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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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Аннотация. Обожженные окатыши должны сохранять прочность от момента схода с обжиговой машины до загрузки в доменную печь. 

Одним из показателей прочности обожженных окатышей является прочность на сжатие, то есть усилие при разрушении. При испытании 
окатышей на прочность на сжатие основным видом разрушения является возникновение и развитие трещин, проходящих через центр 
ядра окатышей (где действуют максимальные радиальные растягивающие напряжения) или в непосредственной близости от него. 
Представлены требования по прочности на статическое сжатие, предъявляемые при доменном производстве к железорудным окатышам. 
С использованием оптического и сканирующего электронного микроскопа, оснащенного энергодисперсионным микроанализатором, 
проанализировали связь структурных составляющих и пор в ядре обожженных неофлюсованных железорудных титаномагнетитовых 
окатышей с усилием разрушения при статическом сжатии. Методом сканирующей электронной микроскопии и рентгенспектрального 
микроанализа установили, что ядро окатышей является многофазным материалом. Основные фазы  – титаномагнетит, магнетит, 
титаногематит, гематит и алюмосиликатное связующее. Оптическая микроскопия позволила установить микроструктуру ядра окатышей. 
Возможны три типа микроструктуры: неокисленное ядро (магнетит или титаномагнетит), частично окисленное ядро – вокруг (магнетита 
или титаномагнетита) зерна гематита (титаногематита) и окисленное ядро (гематит и титаногематит). Определяющими факторами 
для получения окатышей с усилием разрушения более 2,5 кН/окатыш по требованиям доменного производства являются: количество 
закрытых макропор в ядре и количество зерен крупных размеров в ядре. При увеличении количества закрытых макропор и количества 
зерен крупных размеров в ядре снижается усилие разрушения от 3,50 до 0,87 кН/окатыш. 

Ключевые слова: неофлюсованные окатыши, титаномагнетит, магнетит, гематит, титаногематит, алюмосиликатное связующее, микрострукту-
ра ядра, усилие разрушения, закрытые поры
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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  [1; 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 % O2 , 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.

 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 

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-FR050THW.A1K (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 (Fetotal ) 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, SiO2 , 
Al2O3 , MgO, TiO2 and V2O5 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. %: Fetotal 60.90; FeO 3.02; CaO 1.00; 
SiO2 3.89; Al2O3 2.83; MgO 2.59; TiO2 2.73; V2O5 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), 10 (small), 11 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 µm; 
mesopores – 20 ≥ dp ≥ 0.2 μm; micropores – dp < 0.2 µm.

X-ray phase analysis (XRF) was performed using 
the  Shimadzu XRD-7000 diffractometer equipped with 
CuKα radiation in the air, covering the 2θ 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 1 (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  13)  – 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 2θ 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 1: phase at the  point 1 – titanomagnetite 
(70.3 % Fe; 0.4 % Ti); phase at the point 2 – aluminosili-
cate binder composition, wt. %: FeO 19.28; SiO2 45.95; 
CaO 14.7; Al2O3 13.8; MgO 2.14; phase at the point 3 – 
magnetite (72.03 % Fe);

– type 2: phase at the  point 1  – titanohematite 
(67.1 % Fe; 1.4 % Ti); phase at the  point 2  – alumino-
silicate binder composition, wt. %: FeO 26.0; SiO2 40.4; 
CaO 12.9; Al2O3 12.2; MgO 8.9; phase at the  point 3  – 
hematite (60.86 % Fe);

– type 3: phase at the  point 1  – titanohematite 
(67.5 % Fe; 1.9 % Ti); phase at the point 2 – aluminosili-
cate binder composition, wt. %: FeO 60.9; SiO2 23.53; 
CaO 5.6; Al2O3 5.67; MgO 1.3.

The  microstructure of  the  non-oxidized core, type 1 
(Fig. 2, a) consists of  magnetite and titanomagnetite 
grains (1) 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 (1), titanomagnetite 
and magnetite  (4), and the  aluminosilicate binder  (2). 
Grain shells consisting of  hematite (titanohematite) are 
connected, forming hematite (titanohematite) surface 

T a b l e  1

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

Таблица 1. Результаты измерения усилия разрушения 
окатышей на сжатие в зависимости от их размера

Sample 
number Fraction, mm Ultimate force,  

kN/pellet
1

10 – 12

3.16
2 3.06
3 2.59
4 2.06
5 2.01
6 1.91
7 1.56
8

14 – 16

2.06
9 1.88
10 1.33
11 1.14
12 0.87
13 0.70

Fig. 1. Electron microscopic image  
of the pellets’ core structure in the plane of ultimate action:

a – c – type 1 – 3

Рис. 1. Электронно-микроскопическое изображение  
структуры ядра окатышей в плоскости действия силы: 

a – c – тип 1 – 3
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contact during sintering  (5). Some grains are separated 
by closed pores  (3). The microstructure of  the oxidized 
core, type  3 (Fig. 2, c) consists of  titanohematite and 
hematite grains (1) 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  1, 
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 °С.

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 
R2 > 0.7). Fig. 3, a demonstrates that when the  average 
sizes of  magnetite (titanomagnetite) are 10 – 15 μm, 
closed macropores are 12 – 15 μm, and the  aluminosili-
cate binder 1.5 – 2.0 µm, 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. 

T a b l e  2

Results of X-ray spectral microanalysis of the pellets 

Таблица 2. Результаты рентгеноспектрального микроанализа окатышей

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

O Na Mg Al Si K Ti Ca Fe V
Type 1

1 27.00 – 1.2 1.10 – – 0.4 – 70.30
2 50.44 1.2 1.2 7.19 21.48 0.9 – 10.49 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 – – 9.31 20.22 2.5
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 28.70 0.4 2.0 3.00 11.00 0.1 0.8 4.00 49.50 0.5

Fig. 2. Typical microstructures of the pellet core  
in the plane of ultimate action: 

a – c – type 1 – 3

Рис. 2. Типичные микроструктуры ядра окатышей  
в плоскости действия силы: 

a – c – тип 1 – 3
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Fig. 3. Effect of the average grain structural components in the core on the ultimate force:
а and b – type 1 and 2;  ‒ magnetite (titanomagnetite);  ‒ closed macropores;  ‒ aluminosilicate binder 

Рис. 3. Влияние среднего размера структурных составляющих в ядре окатыша на усилие разрушения: 
а и b – тип 1 и 2;  ‒ магнетит (титаномагнетит);  ‒ закрытые макропоры;  ‒ алюмосиликатное связующее

Fig. 4. Effect of the fraction of large grains and closed macropores in the core on the ultimate force: 
а and b – type 1 and 2;  ‒ magnetite (titanomagnetite);  ‒ closed macropores

Рис. 4. Влияние доли зерен крупных размеров и закрытых макропор в ядре окатыша на усилие разрушения: 
а и b – тип 1 и 2;  ‒ магнетит (титаномагнетит);  ‒ закрытые макропоры

Fig. 5 Effect of the fraction of closed macropores (a) and large grains (b) in the core  
on the ultimate force depending on the type of structure:

 and  ‒ type 1 and 2

Рис. 5. Влияние доли закрытых макропор (а) и зерен крупных размеров (b) на усилие разрушения  
в ядре окатыша в зависимости от типа структуры:

  и  ‒ тип 1 и 2
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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  1,  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 1 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 1 
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  1 (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  1 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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