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Laboratorial production of agglomerate with basicity CaO/SiO2 = 1.3-1.5 is accompanied by its spontaneous fri-

ability, what leads to forming of visible cracks in agglomerate. When studying the influence of these sintering pa-

rameters on agglomerate strength, it is necessary to take into account content of not assimilated calcium oxides in 

sinter. Strength binding of agglomerate is formed on the base of calcium ferrites. Investigations were conducted on 

aluminium oxide of PA grade, Fe2O3, CaCO3 of PA grade, aqueous silicic acid of P grade. Stability of sinters for 

above-mentioned systems was determined visually and using high-frequency method. In the first case the high-

temperature Tamman furnace is used, where briquetted samples are put in a platinum cup and they are heated 

up to the temperature 1300 �C. Then, after 5 minutes holding for homogenization, the samples are cooled slowly 

together with the furnace to the temperature 500� �C. To determine the temperature of 	�
 transition of dical-

cium silicate, dielectric permeability is measured; it reacts on structural changes which cause variation of density.  

The boundary of sinters stability is situated along the line which is close to galenite. The part of aluminium oxide 

interacts with dicalcium ferrite and forms solid solutions together with complete Fe replacement by Al in dicalcium 

ferrite. Stable sinters are characterized by monotonous variation of dielectric losses and capacity in the conditions 

of complete dicalcium silicate binding by aluminium oxide. It was established that monocalcium ferrite does not 

form new compounds with aluminium oxide, which completely interacts with dicalcium silicate. The stable sam-

ples of the system CaFe2O4–Ca2SiO4–Al2O3 are characterized by increase of alumosilicate amount and decrease 

of dicalcium silicate amount. When Ca2SiO4 content decreases from 45 % to 28 %, the temperature reduces from  

390–405 �C до 265–275� �C. Agglomerate containing 7 % of alumina practically does not contain free calcium 

oxide, what removes the cause of stresses appearing in the sinter. As a result of stabilization of ferrite-calcium sinter 

via replacement of silicon module by aluminium one, compression strength value increases up to 235 daN for a 

briquette. 
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Introduction

Agglomerate makes more than 60 % of blast furnace 

charge materials in Russian Federation, thereby the prob-

lem of its quality improvement is rather actual. Production of 

fluxed agglomerate can be characterized by its local strength 

minimum within the basicity interval 1.3 – 1.7 [1-3]. 

It is explained by several causes: polymorphism of dical-

cium silicate with increase of volume of substances, forming of 

sinter stress state during cooling, non-uniformity of elements 

distribution in sinter etc. Dicalcium silicate can be revealed 

together with cracks, which rose as a result of appearance of 

local internal stresses, during microscopic analysis [4-6].

The work [7] testifies that addition of aluminium and 

magnesium oxides to sinter allows to neutralize the effect of 

this factor and to be the method for increase of agglomer-

ated raw material strength. In this case, several researches 

[8-10] stated possibility of manufacture of high-strength 

agglomerate based on its binding with prevalence of cal-

cium ferrites. 

Absence of non-assimilated flux in agglomerate struc-

ture is considered as the condition of production of high-

quality agglomerate. Possibility of maximal assimilation 

of calcium oxide in composition of agglomerate sinter for 

dual-component compounds can be determined via the 

formula (1):

CaOmax � 0.11 Fe2+ + 0.35 Fe3+ + 1.06 TiO2 + 

+ 1.64 Al2O3 + 2.82 SiO2                                                   (1)

where CaOmax – maximal allowable content of calcium 

oxide in composition of sintered agglomerate; Fe2O3, 

Fe3O4, TiO2, Al2O3, SiO2 – content of oxides in the same 

agglomerate, %.

Bauxite which is used for laboratorial investigation 

contains (%):15.8 Fetot.; 2.6 FeO, 2.2 CaO; 4.7 SiO2;  

55.1 Al2O3; 1.5 TiO2, respectively, maximal amount of cal-

cium oxide can make:

CaOmax = 0.11· 2.1+0.852·13.7+1.058·1.5 +

+ 1.645·55.1+2.816·4.7 = 110.55  (2)
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SiO2 content 0.3-0.4 % in sintered agglomerate with 

basicity about 1.4 allows to obtain sinter with completely 

assimilated calcium oxide in a dual-component compound. 

To provide complete assimilation of calcium oxide during 

agglomerate sintering, when this agglomerate contains alu-

mina with basicity 6-8, complete involvement of calcium 

oxide in chemical compound is required [10-12].

Maximal assimilation of calcium oxide in agglomerate 

from iron ore concentrate with the following composition 

(%): 60 Fe; 5 SiO2; 2 Al2O3; 1 TiO2 etc. can be expressed 

via the equation (3):

CaO = 0.11 + 0.852·50 + 1.058·1.0 + 1.645·2.0 + 

+ 2.816·5 = 34.5 (3)

The conducted calculations display only potential pos-

sibility, not concrete conditions of complete flux assimi-

lation in agglomerate composition. These conditions are 

determined by technological parameters of sintering (op-

timal fuel consumption, height of charge material layer, in-

troduction of additives having the effect on the temperature 

level of sinter forming) [13, 14]. 

When studying the influence of the above-mentioned sin-

tering parameters on agglomerate strength, it is necessary to take 

into account content of not assimilated calcium oxides in sinter, 

what will further determine integrity of the structure during stor-

age with possibility of medium humidity variation [15]. 

Strengthening agglomerate binding is forming on the 

base of calcium ferrites. Calcium ferrites can stabilize less 

amount of mixture in comparison with Ca2SiO4, which 

occupies up to 25 % of total volume, in the conditions 

of sintering at the temperature not higher than soften-

ing temperature. In this case sinter should have sufficient 

strength and stability to scattering, what is provided by sin-

ter stability after its complete assimilation of calcium oxide. 

Forming of new phases, having the strengthening effect of 

the system in general, is possible during structure forming 

[16-18]. Thereby examination of Al2O3 influence on sta-

bility of ferrite-calcium sinter, which contains Ca2SiO4, is 

considered as a priority task of this research.

Examination of mineral forming during sintering of 

agglomerate on the base of ferrite-calcium and dicalcium 

silicate due to introduction of varying alumina additive, as 

well as development of technological solutions for increase 

of sinter strength on this base, are the aim of this work. Such 

goal setting is caused by absence of any information in the 

technical literature at present time about the mechanism of 

aluminium oxide influence on stability of ferrite-calcium 

sinter. It just stipulates the research novelty. 

Materials and methods

Preliminarily prepared calcium ferrites, dicalcium 

silicate and aluminium oxides of PA grade are the initial 

materials for manufacture of samples. Calcium ferrite and 

silicate are obtained from the following chemical substanc-

es: Fe2O3 – for ferrites, CaCO3 –from PA grade, aqueous 

silicic acid of P grade. 

The mixture of Fe oxide, calcium carbonate and aqueous 

silicic acid is composed in correspondence with the stoichio-

metric compositions of calcium ferrites or dicalcium silicate. 

Each mixture was stirred in a mill during two hours in alcohol 

presence to provide homogenization; this mill is filled for 

one third by metal balls of different diameter. Briquettes with 

diameter 20 and h=10 are manufactured from the mixture 

which was dried at 100 �C. Calcium ferrites and dicalcium 

silicate are forming during sintering [19-21].

Stability of sinters of above-mentioned systems is determined 

visually using high-frequency method. In the first case high-tem-

perature Tamman furnace is used, where briquetted samples are 

put in a platinum cup and they are heated up to the temperature 

1300 �C. Then, after 5 minutes holding for homogenization, 

the samples are cooled slowly together with the furnace to the 

temperature 500��C. Microstructure of non-stable sinter (60 % 

Fe2O3 – 37 % Ca2SiO4 – 3 % Al2O3) and stable sinter (60 % 

Fe2O3 – 25 % Ca2SiO4 – 15 % Al2O3) is presented on the Fig. 1.

The second technique is used to determine the tem-

perature of 	�
 transition of dicalcium silicate, which is 

based on measurement of electric parameters of substance 

in high-frequency field [22-24]. 

Fig. 1. Microstructure of sinter of calcium ferrite and dicalcium silicate together with alumina – non-stable (a) and stable (b)  
[these results were obtained by the authors]
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Dicalcium silicate can be related to the olivine row of 

island structures, where silicon oxide tetrahedrons (SiO4)-

4 are connected together by cations. The mechanism of 

polymorphic transformations is connected with transition 

of atoms in combination with definite turn of tetrahedrons. 

Variation of the temperature leads to variation of ions po-

larization, which finalizes in dimensional redistribution of 

compactly packed oxygen ions [25-27].

Dielectric permeability characterizes ability of dielec-

tric particles to orient or change their location after alterna-

tion of the field sign at preset frequency and temperature. 

That’s why dielectric permeability reacts on structural 

changes in the same way as variation of the number of polar-

izing particles per volume unit, which causes corresponding 

sample density variation (it decreases by 10-12 % at 	�
�
transition of dicalcium silicate) [28-30].

Measurements of dielectric permeability and dielectric 

losses are not interchangeable, but they reflect different 

parts of the general event.

The principle is based on registration on variation of 

condenser capacity, where the examined substance is a die-

lectric (dicalcium silicate is included in its composition), as 

well as on variation of dielectric losses in oscillating circuit. 

A flat-bottomed platinum cup with 12 mm diameter, 

where the examined briquette is placed, is a lower elec-

trode of the measuring condenser.  The second electrode 

in the form of platinum disc is placed just near to the bri-

quette using special fixer from the top. The temperature is 

measured by platinum/platinum-rhodium thermocouple, 

which is connected with briquette from bottom through 

the hole of the lower electrode cup. The scheme of this 

unit with the high-temperature measuring cell is presented 

on the Fig. 2. 

The particles during polymorphic transformation 

should overcome any energetic barriers. At the same time, 

part of them can be classified both to old and new lattices 

(monoclinic 	–form, rhombic�
–form), thereby the trans-

formation period should be characterized as a peak on poly-

therms of electric properties. The curves of capacity (C) and 

dielectric loss (�) during cooling are presented on the Fig. 3.

Charge material compositions were chosen in order to 

obtain compositions of sinters. Total number of experimental 

charges was 45. The results of samples stabilization depending 

on correlation of charge components are [resented on the Fig. 4.

The samples of charge material composition, which are 

located above the boundary line AB, are scattering during cool-

ing. The boundary line, directed to the side of Al2O3–Ca2SiO4, 

testifies about the fact that increase of alumina amount in stable 

sinter leads to increase of  the relation Ca2SiO4/CaFe2O4+Al2O3 

and Ca2SiO4/Ca2Fe2O5+Al2O3. At the same time increase of 

aluminium oxide amount up to 33-35 % allows to obtain stable 

sinters, and maximal content of dicalcium silicate in charge 

material reaches in this case 60 %. 

The boundary of sinters stability is located along the 

line which is close to helenite in molar relation (Ca2SiO4/

Аl2O3=1). As it was shown on the Fig. 4a, ferrite, alumo-

ferrite, helenite, two modifications of dicalcium silicate  

(	�и�
) etc. were revealed in scattering sinters of the system 

Ca2Fe2O5–Ca2SiO4–Al2O3 with alumina content up to  

10 % (above the line AB) [31-33].

Small amount of 	–Ca2SiO4 in the form of fine eutectic 

grains and overwhelming mass of 
–Ca2SiO4 in the form of 

more coarse and large grains with irregular form are pre-

sented as small prismatic crystals. Stable samples below the 

line AB (Fig. 4b) are characterized by overwhelming mass 

of�	–Ca2SiO4 and small amount of�
–Ca2SiO4 inclusions. 

Fig.  2. The scheme of high-frequency unit with the high-temperature measuring cell: 
1 – briquette; 2 – upper electrode; 3 – lower electrode; 4 – cup; 5 – thermocouple; 6 – generator; 7 – amplifier;  

8 – voltmeter; 9 – frequency meter; 10 – power supply module; 11 – heating; 12 – control unit; 13 – data processing device
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Stable samples practically don’t have silicate and very small 

amount of 	–Ca2SiO4, but amount of helenite and alumo-

ferrite increases apparently. The sinter with composition  

63 % Ca2SiO4 and 37 % Аl2O3 contains pure helenite. 

It should be mentioned that obtaining of high-strength 

sinter in the system Ca2Fe2O5–Ca2SiO4–Аl2O2 requires 

rather more amount of aluminium oxide, than it was nec-

essary for helenite forming, because part of aluminium 

oxide interacts with dicalcium ferrite with forming of solid 

solutions of helenite and brownmillerite. It is explained by 

complete Fe replacement by Al in dicalcium ferrite [34, 35]. 

The sinters which are located on the side of compositions 

2CaO·Fe2O3–2CaO·SiO2, don’t scatter, if amount of dical-

cium silicate in these sinters does not exceed 5 %. Dicalcium 

silicate in these sinters is presented in the form of�	–phase. 

Results and discussion

Thus, the conducted tests display that ferrite can stabi-

lize essentially less amount of dicalcium silicate (5 %) in the 

conditions of wide melt development, in comparison with 

sintering at the softening temperature (25 %).

It can be explained by transition of dicalcium silicate in the 

area of primary crystallization; this transition supports silicate 

decomposition during consequent sinter cooling due to large 

opportunities for grains enlargement up to critical size. 

Maximal amount of dicalcium silicate in charge ma-

terial, when sinters don’t destroy in both cases, corre-

sponds to the composition which is located on the straight 

line Ca2SiO4–Al2O3. It is connected with the fact that 

monocalcium ferrite does not form new compounds with  

Fig. 3. The curves of capacity (C) and dielectric loss (�) during 
cooling of sinter samples of the systems CaFe2O4–
Ca2SiO4–Al2O3 and Ca2Fe2O5–Ca2SiO4–Al2O3: 
а, b, c – scattering; d, e – stable
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Fig.  4. Diagrams of stable (white) and self-scattering sinters (black) in the systems: 
a - Ca2Fe2O5–Ca2SiO4–Al2O3; b - CaFe2O4–Ca2SiO4–Al2O3

aluminium oxide, which interacts completely with dical-

cium silicate. 

Cementation by monocalcium ferrite can be observed 

by microscope in the stable samples of the system CaFe2O4–

Ca2SiO4–Al2O3 (Fig. 5a). Amounts of alumosilicate and 

dicalcium silicate increase and decrease respectively with 

enlargement of alumina content. 

Scattering samples are characterized by the break-

point on the curve of dielectric losses during transition of 

dicalcium silicate in combination with a jump on the ca-

pacity curve. Such jump reflects the process of variation 

of physical structure in a destroying briquette. In this case 

the distinctly noted capacity variation by temperature and 

time coincides with variation of dielectric losses. The tem-

perature of sample destruction is rather lower than that for 

a pure substance.

Stable sinters with complete binding of dicalcium sili-

cate by aluminium oxide are characterized by monotonous 

variation of dielectric losses and capacity.

Analysis of the obtained curves shows that transition 

temperature depends also on composition of the samples. 

For CaFe2O4 – 50 %, Ca2SiO4 – 40 % and Al2O3 – 10 % a 

Fig. 5. Morphology (а) and chemical composition (b) of iron 
ore concentrate containing 7 % Al2O3 and 28 % Ca2SiO4 

[these results were obtained by the authors]
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jump on variation curves of electric properties corresponds 

to the temperature 370–385 °C; for CaFe2O4 – 45 % 

Ca2SiO4 – 45 %, Al2O3 – 10 % – it corresponds to the tem-

perature 390–405 °C. As for the composition with dicalci-

um ferrite Ca2Fe2O5 – 65 % , Ca2SiO4 – 28 %, Al2O3 – 7 %, 

this transition corresponds to the temperature 265–275 °C 

(Fig. 5b).

Assessment of quality variation in obtained sinters was 

determined via the technique similar to the GOST 24765-81  

(briquette was compressed in axial / radial direction). 

Compression strength of briquette, which was mounted 

on generatrix, makes about 215-235 daN per briquette.  

The testing scheme for cold strength of a sintered briquette 

is presented on the Fig. 6. 

If we shall compare the diagrams, the point A on the 

Fig. 4b is located rather higher than that on the Fig. 4a. 

Monocalcium ferrite has higher mechanical strength  

(by 15 %) in comparison with dicalcium ferrite, and it is 

capable to stabilize more amount of dicalcium silixcate. 

In this connection, the following correlation is valid for 

charge material of stable sinter: Ca2SiO4/CaFe2O4 > 

Ca2SiO4/Ca2Fe2O5.

Agglomerate with basicity 1.3-1.5 practically does not 

contain free calcium oxide. Influence of silicon mod-

ule becomes slight, i.e. free calcium is connected with 

alumina. The effect of aluminium module (CaO/Al2O3)  

replaces destructive effect of silicon module, what 

does not support appearance of stresses inside sinter.  

It is characterizes by increased mechanical strength (up 

to 225 daN per briquette) and resistance to destruction 

during long-term stacking in the conditions of increased 

humidity. 

When adding aluminium oxide (up to 7 %), ortho-sil-

icate decomposition of sinter is prevented, then strength 

decreases due to lowering of total Fe amount. 

From the point of view of practical use, the obtained 

results can be useful for development of charge composition 

of fluxed agglomerate, providing its high strength; it also 

allows to improve commercial properties of blast furnace 

slags, which are used in building industry. 

Conclusions

1. Dicalcium ferrite can stabilize up to 5 % dicalcium 

silicate.

2. Monocalcium ferrite does not form new compounds 

with aluminium oxide, which interacts completely with 

dicalcium silicate.

3. Stable samples of CaFe2O4–Ca2SiO4–Al2O3 system 

are characterized by cementation by monocalcium ferrite 

with increase of alumosilicate amount and decrease of di-

calcium silicate amount. 

4. Monotonous variation of dielectric losses and capac-

ity occur for stable sinters, with complete binding of dical-

cium silicate by aluminium oxide.

5. Transition temperature depends also on composition 

of samples. So, if Ca2SiO4 content decreases from 45 %  

to 28 %, the temperature lowers from 390–405 °C to  

265–275 °C.

6. Briquette strength increases by 10 %, due to stabili-

zation of larger amount of dicalcium silicate, what reduces 

stresses inside a sample.

7. Agglomerate with 7 % alumina content practically 

does not contain free calcium oxide and is characterized 

by high mechanic strength and resistance to destruction  

(up to 225 daN per briquette) during long-term stacking in 

the conditions of increased humidity.

8. Adding of aluminium oxide up to 7 % prevents ortho-

silicate sinter decomposition, then strength decreases due 

to lowering of total Fe amount.

Fig. 6. Cold strength testing of iron ore concentrate containing 
15 % Ca2SiO4 during 7 days 
[these results were obtained by the authors]a
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