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Abstract. Burnt pellets must retain their strength from the moment they are taken out of an induration machine until they are loaded into a blast furnace.
One of the indicators of the burnt pellets’ strength is the compressive strength, i.e. the ultimate force. In experiments to determine compressive strength,
the main type of fracture is occurrence and development of cracks that pass through the core center of pellets (where the maximum radial tensile
stresses present) or near it. The paper presents the requirements for static compression strength imposed by blast furnace production to iron ore pellets.
Using an optical and scanning electron microscope equipped with an energy-dispersive microanalyzer, we analyzed the relationship of structural
components and pores in the core of burnt unfluxed iron ore titanomagnetite pellets with the ultimate force under static compression. By scanning
electron microscopy and X-ray spectral microanalysis, it was established that the core of pellets is a multiphase material, and its main phases are
titanomagnetite, magnetite, titanohematite, hematite and aluminosilicate binder. Optical microscopy made it possible to establish the microstructure
of the pellet core, which has three types of microstructures: non-oxidized core (magnetite or titanomagnetite), partially oxidized core — around
(magnetite or titanomagnetite) hematite grains (titanohematite) and oxidized core (hematite and titanohematite). The main factors for obtaining pellets
with an ultimate force of more than 2.5 kN/pellet according to the requirements of blast furnace production are: the number of closed macropores and
the number of large grains in the core. It is shown that with an increase in the number of closed macropores and the number of large grains in the core,
the ultimate force is reduced from 3.5 kN to 0.87 kN/pellet.
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AnHomayusi. OOOXOKEHHbBIE OKAaTHIIIH JODKHBI COXPAHATH MPOYHOCTH OT MOMEHTA €XOJa ¢ OO)KMIOBOW MAILIMHBI 10 3arpy3KH B JIOMEHHYIO I€Ub.

OnHUM U3 OKa3arelieil POYHOCTH 000XIKEHHBIX OKATHIIICH SBIISCTCS IIPOYHOCTH Ha C)KaTHE, TO €CTh YCHIIME NpH pa3pyuieHud. [Ipn ucnsranuu
OKaThIIICH Ha MPOYHOCTh HA CKAaTUE OCHOBHBIM BHUIOM Pa3pyLICHUS SBIAETCS BOSHUKHOBEHUE U PA3BUTHE TPEILIHH, IPOXOIINX Yepe3 HEHTP
spa OKarhIlIed (rae JeHCTBYIOT MaKCHMAIbHBIC paJfajibHBIC PACTATHBAIOIINE HANpPSDKCHUS) WIM B HEHNOCPEACTBEHHOH OJNIM30CTH OT HEro.
[Ipencrasnens! TpeOOBaHUS IO MPOYHOCTU HA CTATHUECKOE CHKATHE, PEIBSIBISIEMbIC TIPU JIOMEHHOM MIPOU3BOJICTBE K JKEJIE30PYIHBIM OKATHILIAM.
C HCHONB30BaHUEM ONTHYECKOTO M CKaHUPYIOIIEro 3JIEKTPOHHOIO MHUKPOCKOIIA, OCHAICHHOTO HEProUCIIEPCHOHHBIM MHKPOAHAIN3aTOPOM,
MPOAHAIN3UPOBAIN CBSA3b CTPYKTYPHBIX COCTABISIONIMX U IOP B sApPe 00OMOKEHHBIX HEO(IIOCOBAHHBIX KEJIE30PYIHBIX THTAHOMAIHETUTOBBIX
OKATBIIICH C yCWJIMEM Pa3pyLICHUs IIPU CTAaTHYECKOM C)KaTHH. METO/IOM CKaHHPYIOUIEH 3IeKTPOHHONW MHUKPOCKOIIMU U PEHTICHCIIEKTPAILHOTO
MHUKpOAHAIIN3a YCTAaHOBHJIM, YTO SIAPO OKATBILIEH sBisieTcss MHOrodasHbiM MarepuanoM. OcHOBHbIE ()a3bl — THTAHOMATHETHT, MarHeTHT,
TUTAHOTEMATHT, TeMAaTUT U AIIOMOCHIINKAaTHOE CBs3ytolee. OnTrdeckas MUKPOCKOITUS O3BOJIMIIA YCTAHOBUTh MUKPOCTPYKTYPY sipa OKAThILICH.
B03MOXKHBI TpH THIIA MUKPOCTPYKTYPBI: HEOKMCICHHOE SIIPO (MArHETHT MJIM TUTAHOMArHETHT), YACTUYHO OKUCJICHHOE PO — BOKPYT (MarHeTHTa
WIA THTAaHOMAarHeTHWTa) 3€pHA reMaruTa (THTAHOTEMaTHTa) W OKUCICHHOE sAApO (TeMaTuT W THTaHOreMartwut). OnpenensronMu (akropaMu
JUISL TIOJTyYEHMST OKaThILIeH ¢ ycuiueM paspyuieHust 6onee 2,5 kH/okarbiu mo Tpe6oBaHMSM JOMEHHOTO ITPOM3BOJICTBA SIBIISIFOTCS: KOJIMYECTBO
3aKPBITHIX MaKpOIIOp B SAPE M KOJIMYECTBO 3€PEH KPYIHBIX pa3MepoB B siape. [Ipu yBennueHnn Kolmn4ecTBa 3aKpBITHIX MaKpOIIOp M KOJIMYECTBA

3epeH KPYIMHBIX pa3MepoB B spe CHIDKAeTCsl ycunue paspyerus ot 3,50 mo 0,87 kH/okarsr.

Kawueswle cnoea: Hqu)J'IIOCOBaHHI)Ie OKaThIIIHA, TATAHOMArHETUT, MArHETUT, TEMATUT, TATAHOTEMATHUT, AJITFOMOCHUIIMKATHOE CBA3YIOIIEC, MUKPOCTPYKTY-

pa siapa, ycuiane pa3pyLieHusl, 3aKpbIThie HOPbI
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[ INTRODUCTION

Iron ore pellets are crucial raw materials for cast
iron smelting in blast furnaces. In Russia and abroad,
pellet production involves two interrelated processes:
the formation of green pellets and their hardening. Green
pellets are burned to achieve the necessary metallurgical
characteristics, including compressive strength, impact
resistance, abrasion resistance, and reduction strength.
To enhance the pelletizing process and produce robust
pellets, 0.5—1.0% bentonite is added to the finely
ground concentrate [l;2]. Bentonite primarily con-
sists of aluminum and silicon oxides with high moisture
absorption capacity [3 — 5]. Bentonite is the most com-
mon binder for iron ore pellets [5 —7]. Green pellets
undergo hardening through oxidizing burning on con-
veyor induration machines. Papers [8 — 10] demonstrate
that, in the temperature range of 200 to 1300 °C, mois-
ture is removed, magnetite particles oxidize, magnetite
or hematite grains sinter, and pores and the silicate bond
are formed, leading to the enhancement of pellet strength
properties. As moisture is removed, bentonite forms hard
aluminosilicate interstices that contribute to the harde-
ning process [11; 12].

Upon completion of oxidation processes, a uniform
pellet structure is achieved [9]. The paper [13] highlights
that the key factor influencing the intensity of the oxida-
tion process is the pore size rather than the total porosity.
The heightened oxidation characteristics of pellets can be
attributed to the larger pore size of pellets with a lower
specific surface area of the concentrate. This pertains
to the oxidation period, during which the process is pri-

marily governed by oxygen diffusion in the pellet pores.
Additionally, when the hematite film forms on the grains,
the transformation is contingent on the concentrate
grain size.

Magnetite in pellets undergoes oxidation through
three distinct mechanisms: complete oxidation across
the entire cross-section of the pellet, complete oxida-
tion of the pellet shell with a non-oxidized core, and
partial oxidation of the pellet shell with a non-oxidized
core [14]. According to findings in [15], introducing oxy-
gen enrichment into the gas atmosphere during the con-
tinuous heating of magnetite pellets can result in oxida-
tion throughout their volumes, effectively eliminating
non-oxidized cores. The kinetics of magnetite concen-
trate oxidation suggest that such oxygen enrichment is
particularly effective at lower temperatures. Research in
[16] revealed that temperatures between 700 and 800 °C,
with 21 % O,, or increasing the oxygen content to 60 or
100 % at 800 °C, can achieve complete oxidation across
the entire pellet cross-section. The proposed formula
for calculating the oxidation reaction rate, as a func-
tion of temperature and partial pressure of oxygen in
the gas phase, can be found in [17]. Additionally, in [18],
observations were made of hematite whiskers growing
on the oxidized surface of magnetite concentrate particles
at temperatures ranging from 800 to 950 °C. The whis-
ker thickness increased from 30 nm at 800 °C to 200 nm
at 950 °C. These whiskers act as bridges between con-
centrate particles during pellet burning, contributing
to the overall strength of the pellets.

The findings in the paper [19] illustrate that when
a pellet initiates oxidation, a hematite shell forms around
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the pellet while the core remains magnetite. At 1100 °C,
the diffusion rate of oxygen was limited by sintering in
the magnetite core, taking place before oxidation rather
than by the diffusion rate of oxygen through the oxidized
hematite shell, as previously asserted in the literature.
The oxidation rate peaked at around 1100 °C and sub-
stantially decreased at 1200 °C due to heavy sintering in
both the hematite shell and the magnetite core. Another
study [20] indicated that the hardening of iron ore pellets
through sintering begins at 1100 °C. The compressive
strength of pellets increases with the heating temperature,
although the impact of structure is not considered.

Compressive strength is a crucial metallurgical
characteristic of pellets. According to state standard
GOST 24765 — 81, ore mining and processing enterprises
that produce pellets utilize the results of compressive
strength tests to evaluate product quality. Current require-
ments at most pelletizing plants stipulate a static com-
pression strength of 2.0 kN/pellet, while in blast furnace
production, the static compressive strength should exceed
2.5 kN/pellet [21 — 23].

The issue of pellet integrity under mechanical impact
has garnered significant attention from researchers employ-
ing analytical, numerical, and experimental approaches
to predict fracture. Mathematical modeling results [24; 25]
indicate that when spherical pellets undergo compression,
the most unfavorable stress state occurs in the center due
to severe tensile radial stresses. Consequently, the ulti-
mate force is commonly used as a measure to assess pel-
let strength in compressive strength tests. A study in [26]
demonstrated that in compressive strength tests, the pri-
mary type of fracture involves the initiation and propa-
gation of cracks passing through the center of the mag-
netite core, where radial tensile stresses are maximal or
in close proximity. Interestingly, it was observed that pel-
lets of both 10 — 12 mm and 14 — 16 mm fractions share a
common pattern: the larger the relative size of the magne-
tite core, the smaller the ultimate force [26].

The scientific and technical literature lacks informa-
tion on how the core structure influences pellet strength.

This study aims to conduct comprehensive research
on the structural components (magnetite, titanomagne-
tite, hematite, titanohematite, aluminosilicate) and pores
in the core of burnt unfluxed titanomagnetite pellets.
The primary objective is to determine the dependency
of the ultimate force under static compression on the pel-
let core structure.

[l MATERIALS AND METHODS

To investigate how the structure of pellets influ-
ences their compressive strength, we examined 13 burnt
unfluxed titanomagnetite pellets within the 10 — 16 mm
fraction range. These pellets underwent processing
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under the standard temperature-time burning conditions
applied at JSC EVRAZ Kachkanarsky Mining and Pro-
cessing Plant. Testing was conducted in accordance with
ISO 4700 requirements, using the universal machine
BT1-FROS0THW.AIK (Zwick GmbH, Germany), with
hammer heads moving at a speed of 10 mm/min, and
the deformation curve was recorded. The total iron con-
tent (Fe ) in the pellets was determined through titrom-
etry according to GOST 32517.1, and FeO was defined
based on GOST 53657. Chemical analysis of CaO, SiO,,
AlLO,, MgO, TiO, and V,0, compounds was conducted
using the atomic emission method with inductively cou-
pled plasma on the SpectroBlue device (Spectro, Ger-
many). The chemical composition of the studied pellets
is as follows, wt. %: Fe_ , 60.90; FeO 3.02; CaO 1.00;
Si0, 3.89; Al,0, 2.83; MgO 2.59; TiO, 2.73; V,0, 0.59.

Microsections were prepared based on the fractures
of the pellets.

The metallographic study was conducted using
the Neophot-2 optical microscope, and the obtained
images were analyzed with Siams-700 software. Measure-
ments of grain size, closed macropore size, and the bind-
ing phase’s size in the core were carried out on five fields
of vision with 20 line segments. The linear method, fol-
lowing the Cavalieri-Acker principle, was employed
to determine the phase fraction, closed macropores,
and the binding phase [27]. Grain size was determined
according to GOST R ISO 643 — 2015, utilizing the con-
ventional phase number classification: 3-8 (large),
9 (medium), /0 (small), // and higher (very small).
To categorize pores, the following terminology was
applied [28]: closed pores are located inside the sample
and are completely isolated from neighboring ones, while
open pores have an open channel connecting them with
the external surface of the body. Pore size was assessed
by measuring their maximum size in two perpendicular
directions. The classification of pores was based on size
criteria [29]: macropores — with a diameter dp >20 um;
mesopores — 20 > dp > (.2 um; micropores — dp <0.2 um.

X-ray phase analysis (XRF) was performed using
the Shimadzu XRD-7000 diffractometer equipped with
CuK  radiation in the air, covering the 20 range from 10
to 85°. The ICDD PDF4 (International Center for Diffrac-
tion Data) database was employed for phase identifica-
tion and quantification.

X-ray spectral microanalysis (XRSM) of the phases
was performed on the Tescan Vega II scanning elec-
tron microscope, equipped with an Oxford INCA
ENERGY 450 energy-dispersive microanalyzer.

[ RESULTS AND DISCUSSION

The optical microscope revealed structures in the
microstructure of the pellet core, which can be catego-
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rized into three types: type / (Table 1, samples 1, 3, 4,
5,9, 10, 11) — the non-oxidized core — magnetite or tita-
nium-magnetite; type 2 (Table 1, samples 2, 6, 7, 8, 12) —
partially oxidized core — grains of hematite or titano-
hematite around magnetite or titanomagnetite; type 3
(Table 1, sample /3) — the oxidized core — hematite or
titanohematite.

The following phases were detected in the pellets
by the XRF method: hematite, magnetite, quartz, mag-
nesium silicate and ferruginous diopside. The XRSM
method was used to specify the composition of phases,
as diffractograms obtained by the XRF method showed
overlapping reflexes for “hematite” and “titanohematite,”
as well as “magnetite” and “titano-magnetite” (the ratio
of intensity lines, angles 26 of interplanar distances from
the reflexes fully coincide with the ICDD PDF 4 (Interna-
tional Center for Diffraction Data)).

The XRSM results (Fig. 1, Table 2) revealed that
the pellet core consists of the following phases:

—type I: phase at the point/ — titanomagnetite
(70.3 % Fe; 0.4 % Ti); phase at the point 2 — aluminosili-
cate binder composition, wt. %: FeO 19.28; SiO, 45.95;
CaO 14.7; Al,0, 13.8; MgO 2.14; phase at the point 3 —
magnetite (72.03 % Fe);

—type 2: phase at the point/ — titanohematite
(67.1 % Fe; 1.4 % Ti); phase at the point 2 — alumino-
silicate binder composition, wt. %: FeO 26.0; Si0, 40.4;
Ca0 12.9; Al,0, 12.2; MgO 8.9; phase at the point 3 —
hematite (60.86 % Fe);

Table 1

Results of measuring the ultimate compressive force of
pellets depending on their size

Tabnuya 1. Pe3ybTaTbl H3MepeHHs1 YCHINS Pa3pylLIeHHs]
OKAThIIIell HA C;KaTHe B 3aBUCHMOCTH OT HX pa3Mepa

Sample Fraction. mm Ultimate force,
number ’ kN/pellet
1 3.16
2 3.06
3 2.59
4 10-12 2.06
5 2.01
6 1.91
7 1.56
8 2.06
9 1.88
10 1.33
11 1410 1.14
12 0.87
13 0.70

—type 3: phase at the point / — titanohematite
(67.5 % Fe; 1.9 % Ti); phase at the point 2 — aluminosili-
cate binder composition, wt. %: FeO 60.9; SiO, 23.53;
Ca0 5.6; AL,O, 5.67; MgO 1.3.

The microstructure of the non-oxidized core, type /
(Fig. 2, a) consists of magnetite and titanomagnetite
grains (/) separated by the aluminosilicate binder (2) and
closed pores (3) of various sizes, ranging from spheri-
cal to near-spherical. The magnetite or titanomagne-
tite grains are interconnected, forming a magnetite or
titanomagnetite surface contact during sintering (4).
The microstructure of the partially oxidized core (type 2)
(Fig. 2, b) comprises interconnected structural compo-
nents of hematite and titanohematite (/), titanomagnetite
and magnetite (4), and the aluminosilicate binder (2).
Grain shells consisting of hematite (titanohematite) are
connected, forming hematite (titanohematite) surface

Fig. 1. Electron microscopic image
of the pellets’ core structure in the plane of ultimate action:
a—c—typel -3

Puc. 1. DneKTpOHHO-MUKPOCKOITMYECKOE H300paKeHNE
CTPYKTYPBI Spa OKATHIIICH B IIIOCKOCTH JSHCTBHUSI CHITBL:
a—c—tun /-3
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Table 2

Results of X-ray spectral microanalysis of the pellets

Tabnuya 2. Pe3yJbTaThl PEHTI€HOCHEKTPAJILHOI0 MUKPOAHAIN32 OKATBILIEH

Content of elements, wt. %, in the field of analysis

Points . .
O | Na | Mg | Al | si | K | T | cCa | Fe | V
Type 1
1 27.00 - 1.2 1.10 - - 0.4 - 70.30
2 50.44 1.2 1.2 7.19 | 2148 | 0.9 - 1049 | 7.10 -
3 25.07 - 1.1 1.20 | 0.60 - - - 72.03 -
Type 2
1 28.70 - 1.2 0.90 | 0.70 - 1.4 - 67.10 -
2 37.14 - 5.4 6.51 | 18.92 - - 931 | 2022 | 25
3 29.64 - 7.1 1.70 | 0.70 - - - 60.86 -
Type 3
1 28.70 - 0.4 1.00 - - 1.9 - 67.50 | 0.5
2 2870 | 04 2.0 3.00 | 11.00 | 0.1 0.8 4.00 | 4950 | 0.5

Fig. 2. Typical microstructures of the pellet core
in the plane of ultimate action:
a—c—typel -3

Puc. 2. TunuuHble MUKPOCTPYKTYPBI S/ipa OKaThIIEi
B INIOCKOCTH €M CTBUS CHIIBL:

a—c—tunl -3

contact during sintering (5). Some grains are separated
by closed pores (3). The microstructure of the oxidized
core, type 3 (Fig. 2, ¢) consists of titanohematite and
hematite grains (/) separated by open pores of complex
shape (2), constituting narrow channels alternating with
sharp bulging, aluminosilicate binder (3). The hematite
(titanohematite) grains, when joined during sintering,
form a hematite (titanohematite) surface contact (4).

Upon comparing the results from [15-20] with
the obtained core microstructure, it is assumed that
the oxidation of magnetite (titanomagnetite) in type /,
pellets occurred in the temperature range of 700 — 900 °C,
in type 2 pellets in the range of 400 — 600 °C, and in
type 3 pellets in the range of 200 — 400 °C.

In Figs.3 -5, the research and calculation results
are presented in graphical dependencies on the ultimate
force.

Fig. 3 depicts the ultimate force as a function of the ave-
rage size of grains of magnetite (titanomagnetite), hematite
(titanohematite), closed macropores, and aluminosilicate
binder in pellet cores. The analysis of these dependen-
cies reveals a stable correlation (correlation coefficient
R?>>0.7). Fig. 3, a demonstrates that when the average
sizes of magnetite (titanomagnetite) are 10— 15 um,
closed macropores are 12 — 15 pm, and the aluminosili-
cate binder 1.5 — 2.0 pm, the static compressive strength
requirements of 2.5 kN/pellet are met. In the structure
under review, both structural components and macropores
play a significant role in influencing the ultimate force.
However, for type 2 structure (Fig. 3, b), no linear relation-
ship was observed among the average grain size of hema-
tite (titanohematite), average sizes of closed macropores,
aluminosilicate binder, and ultimate force.
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Fig. 3. Effect of the average grain structural components in the core on the ultimate force:

a and b — type I and 2; [l — magnetite (titanomagnetite); A — closed macropores; @ — aluminosilicate binder

Puc. 3. BiusiHue cpeiHero pasMepa CTPYKTYPHBIX COCTABISIONIMX B APE OKATHIIIA Ha YCHIUE Pa3pyLICHHUSL:
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a and b — type 1 and 2; [l — magnetite (titanomagnetite); A — closed macropores
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A linear relationship was identified between the ulti-
mate force in pellet cores and the fraction of large mag-
netite (titanomagnetite) grains and closed macropores
(Fig. 4, a). The trend shows that the smaller the frac-
tion of closed macropores and large grains of magnetite
(titanomagnetite), the greater the ultimate force. This pat-
tern is also observed in the structure of type 2.

For all structures (type I, 2), a consistent observa-
tion was made: as the number of closed macropores and
large grains increased, the ultimate force decreased from
3.5 to 0.87 kN/pellet (Fig. 5).

To produce pellets with an ultimate force exceeding
2.5 kN/pellet, the following conditions should be met:
for type [ structure — the number of closed macropores
should be less than 18 %, and the number of large grains
should not exceed 25 %; for type 2 structure — these
values should be 25 and 60 %, respectively. For pellets
with an ultimate force exceeding 2 kN/pellet: for type /
structure — the number of closed macropores should be
less than 40 % and the number of large grains should not
exceed 50 %; for type 2 structure — these values should be
25 and 65 %, respectively.

The ultimate force of 0.70 kN/pellet (Type 3) does
not meet the static compressive strength requirements
due to the large number of open macropores (47 %) and
the number of large grains (75 %).

An important observation is that for both types
of structures, pellets with ultimate forces exceeding
2.5 kN/pellet can be obtained.

[ ConcLusions

The pellet core was found to exhibit three types
of structures: type / (non-oxidized core): titanomagne-
tite and magnetite grains, including sintered ones, closed
macropores, and aluminosilicate binder; type 2 (partially
oxidized core): around magnetite (titanomagnetite), there
are hematite and titanohematite grains, including sintered
ones, closed macropores, and aluminosilicate binder;
type 3 (oxidized core): hematite and titanohematite
grains, including sintered ones, open pores, and alumino-
silicate binder.

In the manufacturing of pellets capable of withstand-
ing compressive loads exceeding 2.5 kN, it is essen-
tial to have the following criteria: for type / structure:
the number of closed macropores should be less than
18 %, and the number of large grains should exceed
25 %; for type 2 structure: the values should be 25 % for
closed macropores and 60 % for large grains.

The ultimate force decreases to 0.70 kN/pellet for
the type 3 structure due to the presence of a significant
number of open macropores and large grains in the pellet
core.
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