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Abstract

The sea sand vanadium titanomagnetite has the problems of coarse particles, difficult agglomeration, and poor sintering
performance. It is difficult for iron and steel enterprises to use it as an ironmaking raw material in large quantities. In this
work, different methods were adopted to optimize the high-temperature sintering characteristics of sea sand vanadium titano-
magnetite to increase the usage of sea sand ore. Based on the characterization and analysis of the basic physical and chemical
properties of sea sand ore, the effects of adding limestone, ludwigite, and fine powder on the high-temperature sintering
characteristics of sea sand ore were discussed. The proportion of sea sand ore was varied and its effect on the high-temperature
sintering characteristics was studied. The phase composition and microstructure of sintered blocks with sea sand ore were
analyzed by XRD and SEM-EDS, and the high-temperature sintering mechanism was studied. The results show that the
high-temperature sintering characteristics of sea sand ore can be optimized to a certain extent by adding limestone, ludwigite,
and fine powder. It is suggested that 15-35 wt% of sea sand ore was appropriate. The experimental results provided some
reference methods for iron and steel enterprises to improve the utilization rate of sea sand ore in the actual sintering process.

Graphical Abstract

( ! - i
i I ememe == 1
E Q . el Eh:ou o el 0\8g Assimilated i @
: L . '
i s — !
i 3 E Mo o ,," Over-Assimilated E
E ; B e - — ! Gangue

v
| CaO: ®20mm, 2.0g
| Mixture: ®8.0mm, <§ :
______________________________ 08gR=a0--. _ [ Beforetest Fe oxides

5 ' !
: :
1 i
S : ; | |(®

/’ Thermocouple ! . After test !
(b) " » = L ———— |
as—> ! ]

Water<— _Gold dsurface l\ 5 ’ﬂ

; \
! i

i condenser E ol monie st el i

| ! ,'( )_l_\’llxture @8.0mm, 0.8g, R,=2.0 v Hole
i Sample | i [e v ! G

i Heat strip : £ N A —F ! a.ngue

i ! ' S i .

' ! ' lron ore: P8, 0mm, 0.8g E

:, “Water | N /) |

‘\ Gas& ’ i .‘\ _______ ® gl :

The contributing editor for this article was II Sohn.

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-022-00570-4&domain=pdf

Journal of Sustainable Metallurgy (2022) 8:1358-1369

1359

Keywords High-temperature sintering characteristics - Sea sand vanadium titanomagnetite - Sinter - Micro-sintering -

Sintering mechanism

Abbreviations

AT Assimilation temperature (°C)

LF Liquid fluidity

BS Binder strength (N)

IS Intergranular strength (N)

TTM  Titanomagnetite

SFCA Silico-ferrite of calcium and aluminum

Introduction

Vanadium titanomagnetite is a kind of multi-symbiotic
iron ore mainly composed of iron, accompanied by vana-
dia—titania and various valuable elements (such as chro-
mium, cobalt, nickel, and scandium), and it is also a kind of
mineral resources with large reserves and wide distribution
[1]. Different types of vanadium titanomagnetite resources
have been found all over the world. China is the first country
in the world to realize blast furnace smelting of vanadium
titanomagnetite [2]. In recent years, the high-quality iron
ore resources are gradually decreasing, and the prices of raw
materials such as iron ore are rising, which forces iron and
steel enterprises to try to use the sea sand vanadium titano-
magnetite resources with low price and high comprehensive
utilization value, to reduce the production cost [3].

Sea sand vanadium titanomagnetite is a complex iron ore
resource with titanomagnetite (TTM) as the main ore phase
formed by erosion. There are low-priced, easy-to-mine, and
rich reserves, distributed in Japan, the Philippines, Indone-
sia, Australia, New Zealand, and the coastal areas of Hainan
Island in China. At present, it is the second largest marine
mineral mining industry, second to seabed oil [4-6]. Sea
sand vanadium titanomagnetite is a kind of iron ore resource
with a dense structure and complex distribution of valuable
metal minerals. It is also recognized as a hard-to-beneficiate
and hard-to-smelt mineral in the world [7]. Sea sand vana-
dium titanomagnetite has regular-shaped particles with a
smooth and dense surface. Its particles have high hardness
and melting point. It is difficult to granulate these particles
during the process of pelletizing [8§—10]. Compared with
other iron ores, it has a smaller specific surface area, lower
wettability, poorer hydrophilicity, poorer ball milling, and
pelletizing performance. Therefore, it is not a preferred raw
material in the large-scale iron and steel industry. Most of
the related studies focused on the pre-oxidation treatment
and reduction of sea sand raw ore [11-13].

The traditional sintering research of iron ore powder
mainly focuses on normal temperature indexes such as chem-
ical composition and physical properties. This evaluation

method lacks comprehensive research on the characteristics
of iron ore powder, especially the high-temperature physical
and chemical characteristics reflected by iron ore powder in
the sintering process. Therefore, it is difficult to reasonably
select and utilize various iron ore powders [14, 15]. Some
scholars have found that the sintering effect is related to the
characteristics of various iron ore powders at high tempera-
tures [16—18]. Wu et al. proposed the basic characteristics
of iron ore powder sintering and systematically studied the
high-temperature physical and chemical characteristics of
iron ore powder at high temperature, providing a new idea
for further optimization of the sintering process [19-21].
Zhang et al. studied the basic characteristics of Australian
iron ore concentrate and its effects on sintering properties
in the high-limonite sintering process. The effects of iron
sand ratios on the basic characteristics of vanadium titanium
mixed ores were investigated using micro-sinter and grey
relational analysis methods. Their results indicated that the
iron—sand ratio in vanadium—titanium mixed ores should be
controlled within 9-12 wt% [22-24]. The above research
mainly focused on the high-temperature sintering charac-
teristics of single ore powder or mixed ore powder. There
are very few researches on optimizing the high-temperature
sintering characteristics of iron ore powder with additives,
especially on optimizing the high-temperature sintering
characteristics and sintering mechanism of sea sand vana-
dium titanomagnetite.

Based on the particularity of sea sand, this study attempts
to investigate the high-temperature sintering characteristics
and sintering behavior of sea sand ore under different con-
ditions, to improve the proportion of sea sand ore in the
preparation of sinter. The effects of adding a certain amount
of limestone, ludwigite, and fine powder on the high-temper-
ature sintering characteristics of sea sand ore were studied
by a micro-sintering experiment. Sinter blocks were pre-
pared with the help of the micro- sintering experiment, and
the micro-morphology was analyzed. The study is aimed to
investigate the optimum content of the sea sand ore and the
additives.

Materials and Methods

Experimental Materials

The raw materials used in this experiment mainly include
New Zealand Sea sand (HS), Sijiaying (SJY), and Yuan-

tong-14 (YT-14). The experimental raw materials
were quantitatively analyzed by an X-ray fluorescence
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spectrometer (ZSXPrimus-II, Rigaku, Japan). The results
are shown in Table 1. It can be observed from Table 1
that the total iron content of sea sand ore is 58.36 wt%,
the contents of TiO, and V,05 are 6.95 wt% and 0.47
wt%, respectively, which belongs to a typical vanadium
titanomagnetite. The total iron content of Sijiaying (SJY)
is 65.29 wt%, containing less TiO, and V,0s, which can
be regarded as ordinary iron ore powder. Yuantong-14
(YT-14) has the highest total iron content of 66.27 wt%,
and the contents of TiO, and V,05 are 2.48 wt% and
0.29 wt%, respectively, which belongs to a kind of vana-
dia—titania iron ore powder.

Characteristic Analysis of Raw Materials

The XRD (X’Pert Pro; PANalytical, Almelo, The Neth-
erlands) was used to analyze the phase composition
of the experimental raw materials, and the results are
shown in Fig. la. Sea sand ore is mainly composed of
hematite (Fe,0;), magnetite (Fe;0,), and titanomagnetite
(Fe,Ti0,). Titanium is mainly present in sea sand ore
in the form of titanomagnetite. Titanomagnetite (TTM)
refers to a class of spinel oxides with the stoichiometry
Fe;_,Ti,0O,, where 0 <x <1 [25, 26]. This describes a
continuous solid solution series between the endpoints
of magnetite (x =0) and ulvospinel (x=1) [27, 28]. The
Fe:Ti ratio obtained from Table 1 is consistent with a
TTM (Fe,;_,Ti,0,), with a value of x=0.12. The main
phases of SJY are hematite (Fe,03), magnetite (Fe;0,),
and silica (Si0,), while Yuantong-14 (YT-14) is mainly
composed of hematite (Fe,0;), magnetite (Fe;0,), and
titanomagnetite (Fe, sTij sO,).

The particle size distribution of the three raw materials
was used to analyze a laser particle size analyzer (Mas-
tersizer 3000; Malvern, UK), and the results are shown in
Fig. 1b. It can be observed from the particle size distribu-
tion diagram that the particle size of the sea sand ore is
coarsest, followed by YT-14 ore, and SJY ore is the finest.
Among them, the particle size distribution of the large
part of sea sand ore is about 144 pm, and the particle size
of YT-14 and SJY is relatively fine, most of which were
distributed around 67 pm and 52 pm, respectively.
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Fig.1 The X-ray diffraction analysis diagram and particle size dis-
tribution diagram of experimental raw materials: a X-ray diffraction
analysis of sea sand ore; b Particle size distribution diagram

Experimental Methods

The micro-sintering method qualitatively simulates the phys-
ical and chemical changes of minerals and the formation
of sintering liquid phase in the high-temperature sintering
process of iron ore powder. Infrared heating is adopted in
the process, eliminating the need of fuel. Figure 2 shows
the flowchart of the high-temperature sintering experiment,
which mainly includes sample preparation (Fig. 2a), high-
temperature sintering (Fig. 2b), and performance testing
(Fig. 2d—f). The high-temperature physical and chemical
characteristics measuring system (RHL-45) of iron ore pow-
der used in this experiment is shown in Fig. 2b, and Fig. 2c
shows the temperature heating curve in the high-temperature
sintering process.

Table 1 Chemical composition

. . Compositions TFe FeO SiO, CaO MgO Al,O; TiO, V,0;

of experimental raw materials

(Wt%) Sea sand ore 58.36 28.23 3.27 1.15 2.88 3.33 6.95 0.47
SIY 65.29 17.99 6.72 0.22 0.42 0.42 0.12 0.03
YT-14 66.27 24.77 1.83 0.69 0.88 1.41 2.48 0.29
PB powder 61.76 21.45 3.66 0.32 0.32 1.96 0.43 0.02
Limestone - - 3.42 60.80 2.87 1.11 - -
Ludwigite 51.47 6.34 (B,O;) 533 0.32 12.65 0.36 - -
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Fig.2 Flowchart of high-temperature sintering experiment: a Sample preparation; b Experimental equipment; ¢ Heating curve; d AT Test; e LF

Test; f BS Test and IS Test

Different iron ore powders have different sintering behavior
at high temperature. The determination of high-temperature
sintering characteristics of iron ore powder is helpful to under-
stand its physicochemical properties at high temperatures and
the formation mechanism of the liquid phase. The assimilation
temperature (AT) refers to the reaction ability of iron ore pow-
der with CaO in the sintering process, which represents the
difficulty of iron ore powder to form a liquid phase in the sin-
tering process [14, 15]. Figure 2d shows the detection method
of assimilation temperature. The liquid phase fluidity index

(LF) refers to the fluidity of the liquid phase generated by the
reaction between iron ore powder and CaO in the sintering
process, which represents the effective bonding range of the
binder phase [14, 15]. Figure 2e shows the detection method of
the liquidity index, and the calculation formula of the fluidity
index is shown in Eq. (1).

Sotter — S
Liquid phase fluidity index (LF) = et “before, 1)

Sbefore
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where S 15 the vertical projection area of the adher-
ing fines cylinder before the test (mm?); S, is the vertical
projection area of the melt after the test (mm?).

The binder phase strength (BS) represents the effective
consolidation ability of the binder phase formed in the sin-
tering process of iron ore powder to its surrounding iron
ore particles. The intergranular consolidation strength (IS)
represents the ability of minerals formed by intergranular
consolidation under the high-temperature state of the sinter-
ing process. Figure 2f shows the detection method of binder
phase strength and intergranular consolidation strength,
whose indexes are expressed in the form of compressive
strength of sintered block [14, 15].

In order to better study the high-temperature sintering
characteristics and the formation mechanism of the liquid
phase of sea sand vanadium titanomagnetite in the sintering
process, the phase composition of high-temperature sintered
blocks with sea sand ore was analyzed by XRD (X’Pert Pro;
PANalytical, Almelo, the Netherlands), and the microstruc-
ture of high-temperature sintered blocks with sea sand ore
was detected by SEM (Ultra Plus; Carl Zeiss GmbH, Jena,
Germany) with a backscattering detector (BSE) and EDS.

Results and Discussion

High-Temperature Sintering Characteristics of Sea
Sand Ore

Based on the particularity of chemical composition and par-
ticle morphology of sea sand vanadium titanomagnetite, and
YT-14 and SJY ore used in the experiment, the high-tem-
perature sintering characteristics of experimental materials,
such as assimilation temperature (AT), liquid phase fluidity
index (LF), binder phase strength (BS) and intergranular
consolidation strength (IS), were studied by micro-sintering
experiment. The experimental results are shown in Table 2.

It can be observed from the data in the table that the
assimilation temperature of sea sand vanadium titanomag-
netite was relatively high, which was 1290 “C, which indi-
cates that it is difficult to form a low-melting point liquid
phase when the sea sand ore reacted with CaO in the sinter-
ing process. The assimilation temperature of SJY ore was the
lowest (1230 °C). The liquid phase fluidity index of sea sand

Table 2 The high-temperature sintering characteristics of experimen-
tal materials

Materials AT (C) LF BS (N) IS (N)
Sea sand ore 1290 0.00 145 132
YT-14 1280 0.00 3969 6219
SJY 1230 0.52 2178 3783

@ Springer

ore and YT-14 was almost 0.00, which indicates that the
fluidity of liquid phase formed by sea sand ore and YT-14
with CaO in the sintering process was poor, which was not
conducive to improve the consolidation strength of sinter.
The binder phase strength of sea sand ore was low, which
was 145 N, which indicates that the liquid phase formed in
the high-temperature sintering process of sea sand ore had
a poor consolidation strength to surrounding particles. The
intergranular consolidation strength of sea sand ore was also
low, only 132 N, which indicates that the strength of sea
sand ore particles obtained by crystal bond connection in
the sintering process was poor. However, the intergranular
consolidation strength of YT-14 and SJY were 6219 N and
3783 N, respectively.

The high-temperature sintering characteristics of sea sand
ore were studied by micro-sintering experiments. It can be
found that the overall index was poor, and the quality of
sinter prepared from sea sand ore was difficult to meet the
requirements of blast furnace. Therefore, it was necessary to
mix the iron ore powder with better high-temperature sinter-
ing characteristics with sea sand ore, to achieve the balance
of advantages and disadvantages of high-temperature sinter-
ing characteristics and reach the standard of sinter.

Optimization of High-Temperature Sintering
Characteristics by Adding Limestone

According to the high-temperature sintering characteristics
of sea sand ore, its assimilation temperature was high and
its liquid phase fluidity was poor. Therefore, limestone was
added in the experiment to explore the reactivity between
sea sand ore and CaO. The effect of limestone dosage on
high-temperature sintering characteristics of sea sand ore
is shown in Fig. 3.

The experimental results show that with the increase of
limestone dosage, the assimilation temperature of sea sand
ore was basically maintained at 1310 °C, the liquid phase
fluidity index increased gradually, the binder phase strength
decreased gradually, and the intergranular consolidation
strength increased first and then decreased. When the dosage
of limestone was 4 wt%, the maximum intergranular consoli-
dation strength was 10,155 N, the binder phase strength was
still 3830 N, the assimilation temperature was 1310 °C, and
the liquid phase fluidity was 0.0934. Therefore, the appro-
priate dosage of limestone is 4 wt% in the sintering process
of sea sand ore.

Optimization of High-Temperature Sintering
Characteristics by Adding Ludwigite

According to the chemical composition of ludwigite in
Table 1, its total iron content is 51.47 wt%, and it contains
6.34 wt% of low-melting compound B,0;, which can reduce
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Fig. 3 Effect of limestone dosage on high-temperature sintering char-
acteristics of sea sand ore: a AF and LF; b BS and IS

the assimilation temperature of sinter and improve the liquid
phase consolidation ability. In addition, it also contains 12.65
wt% MgO, which belongs to polymetallic symbiotic iron ore.
Therefore, a certain amount of ludwigite can be added to opti-
mize the high-temperature sintering characteristics of sea sand
ore. The effect of ludwigite dosage on high-temperature sinter-
ing characteristics of sea sand ore is shown in Fig. 4.

The experimental results show that with the addition of
ludwigite from 5 to 12.5 wt%, the binder phase strength
and intergranular consolidation strength of sinter increased
gradually. When the dosage of ludwigite was 10 wt%, the
assimilation temperature of sinter was lowest (1280 °C), the
liquid phase fluidity index attained a maximum of 0.2369,
and the binder phase strength and intergranular consolida-
tion strength were 4571 N and 6053 N, respectively. When
the dosage of ludwigite continued to increase to 12.5 wt%,
the overall index of high-temperature sintering characteris-
tics of sinter became worse. Therefore, the high-temperature
sintering characteristics of sea sand ore can be optimized to
a certain extent by adding appropriate amount of ludwigite.
According to the experimental results, the optimum dosage
of ludwigite is 10 wt%.

Optimization of High-Temperature Sintering
Characteristics by Adding Fine Powder

Based on the problem that sea sand ore particles are rela-
tively coarse and ellipsoidal, which is not conducive to
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Fig.4 Effect of ludwigite dosage on high-temperature sintering char-
acteristics of sea sand ore: a AF and LF; b BS and IS

granulation, the SJY ore with fine particle size was selected
as fine powder in the experiment. Based on optimizing the
particle size of the mixed ore powder, the fine powder also
improved the high-temperature sintering characteristics of
the sinter. The effect of fine powder dosage on high-tem-
perature sintering characteristics of sea sand ore is shown
in Fig. 5.

The experimental results show that with the dosage of fine
powder was gradually increased from 5 to 20 wt%, the liquid
phase fluidity index of the sinter gradually increased, while
the binder phase strength was maintained at 2200 N, and
its intergranular consolidation strength was about 2800 N.
When the dosage of fine powder was 20 wt%, the binder
phase strength and the intergranular consolidation strength
reached the maximum, which were 2345 N and 2907 N,
respectively. At this time, the assimilation temperature was
1335 °C, which was 10 °C higher than when the dosage of
fine powder was 5 wt%, and the liquid phase fluidity index
reached the maximum, which was 0.5904. Therefore, the

optimal dosage of fine powder added in the sintering process
is 20 wt%.

Effect of Sea Sand Dosage on High-Temperature
Sintering Characteristics

The high-temperature sintering characteristics of sea sand

ore were studied by micro-sintering experiments. To explore
the optimal dosage of sea sand ore in the sintering process,

@ Springer
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the ludwigite was fixed at 10 wt%, limestone at 4 wt%, PB
powder at 51 wt%, and the amounts of sea sand ore and
YT-14 ore were varied. The effect of sea sand ore dosage on
high-temperature sintering characteristics is shown in Fig. 6.

The experimental results show that with the addition
amount of sea sand ore gradually increased from 5 to 35
wt%, the assimilation temperature of the sinter was main-
tained at 1300 °C, while the liquid phase fluidity index,
binder phase strength, and intergranular consolidation
strength all show a trend of first increasing and then decreas-
ing. When the addition amount of sea sand ore was 15 wt%,
the liquid phase fluidity index and the intergranular consoli-
dation strength reached the maximum, which were 0.3067
and 5361 N, respectively. The maximum value of the binder
phase strength was 4842 N, and the addition amount of sea
sand ore was 25 wt%. When the added amount of sea sand
ore was 35 wt%, the various indexes of high-temperature
sintering characteristics showed a downward trend, but they
were still in the appropriate range. Therefore, the appropri-
ate dosage of sea sand ore in the sintering process should
be 15-35 wt%, but subsequent sintering cup experiments
should be carried out on this basis to further verify the
appropriate dosage of sea sand ore.

Mechanism Analysis of High-Temperature Sintering
In order to study the sintering behavior and formation mech-

anism of the liquid phase at high temperature, the micro-
structure of sintered block, the intergranular consolidation
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strength, and the binder phase strength were studied with
the help of SEM-EDS. The results are shown in Figs. 7 and
8. The chemical compositions of different sinters are shown
in Tables S1-S4 of the electronic supplementary material.

According to Fig. 7a—c, the microstructure of the sin-
tered block with sea sand ore in the intergranular consolida-
tion strength test process shows that with the increase of
the sea sand ore ratio, the number of pores in the sintered
block showed a trend of slight increase, but the size of the
pore gradually became smaller. The liquid phase area of the
sintered block gradually decreased and showed a trend of
dispersive distribution. According to the analysis of EDS
(Fig. 7d), the liquid phase formed by the sintered block was
mainly the gangue phase (P-al, P-bl, P-c1,) containing Ca,
Si, Al, and Mg showing a linear structure. The iron oxide
phase mainly contained metal elements such as Fe, V, and
Ti (P-a2, P-b2, P-c2,), showing an irregular block struc-
ture. This is mainly because the proportion of sea sand ore
containing V,0s and TiO, increased, the amount of liquid
phase decreased, and the porosity increased. The brittle and
hard perovskite may be generated in the sintering process,
which was distributed between the liquid phase and iron
oxide phase, thus weakening the bonding effect of the liquid
phase and the intergranular consolidation effect of the iron
oxide phase [29-31].

According to Fig. 8a—c, the microstructure of the sintered
block with sea sand ore in the binder phase strength test pro-
cess shows that when the basicity R, =2.0, with the propor-
tion of sea sand ore gradually increased, the number of pores
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Fig.7 SEM-EDS diagrams of
sintered block with sea sand ore
in the intergranular consolida-
tion strength test process: a 0
wt% HS; b 15 wt% HS; ¢ 35
wt% HS; d EDS analysis at the
points 1 and2inatoc

in the sintered block showed a trend of slight decrease, but
the size of the pores gradually increased, the distribution of
liquid phase in the sintered block became more concentrated,
and the complex calcium ferrite phase (SFCA) gradually
appeared. This is mainly because, at basicity R,=2.0, the
effect of increased TiO, content on the sintered block was
not as obvious as that of CaO. According to the analysis of
EDS (Fig. 8d) and element distribution diagram (Fig. 8e),
the main mineral components of the sintered block were
gangue phase (containing a certain amount of Ca, Si, Al,
Mg, P-al, P-bl, P-cl), iron oxide phase (solid solution of a
certain amount of V, Ti, P-a2, P-b2, P-c2), and SFCA phase
(P-a3, P-b3, P-c3). According to the analysis of mineral
microstructure, the gangue phase mainly showed a linear
distribution, and the iron oxide phase showed an irregu-
lar block structure. When the proportion of sea sand ore
was 35 wt%, the amount of gangue phase decreased, while
the amount of SFCA phase increased rapidly, showing an
irregular polygonal or columnar structure. The consolidation
mode of the sintered block gradually transformed from the
point-surface combination of the binder phase and iron oxide
phase to the melt-interweaving consolidation of the SFCA
and iron oxide phase.

XRD was used to analyze the phase of sintered block with
sea sand ore in the binder phase strength test process, and

10o  EEECEE
092 PRI 4.
0.55 !

76.73

‘ 100.00 100.00

the results are shown in Fig. 9. At basicity (R,) of 2.0, the
main phases were Fe,0; (Maghemite, PDF # 01-089-0599),
FeyTiO, 5 (Iron Titanium Oxide, PDF # 00-054-1267), Fe;BO,
(Iron Borate, PDF # 01-073-1385), Mg,VO, (Magnesium
Vanadium Oxide, PDF # 01-089-7411), MgAl, ,Fe, 30,
(Magnesium Aluminum Iron Oxide, PDF # 01-071-1233),
SFCA (Calcium Iron Oxide, PDF # 01-089-8664), and sili-
cate phase. Since the contents of SiO, and Al,O; in sea sand
ore are 3.27 wt% and 3.33 wt%, respectively, while the con-
tents of SiO, and Al,O; in YT-14 are 1.83 wt% and 1.41 wt%,
respectively, the contents of SiO, and Al,Os in sintered block
increased with the increase of sea sand ore ratio. Therefore,
with the increase in sea sand ore dosage, the silicate phase
was transformed from CaAl,FegqO, 4 (Calcium Aluminum Iron
Oxide, PDF # 00-049-1586) with 260=24.184° to CaFe(Si,04)
with 20=30.167° (Calcium Iron Silicate, PDF # 01-087-
1700), and the MgAl, ,Fe, ;O, (Magnesium Aluminum Iron
Oxide, PDF # 01-071-1233) phase containing Al appeared at
20=43.151°. According to the above XRD diagram analysis,
the reactions that may occur in the sintering process are shown
in Eq. (2)—(8).
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Fig.8 SEM-EDS diagrams of
sintered block with sea sand

ore in the binder phase strength
test process: a 0 wt% HS; b 15
wt% HS; ¢ 35 wt% HS; d EDS
analysis at the point 1, 2, and 3
in a to c; e element distributions
of sintered blocks with 35 wt%
sea sand ore

Fe,TiO, + 7/3Fe;0, + 5/60, = Fe,TiO 5
Fe,05; +1/3B,0; = 2/3Fe;BO
MgO + 1/8V,05 + 1/8V,05 = 1/2Mg, VO,

Ca0 + FeO + 28i0, = CaFe(Si,04)
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CaO + 2Al,0, + 4Fe,0, = CaAl,Fe;0
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Based on the analysis of the above results, a schematic
diagram for the high-temperature sintering mechanism of
sintered block with sea sand ore in different proportions can
be obtained as shown in Fig. 10. It can be observed from
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Fig. 10a that in the intergranular consolidation strength test
process of sintered block with sea sand ore, the intergranu-
lar consolidation method of the sintered block was mainly
the point-surface combination of the binder phase and iron
oxide phase. With the proportion of sea sand ore increased
from O to 35 wt%, the content of TiO, in sintered block
increased, the amount of sintering liquid phase decreased,
and the distribution was more dispersed, the size of the pores
decreased gradually, but the porosity increased, which weak-
ened the bonding effect of liquid phase and the intergranular
consolidation effect of iron oxide phase. It can be observed
from Fig. 10b that the effect of CaO on the microstructure
of the sintered block with sea sand ore was more obvious in
the binder phase strength test process of sintered block with
the basicity R,=2.0. When the proportion of sea sand ore
was increased from O to 35 wt%, the amount of sintering lig-
uid phase decreased, but it was more concentrated. The size
of the pores gradually increased, and the amount of SFCA
phase rapidly increased. The consolidation mode of the sin-
tered block gradually transformed from the point-surface
combination of the binder phase and iron oxide phase to

the melt-interweaving consolidation of the SFCA and iron
oxide phase.

Conclusions

In view of sea sand vanadium titanomagnetite has the prob-
lem of poor sintering performance, the high-temperature sin-
tering characteristics of sea sand ore, Yuantong-14 (YT-14)
and Sijiaying (SJY) were studied by micro-sintering experi-
ment in this paper. The high-temperature sintering character-
istics of sea sand vanadium titanomagnetite were optimized
by different methods in order to improve the utilization rate
of sea sand ore. Based on this research, the following con-
clusions are drawn:

(1) The high-temperature sintering characteristics of sea
sand ore were the worst, and the high-temperature sin-
tering characteristics of sea sand ore can be optimized
to a certain extent by adding 4 wt% limestone, 10 wt%
ludwigite, and 20 wt% fine powder (SJY).

Fig. 10 Schematic diagram for
the high-temperature sintering
mechanism of sintered blocks
with sea sand ore in different
proportions: a IS test; b BS test
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3)

4)

At the dosing rates of 4 wt% limestone, 10 wt% ludwig-
ite, and 51 wt% PB powder, and changing the dosage
of sea sand ore and YT-14 ore, the high-temperature
sintering performance of sinter with 15-35 wt% sea
sand ore was still in the appropriate range.

According to the analysis of mineral phase composition
and microstructure of sintered block with sea sand ore,
with the proportion of sea sand ore increased from O to
35 wt%, the consolidation mode of the sintered block
gradually transformed from the point-surface combi-
nation of the binder phase and iron oxide phase to the
melt-interweaving consolidation of the SFCA and iron
oxide phase.

This study provides theoretical guidance and refer-
ence methods for the preparation of the sinter from sea
sand. According to the experimental results, the utiliza-
tion rate of sea sand ore can be increased to 35 wt%.
However, in view of the poor pelletizing and sintering
performance of sinter with sea sand ore, the follow-up
work should focus on the research on the metallurgical
properties of sea sand sinter in the blast furnace smelt-
ing process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40831-022-00570-4.
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