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The liquid phase formed during the sintering of iron ore greatly influences the quality of the sintered ore.
This paper aims to study the melt and flow characteristics of iron ore and analyze the variation law of
pore structure with fluidity of iron ore during sintering. First, the melt characteristic and liquid phase
flow index of five iron ores and their mixtures were investigated, with the mixed ores performing best.
A method for measuring the flow characteristic was developed to study mixed iron ores with different
alkalinity. This measurement method allowed the simultaneous acquisition of flow velocity, characteris-
tic temperature and bottom curvature to comprehensively assess the flow characteristic. Finally, the
effect of the flow characteristic on the pore structure and distribution of sintered ores was investigated
by X-ray computed tomography. The results showed that improving the fluidity of the sintered ores
would promote the diffusion and overflow of pores.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Iron ore sintering is an indispensable part of the iron and steel
metallurgy industry. Before blast furnace ironmaking, the iron ore
feedstock must be sintered to prepare a sintered ore with excellent
properties (Yang et al., 2022).

The melt and flow characteristics of iron ore at high tempera-
tures are critical indicators to measure the sintering performance
of ore. The ore with better melting performance is easier to form
the liquid phase in the sintering process. In general, a sintered
material with good fluidity has a wide range of effective binding

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2022.118185&domain=pdf
https://doi.org/10.1016/j.ces.2022.118185
mailto:zhouhao@zju.edu.cn
https://doi.org/10.1016/j.ces.2022.118185
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


M. Ji, J. Luo and H. Zhou Chemical Engineering Science 264 (2022) 118185
and the surrounding mixed sintered material is more likely to
agglomerate. If the fluidity of the liquid phase is too high, an exces-
sively molten sintered layer will form and the sintered layer will
become less permeable. In addition, the excess liquid phase can
also lead to the thinning of the bonding layer of the nearby mixture
and the appearance of a thin-walled macro-porous structure,
which reduces the structural strength of the sinter and affects its
reduction (Zhang et al., 2020).

For the melt and flow characteristics of ore, many scholars
(Dong et al., 2015; Liu et al., 2014; Ma et al., 2020; Peng et al.,
2017; Wu et al., 2014, 2019; Wu and Zhai, 2018; Xiao et al.,
2017; Zhai et al., 2020) evaluated the samples’ flow characteristic
by changing the vertical projection area of iron ore before and after
sintering. Some scholars (Ni et al., 2020; Wu et al., 2017; Zhai et al.,
2020; Zhou et al., 2015b) also evaluated the degree of reaction
between the original melt and iron ore by placing the 15 wt%
CaO and Fe2O3 chemical reagent on the pressed iron ore sheet.
Kou et al. (Kou et al., 2019) used a charge coupled device (CCD)
camera to study various iron ores’ softening and melting processes,
and the obtained ore melting curve defined some characteristic
temperatures. Kasai and others (Kasai et al., 2000) suspended the
ore sample in the furnace and used a precision electronic scale to
detect the temperature of the first drop of the melt.

The liquid phase flow characteristic of iron ore directly impacts
the pore structure. If the ore has a poor melt characteristic, it is dif-
ficult to form a liquid phase. As a result, the internal porosity of the
sintered ore is quite high and such sintered ores are usually of low
strength (Ni et al., 2020). The traditional method of studying pores
by optical microscope can only observe and count the pore struc-
ture in two dimensions but cannot comprehensively observe the
pore distribution, size and evolution under different conditions.
The mercury intrusion method cannot ascertain the distribution
state, and the connection form of the pores in the internal space
of the sinter is impossible to ascertain (Wang et al., 2020). X-ray
computed tomography (XCT) technology can overcome the above
shortcomings. Through XCT, the sintered model can be recon-
structed non-destructively, and the distribution of pores can be
effectively observed (Shatokha et al., 2010; Zhou et al., 2021b,
2017; Zhou et al., 2020b).

In summary, the ore’s flow characteristic and pore structure
directly affect the quality of the sinter. The liquid flow characteris-
tic measurement method can only obtain a single measurement
result. This paper develops a visual method for measuring the flow
characteristic. The method can simultaneously use parameters
such as flow velocity, characteristic temperature, and bottom cur-
vature to evaluate the flow characteristic of the ore comprehen-
sively. In this work, the melt characteristic and liquid phase flow
index of iron ores of different alkalinity were first investigated,
and their performance was evaluated. The results showed that
mixed iron ore had the best fluidity. The flow characteristic of
mixed iron ores with different alkalinity was then measured using
the developed method of flow characteristic. Finally, XCT results
elucidated the effect of the high-temperature flow characteristic
of iron ores on pore evolution.
Table 1
Size distribution and density of sintering raw materials (wt.%).

Cumulative mass% passing (size in mm, dry basis)

8 6.3 3.2 1.18 0.6 0.3

Ore A (Australia) 81.1 75.3 56.2 35.3 23.9 14
Ore B (Australia) 95.9 91.1 70.8 51.4 42 32.
Ore C (Australia) 95.8 87.9 64 44.4 35.9 27.
Ore D (Brazil) 92.6 87.6 68 51.9 45.4 39.
Ore E (Brazil) 90.8 87.5 73.7 56.1 43.8 29.
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2. Experimental

2.1. Raw material preparation

The raw materials used are five kinds of iron ores and quick-
lime. Table 1 shows different iron ores’ size distribution and bulk
density (Zhou et al., 2020a). The five iron ores used in this study
came from Australia and Brazil and had a wide size distribution
ranging from 0 to 10 mm. Table 2 shows the chemical composition
of each raw material. The iron ore samples were dried in an oven at
105 �C and then crushed using a grinding mill. The grinder crusher
could entirely crush samples with a particle size of up to 26 mm.
Then, the crushed iron ore was sieved with a vibrating sifter and
a sieve, and particles>250 lm were re-crushed until the iron ore
samples were thoroughly sieved.

The mixed iron ore composition is given in Table 3. The ore
ratios used in this experiment are those commonly used in the
Asian region.

By changing the mass fraction of quicklime reagent, iron ore
raw materials with binary alkalinity of 2.0, 3.0, and 4.0 (Ore-2.0,
Ore-3.0, and Ore-4.0) (Zhang et al., 2014b) were obtained. The
ingredient list of the samples is shown in Table 4. 5 g of iron ore
raw materials with different alkalinities were mixed thoroughly,
and the samples were pressed at 130 MPa into a cube with a
cross-sectional area of 15 mm � 15 mm.

2.2. Experimental equipment and methods

The experiment of the melt characteristic: The binary alkalinity
of iron ore used was designed to be 4.0. The experimental setup is
shown in Fig. 1. The corundum tube had a diameter of 100 mm and
a length of 1000 mm, and the corundum piece had a diameter of
50 mm. The homemade mullite mold was a semi-cylindrical shape
of 1000 mm diameter with a circular slot of 50 mm diameter in the
middle, just large enough to hold the corundum piece. The thermo-
couple was positioned a little above the center of the corundum
tube. The iron ore samples were placed on corundum pieces and
pushed into the furnace for sintering. The temperature was raised
from room temperature to 1050 �C in an air atmosphere at a heat-
ing rate of 10 �C/min and then heated at a rate of 5 �C/min until the
iron ore melted. The CCD camera was used to capture the image of
the iron ore’s melt process.

The melt characteristic of the corresponding samples was
judged by the area and height change rate of the iron ore samples.
The edge contour was extracted from the original 24-bit image
captured by the CCD camera using the self-written program of
MATLAB software. As shown in Fig. 2, the height and area of the
corresponding sample could be calculated by distinguishing the
distribution of pixels in the contour area. The height change rate
bH and the area change rate bA are as follows:

bH ¼ H=H0 ð1Þ

bA ¼ A=A0 ð2Þ
Bulk density（kg/m3)

0.15 0.106 0.075 0.063

7 4.7 3.2 2.4 1908.10
2 21 15.3 10.5 7.6 2183.90
4 16.8 11.8 8 5.9 2204.90
8 31.8 25.8 20.1 15.6 2281.70
1 18.5 15 12.9 9.6 2270.00



Table 2
Chemical components of each raw material (wt.%) (Zhou et al., 2015a; Zhou et al., 2021b).

Raw material TFe Al2O3 SiO2 MgO CaO P S LOI1000

Ore A (Australia) 58.07 1.26 5.09 0.07 0.08 0.04 0.02 10.20
Ore B (Australia) 62.39 2.23 4.28 0.13 0.15 0.08 0.02 3.51
Ore C (Australia) 60.62 2.25 4.45 0.08 0.05 0.07 0.03 5.91
Ore D (Brazil) 64.31 0.79 5.42 0.17 0.09 0.01 0.03 1.09
Ore E (Brazil) 64.98 1.26 2.36 0.07 0.06 0.02 0.01 2.03
Quicklime 0.18 0.57 0.61 4.48 93.98 0 0 0

Table 4
Mass ratio of samples with different alkalinity.

The ratio of iron ore to quicklime (iron ore (wt.%) / quicklime (wt.%))

Binary alkalinity (CaO/SiO2) 2.0 3.0 4.0

Ore A 90.2/9.8 85.8/14.2 81.8/18.2
Ore B 91.7/8.3 87.9/12.1 84.4/15.6
Ore C 91.3/8.7 87.4/12.6 83.8/16.2
Ore D 89.6/10.4 85.1/14.9 80.9/19.1
Ore E 95.2/4.8 92.9/7.1 90.7/9.3
Mixed Ore 91.3/8.7 87.4/12.6 83.8/16.2

Table 3
Mixed iron ore composition (Zhou et al., 2022;
Zhou et al., 2019).

Iron ore Mixing ratio（wt.%）

Ore A (Australia) 33.33
Ore B (Australia) 16.67
Ore C (Australia) 16.67
Ore D (Brazil) 16.67
Ore E (Brazil) 16.67
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Where H0 and A0 respectively represent the initial value of the
height and area of the sample; H and A respectively represent the
height and area of the sample at a certain moment.

Liquid phase flow index experiment: Iron ore samples with
different alkalinity were heated in a specific way in a tube furnace.
The temperature changes in an actual iron ore sinter bed could not
be fully simulated due to the limited heating rate of the tube fur-
nace, which could not reach the heating rate of the actual sintering
process. The corundum tube had a higher temperature in the mid-
dle than at the ends, so rapid heating and cooling of the sample
could be achieved by changing the position of the sample. The cen-
ter of furnace temperature was heated to 1300 �C or 1320 �C, and
Fig. 1. Schematic diagram of the test setup for the m
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the locations corresponding to the 600 �C and 1000 �C tempera-
tures were calibrated with the S-type thermocouple. During the
heating process, the iron ore sample was first kept at a position
corresponding to 600 �C for 4 min, then at a position corresponding
to 1000 �C for 2 min and finally at the target temperature for 4 min.
During the cooling process, the samples were pushed to positions
corresponding to 1000 �C and 600 �C and held for 2 min, respec-
tively, then the samples were removed and cooled naturally. The
above method could compensate to a certain extent for the lack
of heating speed of the equipment. The vertical projected area of
the sintered iron ore samples on the corundum piece was calcu-
lated by Image J software. The liquid phase flow index was calcu-
lated according to the following formula.
Liquid phase flow index ¼ Area after flowð Þ = Initial areað Þ � 1

ð3Þ
Flow Characteristic Experiment: An innovative upside-down

flow characteristic measurement method was adopted, and its
operation procedure and subsequent data processing of the exper-
iment have been elaborated in our previous work (Luo et al., 2021).
The experimental schematic is shown in Fig. 3. As the temperature
increased, the bottom of the sample continued to move closer to
the generated liquid phase, and the bottom gradually tended to
bend under surface tension. The morphological change model is
shown in Fig. 4. Among them, L (mm), m (mm/min), and K
(mm�1) represents the total length of the sample, the flow velocity,
and the curvature of the bottom of the sample, respectively.

Pore image processing: To explore the pore structure of mixed
iron ores with different alkalinity after sintering at 1300 �C and
1320 �C, XCT was used to scan the images of the samples after sin-
tering. In this case, the samples were sintered at 1300 �C and
1320 �C in the same way as the liquid phase flow index experiment
described above. The XCT scanning voltage and current were
190.0 kV and 450.0 lA, respectively, the exposure time was set
elt characteristic and liquid phase flow index.



Fig. 2. Image processing process. (a) Original image; (b) Contour extraction; (c) Binary image.

Fig. 3. Schematic diagram of the upside-down flow characteristic of iron ore.

Fig. 4. Schematic diagram of the morphological changes of iron ore during the flow process.
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to 0.60 s, and the scanning accuracy was 40.2 lm. The following
formula can calculate the overall porosity of the iron ore sample.

u ¼ 1 -
V s

V t
ð4Þ

Among them, u represents the overall porosity of the sample; Vt

represents the total volume of the iron ore sample, mm3; Vs repre-
sents the volume of the solid phase of the ore, mm3.

3. Results and discussion

3.1. Melt characteristic at variable temperature

3.1.1. Morphological change rate
Fig. 5 shows the melt characteristic of the iron ore samples as a

function of temperature. In Fig. 5 (a), the morphological change of
Ore A could be roughly divided into a slow decline, a rapid decline,
and a melting stage. The morphological change process of Ore A
with temperature is shown in Fig. 6. The rate of morphological
change decreased slowly until 1275 �C, which may be due to the
densification of the particles during the sintering of the iron ore
4

(Wang et al., 2021). The rate of morphological change decreased
rapidly in the range 1275–1325 �C. In this temperature range,
the sample produced a high liquid phase content, and the liquid
phase began to flow and diffuse in all directions. As the tempera-
ture increased, the morphological change rate dropped sharply
and the sample entered the melting stage. When the temperature
was at about 1330 �C, the height and area change rate decreased to
about 20 %, and Ore A could be considered to have basically melted.
The rapid morphological changes in the sample during the melting
phase are caused by several factors. At sufficiently high tempera-
tures, the iron ore sample’s liquid phase content soars, resulting
in the sample softening and collapsing. Also, the fluid viscosity of
the iron ore decreases with increasing temperature (He et al.,
2021; Zhang et al., 2021) and the ability of the sample to flow
and spread around increases (Wang et al., 2021).

The sinter melting stage of Ore B (Fig. 5(b)) was roughly similar
to Ore A. Significantly, the rate of change in height and area of the
samples increased slightly at about 1225 to 1260 �C. This may be
due to thermal expansion due to gas generation inside the iron
ore or trapped air (Ilic et al., 2003). The melting curve of Ore C
(Fig. 5(c)) is very different from Ore A and Ore B. When the



Fig. 5. Morphological change rate as a function of temperature of (a) Ore A (b) B (c) C (d)D (e)E (f) Mixed iron ore.

Fig. 6. Morphological change processes of Ore A during sintering.
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Table 5
Melt characteristic temperature of different iron ores.

Type of ore T20 (℃) T55 (℃) TR (℃)

Ore A 1292 1327 35
Ore B 1328 1344 16
Ore C 1390 >1460 >70
Ore D 1317 1320 3
Ore E 1316 1445 129
Mixed Ore 1247 1287 40

M. Ji, J. Luo and H. Zhou Chemical Engineering Science 264 (2022) 118185
temperature reached 1450℃, there was still no apparent melting of
the whole sample and a less liquid phase. The temperature was not
increased further because the actual temperature of the iron ore
sintering did not reach that high. The morphological change curve
Fig. 7. Liquid phase flow index of each ore und

Fig. 8. Top view of sintered (a)Ore-2.0 at 1300 ℃ (b) Ore-3.0 at 1300 ℃ (c) Ore-4.0
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of Ore D (Fig. 5(d)) was closer to that of Ore B. The ore D also
expanded to some extent within 1250 to 1290 �C. This sintered
ore will be relatively more porous under the same conditions dur-
ing actual sintering. Ore D was nearly completely melted by
1325 �C and the temperature range of the melting process was very
narrow, which was unfavorable in the actual sintering process. Iron
Ore E (Fig. 5(e)) had no noticeable morphological changes before
1300℃. When the temperature reached 1450 �C, the area and
height change rates were approximately 40 % and 50 %, respec-
tively, meaning that the sample did not melt completely. Before
1240℃, the mixed iron ore sample’s height and area change rates
(Fig. 5 (f)) decreased slowly, followed by a rapid decrease. The
height change rate curve fluctuated slightly around 1290℃ and
almost entirely melted around 1320℃.
er sintering at (a) 1300 ℃ and (b) 1320 ℃.

at 1300℃ (d)Ore-2.0 at 1320 ℃ (e) Ore-3.0 at 1320 ℃ (f) Ore-4.0 at 1320 ℃.
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In Summary, if the height and area change of the sample was
reduced to 0.2 as a criterion for sample melting, the melt charac-
teristics of the iron ore from strong to weak would be Mixed
Ore > Ore D > Ore A > Ore B > Ore E > Ore C.

3.1.2. Melt characteristic temperature
In practical applications, the melt characteristic of iron ore

should not be too poor. To further evaluate the iron ore’s melt char-
acteristic, referring to the practice of Kou et al. (Kou et al., 2019),
three melt characteristic parameters were defined: T20, T55, and
TR. T20 and T55 represent the corresponding temperatures when
the area change rate of the sample decreases by 20 % and 55 %,
respectively. T20 reflects the initial temperature of the effective liq-
uid phase, and T55 is the over-melting temperature of iron ore or
the termination temperature of the effective liquid phase. TR is
defined as the difference between T55 and T20, i.e., TR = T55-T20,
reflecting the controllable range of sintering temperature. The
lower the sensitivity of iron ore to the change of sintering temper-
ature, the greater the value of TR.

Table 5 summarizes the experimental results of the melt char-
acteristic temperatures of the iron ores mentioned above. The T20
and T55 of the mixed iron ores are relatively the lowest. The T20
Fig. 9. Schematic diagram of the fl
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of Ore C is as high as 1390℃, and its T55 is more significant than
1460 �C. The proportion of this iron ore should not be too high in
actual batching. Ore D has a TR of approximately 3.0 �C. However,
the temperature of the region of the sintered layer is usually non-
uniform, and a smaller TR value needs to be avoided as much as
possible. The TR of Ore E is as high as 129 �C, which can adapt well
to the high-temperature area with uneven temperature
distribution.

3.2. Liquid phase flow index

The liquid-phase flow capacity of iron ore is related to calcium
oxide content or the binary alkalinity and the sintering tempera-
ture. Fig. 7 shows ore samples’ liquid phase flow index with the
alkalinity of 2.0, 3.0, and 4.0 sintered at 1300℃ and 1320℃. Among
them, the Ore C hardly melted obviously within 1350℃, so the
experimental measurement of the liquid phase flow index of the
Ore C was not carried out.

The liquid-phase flow capacity relationship from the liquid-
phase flow index results of different kinds of ores sintered at
1300℃ was Mixed Ore > Ore D > Ore A > Ore B � Ore E. A top view
of the sintered mixed ore with different alkalinity at different
ow process of mixed iron ore.
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sintering temperatures is shown in Fig. 8. In general, the relation-
ship between liquid phase flow index and melt characteristic of the
different iron ores is in good agreement. The liquid phase flow
index of Ore A, Ore D, and Mixed Ore increased obviously with
alkalinity. This was due to the reaction of calcium oxide with iron
ore at high temperatures to form calcium and iron oxides, such as
calcium ferrite, forming a sizeable liquid phase (Zhou et al., 2020a).
The liquid phase flow index of iron Ore B and Ore E was not obvi-
ously affected by alkalinity. T20 values for Ore B and Ore E with the
alkalinity of 4.0 are in Table 5, with T20 values around 1320 �C.
Thus, it was challenging to generate a liquid phase for Ore B and
Ore E with the alkalinity of 4.0 at 1300 �C, not to mention samples
with lower alkalinities. At 1320 �C, Ore B and Ore E with the alka-
linity of 4.0 produced a lower liquid phase than other ores. There-
fore, higher alkalinity than 4.0 or a higher sintering temperature
than 1320 �C is required to promote the melting of Ore B and
Ore E.

Compared with the ore samples sintered at 1300 ℃, the liquid
phase flow indexes of the samples sintered at 1320 ℃ in Fig. 7(b)
increased to some extent. The liquid phase flow index increased
with increasing alkalinity for almost all ore samples. It is worth
noting that the liquid phase flow index of samples with the alkalin-
ity of 3.0–4.0 sintered at 1300 �C did not increase significantly.
However, when the sintering temperature increased to 1320 ℃,
most samples’ liquid phase flow index increased considerably,
which further indicated that the increase in the sintering temper-
ature could promote the liquid phase flow of the ore.
Fig. 10. Flow characteristic of ore samples with alkalinity (a)2.0 (b)3.0 (c)4.0 as a fu
temperature.
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In summary, the factors that affect ore’s liquid phase flow index
include the type of ore, sintering temperature, and alkalinity. In the
actual sintering process, due to the consideration of the character-
istics of the ore itself, the appropriate alkalinity value and fuel can
be prepared to obtain high-quality iron ore sinter.

3.3. High-temperature flow characteristic

The iron ore samples gradually formed a liquid phase during the
experiment with increasing temperature. The flow process of the
mixed iron ore with alkalinity 4.0 is shown in Fig. 9. The flow of
the iron ore sample was jointly completed under the action of
gravity, surface tension, and other forces. Fig. 10(a-c) shows the
variation of flow length and velocity with the temperature for
mixed iron ores of different alkalinity. The Ore-2.0 had no apparent
flow before 1300 ℃, and when the temperature reached 1320 ℃,
the flow rate of the ore was relatively low. This was in agreement
with the experimental results in the previous section, where the
liquid phase flow index was small for the sample with alkalinity
2.0. The critical flow temperature TC was defined as a temperature
of a sudden change in flow rate.

The TC of Ore-2.0 was 1359 ℃, which meant that only when the
temperature exceeded 1359 ℃ did the liquid phase fluidity of the
sample with this alkalinity increase. When the temperature
increased to around 1384 ℃, the ore sample formed a melt and
dripped, indicating that the liquid phase of the ore had good fluid-
ity. The flow characteristics of Ore-3.0 and Ore-4.0 ore samples
nction of temperature; (d)bottom curvature of iron ore samples as a function of



Table 6
Flow characteristic temperatures of iron ore samples under different alkalinity.

Alkalinity TC (℃) TT (℃) TE (℃)

2.0 1359 1384 25
3.0 1318 1351 33
4.0 1273 1301 28
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were similar to Ore-2.0, and the flow temperature decreased with
the increase of alkalinity.

The liquid phase fluidity of iron ore needs to be moderate in the
practical application to obtain higher quality sinter. To further dis-
cuss the flow characteristic of mixed iron ore, TC was also defined
as the effective initial flow temperature of the ore, and the melt
dripping temperature TT was defined as the effective termination
flow temperature. The difference between them was defined as
the effective flow temperature interval TE. The three newly defined
characteristic parameters corresponded to T20, T55, and TR. The
mobile phase of the ore is minimal before TC and cannot flow
and diffuse effectively to bond more of the sinter mix. In the ore
sample, a large amount of melt is generated after TT, and it is easy
to form a sintered layer beyond the melting point, making the per-
meability of the bed worse. The most suitable sintering tempera-
ture should therefore be controlled somewhere in between.
Table 6 shows the flow characteristic temperature of each ore.
The flow characteristic temperature decreased with the increase
of alkalinity. So, increasing alkalinity could improve the fluidity
of iron ore. This was consistent with the results of the melt charac-
teristic experimental. According to iron ore’s three flow
characteristic temperatures and flow velocity curves, iron ore’s
high-temperature flow characteristic can be more intuitively
understood.

As the temperature increased, the resulting liquid phase contin-
ued to move towards the bottom of the sample, and the bottom
gradually tended to bend under surface tension. Fig. 10(d) shows
the change in the bottom curvature of different iron ore samples
with temperature. The bottom curvature of iron ore samples under
Fig. 11. Reconstruction map of the ore sample and its pore
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each working condition increased gradually with increasing
temperature.

Ore-2.0 and Ore-4.0 began to bend at about 1310℃ and 1255℃,
indicating that the liquid phase began to be generated at this time.
In general, the bottom curvature of the iron ore sample corre-
sponded to the change in its flow velocity. The flow velocity more
intuitively reflected the fluidity of the iron ore, and the bottom
curvature reflected the bottom melt’s shape and size, reflecting
the formed melt’ quality.
3.4. Evolution of pore structure

The pore structure of the samples sintered at 1300 ℃ and 1320
℃ were 3D reconstructed by XCT, as shown in Fig. 11. The left side
of the figure is the reconstructed image of the whole ore sample,
and the right side is the internal pore structure diagram of the cor-
responding sample. All views are in the direction of the top view.
The pore structure distribution of Ore-2.0 sintered at 1300 ℃ was
sparse, and the pore structure distribution was denser when the
alkalinity increased. Interestingly, the samples sintered at 1320
℃ showed the opposite trend. This suggested that the pore struc-
ture was related to the binary alkalinity of the ore and the heating
conditions. More notably, pores closer to the surface were smaller
and relatively sparsely distributed. During the sintering process,
the surface temperature was relatively high due to the furnace’s
heating characteristics, and the liquid phase formed first on the
surface. Based on this, according to the latest research by Wang
and Zhou et al. (Wang et al., 2021; Zhou et al., 2021a), the pore
structure’s evolution process of the samples during the sintering
process can be roughly divided into the generation stage of pores,
the fusion stage between pores and the rupture or overflow stage
of pores. The melt and flow of the sample directly affect the break
and overflow of pores. It was found that greater melt fluidity facil-
itates the movement of internal pores and diffusion to the external
environment. The pores diffused to the sample’s surface would
break and overflow, thereby reducing the porosity (Huang et al.,
structure after sintering at (a)1300 ℃ and (b)1320 ℃.



Fig. 12. (a) Overall porosity (b) number of pores (c) total pore volume (d) average pore volume of mixed ores with different alkalinity sintered at 1300 ℃ and 1320 ℃.
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2020). Therefore, the change in the fluidity of the sample will sig-
nificantly influence its pore structure.

Fig. 12(a) shows the overall porosity of mixed iron ores with
different alkalinity at different sintering temperatures. The overall
porosity of the Ore-2.0 sintered at 1300℃ was 11.45 %. While the
overall porosity of Ore-3.0 and Ore-4.0 remained at a high level,
26.58 % and 25.02 %, respectively. Combined with the previous iron
ore melt and flow characteristic experiments, Ore-2.0 at 1300 ℃
did not change significantly. Therefore, it could be inferred that
very little gas was generated within the sample under this condi-
tion. The degree of thermal expansion of the sample was very shal-
low, and the pore structure was still in the pore generation stage.
Increasing the alkalinity can reduce the melting point of the ore.
Therefore, the higher the alkalinity of the ore at the same temper-
ature, the more pore structures are produced, and the porosity is
higher. The porosity of the Ore-2.0 sintered at 1320 ℃ increased
to 17.87 %. Ores not significantly sintered at 1300 ℃ were sintered
to a greater extent at 1320 ℃, and more pore structures were cre-
ated. However, when the alkalinity of the ore increased, the poros-
ity first increased and then decreased. The Ore-4.0 at 1320℃ had
good liquid-phase fluidity, promoting the diffusion and overflow
of pores in the sample and reducing the porosity.

However, the volume of the sintered sample would change, and
the overall porosity could not comprehensively summarize the
porosity parameters of the sample. Fig. 12(b-d) shows the number
of pores, total pore volume, and the average pore volume of differ-
ent samples. The average volume of pores is the ratio of the total
10
volume of pores to the number of pores. The total pore volume
of the sample represents the degree of expansion of the ore sample
or the amount of gas generated during sintering, and the average
pore volume represents the degree of pore fusion. With the contin-
uous pore evolution, the pore structure in the sample first
increased and then decreased. At 1300 ℃, the parameters such as
pore number and pore volume of ore samples increased with alka-
linity. Although the porosity of Ore-4.0 was slightly lower, the
number of pores and pore volume of Ore-4.0 was raised, which
meant that the working condition of Ore-4.0 promoted the forma-
tion of pores. The pores of the samples at 1320 �C tended to break
and overflowmore easily due to the increased alkalinity of the iron
ore. Therefore, the number of pores gradually decreased, and the
average pore volume first increased and then decreased. This was
due to the increased mobility of the liquid phase of the sample.

In the actual sintering process, too low porosity will affect the
smelting of the sinter, and too high porosity will affect the strength
of the sinter. Therefore, the alkalinity and sintering temperature
can be appropriately adjusted to obtain suitable fluidity and
porosity.
4. Conclusion

In this work, the melt characteristic and liquid phase flow index
of different iron ores were first investigated, and the mixed ore
behaved best.
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Then, parameters such as flow velocity, characteristic tempera-
ture, and bottom curvature were obtained using the method of
visual measurement to comprehensively evaluate the flow charac-
teristic of ore. The results showed that the flow velocity of iron ore
was exponentially related to temperature. The flow characteristic
parameters TC, TT, and TE of iron ore were obtained from the rela-
tionship between flow rate and temperature. The TC of the Ore-2.0,
Ore-3.0, and Ore-4.0 were 1359 ℃, 1318 ℃ and 1273 ℃, respec-
tively, and TT were 1384 ℃, 1351 ℃ and 1301℃, respectively. The
bottom curvature of the sample during heating reflected the shape,
size, and quality of the bottom melt.

Finally, the related parameters of the pore structure of sintered
ore samples were obtained by XCT, and the effect of high-
temperature fluidity of iron ore on pore evolution was clarified.
The results showed that improving sample fluidity would promote
the diffusion and overflow of pores during the sintering process.
Increasing the alkalinity of the sintered samples at 1300℃ would
promote pore structure development. When the sintering temper-
ature increased, increasing the alkalinity could significantly pro-
mote the improvement of fluidity and the decrease of porosity.
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