VTM de-
creased obviously. In the whole process, adding B2O3 was
conducive to the improvement of the capacity of the liquid
phase inside the sintered samples. /e LBPI of the H-VTM
increased significantly from 3.70 to 24.2. /is trend was
consistent with the results which were calculated using the
reaction module and the equilibriummodule of FactSage 7.1
software. /e calculation conditions were based on R2 at 2.0
and carbon mass ratio at 3.5% under standard atmospheric
pressure and air atmosphere. /e chemical composition of
the H-VTM was introduced in the reaction and the equi-
librium module as input data. /e amount of B2O3 was
increased from 0.00% to 5.00% with a step size of 1.00%./e
temperature was increased from 1000°C to 1600°C in a step
of 50°C.

/e average compressive strength of H-VTM fluctuated
significantly with the rise of B2O3. /e compressive strength

was 531N/P without B2O3. /e compressive strength grew
significantly with the increase of B2O3 content, peaking at
857N/P with B2O3 content at 2.00%. As the B2O3 ratio
further increases, the compressive strength dropped sharply,
reaching its lowest point at 356N/P with B2O3 ratio at 5.00%.

In Figure 6, at the same mass ratio of B2O3, the amount
of liquid phase in sintering continuously increased with the
increase of temperature, especially when the temperature
exceeded 1210°C. At the same temperature, the amount of
liquid phase of the sample with a high percentage of boron
oxide was significantly more than the sample with lower
ones. When the ratios of B2O3 were 0.00%, 1.00%, 2.00%,
3.00%, 4.00%, and 5.00%, the ratios of the liquid phase were
15.74%, 25.32%, 32.43%, 39.42%, 44.73%, and 51.36%, re-
spectively. B2O3 could react with CaO, SiO2, MgO, and
Al2O3 to form mineral phases with a low melting point.
Besides, the melting point of B2O3 is low (450°C). /erefore,
B2O3 initially transformed into the liquid phase. Over-
heating reduced the liquid viscosity and quickly form a
certain amount of liquid phase, which was beneficial for
diffusion during sintering. As a result, the amount of liquid
phase of H-VTM improved with the increase of the ratio of
B2O3.

3.2. Microstructure of H-VTM with Different B2O3 Contents.
/e X-ray diffraction (XRD) is used to investigate the phases
changes of the sintered samples. As is shown in Figure 7,
after heating samples at 1250°C for 30min, by contrast, the
diffraction peaks of Fe3O4 and CaO·Fe2O3 increased as the
B2O3 mass ratio increased.

/e addition of B2O3 could inhibit the formation of
2CaO·SiO2 and promote the formation of CaO·Fe2O3. /is
scene is shown in Figure 8. Before 1100oC, the 2CaO·SiO2
content grew continuously with the increase of the B2O3
mass ratio. It reached its highest value when the addition
amount of B2O3 is 5.00% at 1100°C.

/e microstructures of the samples with different con-
tent of B2O3 were observed using a scanning electron mi-
croscope (SEM) equipped with an energy-dispersive X-ray
spectroscope (EDS). In Figure 9, as the amount of B2O3
increased, the bonding phase (the bright white part) in the

Heating equipment (1350°C, 30min) Real sample

Sample Ф8mm × 8mm

Figure 4: Diagrammatic chart of the fluidity of liquid-phase experiment.
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H-VTM-sintered sample was more evenly distributed in the
microstructure. When the mass ratio of B2O3 was 2.00%, the
number of pores in the sintered sample decreased signifi-
cantly, but larger diameter pore began to appear because the
increasing B2O3 could promote the formation of liquid
phase in H-VTM. /e liquid phase started to shrink during

the cooling process and then came the pore structure. /is
phenomenon also could explain the inflexion point of the
compressive strength of H-VTM and the increase of the
number of internal pores, resulting in the formation of
H-VTM microstructure and the decrease of compressive
strength.
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Figure 9: SEM of H-VTM with different B2O3 contents.
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/e scanning results of the sintered sample with 5.00%
B2O3 are shown in Figure 10. Hematite was mainly dis-
tributed in a fish-bone shape. Silicon, calcium, and alu-
minium were combined and distributed in the bright white
area and formed a bonding phase. Titanium and iron were
concentrated, producing the main iron base phase.

SEM-EDS was carried out on the cooled sample with
5.00% B2O3, as is shown in Figure 11. /e EDS analysis
results from point A to C with 5.00% B2O3 are shown in
Table 2. /e main element at point A is Fe, which accounts
for 67.29%. O, Si, Ca, and other elements were almost

nonexistent, which indicates that the main object is hematite
or magnetite. /e main elements at point B are O and Fe,
and the contents of Si, Ca, and B are 6.14%, 14.35%, and
7.73%, respectively. /erefore, the primary material of the
point B is ferrite, silicate, or borate, forming a bonding
phase. Boron is abundant in the bonding material phase. As
the B2O3 mass ratio increased, the perovskite phase de-
creased and calcium ferrite and calcium borate gradually
increased, while calcium silicate gradually decreased. /ese
results indicated that B2O3 worked together with CaO and
SiO2 to form the low-melting-point substance CaO·2B2O3
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Figure 10: Surface scanning of the H-VTM sample with 5% B2O3.
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(melting point of 989°C), CaO·B2O3·2SiO2 (melting point of
957°C), and 2CaO·B2O3·SiO2 (melting point of 901°C). /us,
the production of calcium silicate decreases, and this result is
consistent with XRD.

4. Conclusions

/e assimilation characteristics, melting temperature, flu-
idity of the liquid phase, compressive strength of the
bonding phase, andmicrostructure of H-VTMwith different
B2O3 were studied through different methods:

B2O3 reduces the assimilation temperature of H-VTM
and enhances its assimilation characteristics. As the
amount of B2O3 increases, the melting temperature of
H-VTM decreases, as well as LBPI. /e addition of
B2O3 can increase the amount of liquid phase and
enhance the fluidity of the liquid phase.
B2O3 (<2.00%) improves the bonding phase strength of
sintering samples, but the diameter of the pore in
H-VTM enlarges when the amount of B2O3 is over
2.00% and the number of the pore increase. /us, the
H-VTM microstructure becomes more porous, and its
compressive strength decreases.
Boron and calcium-magnesium-aluminium concen-
trated in the bonding phase can reduce the formation of
calcium silicate and perovskite in the mixed samples of
vanadium-titanium and hematite.
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