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HIGHLIGHTS

GRAPHICAL ABSTRACT

e The cold-bonded briquetting is an eco-
friendly technology of fine-grained
metallurgical charges agglomeration.

e A new indicator for the fine fractions
compression evaluation is developed
based on the original equation.

e Statistical models of compressibility are
obtained using a three-level design of
experiment plans. : s

o Models are optimized by response sur- St
face analysis and the method of indefi-
nite Lagrange multipliers.

e Optimal technological modes for the
metallurgical charges briquetting are
formulated.
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This paper represents the study of the briquetting process optimization of metallurgical charges. A new measure
of briquettes’ quality — the compression intensity factor, is developed. Using the design of experiments, the
nonlinear relationships are established of given factors: the content of plasticizer and moisture, hardness of the
particles, dynamic viscosity of the liquid binder, amount of carbonaceous component and the average particle
size in the charge. The adequateness of the models was estimated. It is shown that the greatest influence on
compressibility has the hardness of the particles while the dynamic viscosity of the liquid binder has a minimum
effect. An effective way to control the briquetting process is to change the content of the plasticizer and moisture.

In the case of iron-carbon mixtures, it is necessary to control simultaneously the content of carbonaceous ma-
terial and the particle size of both components. The article provides detailed recommendations on results

implementation.

1. Introduction

Currently, the world community is undertaking serious efforts to
prevent an environmental catastrophe on a planetary scale [1,2]. The

* Corresponding author.
E-mail address: pavlo.krot@pwr.edu.pl (P. Krot).

https://doi.org/10.1016/j.powtec.2022.118025

Paris Agreement defined a global strategy to curb the increase in the
average temperature on the Earth, providing for the reduction of
greenhouse gas emissions to a level that can be naturally recycled by the
biosphere [3]. According to the Swedish Environmental Protection
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Agency, the share of ferrous metallurgy in global greenhouse gas
emissions is about 11% [4], most of which is represented by carbon
dioxide CO, released in an amount of up to 2 tons per 1 ton of steel
produced [5]. >80% of these CO, emissions are generated during steel
production according to the scheme “production of coke and agglom-
erated iron-bearing materials — blast furnace — basic oxygen furnace”,
where fossil fuels are used as raw materials, heat sources and reducing
agents in the production of coke, high-temperature agglomeration of
iron-bearing materials and blast furnace ironmaking [4]. Thus, reducing
the use of fossil fuels in the iron and steel industry is one of the most
important directions on the way to the decarbonization of the industry
as a whole.

The formulated problem can be solved by developing the following
most-promising innovative technologies:

¢ non-firing agglomeration of iron ore raw materials and coke breeze;

e modernization of the blast-furnace process with recycling of con-
verted top gas (Top gas recycling BF [6,7]);

e high-intensity liquid-phase reduction of iron (HIsmelt, HIsarna
[8,91);

e production of sponge iron through direct solid-phase reduction of
oxides with converted natural gas (Midrex, HYL [10,11]) or
hydrogen (HYBRIT, H2FUTURE [12]);

e hydrometallurgical extraction of iron from ultrafine ores by leaching
and electrolysis (SIDERWIN, ULCOWIN [13,14]).

The processes of high-intensity liquid-phase reduction of iron, as
well as hydrometallurgical technologies and direct solid-phase reduc-
tion followed by smelting in electric arc furnaces, can reduce the in-
tensity of CO, emissions into the atmosphere up to 60-95%, at the same
time, the modernization of the existing technology for the production of
crude iron can only reduce emissions by 25-60% [4]. Therefore, pro-
posals to exclude a blast furnace from the metallurgical cycle, to meet
global climate goals, seem to be strategically justified [15].

However, the possibility of immediate replacement of the blast fur-
naces is doubtful, since alternative iron reduction technologies, some of
which had been developed >50 years ago, have not yet reached an
industrially significant production scale. As the authors rightly point out
[16], the replacement of a blast furnace with COREX, DIOS and HIsmelt
technologies, which impose less stringent requirements on raw materials
and fuel, and do not require significant financial costs to maintain
smelting units in working condition, was expected back in the 1990s.
However, this has not happened so far due to the constant improving the
blast furnace process and its productivity increasing. Currently, the main
part of steel in the world — about 70% - is smelted in a basic oxygen
furnace from blast furnace crude iron [17].

The nearest realistic prospect for the decarbonization of ferrous
metallurgy is the modernization of the blast-furnace process, as well as
the development of non-firing methods for the production of agglom-
erated iron ore and metallurgical fuel. It should be noted that in the total
amount of average annual COy emissions generated during the pro-
duction of steel according to the scheme “production of coke and
agglomerated raw materials - blast furnace - basic oxygen furnace”, 48%
are emitted by a blast furnace, and 33% are formed during high-
temperature agglomeration of iron ore raw materials and production
of coke [14]. Thus, the replacement of high-temperature methods of
agglomeration (sintering, roasting of pellets) and the cutting down of
coke production due to the development of technologies for non-firing
agglomeration of iron ore raw materials and coke breeze is an urgent
task for modern metallurgy.

The fundamental difference between non-firing agglomeration and
high-temperature methods lies in the hardening of aggregates of small
particles using binders based on types of cement and molecular-
dispersed systems. The latest is usually divided into binders of organic
and inorganic origin. Such methods are often called “cold” since they do
not require the formation of a high-temperature binder, i.e. a mineral
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melt.

The known methods of non-firing agglomeration: briquetting in
roller presses [18-23], production of cold-bonded pellets [24], vibration
pressing [25,26] and stiff vacuum extrusion [27,28] have received the
greatest industrial application in metallurgy. The most universal, in
terms of requirements for raw materials, is the method of briquetting in
roller presses. This method allows agglomerating not only iron ore
materials with high specific gravity and lyophilic particle surface but
also the entire range of other charge components, which are used in
ferrous metallurgy. For example, carbon-containing materials (coke,
stone and brown coals, peat, etc.), fluxes (limestone, active lime, fluo-
rite, etc.), refractory clays, as well as fine-grained wastes of the main
technological stages, both individually and in mixtures with a wide
range of proportions. Inorganic binders (liquid glass, polymer compo-
sitions, etc.) and organic substances (molasses, resins, starch, etc.), types
of cement are used as binders for roller briquetting, and briquetting
without the use of binders is also possible in some cases.

Among the advantages of roller briquetting in comparison with other
methods of non-firing agglomeration, it is necessary to mention the
following [29]:

o the increased density and strength of briquettes due to the influence
of loads that lead to destruction and subsequent uniform redistri-
bution of particles in the volume of the briquette, a decrease in
porosity and an increase in the total contact surface of the particles;
the reduced moisture content and lower consumption of binders, due
to the achievement of a denser packing of particles, as well as the
elimination of the strict necessity to use only types of cement (that is
typical for other types of non-firing agglomeration);

the uniformity of the size and shape of the roll briquettes improves
the gas flow characteristics of the charge column in the blast furnace
stack;

the roller press briquettes are less prone to abrasion wear, in com-
parison with briquettes, formed by vibration or extrusion due to the
near-spherical shape (see Fig. 1);

One of the most important quality characteristics of agglomerated
raw materials for the blast-furnace process is cold strength (i.e. ability to
withstand compressive load and resistance against tumbling), which

Fig. 1. Metallurgical briquettes are produced in a roller press.
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directly depends on its density [17,30,31]. Therefore, the investigation
of the dependencies of the metallurgical raw materials compression
process serves as the solid basis for optimizing the technology of fine-
grained materials briquetting.

The issue of the compressibility of composite metallurgical charges
with different binders has been relatively little studied to date. A
significantly larger amount of studies is devoted to the problems of
agglomeration of pharmaceutical, ceramic metal powders or agricul-
tural materials via either compacting or pelletizing. The problem of
assessing the compression characteristics of various fine and granular
materials has been examined through the application of known
compression models by authors [32] and via the development of a new
compression equation in paper [33]. The effect of the influence of
different binders on the mechanical characteristics of roll-compacted
dry granules has been explored and the most effective binders were
detected in the work [34]. The authors in [35] examined the effects of
both the composition and size of granules on compactability of binary
powder mixtures. Several studies devoted to the development of opti-
mization strategies for the production process: in paper [36] considered
the effect of fluxes addition on physical and metallurgical properties of
iron ore pellets, while in work [37] an influence of organic binders on
roll compaction process of magnesia powder has been elaborated.
Factorial experimental design has been successfully used in [38] to
understand fully the effect of process variables on DDGS granulation
behaviour and quality characteristics of granules. Applying the Box-
Behnken experimental design plan and Response Surface Methodol-
ogy, authors [39] solved the dual goal of modelling with subsequent
optimization of technological process parameters during green pallet-
isation of fine iron ore.

In the field of research on the compression of fine-grained metal-
lurgical materials, the most known studies are usually devoted to solving
specific technological problems. Authors of the study [40] concluded,
that for producing briquettes from active lime screenings at an industrial
scale, a coarse fraction of material should be preferred and the gap be-
tween rolls should be increased, which allows for minimizing the pseudo
fluidization effect of air counter flow on small particles, while improving
roll briquetting productivity simultaneously. The research conducted by
authors [41] made it possible to transform dispersed ferroalloy dust into
charge material for an electric furnace. By the results of the study, it was
revealed that the use of refractory cement instead of Portland cement,
allows for obtaining briquettes with decent degradation resistance at
high temperatures. In addition, a standard test, which consists of a
combination of CSR and TUMBLER tests, has been developed to estimate
briquettes’ durability in the furnace. A way of tackling dust formation
during heat treatment of kaolin clay in rotary refractory furnaces was
developed in the study [42]. Authors [42] proved the effectiveness of
briquetting this material at the determined moisture content in the roller
press with the claw-grooved configuration of formation elements. As a
result, the quality characteristics of briquettes (yield from rolls, green
strength, density) increased, while breakage and dust formation during
heat treatment significantly lowered. In paper [43], it was determined
the range of Fe/C ratio that allowed obtaining commercially fit bri-
quettes, composed of a mix of low-grade iron ore with coke breeze in
certain proportions. Production of such briquettes is useful for not only
resource preservation but also helps to increase the productivity of iron
and steel making, due to the fast oxide reduction rate of briquettes.
Authors in [44] conducted research to improve the efficiency of
metallurgical coal fines usage by producing carbon composite iron ore
briquettes. The values of coal content, particle sizes, heating rate and
briquetting pressure, necessary to obtain optimal results have been
determined. In the research study [45] a technological mode for bri-
quetting a mix of BF dust, furnace slag and gas-cleaning dust has been
developed. The authors determined the optimal type of binder (which
happens to be a refinery waste product) and its amount enabling the
manufacturing of commercially fit briquettes.

The findings of the abovementioned papers are of significant
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practical interest, but still, there is no a systematic approach to
researching the complex multifactorial process of metallurgical charges
compressing that hinders further development and optimization of bri-
quetting technologies based on mathematical models of materials
compressibility.

The purpose of the present paper is to represent planned experi-
mental research, the developed statistical models and analysis of the
dependences of the metallurgical charges compressibility on the most
significant technological factors. The obtained results allow subsequent
determination of ways to increase the compressibility of charge mix-
tures, the creation of technological modes, improvement of mechanical
characteristics of briquettes and construction of pressing equipment.

2. Materials and methods

The fine-grained materials of the four different technological groups
were used for the research: iron-containing (iron ore concentrate and
furnace scale), fuel-reduction (medium-volatile bituminous coal and
coke breeze), fluxing (fluorite concentrate grade FF-95) and plasticizer
(kaolin clay). Raw materials of the research are shown in Fig. 2 and
Fig. 3. In the course of pre-experimental preparation, fine-grained ma-
terials were dried to complete loss of moisture. The granulometric
composition of raw materials was determined by sieve analysis in lab-
oratory conditions at the Iron and Steel Institute of NASU. The gran-
ulometric composition of iron ore and fluorite concentrates was
determined in the laboratories of the raw material suppliers.

The granulometric composition of fine-grained materials is as
follows.

Furnace scale: 11.4% (0-0.25 mm); 10% (0.25-0.5 mm); 15.4%
(0.5-1 mm) 28.5% (1-2 mm); 20.3% (2-3 mm); 14.4% (3-5 mm).

Coke breeze: 7.6% (0-0.25 mm); 6.5% (0.25-0.5 mm); 8.2% (0.5-1
mm); 21% (1-2 mm); 29.5% (2-3 mm); 27.2% (3-5 mm).

Kaolin clay and coal: 100% (0-0.25 mm).

Iron ore concentrate: 94.7% (0.044-0.074 mm).

Fluorite concentrate: 36% (0-0.028 mm); 32% (0.028-0.063 mm);
21% (0.063-0.1 mm).

The information on the chemical composition of materials was ob-
tained from raw material suppliers and presented in Table 1.

The mixing of charges was carried out in a laboratory mixer until the
state of maximum homogenization was reached. Briquettes weighing
10-50 g were formed without heating in a closed steel mould by one-
sided pressing. Pressing was carried out without holding pressure, at a
constant strain rate of 22.5 mm/min, until a force of 75 kN was reached.
Such force in the given experiment corresponds to a pressure of 220
MPa. The inner diameter of the cylindrical die is 20.9 mm, the channel
depth is 57.05 mm, and the ends of the punches are flat. The laboratory
press unit is assembled based on a universal testing machine TsD — 10
with a nominal force of 100 kN and the ability to change the speed from
0.05 mm/s to 6 mm/s (Fig. 4).

The experimental data were recorded in the form of compression
graphs in the “pressure-shrinkage” coordinates (Fig. 5). At the endpoint
of the graph, the dimensions of the briquette are characterized by the
final shrinkage hgy,, f and the height of the briquette hy,, the sum of which
is equal to the initial height of the material filling hy. The density of the
briquette was calculated from its parameters at the end of the
compression process. Based on the final density, intermediate values of
briquette density were calculated corresponding to the current
shrinkage hgp, ;. Each point of the experiment is an average of the data
from five experiments. Thus, to analyse the experimental results, the
experimental pressing curves were presented in the form of de-
pendencies P = f(p).

A detailed description of the laboratory setup and procedures for
conducting experiments and processing experimental data are given in
the work of the authors [46].



A. Khudyakov et al.

0 10 20 30 40 50mm

(a)

(b)

Powder Technology 412 (2022) 118025

Fig. 2. Fine fraction materials used in the research: a) iron ore concentrate; b) kaolin clay; c) fluorite concentrate.
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Fig. 3. Fine fraction materials used in the research: a) coal; b) furnace scale; c) coke breeze.

Table 1
Chemical composition of raw materials*

Raw material Content weight, %

FeO Fe,03 SiOy Al,O3 CaO MgO CaF, Fecoral Crotal
Iron ore concentrate 19.4 71.1 8.4 0.69 0.25 0.1 - 64.8 -
Kaolin clay - 44.02 50.56 0.22 0.41 0.95 - - -
Fluorite concentrate - 0.11 2.7 0.18 - - 96.15 - -
Coal (ash) - 12.97 53.32 15.88 5.53 1.26 - - 86.88*
Furnace scale 40 - 2 - 0.47 - - 60 0.76
Coke breeze (ash) - 25.8 42.8 20.56 4.67 1.8 - - 94*

* . . . .
The carbon content in coal and coke breeze is given for dry ash-free mass of materials.

3. The concept of research, planning of experiments

Based on the available practical experience in the field of briquetting
and analysis of literary sources [5,19,21,30,31,45-511, the factors that
have the most significant impact on the process of compression of
metallurgical charges are determined:

1) the content of the plasticizer and the moisture content of the charge
mixture;

2) the fractional content in the mixture and fineness of ferrous and
carbonaceous materials;

3) the physical properties of raw materials with binders and binder
content.

Taking into account the diversity of the list of fine-grained materials
for briquettes in the metallurgical industry, the decision was made in the

work on the expediency of modelling the action of the selected factors by
using a limited number of model materials. The concept of using selected
materials as representatives of groups united based on their common
technological purpose or certain physical properties is based on the
statistical idea of a sample population, as some part of the general
population, which has the property of representativeness.

3.1. The first group of factors

The influence of plasticization of the charge mixture on the course of
the compression process is investigated. The degree of plasticization is
determined by the content of the plasticizer and the moisture content of
the mixture. Kaolin clay was chosen as the model charge plasticizer,
which changes into a viscous-plastic state upon contact with water.
From a rheological point of view, this material reflects the properties of
moistened mineral binders (cement slurries, bentonite clay, clay-cement
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Fig. 4. Scheme of the laboratory press unit: 1 — column; 2 — traverse movable; 3
- punch; 4 — matrix; 5 - charge; 6 — hydraulic cylinder traverse; 7 — hydraulic
cylinder; 8 — pump; 9 - transmission mechanism; 10 — recorder drum; 11 —
recorder pen; 12 — pressure transducer.

hshr.i hshr.f ho

Fig. 5. Qualitative graph of fine-fraction material compression.

compositions) and poor iron-containing industrial waste (sludge, aspi-
ration dust, etc.). The main component of a metallurgical briquette is, as
a rule, ferrous raw material. Magnetite concentrate, which is typical in
terms of iron content and size of ore particles, was chosen as the model
of such material.

3.2. The second group of factors

The influence of the content and particle size of components on the
process of compression of the iron-carbon charge is investigated.
Furnace scale and coke breeze were chosen as models of ferrous and
carbonaceous raw materials, since, due to the high content of useful
components, they are most often used in briquetting as sources of iron
and carbon.

Powder Technology 412 (2022) 118025
3.3. The third group of factors

The effect of the nature of the mixture components on the resistance
of the charge to external deforming effects during compression is stud-
ied. To describe the physical properties of raw materials, Mohs hardness
HM was used, since this indicator characterizes the resistance of parti-
cles to fragmentation and, therefore, reflects the strength of the inter-
atomic bonds of the substance of the solid phase. The following
materials were chosen as model materials: coal, fluorite and magnetite
concentrate. Each of the selected materials represents a group of raw
materials with a separate technological purpose in metallurgical stages:
fuel-reduction, fluxing and iron-containing groups. At the same time,
coal is characterized by the lowest hardness HM = 2, magnetite
concentrate - the highest HM = 6, and fluorite concentrate occupy an
intermediate position HM = 4.

To describe the physical properties of liquid binders, dynamic vis-
cosity 7 is used, since this indicator serves as a measure of the shear
resistance of liquid layers. The preliminary research carried out by the
authors showed that sugar beet molasses is characterized by the highest
viscosity # = 657 mPa-s. At the same time, it is known that the least
viscous liquid binder is water = 1 MPa s. The intermediate value of
viscosity is equal to = 329 MPa s. Such a viscosity at a temperature of
about 20 °C has a 69% aqueous solution of sugar.

Experimentally, the compressibility of metallurgical charges with a
change in these factors was determined using elements of the theory of
experiment planning [52,53]. For the formulated tasks, three planning
matrices were used for non-compositional plans of the second order: a
two-factor simplex-summable C-C2 and a three-factor Box-Benkin B-B3
plan. The natural values of the factors for the respective levels are shown
in Table 2.

4. Development of compression intensity factor

It is known that in the theory of elasticity, the measure of the
quantitative description of the compressibility of a solid-state matter is

the coefficient of all-round compression: = % % [54]. In the theory of

compression of powder materials, it is also accepted to identify the
concept of compressibility with the intensity of compression, that is,
with the rate of change in the density of a powder with increasing
compression pressure [55]. However, if the compressibility of solids is a
constant value in a significant pressure range [56], then in the case of
compression of powder materials, the intensity of compression is
constantly changing due to the staged nature of the process of their
deformation. It takes maximum values at the initial and minimum values
at the last stages of the process [57,58]. Therefore, it is advisable to use

Table 2
Factors and levels of their variation in the plan matrices of experiments.
No. Plan Names of factors Factor levels Variation
1 0 " intervals
1. C-C;  Amount of plasticizer, X; 0 25 50 25
[%]
Moisture content, X, [%] 0 5 10 5
Amount of carbonaceous
10 50 920 40
material,” X3 [%]
Average particle size of
1 2.5 1.5
2. B-B3 ferrous material, X4 [mm] 4
Average particle size of
carbonaceous material, Xs 1 2.5 4 1.5
[mm]
Mohs hardness of particle 9 4 6 2
HM, X
3. B-B3 Binder content, X, [%] 1 5.5 10 4.5
Dynamic viscosity of binder 1 329 657 328
1, Xg [mPa-s]

* In the plan of experiment No. 2, the mixtures are bicomponent, so the sum of
the fraction contents of ferrous and carbonaceous material is 100%.
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the dimensionless coefficients of the pressing equations, which make it
possible for a linear approximation of the experimental compression
curves of most fine-grained materials in a wide range of pressing
pressures.

In the paper of the authors [59], a pressing equation was proposed,
which, with an average accuracy of Rﬁv = 0.977, describes experimental
diagrams of compression for charges, composed of raw materials used in
ferrous metallurgy (iron-containing, fuel-reducing and fluxing):

In(p; =p*) = = avP+In(p} ~ p5), eh)

where p - density of briquette, g/cm?; py — loose bulk density of charge,

g/em®; ps — true density of particles, g/cm®; P — compression pressure,

MPa; a — compression intensity factor. The coefficient a characterizes the

tendency of fine-grained material to reduce its volume when pressing

din(p2—p?)
d P

pressure is applied and is defined as a = . In the case of com-

pressing a mixture of fine-grained materials, the variable of pg is
determined as the weighted arithmetic mean value of true densities of
particles of mixture components. Thus a pg of the mixture is defined as

follows: pg = Zfﬁ;"xi, where pg; — the true density of particles of certain

i

material in the mixture; x; — the content of certain material in the
mixture.

To determine the compression intensity factor a, it is necessary to
linearize the experimental pressing curve of powder material (see
Fig. 5), specifically it should be transformed using Eq. (1). Consequently,
experimental data should be presented in coordinates: In(p? — p?) =
f(vP) and ln% =f(VP). Then it is needed to perform a linear
approximation and calculate the tangent of the slope of the approxi-
mating straight line, the numerical value of which is equal to the
compression intensity factor a. The smaller the angle of inclination of
the approximating straight line to the abscissa axis, along which the
pressure function is plotted, the smaller the coefficient a and the less
intensively the density of the powder material increases during pressing.
Theoretically, if the straight line is horizontal, then the powder material
does not compress at all when pressure is applied and can be charac-
terized as unrestrictedly rigid. Otherwise, if the straight line is vertical,
then the material is infinitely soft. However, absolutely soft or hard
materials do not exist in nature, so all real fine-grained materials have an
intermediate characteristic.

The compression diagrams of the fine-grained raw materials in an
air-dry state are shown in Fig. 6 and Fig. 7. The greatest rigidity is

e g
PP
1.2 1
0.8 1
A KC:a=0.,041
0.4
IOC:a=0,02
0 T T 1
0 15

5 10
\/F[MPam]

Fig. 6. Compression diagrams for fluorite concentrate FC, kaolin clay KC and
iron ore concentrate IOC.
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Fig. 7. Compression diagrams for furnace scale FS, coal C, coke breeze CB.

characterized by iron ore concentrate a = 0.02, and the smallest by
furnace scale a = 0.097 and coal a = 0.092.

Experimental confirmation of the possibility of using the coefficient a
as an indicator of the compressibility of powder materials is the high
level of correlation established when compared with the compressibility
index according to the ISO 3927:2017 standard [60] — the density of
materials achieved at the same pressure. The data in Fig. 8 indicate the
presence of a functional relationship between the compression intensity
factor a and the relative density D = p/ps achieved by the mixture at a
pressing pressure P = 100 MPa. To carry out the correlation analysis, we
used experimental data in form of compression diagrams for 79 charge
mixtures, composed of various fine-grained materials of the mining and
metallurgical complex [61].

Compared to the compression index according to ISO 3927:2017, the
compression intensity factor a has the following advantages:

o firstly, coefficient a has a clear physical meaning, it is theoretically
more justified and also it is suitable for comparing different charges,
since coefficient a an integral characteristic of the entire compression
process, not only some of its separate stages;

1.00 -
D100=0,154Ina+1,1795
r D100, In a = 0,908

0.85 4
8
= 0.70 -
o

0.55 4

L ]
0.40 r T T \
-5.00 -4,00 -3,00 -2.00 -1.00
Ina

Fig. 8. Relationship between compression intensity factor a and relative den-
sity of compressed powders D at a pressure of 100 MPa.



A. Khudyakov et al.

e secondly, the coefficient a is more universal from a practical point of
view since it can be used for already examined charges and powder
materials, the experimental data on compression which were ob-
tained in various pressure ranges and published in the form of tables,
as well as graphic diagrams “pressure - density” in scientific and
technical publications.

The proposed coefficient a can serve as the basis for the quantitative
classification of charges with different physicochemical and physical
and mechanical properties according to a single compressibility char-
acteristic. By the analysis of the coefficient a change, it is possible to
evaluate the effectiveness of both the preparation of charges for pressing
and various compression methods.

5. Results and discussion

The experiments were implemented following the plan matrices
C—C2 and B—B3 for the selected factors (see Table 2). The results of the
experiments are given in Table 3, Table 4 and Table 5.

After the implementation of the experimental plans, a statistical
analysis of the obtained data was performed and regression coefficients
were determined for second-order polynomials that describe the
configuration of the response function surface for the selected factors in
given ranges of their values.

The general form of a second-order polynomial statistical model is as
follows:

y = bo+ Yibixi+ Yibux?+ YF byxix;, where bo, by by by -
regression coefficients; x;, x? — factors and their squares; X; X; — the effect
of the interaction of factors.

Mathematical models have been obtained that describe the depen-
dence of the compressibility of metallurgical charges on:

- the amount of plasticizer content and moisture content:

a=0.049240.0045X, +0.0234X, —0.0062X, X, —0.0012X? —0.0078X?  (2)

- the amount and particle size of ferrous and carbonaceous materials:
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natural __ yzero

7 (€3]

coded __
Xgoded =

where X§°d°d xatural _ yalyes of the i-th factor in coded and natural forms
on a given level, respectively; X7 — values of i-th factor in natural form
on zero level; I; — variation interval of i-th factor in natural form.

Analysis of the experimental data on the dependence of charge
compression on the properties of fine-grained materials, the amount and
properties of the liquid binder (Table 5) showed that, in comparison
with other factors, the change in the dynamic viscosity of the binder has
little effect on the charge compression intensity factor a. So, with the
constancy of other factors, the change in viscosity from the minimum 7
= 1 mPa-s to the maximum value # = 657 mPa:-s led to a change in the
coefficient a in the range of 4.4-26.3% (experiments No. 6 and 5, No. 10
and 9, respectively). At the same time, the change in the amount of the
liquid binder in the range from the smallest to the largest level is
accompanied by a change in compression intensity factor from 196.8%
to 319.3% (experiments No. 2 and 1, No. 4 and 3, respectively). The
change of material hardness in the range from lower HM = 2 to upper
HM = 6 level contributes to a change in compression intensity factor by
749.9%, i.e. by 7.5 times (experiments No. 3 and 1). Thus, it was found
that factor Xg, which represents the properties of a liquid binder, does
not significantly affect the compressibility of metallurgical charges,
which made it possible to exclude it from further consideration in the
present research.

After the exclusion of factor Xg, the array of experimental data from
Table 5 was subjected to regression analysis using the Sigma Plot 12.5
software package. The resulting nonlinear mathematical model has the
form of a Lorentz function and describes the dependence of charge
compression on the hardness of particles of fine-grained materials and
binder content:

5.8431
[+ mem) [+ ey’
It should be noted that to apply model (5), the factors X4 and X, must
be presented in their natural form.

)

a=

a = 0.0565 — 0.0086X; + 0.0049X, + 0.0073X5 — 0.0145X3X, + 0.0037X;Xs5 — 0.0077X,Xs + 0.0393X; — 0.0006X; + 0.0038X3 3)

To apply the obtained models, it is necessary to present the factors in
a coded form. The transition to coded values from natural ones can be
easily performed, using the values of the variation intervals and the zero
levels of factors in their natural form from Table 2 through the known
formula [53]:

Table 3
Influence of the amount of plasticizer and moisture content on the charge
compressibility.

Factors and
response function

Experiment number

1 2 3 4 5 6 7
X1, % 0 50 37.5 37.5 12.5 12.5 25
Xa, % 5 5 9.35 0.65 9.35 0.65 5

Compaction
intensity factor 0.040 0.056 0.059 0.024 0.067 0.021  0.05
a

6. Verification of statistical models

The reproducibility of the processes in the implementation of
experimental plans for the obtained models was checked by evaluating
the uniformity of dispersions according to the Cochran criterion G. The
calculated value of the G criterion for model (2) is G¢q = 0.32, for model
(3) Gegie = 0.2468, and for model (5) G¢gc = 0.1311. Since in all cases the
values of the Cochran criterion are less than the tabular G%% . =
0.9669, then the reproducibility of the models is sufficient with a 95%
probability. The adequacy of the models to the experimental data was
checked according to the Fisher F criterion. It has been determined, that
for obtained models (2), (3) and (5), calculated values of the F criterion
are lesser than the tabular ones. For model (2) Foqc = 3.82 < F&.%° = 6.59,
for model (3) Feqc = 3.4 < F?£5 = 3.9, and for model (5) Fqc = 1.13 <
F2%2° = 3.9. Thus, the obtained models are adequate at the significance
level a = 0.05.

The calculated values of the average relative errors for mathematical
models (2), (3), and (5) are within the acceptable range of accuracy
(A < 8...10%) and equals 9.5%, 7.9% and 9.8%, respectively. Values of
squared correlation coefficients for models (2), (3) and (5) also are
within the acceptable range (R? > 0.9) and equals 0.961, 0.928 and
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Table 4
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Influence of the amount and particle size of ferrous and carbonaceous materials on the charge compressibility.

Factors and response function Experiment number

1 2 3 4 5 6 7 8 9 10 11 12 13
X3, % 920 90 10 10 90 90 10 10 50 50 50 50 50
X4, mm 4 1 4 1 2.5 2.5 2.5 2.5 4 4 1 1 2.5
X5, mm 2.5 2.5 2.5 2.5 4 1 4 1 4 1 4 1 2.5
Compaction intensity factor a 0.084 0.087 0.103 0.077 0.101 0.083 0.109 0.105 0.058 0.055 0.08 0.04 0.057
Table 5
Influence of material properties, content and properties of the binder on the charge compressibility.
Factors and response function Experiment number
1 2 3 4 5 6 7 8 9 10 11 12 13
X6 6 6 2 2 6 6 2 2 4 4 4 4 4
X7, % 10 1 10 1 5.5 5.5 5.5 5.5 10 10 1 1 5.5
Xg, mPa-s 329 329 329 329 657 1 657 1 657 1 657 1 329
Compaction intensity factor a 0.039 0.02 0.289 0.091 0.037 0.035 0.177 0.156 0.103 0.082 0.031 0.028 0.073

cior a

Compression intensity fa

Fig. 9. Charge compression dependence on moisture content and amount of
plasticizer.

0.987, respectively. Therefore, the resulting models give a good fit to the
experimental data and are accurate enough for practical use.

7. Analysis of statistical models of charge mixtures
compressibility

7.1. Model by Egq. (2)

A graphical representation of the dependence of compressibility on
the amount of plasticizer and the moisture content of the charge mixture
is shown in Fig. 9. The curvilinear nature of the surface of the response
function is obvious and it changes unevenly with varying experimental
factors. Dependence analysis shows that the minimum compressibility of
the charge a = 0.006 corresponds to zero moisture content and the
absence of a plasticizer. As the values of these factors increase, an in-
crease in compressibility is observed, which is due to two reasons.
Firstly, in the presence of a liquid phase, the clay component of the
charge is plasticized due to the absorption of part of the water by the
crystal lattice of minerals. In their turn this leads to dispersion of the
solid phase, the elementary particles of which are separated by in-
terlayers of adsorbed moisture, thus, due to the weakening of the bond

between the packages of atoms in the lattice, the work required to

deform the macroparticles decreases. Secondly, the water in the pores,
capillaries and on the surface of the macroparticles facilitates their
mutual sliding during the pressing of the mixture.

As moisture content increases, the effect of the plasticizer addition
on compression decreases sharply. Changing the amount of plasticizer
from the smallest to the largest leads to an increase in the compress-
ibility of the dry mixture by 4.6 times (from a = 0.006 to a = 0.027) and
practically does not affect the compression of the mixture with 10%
moisture (coefficient a equals 0.065 and 0.062, respectively). The
maximum compression a = 0.065 is achieved at the highest moisture
content. It practically does not depend on the amount of plasticizer and

is 10 times higher than the minimum compression characteristic of dry
charge.

7.2. Model by Eq. (3)

Graphical representation of the dependence of charge compression
on the amount and particle size of ferrous and carbonaceous materials
are shown in Fig. 10 in the form of two-dimensional sections of the
surface of the response function of the three-factor model (3). Each of
the images characterizes the compressibility of the charge mixture
concerning a pair of factors plotted along the abscissa and ordinate axes,
with the third factor fixed at zero level. The analysis of two-dimensional
sections gives an idea only about the local extrema of the response
function, in areas limited by the set value of one of the three factors of
the experiment. For reliable analysis of compressibility for all possible
combinations of factors in the given intervals of their variation (see

Table 5), it is necessary to determine the global extrema of the response
function.

7.2.1. Determination of global extrema of the response function by the
model (3)

To determine the global extrema of the function on the set of values
that make up the three-dimensional factor space of the model (3),
optimization problems were formulated and solved to find the minimum
and maximum compressibility of the charge mixture with the limitation

of factors: —1 < X; < 1. The analytical statement of the problem is as
follows:

a=0.0565—0.0086X;-+0.0049X, +0.0073X5 —0.0145X;X, +0.0037X; X5 —
—0.0077X,4X5+0.0393X3 —0.0006X; +0.0038X2 —min(max);
X+X;+X=R".
(6)

where R - the radius of the sphere, defining the boundaries of the
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Fig. 10. Compressibility of the charge under conditions: a) equal amounts of ferrous and carbonaceous materials in the mixture; b) average particle size of ferrous

material is 2.5 mm; c) average particle size of carbonaceous material is 2.5 mm.

experiment area.

The solution to the optimization problem was performed using the
method of indefinite Lagrange multipliers [52,62], following the
computational algorithm in which, the objective function F and a system
of Eq. (7) were solved. The latest one contains partial derivatives of the

function F concerning the independent variables X3, X4, X5 and the in-
definite Lagrange multiplier A:

F
a— = —0.0086 — 0.0145x4 + 0.0037x5 + 0.0786x; + 24x3 = 0;
X3
oF
o = 0.0049 — 0.0145x; — 0.0077xs5 — 0.0012x4 + 24x, = 0;
X.
i
s 0.0073 4 0.0037x; — 0.0077x4 + 0.0076x5 + 21x5 = 0;
X5
oF
a:xg-&-xi-&-xg—Rz =0.

To solve the system of Eq. (7) and calculate the values of the response
function of the model (3), the Mathematica 10 software package was
used, performing calculations when the radius of the sphere R changed
from O to 1.

It has been established that the minimum compressibility of the

charge mixture is a = 0.0398 and is observed at a ratio of carbonaceous
to ferrous material as 49:51 and the same particle size of materials equal
to 1 mm. Thus, a mixture of fine fractions of the studied materials, taken
in approximately equal proportions, exhibits the greatest resistance to
compression, which may be due to several reasons. First, fine fractions
are characterized by increased values of particle strength and their total
contact surface is relatively large. Secondly, when pressing a mixture of
unequal strength materials, the destruction of less strong particles while
interacting with stronger ones is likely to take place in the very early
stages of the process, presumably simultaneously with the redistribution
of rigid particles. Thus, destructed less rigid particles are filling voids
between more rigid particles and spatial packing with reduced porosity
and increased contact surface is forming. At the same time, rigid parti-
cles are forming a certain spatial skeleton. Thereby observed smallest
compression intensity factor for the mixture (49:51) of unequal strength
materials of particle sizes 1 mm is probably due to the simultaneous
action of counterpressure from the side of destroyed low-strength par-
ticles that filled the pores, and the resistance of the skeleton formed by
stronger particles.

The maximum compressibility of the charge a = 0.1229 is achieved
with a ratio of carbonaceous to ferrous material 10:90 and the same
particle size of materials equal to 4 mm. In this case, the process of the
mixture compression is determined by the properties of the prevailing
component, which are large particles of iron furnace scale. The highest
compressibility of this component is explained, on the one hand, by the

fact that large particles serve as centres of stress concentration and,
therefore, are primarily subject to destruction during pressing. On the
other hand, it is caused by the lower compressive strength of the furnace
scale compared to coke (corresponding values are 12-20 MPa versus
36-44 MPa, respectively). The maximum charge compressibility ac-
cording to model (3) exceeds the minimum by 3.09 times.

7.3. Model by Egq. (5)

A graphical representation of the dependence of compressibility on
the hardness of mineral particles and the content of the liquid binder in
the charge mixture is shown in Fig. 11. This dependence is characterized
by a significant curvature of the surface. It indicates that to increase the
compressibility of the charge, an increase in the binder content and a
decrease in the hardness of particles of fine-grained material are
required. The minimum charge compressibility a = 0.015 is observed in
the case of pressing the charge, represented by a material with particle
hardness HM = 6 and 1% of binder content. The maximum compress-
ibility a = 0.285 is achieved by pressing the mixture with the lowest
particle hardness HM = 2 and 10% of binder content. The maximum
compressibility exceeds the minimum by 18.6 times.

Since, as it is shown above, the viscosity of the binder has almost no

©
-
o 0.

Compression intensity fact

Fig. 11. Charge compression dependence on binder content and hardness
of particles.
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effect on the compressibility of the charge, it is obvious that the binder
content primarily affects the compressibility of the charge. The inten-
sifying effect of this factor is due to a decrease in the internal friction of
the charge. At the same time, within the framework of the considered
model (5), the physical properties of the fine-grained material particles,
namely the strength of bonds in the crystal lattice of minerals, have a
decisive influence on the compressibility of the charge. Changes in the
binder content are rather enhancing the effect of particles’ physical
properties on charge compressibility. So, if a change in the particle
hardness from HM = 6 to HM = 2, with a binder content of 1%, leads to
an increase in the compression intensity factor by 6 fold (from a = 0.015
to a = 0.091), then a further increase of the binder content to 10% in-
creases charge compressibility only 3.13 times (a = 0.285).

8. Technological recommendations

The performed analysis of mathematical models (2), (3) and (5)
shows that the process of compression of metallurgical charges, in
addition to the main factor, which is the applied external pressure, is
significantly affected by the characteristics of the charge mixture and
liquid binder additives, which makes it possible to make some gener-
alized technological recommendations.

When pressing a two-component charge mixture of fine iron ore
material (iron ore concentrate or fine ore) and a substance that exhibits
plastic properties when moistened (bentonite and other clays, sludge,
tailings, and other similar industrial waste), an increase in the moisture
content and plasticizer contributes to an increase in the compressibility
of the mixture. However, at relatively high values of moisture content
(>6-7%), the amount of plasticizer no longer has an intensifying effect
on compressibility (Fig. 9).

In the production of two-component iron-carbon briquettes, a sig-
nificant increase in the compressibility of the mixture can be achieved
with a simultaneous increase in the particle size of the materials and the
growth of content of one of the components over 80%. The exact ratio of
the proportion of carbonaceous to ferrous material in the mixture, which
is necessary to achieve the highest compressibility, depends on the size
of the materials. For example, as production practice shows, most of the
materials for briquetting have an average particle size in the range of
2-3 mm. The highest compressibility of such charges is achieved when
using “pure materials”, that is, when the mixture contains either 0% or
100% of the carbon component (Fig. 10b and Fig. 10c). At the same
time, the maximum value of the compression intensity factor, for the
examined range of particle sizes and the content of charge components is
achieved, as mentioned above, at the proportion of carbonaceous to
ferrous material equal 10:90 and an average particle size of both com-
ponents equal to 4 mm. The lowest compressibility is observed at the
minimum particle size of the materials and approximately equal content
of them in the mixture (Fig. 10a).

In the case of briquetting a mono-component charge, the highest
compressibility is achieved with a simultaneous decrease in particle
hardness and an increase in the content of the liquid phase in the charge,
while the type of liquid-phase additive has practically no effect on
compressibility (Fig. 11).

9. Classification of compressibility factors

Taking into account the results, obtained in the present research, it
seems possible to combine the examined factors into three groups and
rank them in order of decreasing influence on the compressibility of
charge mixtures (see Table 6).

The above classification of compressibility factors needs further
development and refinement. It is necessary to expand the list of phys-
ical properties of particles of charge components, since, in addition to
the nature of a solid-phase substance; the densification of a mixture is
affected by porosity, density, electromagnetic properties of particles and
other factors. In addition, the Mohs hardness of particles, chosen in
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Table 6
Classification of charge compressibility factors.

No.  Generalized names of factors ~ Factor Examples
1 Material properties of the
: charge mixture
. Amount of plasticizer X; and carbonaceous
Component composition of . . . .
1.1 material X3 in a bicomponent iron ore
the charge .
charge mixture
Physical properties of
1.2 particles of charge Mobhs particle hardness Xg
components
9 The liquid phase of the
: charge
2.1 Amount of liquid phase Moisture content X, and binder content X,
3 Individual and collective
: properties of particles
The particle size of charge The particle size of f‘errous- mate-rial X4 and
3.1 carbonaceous material X5 in a bicomponent
components .
charge mixture
3.2 Other particle properties

present research as a factor, reflecting the nature of a solid-phase sub-
stance, is of little use for characterizing multicomponent metallurgical
charges, which include minerals of varying complexity, metals and al-
loys, organic carbonaceous materials and their pyrolysis products
[63,64].

Therefore, promising directions for further research are as follows.
Firstly, the search for some single factor that makes it possible to take
into account the variety of types of chemical bonds of the substance of
different materials particles. Secondly, a subsequent study of this fac-
tor’s effect on the compressibility of fine-grained materials and charge
mixtures, which are comprised of these materials. In this case, it is
necessary to use advanced scientific developments, such as, e.g., the
core-electron theory of the structure of minerals by V.V. Zuev [65]. It
should be noted that the group of individual and collective properties of
charge particles includes, in addition to size, several other factors. The
effect of these factors on the compressibility of fine-grained materials
also needs to be studied. As shown by our preliminary analysis of the
results of works [66-68], the compressibility of charges can be signifi-
cantly affected by the shape of particles, the characteristics of their
surface and the distribution of particles by size (primarily the ratio of
mass fractions and linear sizes of particles of adjacent fractions).

10. Conclusions

Currently, about a third of the total CO; emissions from the iron and
steel industry come from sinter plants and coking plants. A promising
direction of decarbonization in the preparation of charge materials is
non-firing agglomeration, which does not require the use of fossil fuels
as a heat source. The performed research is devoted to the optimization
of the technology of cold briquetting of metallurgical materials in roller
presses.

A new factor of the compressibility of fine-grained materials has been
developed, namely the compression intensity factor a, which charac-
terizes the ability of the charge to reduce volume when exposed to
external pressure. The proposed factor is an integral characteristic that
takes into account the staging character of the process of compression of
powder materials. The coefficient a can be used to classify charges and
fine-grained materials based on a single measure of their compress-
ibility, as well as to assess the initial technological state of charge mix-
tures and the effectiveness of their preparations for briquetting.

Using the methods of physical and mathematical modelling (exper-
iment planning, nonlinear programming and regression analysis), the
dependence of the compressibility of metallurgical charges on the
following technological factors is studied: the content of plasticizer and
the moisture, the hardness of mineral particles, the dynamic viscosity of
the liquid binder, the amount and particle size of ferrous and
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carbonaceous charge components. Statistical models have been devel-
oped with an average relative error of <10% and a squared correlation
coefficient greater, than 0.9. Obtained models, with a 95% probability,
have sufficient reproducibility by the Cochran criterion and adequacy by
the Fisher criterion. The optimal values of technological factors are
determined.

It has been established that an increase in the moisture content
indefinitely increases the compressibility of the charge, and an increase
in the plasticizer amount has a similar effect only when the charge
moisture content is <6-7%.

When pressing an iron-carbon-containing bicomponent batch
mixture, a decrease in compressibility is observed with a decrease in
particle size and with changes in component contents towards equal-
ization of their shares in the mixture. Namely, the lowest compressibility
was achieved with a ratio of materials’ proportions of approximately
50% to 50% and a minimum material size of 1 mm. While the highest
compressibility of the charge was achieved with a ratio of the proportion
of carbonaceous material to ferrous material in the proportion of 10% to
90% and the maximum particle size of both materials equal to 4 mm.

When pressing a mixture consisting of a single component, the
compressibility increases indefinitely with a simultaneous decrease in
the hardness of mineral particles and an increase in the binder content. It
has also been found that the dynamic viscosity of the liquid binder has
practically no effect on the compressibility of the charge.

Mathematical models and generalized recommendations, made
based on their analysis, can be used in the development of briquetting
technologies to achieve the required density of the agglomerated
product. The paper also proposes a classification of compressibility
factors, which made it possible to identify promising areas for further
research on the process of compression of the metallurgical charges.
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