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applied to external wires. However, it is also essential to adjust for elastic residual stresses both for internal wires 
and external lay. Complex types of lay-related deformation result in different anchorage indirectly dependent 
behaviors of wires spiraled into steel cord. It is concluded that it's possible to use various technological methods 
to control migration tendency of steel cord central layers in the course of steel cord production and that the main 
reason for reduction of central structures anchorage is weakening of external lay wires under the effect of com-
pressive stresses in wire. Additionally, squeezing moment of elastic come-back on steel cord central structures 
from external lay wires can be produced through obtainment of optimum difference in tensions and residual 
torques with the use of fine twisting in rotary unwinding.
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pearlitic steels, obtained under non-equilibrium conditions, consist of eutectoid colonies formed after decom-
position of austenite and incoherently distributed in the plane of the section. At the same time, in different parts 
of microstructure, the sizes of interlamellar distances of “ferrite-cementite” system can differ by several times. 
In these circumstances, establishment of relationships between the characteristics of microstructure and  steel 
properties is virtually impossible, if using the traditional approaches based on qualitative analysis of  microstruc-
ture. Simple averaging of microstructure parameters equalizes structural features of eutectoid colonies and the 
study of relationship between the properties of steel and its microstructure parameters becomes even more 
complicated. At the same time, today’s computer-based image processing techniques open up new possibilities 
for analyzing the relationship “structure-properties”. 
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alloys from the conditions of solidification. It was noted that the used thermal parameters which characterize the 
conditions of dendrite formation — the rate of solidification, the temperature gradient and the cooling rate — 
quite often are determined with significant experimental errors, are esti mated on the basis of approximate rela-
tionships and often mutually correlated. It was established that the published empirical power-type models of 
dendrite arm spacing for carbon and low-alloy steels are characterized by a lot of the types of the parameters- 
predictors and by scatters of their values, do not consider the effect of the alloys composition and slightly suit-
able for prediction of the dendritic structure. For objective assessment of uncertainties arising from the use of 
insufficiently large data sets and simplified method of estimation for model parameters the procedures of statis-
tical analysis of the models adequacy for their correction and/or rejection were proposed. 
The comparison of results of computer modeling for a steel slabs (250 mm thickness) with 0.006, 0.06 and 
0.6% C are used for analysis the evolution during solidification of the rate of crystallization and the temperature 
gradient under various intensity of heat extraction and natural convection of the melt. It was deduced that a 
radical increase in the accuracy of the analysis of the conditions of formation of the dendritic structure is pro-
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the thermal properties of alloys, determined by means of thermodynamic modeling, with obligatory taking into 
account the intense convective heat transfer in the melt. 
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The article (the second part of the overall review) reviews the publications on dependence of secondary dendrite 
arm spacing microstructure of industrial iron-based alloys from their chemical composition. It is noted that 
quantification of this effect obtained by experiments and presented by statistical models, are characterized by 
significant differences in mathematical form, as well as the sign and magnitude of the regression coefficients 
which evaluate the contribution of different components of steel. By graphical comparison of published empiri-
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cal models, it is established that the dependence of the dendrite arm spacing of carbon and low alloy steels from 
carbon content has the contradictory character, that does not allow its unambiguous quantitative evaluation and 
detection the determining factors. 
Analysis of this situation shows that improving the quality of statistical models (the exception of insignificant 
effects caused by certain components, elimination the correlation distortion, etc.) and for ensuring of their 
adequacy it is reasonably to unify the description of the experimental data on the basis of a polynomial form of 
the concentration term of the regression equation, obtained by means of orthogonal experimental design. The 
role of physical-chemical and thermal factors in the development of coalescence of secondary arms is quanti-
fied by numerical calculation of the dendritic structure produced by computer simulation of non-equilibrium 
solidification of steel slabs (250 mm thickness) with calculation of the changes in the composition of the liquid 
phase and the evolution of interdendritic spacing. It is established that reduction of the secondary dendrite 
spacing in carbon and low alloy steels with growth of carbon, silicon, manganese, chromium, and nickel content, 
as well as the increase in the proportion of austenite during solidification, is caused by suppression of diffusion 
transport of components during coalescence of dendritic branches. A quantitative evaluation of the intensity of 
the process, defined by the concentrations of components and a number of thermodynamic (a slope of the 
li quidus, the distribution coefficient) and kinetic (diffusion coefficient in the melt, the Gibbs—Thomson coeffi-
cient) parameters decreases in the following sequence: C, Si, Mn, Ni, Cr. 

V. M. Golod, K. I. Emelyanov, I. G. Orlova. 

Prediction of dendritic micro-heterogeneity of cast steel: 

review of models and computer-aided analysis of problems 

(Part 3. Local structural and chemical heterogeneity)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

In the third part of the review it is noted that the number of publications devoted to the problem of heterogeneity 
of dendritic structure on the microscale, is very little. They have no significant results and methods that can 
reveal the basic laws of the evolutionary transformation of secondary dendritic branches from the moment of 
their inception to the final state. The coalescence models of dendritic branches are traditionally used to calcu-
late the average value of the secondary dendrite spacing. The experimental data evaluates considerable scatter 
of dendrite arm spacing relative to the average values with a coefficient of variation V = 0.20–0.25. 
Using a Monte Carlo simulation, it was implemented the solution of formation of an array of data, according to 
the final distribution of secondary dendrite arm spacing based on local system for the coalescence of neighbor-
ing secondary branches. Computer calculations of coalescence for the local systems were done repeatedly by 
varying their initial morphology randomly. This leads to the different character of evolution with the activation of 
various competing mechanisms for individual local systems. The multiple implementations of this procedure for 
a large number of local systems lead to the formation of data that describe the resulting dendritic structure with 
its statistical parameters — the mean, standard deviation and probability density distribution (frequency) in the 
form of a histogram. 
The simulation results are used to assess the contribution of different mechanisms of coalescence and are in 
good agreement with experimental data in predicting a broad spectrum of values dendrite arm spacing. 
The radical increase in the accuracy of forecasting and analysis of the conditions of formation of the dendritic 
structure can be achieved through the development and application of computer models of non-equilibrium 
solidification of ingots and castings that are based on the use of thermal-physical and physical-chemical cha-
racteristics of the alloys, determined by their thermodynamic simulation, taking into account the rate of convec-
tive heat transfer at the front formation of dendrites. At the analysis and synthesis of empirical information on the 
dendritic structure for the objective evaluation of the quality of initial information and to ensure the adequacy of 
the resulting models requires the use of modern statistical analysis of experimental data. It is advisable to unify 
the description of the experimental data on the basis of a polynomial form of the concentration factor of the 
regression equation. 

 V. P. Tsymbal, S. P. Mochalov, A. A. Olennikov, A. M. Ognev. 
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This article describes the state of the industry in some countries, including Russia. The problem of development 
of a regional industry has been discussed at the meeting of the companies in the field of metal processing in 
Novosibirsk. In this regard, the processes of direct solid reduction (Midrex, HyL-3), the solid- and liquid-phase 
process Corex are observed. The main attention is paid to the spray-emulsion metallurgical process (SER), 
featuring high speed flow of physical and chemical processes, low specific volume of metallurgical units, low 
power consumption and low capital costs. This process is completely closed to the atmosphere and has an 
internal stimulus for motion of the working mixture in a reactor with a gas-dynamic locking oscillator. 
Implementation of metal direct reduction technologies is connected with transformation of tail gas into ener-
getic gas or synthesis gas, so the process can be executed completely smokeless. 
This new continuous metallurgical process and the unit for its realization were developed accor ding to the clas-
sical principle of modern high technologies: conceptual and theoretical statement of the problem, creation of 
physical-chemical and mathematical models, methods and systems for engineering calculations of technologi-
cal and designing parameters, physical simulation, tes ting of separate process and unit components in the 
production environment, designing and construction of large-scale automatic experimental unit setup for deve-
lopment of various technological options. 
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Improved design of 

water-cooled dust precipitation 

chamber for high-capacity 

electric steelmaking furnaces

Peculiarities of removal of dusted technological gases at 
electric arc furnace during intensification of steel smelting 
were considered. Purpose, device, operation concept, 
technical and economical characteristics of operation of 
water-cooled dust precipitation chamber is described. 
Analysis of achieved characteristics is done. State enter-
prise “Ukrainian research and technology center of 
me tallurgical industry “Energostal” (SE “UkrRTC 
“Energo stal”) has realized reconstruction of cooled gas 
outlet of arc furnace with real charge of 120 t under inten-
sity of oxygen blowing up to 9000 Nm3/h in electric steel-
making shop No. 2 at JSC “Chelyabinsk Iron & Steel 
Works”. New design of inlet nozzle allowed to avoid slag 
and dust depositions in it (these depositions earlier were 
removed manually), to improve environmental conditions 
in the shop due to almost complete elimination of exhaus-
ting of waste gases out of the furnace in the shop under 
increase of through capacity of gas-escape track. Efficiency 
of cooled chamber with this design was verified during 
commissioning test and further operation — chamber 
operation parameters exceeded design ones. Works for 
further upgrading of dust precipitation chamber design 
were carried out based on obtained experience. 
Development of these type coolers for furnaces of electrical 
steelmaking shops at certain metallurgical and machine-
building enterprises is in sight.

Key words: electric steelmaking furnace, water-cooled 
gas outlet, CO afterburning, dust precipitation chamber, 
cooling, nozzles, gas cleaning.

A
rc furnaces are widely used in large metallurgy 

and at metallurgical mini-mills for smelting of 

high-quality carbon and alloyed steel produc-

tion. At the end of ХХ and at the beginning of ХХI 

century great attention was devoted to increase arc fur-

nace capacity and it was reached by:

— use of transformer with enlarged specific capa-

city (up to 0.8 MW/t of charge);

— heating of burden materials out or in furnace 

(with installation of gas-oxygen burners);

— use of oxygen for furnace bath blowing;

— combining of electric furnace smelting and out-

of-furnace steel treatment. 

Growing of electric steel production using new 

technologies entails oversized formation of dust process 

gases with high content of CO that stimulates develo-

ping of effective systems for outlet, cooling and cleaning 

of dust waste gases at electric steelmaking furnaces.

During intensification of steel smelting process in 

arc furnace with charge of 120 t, the melt quantity will 

be able to increase up to 23 and more per day. Quantity 

of gases, escaped from furnace during oxygen blowing, 

attains 50 thousand Nm3/h. Gas temperature in smel-

ting process is 900–1650 oC, dust content — up to 

100 g/ Nm3, CO content — 12–13 % [1, 2].

State enterprise “Ukrainian research and techno-

logy center of metallurgical industry “Energostal” (SE 

“UkrRTC “Energostal”) has realized reconstruction of 

cooled gas outlet of arc furnace with real charge of 120 t 

under intensity of oxygen blowing up to 9000 Nm3/h in 

electric steelmaking shop No. 2 at JSC “Chelyabinsk 

Iron & Steel Works”. Possibility for creation of upgra-

ded gas outlet in the form of water-cooled dust precipi-

tation chamber for heavy-operative electric steelma king 

furnaces is based on more than 30-year experience of 

SE “UkrRTC “Energostal” as well as foreign experi-

ence in the field of investigation, development and 

implementation of equipment for outlet and cleaning of 

waste gases of electric steelmaking furnaces, converter 

gas coolers, cooled gas outlets in ferroalloy me tal lurgy.

Before reconstruction the cooled gas outlet was a 

round horizontal gas duct shielded by water-cooled 

tubes. It did not provided necessary cooling of furnace 

gases for further transportation along non-cooled gas 

duct to gas clea ning and CO afterburning. In horizontal 

gas duct the crusts formed; it required frequent stop of 

furnace for manual cleaning. High temperature of gases 

after passing the cooled gas duct requires dilution with 

air for transportation through non-cooled gas duct, 

beside it the receiving part of non-cooled duct, manu-

factured from heat-resistant steel often burn-out with 

formation of holes. Cause that existing gas cleaning 

equipment dosen’t provide evacuation of all combus-

tion pro ducts of furnace gases. It is resulted in increase 

of gas emission in the shop up to 50% of to gas formed 

in furnace during oxygen blowing, so CO explosions 

took place in horizontal gas duct. 

Dust precipitation chamber developed by the 

authors is intended for CO afterburning, preliminary 

cleaning of waste gases, its cooling up to temperature 

provided transportation along non-cooled gas duct in 

main gas cleaning system. Advantages of proposed 

chamber are the following: simple design, operation and 

repair. Gas is cooling to temperature for transportation 

in non-cooled duct. Scheme of furnace gases outlet is 

shown in figure.

O. M. Glita1, A. Z. Ryzhavskiy1, M. S. Gontarev1

1 State enterprise «Ukrainian Research & 

Technology Center of Metallurgical Industry 

«Energostal» (Kharkov, Ukraine)

E-mail: tgi@energostal.org.ua

© Glita O. M., Ryzhavskiy A. Z., Gontarev M. S., 2013
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Waste gases enter in inlet nozzle 3 where they are 

mixed with atmosphere air and particularly afterburning 

occurred. CO final burning is realized in afterburning 

chamber 4 which cover 7 functions as fire safety valve. 

During speed-down and gas flow bend in dust precipitation 

chamber 5, the large particles of dust and slag-metal losses 

are deposited. Final cooling of gases down to temperature, 

required according to transportation conditions before gas 

cleaning, occurs in cooling chamber 6. At least 50% of dust 

and losses from the furnace are deposited in dust precipita-

tion chamber; CO afterburns in inlet nozzle and afterbur-

ning chamber due to leak-in of atmosphere air.

New design of inlet nozzle 3 allowed to avoid slag 

and dust depositions in it (these depositions earlier were 

removed manually), to improve environmental condi-

tions in the shop due to almost complete elimination of 

exhausting of waste gases out of the furnace in the shop 

under increase of through capacity of gas-escape track. 

Swinging water-cooled gate has flexible connec-

tions in end walls for providing mechanized removal of 

main slag and dust from the lower part of cooling cham-

ber 6, for supply of water to its cooled surfaces and for 

discharge of heated water.

Dust precipitation chamber was made from separate 

detachable water-cooled panels fixed on frame that gives 

possibility to mount and to repair it in short time. Repair 

works are eased by removable cover of afterburning cham-

ber, demountable design of the most heat-stressed inlet 

nozzle, fixing of convective blinds on cover of the cooling 

chamber 8 that allows its repair out of the chamber.

Dust precipitation chamber was designed on the 

basis of existing shop conditions.

Main technical and economic parameters of the 

chamber operation are shown in table.

Water-cooled chamber with above-described 

design has been developed and implemented during 

overhaul in October, 2011 and operated successfully at 

present days.

SE “UkrRTC “Energostal” has realized the work 

for creation of water-cooled dust precipitation chamber 

in complex:

— process development;

— equipment designing;

— installation project documentation;

— manufacture and supply of equipment;

— mounting and field supervision, commissioning.

Efficiency of cooled chamber with this design was 

verified during commissioning test and further opera-

tion — chamber operation parameters exceeded design 

ones [3]. Patents applied for chamber design in Ukraine 

(No. u201214020 dated 10.12.2012) and Russian 

Federation (No. 2012156043 dated 24.12.2012).

Works for further upgrading of dust precipitation 

chamber design were carried out based on obtained 

experience. 

Development of these type coolers for furnaces of 

electrical steelmaking shops at certain metallurgical and 

machine-building enterprises is in sight.
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Scheme for furnace gas outlet:

1 — electric arc furnace; 2 — dome nozzle; 3 — inlet nozzle; 4 — after-
burning chamber; 5 — dust precipitation chamber (chamber lower part 
is lined, walls and ceiling are water-cooled); 6 — cooling chamber; 7 — 
cover of afterburning chamber (fire safety valve); 8 — cover of cooling 
chamber with blinds; 9 — compensator; 10 — non-cooled gas duct to 
gas cleaning

Main technical and economic parameters of water-

cooled dust precipitation chamber operation

Description Units Value

Waste gas consumption (max.) thousand Nm3/h 50

Chamber inlet gas temperature 
(max.)

оС 1650

CO content (max.) % 12–13

Gas consumption through 
chamber

thousand Nm3/h 200

Outlet CO content mg/Nm3 250

Chamber outlet gas tempera-
ture (no more)

оС 400

Inlet water temperature оС 30

Outlet water temperature 
(no more)

оС 45

Water consumption m3/h 1300

Inlet water pressure MPa 0.45

Total mass of metal structures t 130

1

2 3
9

87 10

6

5
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Analysis of a generalized technological diagram of invest-
ment casting has permitted to single out its major hitch while 
being implemented within current facilities — manufactu-
ring of multi-layer shell molds. This lengthy, onerous stage 
consists of a series of operations, such as, for example, 
assembly of pattern blocks; preparation and application of 
slurry and the material of sand fill onto the pattern blocks; 
drying of shell layers; dewaxing; shell firing; etc. That is why 
the authors’ research focused on solving problems relating to 
this stage. A task was set to cut energy consumption in firing 
of shell molds prior to their delivery for steel-melt pouring, 
which significantly bears on the casting resultant quality. To 
minimize formation of hard non-metallic inclusions in the 
casting’s body, as well as oxidation and decarburization of 
its surface layer, the authors believe expedient to ensure 
decrease in the shell mold material’s activity. It may be 
attained by creation of a regenerating atmosphere in the 
zone of physics-chemical interaction of the mold with the 
poured metal melt. Implementation of the above measures 
will ensure decrease in materials consumption, increase in 
environmental safety of investment casting — a method of 
producing parts which is competitive globally.

Key words: investment casting, firing of shell molds, 
wax utilization, exothermic reactions, crack forming, non-
metallic inclusions, decarburization.

A
t present time, Europe awaits introduction of 

new and more stringent regulations concerning 

the effective usage of energy. In particular, 

European Commission proposes introduction of 

national systems aimed to increase the energy efficien-

cy; those would stipulate obligations to cut energy con-

sumption by 1.5% p.a. Significant attention is paid to 

the issues of environmental safety.

According to the data by the Russian Foundrymen’s 

Association, the prime cost of casting breaks down like 

follows: 50–60% for energy expenses, 30–35% for 

materials expenses. Thus, all industrial enterprises face 

the problem of effective usage and saving of energy and 

materials, which will ensure them tangible advantages 

while expanding to new markets [1].

Currently, quite a number of mechanical engineer-

ing enterprises in Privolzhsky Federal Region alone use 

the investment casting method, which is one of the most 

promising for producing engineering castings of the 

highest complexity for many industries (engineering, 

power engineering, pumps and fittings, aviation, nucle-

ar, defense, etc.).

The main advantage of this casting method is high 

precision of the obtained castings’ geometry, which 

allows to minimize the expenses on further mechanical 

treatment to get a finished part [2]. Yet, its wide applica-

tion is contained by a number of its drawbacks, such as: 

high consumption of labor, materials and energy by 

technological operations and transitions; very long pro-

duction cycle of making castings; and a need for a seri-

ous preparation of production, special tooling and 

equipment inclusive.

Analysis of a generalized technological diagram of 

investment casting has permitted to single out its major 

hitch while being implemented within current facili-

ties — manufacturing of multi-layer shell molds. This 

lengthy, onerous stage consists of a series of operations, 

such as, for example, assembly of pattern blocks; pre-

paration and application of slurry and the material of 

sand fill onto the pattern blocks; drying of shell layers; 

dewaxing; shell firing; etc. That is why the authors’ 

research focused on solving problems relating to this 

stage.

A task was set to cut energy consumption in firing 

of shell molds prior to their delivery for steel-melt pour-

ing, which significantly bears on the casting resultant 

quality. 

According to the traditional (basic) technique, fir-

ing of shell molds without a backup filler is conducted 

upon heating over 1000 oС and soaking at the tempera-

ture maximum for about 4 hours. Total in-furnace time 

is over 10 hours. 

The authors have suggested the technology of 

quartz-based shell mold low-temperature firing allow-

ing a 1.5-fold decrease in the temperature maximum of 

mold heating, as well as more than 2-fold cut in the 

entire cycle of firing.

The concept of this technique is to use an oxygen-

bearing oxidizer (for example, potassium dichromate 

K2Cr2O7) and stiffening additives (boric acid H3BO3) 

introduced into the material of the shell mold. It permits 

to reach the implementation of the firing procedure’s 

major objectives under lower temperature (in compari-

son with traditional technique) and a cut mold’s in fur-

nace time. Due to the evolved oxygen and abstracted 

heat of the exothermic reactions, the following advan-

tages could be ensured: 

a) a complete removal of the wax residue; 

b) completion of the main transformations in the 

shell mold material’s binder; 

Investment casting: technical 

solutions to saving of resources

I. O. Leushin1, L. I. Leushina1, 

A. N. Grachev1, V. A. Ulyanov1 

1 Nizhny Novgorod State Technical University 

named after R.E. Alekseev

E-mail: lmps@nntu.nnov.ru
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c) baking of quartz-based shell refractory material 

to ensure mold stiffness [3].

Reactions of interaction of oxygen-bearing oxidiz-

er with wax, of chosen oxidizers’ decomposition with 

evolution of oxygen, and of oxygen interaction with wax 

under high temperature are presented below:

K2Cr2O7 + CnH2n+2  K2CO3 + Cr2O3+ H2O  (1)

4K2Cr2O7 = 2Cr2O3 + 4K2CrO4 + 3O2 (t  610 oС)  (2)

2CnH2n+2 + (3n + 1)O2 =2nCO2 + (2n + 2)H2O  (3)

“Healing” of cracks forming in the temperature 

interval of polymorphous transformations (-quartz  

-quartz) is ensured by introduction into the shell mold 

material of a small amount of boric acid. During firing, 

occurs a breakdown of boric acid to boric anhydride via 

the reaction:

2H3BO3 = 3H2O + B2O3.  (4)

The forming boric anhydride (in the temperature 

interval of shell mold firing) melts, filling macro- and 

micro-cracks formed in the ceramic shell as a result of 

polymorphous transformations (conversion of -quartz 

into -quartz) and evolution of oxygen from the oxy-

gen-bearing agent.

Comparison of thermo-time modes of firing, pre-

sented at Figure, shows that a changeover from the tra-

ditional technique to the suggested one ensures decrease 

in shell-mold heating-temperature maximum from 

1050 to 650 oС; decrease in soaking time at temperature 

maximum from 8 to 2 hours; and decrease in the total 

shell mold in-furnace time prior to the start of their 

cooling before delivery to pouring with melt from 15 to 

6,2 hours.

Field implementation of the developed technology 

permitted to cut the energy consumption in case of steel 

investment casting on the average 2.0–2.5-fold without 

compromising the high quality of casting. The suggested 

technical solution is protected by a patent for invention 

and documented by implementation certificates at sev-

eral operations of Nizhny Novgorod region [4].

In the conditions of permanent striving for optimi-

zation of resources consumption, the authors conduct 

works to cut the industry’s materials consumption, in 

particular, by utilizing own and other industries’ tech-

nogenic wastes in investment casting (recycling).

Using wax to prevent decarburization of casting 

surface layer during heat-treatment (normalizing) of 

castings [5] is suggested as an example for utilization.

Nowadays, the authors deem the issues of raising 

the environmental safety of the investment casting pro-

cess as very urgent, by means of, for instance, inorganic 

binder usage.

Besides that, it is necessary to become the investi-

gating efforts into the variants of possible risks of low-

temperature firing technique implementation. In spite 

of all its advantages, the technique possesses a number 

of expected drawbacks:

Sharp temperature gradient between the mold and 

the poured melt may lead to formation of cracks in the 

shell [6].

Shell baking, which is one of the key objectives of 

firing, may turn out to be incomplete, thus diminishing 

its crack resistance.

Low (in comparison with the traditional or “clas-

sic”) shell firing temperature may prove inadequate for 

a complete removal of all gases in them, which may 

further bring about corresponding casting defects.

The introduced (into the material of the shell 

mold) oxygen-bearing agent, which ensures evolution 

of an additional amount of oxygen to remove the wax 

residue, may trigger the formation of non-metallic 

inclusions, as well as the oxidation and decarburization 

of the castings’ surface layer.

To ensure shell mold crack resistance the following 

measures are taken:

— usage of boric acid powder in the shell material, 

which, upon melting, performs the function of a binder, 

thus stiffening the shell;

— usage of materials (in the shell structure) with a 

considerably lesser linear thermal expansion coefficient 

than that of quartz, which reduce possible negative con-

sequences of polymorphous transformations during the 

firing and melt pouring procedures;

— creation of porous shell structure, which would 

prevent mold cracking due to a more even distribution 

of thermo-mechanical stresses in the material and, as a 

consequence, would inhibit possible deformations 

du ring pouring of melt [7, 8].

To decrease the amount of gases evolved during 

pouring of melt into the shell mold and, as a conse-

quence, to lower gas defects in the casting’s body, the 

following measures are recommended: 

— Ensuring the fastest casting skinning while pour-

ing the melt, which hinders gas penetration into the 

casting’s body. 

— Provision of a directional take-off of gases 

through the shell mold backup layers via usage of cor-

responding additives in the mold material.

Thermo-time modes of shell mold firing
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— Ensuring a maximum possible evolution of gases 

from the shell at the firing stage with its simultaneous 

lowering at the mold pouring stage.

To minimize formation of hard non-metallic inclu-

sions in the casting’s body, as well as oxidation and 

decarburization of its surface layer, the authors believe 

expedient to ensure decrease in the shell mold material’s 

activity. It may be attained by creation of a regenerating 

atmosphere in the zone of physics-chemical interaction 

of the mold with the poured metal melt.

Implementation of the above measures will ensure 

decrease in materials consumption, increase in environ-

mental safety of investment casting — a method of pro-

ducing parts which is competitive globally.
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Closed joint-stock company 

“Omutninsk Metallurgical Plant”

The 240 year history of Omutninsk Metallurgical Plant is 
described. Currently, Omutninsk Metallurgical Plant is a 
compact enterprise with incomplete metallurgical cycle and 
annual production volume of 180,000 t. The plant includes 
4 main production facilities: steel-melting plant, long pro-
duct rolling mill, steel shaped sections plant and elevator 
guide rails plant. Ready products of the enterprise comprise 
hot-rolled and calibrated shaped sections of high precision, 
cold-drawn and mechanically treated elevator guide rails. 
Considering remoteness of the plant from raw materials, the 
task for today is increasing volume of hi-tech products. 
Reconstruction plays a special role in solving this task. After 
successful finish of the first stage of reconstruction in 2006 
(modernization of steel-melting plant), its second stage, 
including upgrading rolling production, is finishing now.

Key words: history, Ural region, iron and steel indus-
try, section rolling, shaped products, elevator guide rails, 
reconstruction.

O
mutninsk Metallurgical Plant is among the 

ol dest enterprises of metallurgy in Russia. Its 

history extends back over 240 years. Omutninsk 

ferrum-producing and pig iron smelting plant was estab-

lished within the period of Empress Ekaterina II 

go verning by hereditary merchant and prominent man-

ufacturer Ivan Petrovich Osokin. The official date of 

Omutninsk plant foundation is considered 1773 when 

the official permission for its construction was obtained 

from berg-collegium.

Initially the plant had only a ten-meter blast furnace 

and a refining plant; it included 6 furnaces and 6 ham-

mers. Air blowers (“bellows”) were actuated with a water 

wheel. A product range was not wide: pig iron was smelted 

in the blast furnace; it was forged in refined iron. Later the 

installation of a flatting mill allowed rolling of strip and 

band iron. Besides, the plant executed contractual work 

producing artillery shells. During 1781–1806, 

43–60 thousand poods (1 pood is equal to 16 kg) of pig 

iron and 25–30 thousand poods of refined iron were pro-

duced annually. 

First significant expansion of production volume 

took place in 1820-ies, when Gavriil Ivanovich Osokin, 

who inherited the plant, rent it out to the descendant of 

Swedish nobleman German Fridrikhovich Weimarn. 

The period of “Weimarn rent” expanded for 1819– 1845. 

Within this period the load of the blast furnace increased 

a lot, and another refining plant was built. 

Significant reconstruction of enterprise operation 

took place in the second half of XIX century, when new 

owners came to management of the plant. They were 

Pastukhovs, merchants from Yaroslavl. The period of 

their ownership extended till 1913, and it was accompa-

nied with invitation of a galaxy of talented mining engi-

neers as a management team. They were famous in the 

Ural metallurgical society.

In the second part of XIX century the plant pro-

duced both refined (till 1884) and puddle iron which 

was used for rolling sheet and section iron (tyre, band, 

strip, narrowband, round etc.). Both blast furnaces were 

upgraded in 1861, it made the base for increase of their 

daily smelting per each furnace up to 800–900 poods. 

One should refer to large plant enterprises of the second 

Omutninsk Metallurgical Plant

E-mail: ommet@ommet.ru

Openhearth furnace No. 1: 

metal pouring in a ladle car mounted 

in 1917 under management 

of E. N. Barbot de Marni
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half of XIX century construction of sheet rolling plant 

on the place of the former refining plant.

The important role in the plant development was 

played by Reingold Yakovlevich Gartvan, the mining 

engineer. By the project of Gartvan, mild steel with a 

wide range of profile sizes that has been produced in 

small batches, should have become the main product of 

the plant. Products of this kind were necessary for auto-

motive and aircraft industries that have been starting up 

in Russia at that time. Exclusiveness of the products 

made Omutninsk plants a monopolist in the Russian 

market of metals.

The long product rolling shop,l with a small-sec-

tion mill 280 and billet mill 500 at the Omutninsk plant 

were rebuilt, the open-hearth plant with 15-t furnace 

was appeared, and also the electric station with 990 kW 

power was put in operation for the first time.

In 1915–1916 Omutninsk works, in addition to civil 

products, manufactured special steel for explosive devic-

es, steel for ship chains, iron castings for trench bombs 

that were in great demand. In the meantime, connec tions 

with aircraft and automotive industries grew.

During the post-revolution time, in 1920–1930-ies, 

the plant management took a track on increasing and 

complication of rolled-products range produced in 

small batches. It is necessary to note that this trend of 

plant development remains up-to-date also at the pres-

ent time. In the middle of 1930-ies, the specialists of this 

plant made the hardest operations on calibration of rolls 

and obtaining shaped sections which had been pur-

chased abroad earlier. Among acquired profiles there 

were the profiles for reaping hooks, scythes, pear-

shaped sections, spine-shaped and pendulum bob-

shaped sections. In 1930-ies Omutninsk plant became a 

monopolist in production of a number of shaped sec-

tions in Russia.

 Construction of the railroad Yar-Phosphoritnaya, 

liquidation of blast-furnace practice and construction of 

another open-hearth furnace, construction and com-

missioning of a new electric station were the important 

events in the plant development in the period before the 

Great patriotic war.

During this war, in 1941–1945, the plant took 

orders to meet the needs of the front line. It produced 

30 types of various sections and over 600 section sizes 

for defense enterprises. Simultaneously in these hard 

years the plant found enough forces to implement 

important measures on reconstruction which was held 

actually without interruptions in the production cycles. 

In the war period the new powerful electric engines were 

installed for three mills (450, 280, 550), as well as 

up grading operations on semifinishing mill 500 and re-

equipment of heating furnaces and 2 open-hearth fur-

naces were undertaken.

On October 31, 1962 the start-up of a new highly 

productive automatic mill 280 took place. After putting 

the new mill into practice, some operations on acquiring 

high precision steel shaped sections were executed. 

Within three following years, thermal calibration depart-

ment was built; these facilities provided production of 

over 9,000 t of calibrated metal and over 1,000 t of cold 

drawn special shapes already in 1965. Based on proven 

technology organized on machinery and staff input, the 

plant received a possibility to construct a specialized pro-

duction facility. The construction of cold drawing plant 

went very quickly: in 1969 its first stage came into opera-

tion, and in 1972 the same did its second stage. The rated 

capacity of the complex was 13,600 t of pro ducts per 

year. Already in 1973 production volumes reached 

20,000 t, and simultaneously dimension range was broa-

den up to 300 types of sizes. In 1980-ies the range of 

products included over 500 items of cold drawn sections 

and 300 items of hot-rolled sections.

By the end of 1985 with putting into operation a 

new facility for production of elevator guide rails, annu-

al output of the plant production exceeded 200,000 t.

Reconstruction of 500 rolling mill: 

preparing of basement and mounting of equipment

Steel pouring at continuous casting machine
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In 1990-ies, during the time of market reforms in 

Russia, the plant managers not only protected the plant 

from bankruptcy, but also provided reliable foundations 

for its further development. So, in 1998 the first stage of 

plant upgrading started with construction of the new 

steel melting plant; that stage finished in 2006 with 

commissioning of a ladle furnace and the continuous 

casting machine. Within 1998-2005, gas pipeline was 

constructed, and it allowed transfer heat from black oil 

fuel to gas. 

Since 2001 the managers of the plant have chosen 

the direction leading to creating a modern enterprise 

capable of producing complex cold drawn profiles of 

high precision, elevator guide rails, and hot-rolled pro-

files in a variety of steel grades with special physical and 

chemical characteristics.

Currently, Omutninsk Metallurgical Plant is a 

compact enterprise with incomplete metallurgical cycle 

and annual production volume of 180,000 t. The plant 

includes 4 main production facilities: steel-melting 

plant, long pro duct rolling mill, cold drawing plant and 

elevator guide rails plant. Finished products of the 

enterprise comprise hot-rolled and cold drawn sections 

of high precision, cold-drawn and mechanically treated 

elevator guide rails. Considering remoteness of the plant 

from raw materials, the task for today is increa sing volu-

me of hi-tech products. Reconstruction plays a special 

role in solving this task. After successful finish of the first 

stage of reconstruction in 2006, its second stage, inclu-

ding upgrading rolling production, was planned. 

The main event of the second stage of the recon-

struction was modernization of mill 500 that started in 

2012. Modernization and transfer of profiles from the 

old mill 450 will make it possible not only to reduce 

consumption index at rolling, but also to increase preci-

sion of geometry, to provide the set complex of mechan-

ical characteristics of rolling, to rise annual productivity 

to 120,000–150,000 t against 45,000 t of the old mill due 

to automation of roll mills and replacement of manual 

work on metal edging.

Among the most recent upgrades in the rolling, one 

should mention construction and commissioning of 

mill 180 in 2009. It was aimed at producing of low-

tonnage batches of small sections. The peculiarity of this 

mill is production output with small depth of decarbu-

rized layer which is less than 0.05 mm. Along with mod-

ernization of rolling facilities, a lot of attention is paid in 

the company to preparation of tools. So, in 2010 two 

high-precision EDM machines with precision of tools 

preparation ±0,0015 mm and roughness class 11 were 

installed in the mechanical and repair department to 

prepare drawing dies, various tools, gages. A new CNC 

turning machine for rolls preparation with precision 

grade of preparing forming rolls 0.01 mm in forge and 

turning department of mechanical and repair plant were 

put into practice in 2012. To provide high quality of a 

sections, successful modernization of tilting device in 

steel smelting plant has been inaugurated in 2012: as 

well, a modern hydraulic tilting device by Siemens VAI 

is installed.

Quality of products is provided with the integral 

management system operating at the plant, corre-

sponding to the requirements of international standards 

Laboratory of control testing
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ISO/TS 16949:2009, ISO 9001:2008, ISO 14001:2004. 

It is necessary to mention that in conditions of recon-

struction the enterprise pays a lot of attention to envi-

ronment protection, so pickling tanks in the techno-

logical operations of surface preparation were changed 

from pickling to shot blasting. Pickling tanks were 

eliminated in the plant of elevator guide rails (in 2009) 

and in the cold drawing sections (in 2012).

Specialists of the production control office and the 

central plant laboratory are working in the non-stop 

regime at improving of the acquired grades and acquir-

ing new types of products. Among the latest works, one 

acquiring modified automatic steel АМ12, АМ14 (free 

of lead), should be mentioned; their qualities are not 

worse than those in Pb-containing equivalents, acquir-

ing high-precision section from austenitic stainless 

steel, improvement of mechanical processing of materi-

als for automotive components production. Production 

of about 8 new profiles takes place monthly at the plant, 

half of them are cold drawn sections with precision up to 

0.05 mm. To save time and money for acquiring new 

types of products, the specialists of the plant employ 

modern means of technology development, such as sys-

tems of automated projecting AutoCAD, Kompass-3d, 

special engineering software based on FEM technique 

Deform 3d that are acquired to simulate the behaviour 

of metals under influence of pressure, temperature and 

mechanical treatment. The central plant lab is equipped 

with modern equipment to determine full chemical 

analysis, and also residual gases such as nitrogen, hydro-

gen and oxygen in steel. Besides the trivial trials in lab, 

conditions of control tests of the central plant labora-

tory, the trials on cyclic strength of material and crack 

resistance are conducted.

The products of Omutninsk Metallurgical Plant 

are known not only in Russia, but also abroad. Since 

2007 Vol-Stahl company located in Dresden, Germany, 

is distributing products of the OMP on the European 

market.

Due to high professionalism of the staff, and their 

appreciation of their work the plant went through all 

trials of fortune and developed in accordance with 

requirements of the time. Traditions and experience 

accumulated through centuries, are successfully conti-

nued by contemporary plant workers allowing to see in 

the future with optimism.

Finished products and dimension range 

of Omutninsk Metallurgical Plant
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Difficulties related with run-out of central wire or core (for 
example, 1+6) during cutting of rubber-coated cloth are 
caused by the presence of internal compressive stresses in 
central elements of compact steel cord. These effects are 
linked with lay kinematics by the method of double twisting 
which are mainly used for the purposes of present-day 
production of steel cord. Double twisting of really and 
orderly arranged wires results in different layered shorten-
ings of wire: it is maximum for external layer wires and it is 
zero for central wire. In order to offset compressive stresses, 
wires of internal layers are subjected to tensile forces, 
which are much higher than those applied to external 
wires. However, it is also essential to adjust for elastic 
residual stresses both for internal wires and external lay. 
Complex types of lay-related deformation result in differ-
ent anchorage indirectly dependent behaviors of wires 
spiraled into steel cord. It is concluded that it's possible to 
use various technological methods to control migration 
tendency of steel cord central layers in the course of steel 
cord production and that the main reason for reduction of 
central structures anchorage is weakening of external lay 
wires under the effect of compressive stresses in wire. 
Additionally, squeezing moment of elastic come-back on 
steel cord central structures from external lay wires can be 
produced through obtainment of optimum difference in 
tensions and residual torques with the use of fine twisting in 
rotary unwinding.

Key words: wire, steel cord, double twisting, internal 
layers, core, external wires, anchorage, compressive 
stresses, tensile forces, squeezing moment, residual torques.

I
t has become widespread to use compactly arranged 

steel wire cord to produce tires. These structures 

involve linear inter-wire contact which promotes 

optimum fretting corrosion. However, it is of critical 

importance to avoid migration of central wires in multi-

layer steel cord which is used for commercial tire belt. It 

is typical for steel cord wires to move laterally in steel 

cord of compact structures. Migration ability of steel 

cord central layers is determined through anchorage 

test.

Anchorage rate is generally assumed to be the force 

to pull core wires out of layers of outer wires. Low 

anchorage rate reduces endurance ratio and causes 

problems for processing of rubber-cord cloth.

Difficulties related with run-out of central wire or 

core (for example, 1+6) during cutting of rubber-coat-

ed cloth are caused by the presence of internal com-

pressive stresses in central elements of compact steel 

cord. These effects are linked with lay kinematics by the 

method of double twisting which are mainly used for 

the purposes of present-day production of steel cord. 

Double twisting of really and orderly arranged wires 

results in different layered shortenings of wire: it is 

maximum for external layer wires and it is zero for cen-

tral wire. In order to offset compressive stresses, wires 

of internal layers are subjected to tensile forces, which 

are much higher than those applied to external wires. 

However, it is also essential to adjust for elastic residual 

stresses both for internal wires and external lay. 

Complex types of lay-related deformation result in dif-

ferent anchorage indirectly dependent behaviors of 

wires spiraled into steel cord.

The values of wires residual tension and elastic 

strain level have direct impact on central wire anchor-

age force. Indirect method for estimation of residual 

deformation value implies on determination of curving 

of wires wound out of a number of layered steel cord. 

Fig. 1 shows external laid wires — central structure 

interaction pattern.

In accordance to the given pattern, anchorage 

force (Рanch) is to be determined by the following for-

mula:

Рanch = nF = nNf, (1)

where n – number of internally layered wires; F — fric-

tion force, Н; N — normal load, Н; f — coefficient of 

friction between internally layered wires and central 

wire (0.2–0.3).

Relationship between normal force and residual 

curving of stranded wires shall be determined with the 

following formula [1]:

 (2)

where Кr, К — residual curving of wires and curving of 

steel cord wires, m1; Мf – moment of flection, Nm; 

Problems related with migration 

of internal layer wires of steel-cord 

for compact structures
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Fig. 1. Forces interaction pattern for steel cord elements
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Е — modulus of steel elasticity (9.8.106 Pa); J — 

moment of inertia, kg.m2; t, d — length and diameter of 

lay, m.

Thus, based on the analysis of changed curving of 

wire after its lay and wind out of steel cord, it is possible 

to predetermine normal pressure force which means 

anchorage value as well:

 2(K  Kres)EJ
N =  . (3)

 l

One of the basic requirements to the manufacture 

of steel cord structures is to ensure dense structural 

arrangement of wires. Structure density can be deter-

mined on the basis of behavior of cord elements after 

their out-cording.

Thus, the degree of adhesion of wires to central lay-

ers can be determined on the basis of wire curvature in 

winding and out steel cording state Fig. 2). The less is 

residual curving of out-wound wires in relation to steel 

cord curvature of these wires, the more is dense steel 

cord structure.

Steel cord 0.20+18×0.175 (pitch is 10 mm); 

0.20+18×0.175 ST (pitch is 10 mm); 0.20+18×0.175 

(pitch is 12.5 mm) has been used as a reference sub-

stance to test for changing residual wire curvature in 

order to prove theoretical assumptions (see Table 1). The 

variation values of total curvature and twisting are prac-

tically identical, which is mainly the evidence of elastic 

torque moment being presented in wires. Sign “” 

shows that wires tend to reduce total spiral curvature, 

i.e. to make adherence to steel cord center more firm 

and thus to improve wire anchorage and to decrease 

tendency towards central wires migration.

Residual curvature level is subject to the level of 

compressive stresses of wire material and lay-related 

deformation processing depth. Stretching determined 

by rewinding conditions is one of the basic types of 

deformation characterizing manufacture of stranded 

products. It is important to be allowed for inter-layer 

wire tension distribution [2]. In order to take into 

account impacts of accumulated tension and inter-layer 

wire difference in tension, it has been proposed to use 

loading ratio, which is to be calculated by the following 

formula:

 = KnKr, (4)

where Kn and Kr are coefficients which account for 

value of aggregate load and difference in tension between 

external lay wires and central wire.

Table 1. Processing of measured values of wire residual curvature in steel cord 0,20+18×0,175 

with different pitches and breaking strength

Sample
Lay 

pitch, 
mm

Steel 
cord 
layer

Lay 
diameter, 

mm

Diameter 
of layer, 

mm

Curvature, 
mm1

Twisting, 
mm1

Total cur-
vature, 
mm1

Variation 
of curva-

ture, 
mm1

Variation 
of twis-

ting, 
mm1

Variation 
of total 

curvature, 
mm1

Calculated

10.0 1 0.375 0.550 0.07301 0.61972 0.62400 — — —

10.0 2 0.620 0.795 0.11796 0.60533 0.61672 — — —

10.0 3 0.725 0.900 0.13605 0.59733 0.61263 — — —

Strength NT*

10.10 1 0.697 0.872 0.12880 0.59410 0.60790 0.0558 0.0257 0.0161

10.29 2 0.639 0.814 0.11490 0.58850 0.59960 0.0031 0.0168 0.0171

10.15 3 0.727 0.902 0.13270 0.58940 0.60410 0.0034 0.0080 0.0085

Strength ST*

9.93 1 0.399 0.574 0.07860 0.62260 0.62750 0.0055 0.0029 0.0035

11.02 2 0.735 0.91 0.11450 0.54630 0.5581 0.0035 0.0591 0.0586

9.69 3 0.839 1.014 0.16430 0.60380 0.62570 0.0282 0.0065 0.0131

Calculated

12.5 1 0.375 0.550 0.04696 0.49823 0.50044 — — —

12.5 2 0.620 0.795 0.07650 0.49073 0.49666 — — —

12.5 3 0.725 0.900 0.08865 0.48650 0.49451 — — —

Strength NT*

13.78 1 0.353 0.528 0.03650 0.45320 0.45460 0.0105 0.0451 0.0458

12.54 2 0.619 0.794 0.07590 0.48930 0.49510 0.0006 0.0014 0.0015

13.11 3 0.768 0.943 0.08530 0.46350 0.47130 0.0033 0.0230 0.0232

* NТ (normal tensile); ST (super tensile)

Fig. 2. Changes in spiral curving after wire winding out of steel 

cord
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 Põ
sumKn =  , (5)

 P0
sum

where P0
sum and Põ

sum are wire total tensions for initial 

and concerned options of laying, Н.

 PnKr = 1    (6)
 Pc

where Pc and Pn are tensions of central wire and outer 

lay wire, Н.

Table 2 shows anchorage dependency of loading 

ratio and central wire deformation for steel cord 

0.20+18×0.175.

The research results have demonstrated that harsh-

ness of central wire has a major role for enhancing 

anchorage ability. In addition, the following tendency is 

observed: the higher is central wire loading ratio, the 

higher is anchorage force of central wire.

Fig. 3 shows variation in anchorage force with 

external lay wires tension being increased (Рout.) and 

tension of central wire and internal lay wires being 

unchanged (Рint.). Higher anchorage level is apparently 

related to increase of residual curvature of outer lay 

wires and thus to increase of normal pressure.

It has been experimentally proven that degree of 

residual torsionally elastic deformation is equally impor-

tant for anchorage level of internal layers wires. Twisting 

value is adjusted with ratio of rotary speed of rotational 

unwinding to rotor speed of laying module of rope 

twister. 

It is common knowledge that torsions which, as it 

is known from literal sources, tend to contribute to less 

dense arrangement of wires (they result in a kind of 

structural loosening), are used in laying machines to 

eliminate elastic torque moments [3]. Therefore, the 

less is level of elastic torque moments, the less torsion 

effect is required. Fig. 4 shows comparison of effects of 

elastic torque moments for different levels of fine-twis-

ting of various layers wires being laid.

Table 3 shows the research data on residual twisting 

by steel cord layers for different laying techniques.

As Table 3 shows, the moment occurring in middle 

layer of experimentally manufactured steel cord is in the 

direction opposite to the upper one. This correlation of 

moments results in variation of residual curvature of wires 

of inner and outer lays contributing to closer inter-layer 

wire contact, thus strengthening anchorage of layer 1+6. 

To prove that, an experiment on the manufacture 

of steel cord 0.20+18×0.175ST has been conducted dur-

ing which variation range of rotary unwinding speed has 

been determined with compact arrangement of wires in 

the structure and unwinding ability of outer lay wires 

(Fig. 5).

To obtain anchorage level above 10H it is necessary 

to set the ratio of machine’s laying rotor speed to wire 

rotary unwinding rate at no more than 1.3. 

Table 2. Effect of loading ratio on central wire 

anchorage value

Option
Рsum, 

Н
Рc/Рn

Loading 
ratio

Central wire 
riffling

Ancho-
rage, H

1 309 0.800 0.246  4.1

2 292 0.429 0.664 + 7.9

3 260 0.500 0.518 + 8.3

4 324 0.400 0.774 + 9.1

5 329 0.343 0.861 + 19.0

Fig. 3. Dependency of anchorage force on wire tension 

proportion of external and internal layers

Fig. 4. Direction of torque moments in steel cord laid: 

а — with fine twisting of all internal and external lay wires; b — without fine twisting of internal lay wires
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Based on the above mentioned information, the 

following conclusions can be made:

1. It is possible to use various technological me thods 

to control migration tendency of steel cord central lay-

ers in the course of steel cord production.

2. The main reason for reduction of central struc-

tures anchorage is weakening of external lay wires under 

the effect of compressive stresses in wire.

3. Squeezing moment of elastic come-back on steel 

cord central structures from external lay wires can be 

produced through obtainment of optimum difference in 

tensions and residual torques with the use of fine twist-

ing in rotary unwinding.

This problem is of particular actual importance for 

the manufacture of steel cord out of wire with strength 

level 3800–4200 MPа.
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Table 3. Distribution of twisting moments by layers

Technique
Residual twisting by layers, rev/6m Difference in layers, 

revolutions1+6+12 1+6

With fine twisting of all internal and external lay wires 0.75 0.5 0.25

Without fine twisting of internal lay wires 0.5 +1.5 2

Note:  for “Z” lay the sign “+” means spiral unwinding (increase in Dres.); “” means spiral winding and N increase 
(see Figures 1 and 2).

Fig. 5. Dependency of central wire anchorage force on ratio of 

rotational speed of machine’s laying rotor (Nr) to rotation velocity 

of wire pre-twister (Npt)
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The paper describes an algorithm for the mathematical 
description of microstructures of pearlitic steels. The pur-
pose of this work is the development of a method for math-
ematical description of the microstructures in pearlitic 
steels for their quantification. It is proves the fact that the 
mathematical models of microstructures, developed using 
the frequency distribution of eutectoid colonies in pearlitic 
steels depending on interlamellar distances, allow estimat-
ing the degree of heterogeneity of a microstructure. It is 
known that microstructures of pearlitic steels, obtained 
under non-equilibrium conditions, consist of eutectoid 

colonies formed after decomposition of austenite and inco-
herently distributed in the plane of the section. At the same 
time, in different parts of microstructure, the sizes of inter-
lamellar distances of “ferrite-cementite” system can differ 
by several times. In these circumstances, establishment of 
relationships between the characteristics of microstructure 
and steel properties is virtually impossible, if using the tra-
ditional approaches based on qualitative analysis of micro-
structure. Simple averaging of microstructure parameters 
equalizes structural features of eutectoid colonies and the 
study of relationship between the properties of steel and its 
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microstructure parameters becomes even more complicat-
ed. At the same time, today’s computer-based image pro-
cessing techniques open up new possibilities for analy zing 
the relationship “structure-properties”. 

Key words: microstructure, pearlitic steels, mathe-
matical methods, eutectoid colonies, ferrite, cementite, 
austenite, mechanical properties, qualitative analysis.

A
nalysis of the published data on treatment of 

alloy microstructure shows that the term “mathe-

matical model of microstructure” is not a gene-

rally accepted one. This is due to the fact that micro-

structures of alloys in metallurgy and metal physics are 

still treated via traditional methods. That is, they are 

used to estimate the intergranular grains, size and shape 

of the phases. Moreover, this information tends to be 

qualitative. Magazine pages often demonstrate non-

equilibrium microstructures containing grains with 

seve ral times difference in size. And at the same time, 

the authors try to explain alloy properties by variations 

of the grain structure without providing the calculations 

of the uncertainty in determining the area of the grain.

It is well known that “the image of microstructure” 

contains much more information than the one tradi-

tionally used by metallurgists in their researches. 

Therefore, the main problem in the use of modern 

methods of treatment of the microstructure is to replace 

“image of microstructure” with a set of quantitative 

parameters.

Let’s consider the definition of a mathematical 

model. Mathematical model is a mental representation 

and the material implemented system that, displaying or 

making an object of research, is able to replace it so that 

its examination provides new information about the 

object [1–9]. Modeling as a research method is based on 

the substitution of a certain object (sample) into other 

one similar (model). In this case we are talking about 

replacing the image of microstructure into the mathe-

matical model, which reflects the basic properties of the 

image of the phase components. As the main property of 

the mathematical model of microstructure, this paper 

selects interlamellar distance of eutectoid colonies.

Thus, the essence of the proposed approach lies in 

the fact that the image of the microstructure is replaced 

by a mathematical model (functional dependency), 

which represents properties of the studied microstruc-

ture. Such property in this case is the interlamellar dis-

tance of spatially distributed eutectoid colonies of pear-

lite — “ferrite-cementite”. To develop a mathematical 

description of microstructures, the following structural 

and logic processing model for microstructures, shown 

in Fig. 1, is proposed. 

As it can be seen from this figure, in the first phase 

for the microstructure, the dependence of the number 

of elements of eutectoid colony on the size of interla-

mellar distance N(dil) can be found. In the next step the 

parameters of the mathematical model as a function of 

N(dil), which characterize the main features of altera-

tions in the eutectic colonies along the micro-section, 

are introduced. 

Fig. 2 shows an enlarged processing algorithm of 

image of pearlitic steel microstructure used to develop a 

mathematical model. Algorithm for computer proces-

sing of the microstructure consists of the following sta-

ges: image binarization with the selected threshold; 

re cognition of lines in the image; calculation of the 

Fig. 1. Stages of developing mathematical model to describe pearlitic steel microstructure

Program
Structure

Distance, mcm

N
um

be
r o

f d
is

ta
nc

e,
 e

a

Distance, mcm

N
um

be
r o

f d
is

ta
nc

e,
 e

a

Distance, mcm

N
um

be
r o

f d
is

ta
nc

e,
 e

a

Microstructure 1

Microstructure 2

Microstructure N

N
1
(d

il
)

N
2
(d

il
)

P
1

1
, P

2

1
, ..., P

k
1

P
1

2
, P

2

2
, ..., P

k
2

P
1

N
, P

2

N
, ..., P

k
N

P
11

, P
12

, ..., P
1k

P
21

, P
22

, ..., P
2k

P
N1

, P
N2

, ..., P
Nk

N
N

(d
il
)



18

CIS Iron and Steel  Review ·  2013

number of perpendicular lines between pearlite lines; 

drawing a histogram for distribution of interlamellar 

distances for the structure as a whole; thinning opera-

tion of recognized lines of the image, calculation of the 

perpendicular lines between the thinning lines; deve-

lopment of a mathematical model as a histogram for 

distribution of interlamellar distances between thinning 

lines throughout the microstructure.

In order to generate such mathematical model, 

microstructures of pearlitic steel wire rod obtained at 

Byelorussian Steel Works have been used. Fig. 3 shows 

microstructures, taken from different parts of the sam-

ple and corresponding to one heat of steel grade 80. 

For each of these microstructures functional 

dependencies of the form N = F(dil), which are con-

structed in Fig. 4 have been calculated using the algo-

rithm shown in Fig. 2. To investigate stability of the 

mathematical model of the pearlitic steel microstruc-

Fig. 2. Algorithm for computer processing of the microstructure 

in order to obtain its mathematical model

Fig. 3. Photographs of microstructures (a—d) for melting 1 of 

sample 4

Binarization with selected sensitivity threshold

Recognition of objects
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ture, the confidence interval for four micrographs 

(Fig. 5) has been calculated. As the figure shows, the 

scatter of characteristics of eutectoid colony interlamel-

lar distances is structured in the range, which does not 

exceed 3.5%. This indicates satisfactory mathematical 

description of the microstructure and the possibility of 

its use for practical purposes.

Results obtained in the present study can be used to 

address specific applied problems. In the industrial pro-

duction at Byelorussian Steel Works, in the process of 

drawing bead wire was made from wire rods. And one of 

the defects of this wire is a defect of compacting crack 

type, which manifests itself in the emergence of a break 

in the form of a spiral or a step. In the process of produc-

tion of wire rod, pearlite steel microstructure is investi-

gated and interlamellar distance is determined. And at 

the same time, microstructures of wire rod, which is 

used to get a bead wire, is indistinguishable at the quali-

tative level. Therefore, using the wire rod with virtually 

the same microstructure it is possible to obtain bead 

wire, which might has or has not a defect of compacting 

crack type. In this case, the question arises: whether the 

microstructure of wire rod, used to make the wire, is 

homogeneous and in what extent?

Mathematical modeling methods, developed in the 

present paper, allow us to solve problems of this kind. 

To illustrate this problem at Byelorussian Steel Works, 

sampling of microstructures from two versions of wire 

rods, has been carried out; these wire rods are later used 

to produce bead wire. The first version of wire rod (con-

ventionally denoted as wire rod A) inherits microstruc-

ture in which later manufactured bead wire does not 

manifest a defect of the compacting crack type. The 

second group of wire rod (conventionally denoted as 

wire rod B) inherits the microstructure of pearlitic steel 

which, after manufacturing bead wire using such raw 

material, forms a defect of the compacting crack type. 

Analysis of the compacting crack defect on the 

basis of the traditional microstructural analysis showed 

that microstructures of the wire rod samples, with the 

defect of compacting crack type occurred and not 

occurred, are virtually indistinguishable, and that there 

are no visible changes in microstructure. However, 

computer analysis, conducted with the aim of proces-

sing images of type A and B wire rod microstructures, 

generating and not generating compacting crack defect, 

showed that the mathematical models of these micro-

structures are different. Therefore, microstructures of 

wire rod, generating and not generating compacting 

crack defect, may be divided into two classes. The first 

class includes wire rod microstructures resulting in a 

compacting crack, the second class includes wire rod 

microstructures, which do not lead to a compacting 

crack.

For each of the selected microstructures of wire rod 

attributed to contingent classes A or B, frequency distri-

butions on the basis of interlamellar distances have been 

calculated. Fig. 6 shows the mathematical models (fre-

quency distributions depending on interlamellar dis-

tances) for microstructures of wire rod class A, which 

does not lead to the formation of compacting crack 

defect. Fig. 7 displays the mathematical models (fre-

quency distributions depending on interlamellar dis-

tances) for microstructures of wire rod class B, which 

lead to the formation of compacting crack defect. 

Fig. 4. Frequency distribution of eutectoid colonies share 

through the interlamellar distance for microstructure (1–4) of 

sample 4 in heat 1 from Byelorussian Steel Works

Fig. 5. Frequency distribution of eutectoid colonies share through 

the interlamellar distance for microstructure (1–3) of sample 4 in 

heat 1 from Byelorussian Steel Works:

1 — average value of eutectoid colonies characteristics, calculated 
from the microstructures (fig. 3, a—d); 2 — lower value of eutectoid 
colonies share in the microstructure; 3 — upper value of eutectoid 
colonies share in the microstructure
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Fig. 6. Frequency distribution of eutectoid colonies share accor-

ding to interlamellar distance for the three microstructures (1–3) 

of wire rod inheriting the microstructure not resulting in the 

formation of compacting crack defect in bead wire
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In order to conduct a comparative analysis of 

microstructures, the next stage included calculation for 

microstructures (Fig. 6, 7) of mean frequency distribu-

tions depending on interlamellar distances on the basis 

of three frequency curves. Fig. 8 and 9 show averaged 

mathematical models of microstructures with the cal-

culated confidence intervals for wire rod, leading and 

not leading to compacting crack defect. By comparing 

the calculated confidence intervals, one can conclude 

that microstructure of wire rod, which leads to com-

pacting crack defect, has greater spread of frequency 

characteristics for eutectoid colonies on the basis of 

interlamellar distances than the wire rod, which does 

not lead to compacting crack defect. These results may 

reflect the fact that wire rod of class A inherited micro-

structure which does not result in a compacting crack 

defect, has more uniform distribution in terms of the 

interlamellar distances of eutectoid colonies in steel, 

than wire rod of class B, which leads to a compacting 

crack defect.

As seen from the distributions shown, the compa-

rative analysis of the frequency distributions of eutec-

toid colonies allows evaluating the degree of inhomoge-

neity of steel microstructures.

Thus, presented mathematical approach to the 

study of microstructures of steels can be used in solving 

the applied problems of metal science — in identifying 

the quantitative particularities in variations of the cha-

rac teristics of the microstructure, which is has theoreti-

cal and practical importance for the steel making 

industry. 
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Fig. 8. Calculated curve for distribution with confidence interval 

of eutectoid colonies share according to interlamellar distance 

for the three microstructures of wire rod inheriting the micro-

structure not resulting in the formation of compacting crack 

defect in bead wire: 

1 — averaged distribution; 2 — low limit of the distribution confidence 
interval; 3 — high limit of the distribution confidence interval

Fig. 9. Calculated curve for distribution with confidence inter-

val of eutectoid colonies share according to interlamellar dis-

tance for three microstructures of wire rod inheriting micro-

structure resulting in the formation of “compacting crack” 

defect in bead wire:

1 — averaged distribution; 2 — low limit of the distribution confidence 
interval; 3 — high limit of the distribution confidence interval
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The paper reviews the publications concerning dependence 
of dendrite arm spacings of iron-based industrial alloys 
from the conditions of solidification. It was noted that the 
used thermal parameters which characterize the conditions 
of dendrite formation — the rate of solidification, the tem-
perature gradient and the cooling rate — quite often are 
determined with significant experimental errors, are esti-
mated on the basis of approximate relationships and often 
mutually correlated. It was established that the published 
empirical power-type models of dendrite arm spacing for 
carbon and low-alloy steels are characterized by a lot of 
the types of the parameters- predictors and by scatters of 
their values, do not consider the effect of the alloys compo-
sition and slightly suitable for prediction of the dendritic 
structure. For objective assessment of uncertainties arising 
from the use of insufficiently large data sets and simplified 
method of estimation for model parameters the procedures 
of statistical analysis of the models adequacy for their cor-
rection and/or rejection were proposed.

The comparison of results of computer modeling for a 
steel slabs (250 mm thickness) with 0.006, 0.06 and 
0.6% C are used for analysis the evolution during solidifi-
cation of the rate of crystallization and the temperature 
gradient under various intensity of heat extraction and 
natural convection of the melt. It was deduced that a radi-
cal increase in the accuracy of the analysis of the condi-
tions of formation of the dendritic structure is provided 
using a developed computer model of the non-equilibrium 
solidification of ingots and castings on the base the thermal 
properties of alloys, determined by means of thermody-
namic modeling, with obligatory taking into account the 
intense convective heat transfer in the melt. 

Key words: carbon and low-alloy steel, dendritic 
structure, dendrite arm spacing, empirical power-type 
models, computer modeling, non-equilibrium crystalliza-
tion.

S
etting of the problem. Multiple publications devo-

ted to investigation of dendrite microstructure of 

iron-base industrial alloys [1–22 et al.], including 

recent review papers [11, 19, 20], contain large data 

about va lues of primary 1 and secondary 2 dendrite 

arm spacings as well as their relationships depending on 

different metallurgical and technological factors. Such 

attention to parameters of structural micro-heterogene-

ity of steel is caused by their substantial effect of forming 

defects of cast metal (such as dendrite segregation, gas 

and/or shrinkage porosity, hot cracks etc.) and by cor-

responding mechanical properties of deformed metal. 

The stream of publications describing this theme, star-

ted in 1960-ies and continuing at present time, is caused 

evidently not only by its importance, but also (last but 

not least) by exclusive complication of the observed 

appearances occurring during crystallization of multi-

component industrial alloys, in combination with diffi-

culty of experimental works at increased temperatures. 

As a result, the analysis of the processes of dendritic 

crystallization does not allow yet to reveal the causes of 

some of the observed contradictions and to get substan-

tiated answer on the key theoretical and practical ques-

tions in the field of quality forming of cast metal.

Confident technological forecast of dendritic 

microstructure in the steel with preset composition, as 

well as synthesis of alloys with required structure need 

high-quality mathematical models in combination with 

reliably established scientific regulations, describing 

comparative effect of steel components on the values of 

1 and 2; this information is now rather approximate 

and is characterized by apparent contradiction. Local 

heterogeneity of dendritic structure plays an important 

role in forming the quality of cast metal and had not any 

adequate quantitative description until today. It is 

important to have adequate calculated relationships in 
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management of the process of dendritic crystallization; 

these relationships describe in general the effect of 

me tallurgical and technological parameters on forming 

and development of structural and chemical micro-

hete rogeneity of cast metal that are inherited even du ring 

intensive plastic deformation. However, well-known 

evaluations of the input of these parameters are often not 

correlated among themselves, thereby essential devia-

tion of the main calculated parameters in industrial 

conditions is not displayed and can’t be analyzed. 

The aim of current publication is discussion of the 

row of problematic aspects in forming dendritic hetero-

geneity of cast steel that were revealed as a result of 

comparative analysis of wide array of publications as 

well as revision of several discussion results of conduc-

ted investigations on the base of usage of the developed 

computer models.

Review of investigations of secondary dendrite arm 
spacings. Carbon and low-alloy steels have been chosen 

as the main objects of investigations because conside-

rable array of empirical data [1–22 et al.] has been accu-

mulated for these steels and a row of theoretical devel-

opments has been made for them.

Description of a row of investigations is presented 

in the table 1; it includes the data about conditions of 

their conduction and contains references to the most 

typical and surveying works with analysis of different 

aspects of the considered investigations. The data pre-

sented in these works have been obtained in different 

conditions — at laboratorial units using special casting 

forms and thermal devices as well as in industrial and 

semi-industrial conditions during continuous casting. 

Usage of laboratorial equipment allows provide the pre-

set solidification procedure, measure temperature varia-

Table 1. Conditions of conducting investigations and evaluations of parameters
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1 *  C E — 1968 [1]

2 *  E 0 1970 [2]

3 *  C E 0 1972 [3]

4 *  E E + 1976 [4]

5 *  C E E E E E 0 1976 [5]

6 * *  E E E E C + 1982 [6]

7 * *  C E 0 1986 [7]

8 *  C E E E E 0 1994 [8]

9 *  C E E E E C + 1998 [9]

10 *  C E C C C C +(С) 1999 [10]

11 * *  C C C C +(С) 1999 [11]

12 *  C +(С) 2008 [12]

13 * *  C C C E 0 2009 [13]

14 * * * Liter. E +(С) 1977 [14]

15 * Liter. E E C +(С) 1996 [15]

16 * * * Liter. C +(С etc.) 2006 [16]

17 * * Liter. C E +(С) 2001 [17]

18 * * Liter. C E +(С) 2000 [18]

19 * * * Liter.  C C C C + 2003 [19]

20 * * * Liter. E+C +(С etc.) 2010 [20]

Remarks: Influence of chemical composition: (+/–) — steel components have effect / have no effect; 0 — not investigated; 
E — experiment; C — calculation; (C) — carbon
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tion via thermocouple units, control local technological 

parameters and, in several cases, keep steady of vary in 

the preset range such parameters as cooling rate R, tem-

perature gradient G in solidification area and/or motion 

rate V of solidification front, independently from each 

other. This equipment is used via flexible varying of size 

of specimens and conditions of heat transfer. In the cases 

of using steel continuous casting machines, variation of 

crystallization parameters is limi ted by varying of steel 

overheating and casting speed.

The data presented in the table 1 testify that a row 

of thermo-physical parameters (R, G, V etc.) of their 

combinations are used for quantitative estimation of 

crystallization conditions. The a.m. parameters differ 

seriously in their techniques and possible mistake of 

their determination; thereby they can’t always be sub-

jected directly in mutual correspondence.

In addition to it, fuzzy character of knowledge 

about relationship between thermo-physical parameters 

and conditions of forming of dendritic structure leads to 

powered law models of different kinds [1–22 et al.]:

1, 2 = F(Rn, V p, G q, ...), (1)

often without mentioning or comparative evaluation of 

validity reached in this case (e.g. correlation coefficient 

etc.).

The most frequently used form of powered law 

models for secondary dendrite arm spacings of second 

order 2 includes cooling rate R and local time of solidi-

fication LS [1–20 et al.]:

1 = K1Rn; 2 = K2m
LS, (2)

what makes it possible to reflect influence of only ther-

mo-physical conditions of crystallization (table 2); in 

several cases relationship between K1 and K2 coeffi-

cients and steel composition [4, 6, 9–20 et al.] is taken 

into account (it will be considered later). 

The values of K2 and m parameters presented in 

table 2 are varied in wide range (K2 from 7 to 54 μm/sm 

at m = 0.32–0.56), what is typical also for other empiric 

expressions such as (1) and (2) [11, 19 et al.]. It doesn’t 

allow to use them for reliable prediction of dendritic 

structure (fig. 1), but suggests searching the new possible 

and/or regular causes of this appearance.

Determination of parameters-predictors of dendritic 
structure. In order to estimate features of the used for-

mulas, it is important to evaluate correctness of those 

values presented in these formulas that are used for pre-

diction of dendritic structure, and their relations with 

other parameters (e.g. their mutual correlation). It is 

shown that thermal analysis is usually (in most words, 

see the table 1) applied in determination of local time of 

solidification LS and temperature interval of crystalli-

zation tLS = (tL  tS), where tL, tS are li qui dus and soli-

dus temperatures.

Cooling rate R, that is substantially varied during 

solidification process, is calculated as an average value 

using R
–

 = ΔtLS/LS expression; therefore, the values of 

parameters in such equations as (2) are connected by 

the relationships m = n and K1 = K2(ΔtLS)n, i.e. K1 

coefficient takes into account the direct effect of alloy 

composition and other values, defined the ΔtLS value, 

on 2, based on the equation 2 = K1(ΔtLS)nm
LS. In 

this case the values tL, tS and LS during the investiga-

tions included thermal analysis are accepted on the base 

of experimental data (i.e. for non-equilibrium condi-

tions). 

However, in the cases when R, V and G are evalu-

ated via analytical calculation [18, 21, 22 et al.], usually 

Table 2. Chemical composition of low-alloy steels and values of K2 and m coefficients in 2 = K2m
LS formula

№ C Si Mn Ni Cr
K2, 

μm/sm m
Year of 

publication
Reference

1 0.55–0.6 0.01–0.07 2.03–2.39 — — (29.5) 0.39 1970 [2]

2 0.59 0.03 1.1 — — 15.8 0.44
1976 [5] 

3 1.48 0.03 1.14 — — 7.16 0.56

4 0.1 0.08 0.4 0.05 0.05 (10.8)*

0.33 1998 [9]
5 0.08 0.86 1.48 0.01 0.04 (48.2)*

6 0.09 0.55 1.2 0.03 0.03 (33.5)*

7 0.63 0.21 0.67 0.03 0.03 (54.4)*

8 0.09 — 1.36 — — 28 0.51
1999 [10]

9 0.15 — 1.44 — — 16.8 0.43

10 0.55–0.56 0.24–0.3 0.75–0.85 — — 52* 0.32

1999 [11]11 0.47 0.37 0.73 — — 40* 0.35

12 0.14–0.2 0.27–0.53 1.35–1.71 — — 15* 0.46

13 0.11–1.01 — — — — 79C0.187 0.38 2000 [18]

Average value and standard deviation 29.3±7 0.40±0.06

Remarks: * — specimens received via continuous casting; K2 — calculated on the base of formulas presented by the authors.
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equilibrium (table) values of alloy parameters are used. 

It is caused by difficulty of taking into account non-

equilibrium features of formation of solid phase and 

variation of composition of liquid phase in this case; in 

its turn, it has effect on value of powered law parameters 

in the equations for 1 and 2. 

Complication of experimental determination of 

local value of rate VL and temperature gradient GL in 

liquid phase (at liquidus front) stipulated usage of ave-

raged values V
–

and G
–

for complete width of solidifica-

tion area or in solid phase (VS, GS) instead of VL and GL 

respectively. To calculate cooling rate R, the expression 

R = GV is often used; it leads the equation (2) to its 

canonical form 1,2 = F(V pG q) of combined forecast 

equations for dendritic structure [11, 17, 19, 21 et al.]. 

However, R = GV replacement will be true for relation-

ship of local values (t/ = (t/x). (x/)), and can 

be characterized by serious errors for the case of non-

equivalent averaging of generated parameters: for com-

plete time of crystallization (for R and V) or for width of 

solidification area (for G).

It was noted many times in different publications 

[6, 21, 23 et al.] that it is possible to provide stability or 

independent varying of G and/or V, therefore it will be 

quite correct to establish correlation between primary 1 

and secondary 2 of dendrite arm spacings with such 

parameters and to compare them with well-known the-

oretical formulas such as 1 ~ V 0.25G 0.5 [21–23 et al.] 

and 2 ~ GV [18, 21 et al.]. However, in industrial con-

ditions and at the most experimental units, G and V 

values often are mutually correlated. This fact is reflect-

ed on the character of obtained results, in particular it 

distorts relationship of exponent factors in the expres-

sions such as (1) formula, where this relationship 

depends on pair correlation coefficient value.

Fig. 2 displays comparison of calculated data about 

temperature variation as well as VL and GL values in 

solidification of unlimited flat ingot of alloys with differ-

ent carbon content; these data were obtained via numer-

ical solution of the task [24, 25] with the constant value 

of heat loss ( = 300–800 W/m2·K), based on Fourier 

equation:

 t m
c  = (t) + L ,  (3)  

where t — temperature;  — time; , c and L — heat 

conduction, volumetric heat capacity and latent heat of 

solidification; m — part of solid phase. Rate (tempo) of 

solid phase formation for multi-component alloys is 

determined by the expression obtained on the base of 

generalized Ohnaka equation of non-equilibrium crys-

tallization [26]:

 (4)

where pi, ki — thermodynamic parameters (slope of 

liquidus surface and distribution coefficient of the i-th 

∑
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Fig. 2. Influence of natural convection on thermal curves of alloys 

solidification in ingot axial area (50 К overheating) (а), speed of 

liquidus front VL in ingot cross section (b) and temperature gradi-

ent in a melt GL (c) during solidification of ingot with thickness 

240 mm of alloys Fe-C — 0.3% Si — 1% Mn with content of C, %: 

0,006 (1); 0,06 (2); 0,6 (3), at  = 300 W/m2·К 
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component of an alloy); Ci
L — content of the i-th com-

ponent in liquid phase, calculating with account of 

partial diffusion behavior in solid phase [24–25]:

 (5)

Di
S — diffusion coefficient of the i-th component in 

solid phase; 2 value is determined by kinetics of coales-

cence of dendritic arms [27], that will be considered in 

the forthcoming parts of the review. Computer-aided 

analysis [24] shows that crystallization process of low-

alloy steel, in the conditions of joint effect of replacing 

components characterized by small Di
S value, occurred 

with substantial deviation from the equilibrium state in 

critical temperatures, rate (tempo) of solid phase for-

mation and composition of liquid phase. 

Investigated Fe-C — 0,3% Si — 1% Mn alloys 

differ essentially via their value of temperature interval 

of solidification ΔtLS (9, 33 and 84 К at 0.006, 0.06 и 

0.60% С respectively) and thermo-physical properties 

(heat capacity с = 4.6–4.8 MJ/m3·К; latent heat of 

solidification L =1500–1840 MJ/m3 etc.), that were 

preset on the base of thermodynamic modeling of equi-

librium crystallization [24, 28]. 

Relationship between melt heat conduction coef-

ficient L and intensity of natural convection in the 

liquid area (with its width RL and temperature diffe-

rence T continuously decreased in solidification pro-

cess) has been taken into account during simulation. 

The value L has been determined on the base of calcu-

lation of convection coefficient с = L/0 with assis-

tance of the criteria equation с = 0.18(Gr·Pr)0.25 [24], 

where 0 — heat conduction coefficient without con-

vection; Gr = g TR 3
L/2 — Grashof criterion; 

Pr = /a — Prandtl criterion; g — gravity force acce-

leration; , , a — temperature coefficient of volu-

metric shrinkage, kinematic viscosity and melt heat 

diffu sivity.

In addition to known features of solidification of 

investigated low-carbon alloys [1, 2 et al.], thermal 

curves on the Fig. 2 show on substantial effect of inten-

sity of natural convection. This effect leads to conse-

quent decrease of initial value from с  15 to с  1 

during reaching half of ingot thickness by liquidus front. 

As a result, variation of VL and GL via ingot cross section 

during its consequent solidification is characterized by 

complicated mode depending on heat loss intensity, 

alloy composition and conditions of melt circulation 

before the liquidus front (Fig. 2 and 3). Calculated val-

ues of VL and GL parameters correlate well with pub-

lished results of direct measurements [4, 5, 31 et al.].

The results presented on the fig. 2 (b, c) also testify 

that in the case of calculated evaluation of VL and GL 
values it is very important to take into account intensive 

influence of natural and/or forced convection on their 

value. It can be realized as directly (via numerical 

hydrodynamic analysis), as well as indirectly, via intro-

duction of efficient heat conduction ratio [24, 29 et al.], 

that exceeds table values of L (used usually in calcula-

tions) by 10–20 times.

The results of approximate analytical calculations 

[18, 21, 22 et al.], where GL = С·VL value has been 

obtained (with evident consequences as R = VL·GL = 

= С ·VL
2 equations, as well as 2 ~ VL

2n), have been 

experimentally confirmed in investigations of dendrite 

arm spacings for stationary conditions of solidification. 

However, lack of direct proportion between VL and GL 
values for the most typical and practically important 

conditions of flat ingot crystallization is observed; it is 

based on the data presented on the fig. 2 and 3, as well 

as revealed in [4, 5, 32]. 

Evaluation and adjustment of the parameters of 2 
(R, LS) empiric models. Essential errors of evaluation of 

such differential parameters as R, V and G and their 

mutual inconsistency that were mentioned above, 

determine (together with other below described factors) 

substantial deviation of empiric parameters (n, m, p, 
q, ...) of the formulas of (1) type. The values n and m 

(table 2) for steel are usually located in the range 

(0.32– 0.56) [19]. It is important to mention that their 
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lower boundary corresponds to theoretically substanti-

ated 2 relationship from local time of diffusive coales-

cence [27] 2
3()  2

3(0) = k, that at 2() >> 2(0) 

displays widely used final relationship 2  (kLS)0,33. 

Based on this reason, in some cases the values of K1 and 

K2 ratios in empiric formulas of (2) type are estimated at 

preset values n = m = 1/3 [9, 18, 20 et al.], with accep-

tance of the fact that their deviation of 1/3 value is con-

nected with errors of determination (they are usually 

not mentioned in publications).

Evaluated values of experimentally obtained K2 

and m para meters (table 2) should be assessed (with cor-

rections of possible effect of alloys composition) taking 

into account the two important factors: used technique 

of LS determination (calculation or measurement) and 

volume of used array N of experimental data through 

structure (not presented in the main part of publica-

tions). These two circumstances determine calculation 

error for empiric parameters.

Firstly, error occurs in linearization of (2) expres-

sion; it is connected with the fact that evaluation of K2 

and m parameters, usually obtained via the least square 

method, minimize the sum of deviation squares of 

transformed variables (log2, logLS), but not the initial 

values (2, LS), what leads sometimes to necessity of 

corresponding corrections. Secondly, the error of mea-

surements and calculations is rarely evaluated in publi-

cations, while the value of empiric parameters n and m, 

as well as K1 and K2 varies essentially depending on 

amount of primary measurements and obtained accu-

racy of averaged experimental data, as well as on num-

ber of conducted experiments.

It is shown in publications [33, 34] that it is possible 

to decrease mean square error of the model 2 = F1(LS) 

compared with linearized model lg2 = F2(lgLS), via 

modification of the technique of statistical processing of 

experimental data (introduction of normalizing factor 

in the canonic system of equations); it is also possible to 

obtain substantial variation of K2 and m parameters, 

what is especially important for small amount of experi-

mental data and their non-uniform grouping.

Evaluation of precision of publishing experimental 

parameters of linearized equation lg = lgK + mlg 

depends on amount N of measurements i(i) and 

error s of obtained model, that together define confi-

dence limits of probable error m and (lgK) of obtained 

empiric values m and K [35]:

where t (, N2) — table value of Student distribution 

quantile;  — accepted level of signification; N and 

sx — total number of experimental points with known 

values xi = lgi and their standard deviation 

sx = 
N

(xi  x–)2/N related to the mean value of total 

data array x– = 
N

xi /N ; s — standard error of the linear 

model;

Fig. 4 shows variation of absolute m error of cal-

culation of model m parameter depending on amount of 

measurements and total accuracy of approximation of 

experimental data, taking into account by s/sx relation-

ship. The less is deviation of the points relating to 

regression line (s parameter) and the more is expansion 

of investigated x values (sx parameter), the less number 

of measurements is required for obtaining satisfactory 

results (fig. 4). Acceptable level of model error at 

 = 0.05 can be evaluated by m = ±0.02, what is pro-

vided at N  20 for typical value s/sx  0.025; in the 

ca se of lesser accuracy of experimental data 

(s/ sx  0.06– 0.008) the required amount of experimen-

tal data increased to N > 40–50.

Review of a row of publications shows that required 

parameters K2 and m of powered law models are calcu-

lated sometimes on the base of data containing 

4–6 experimental points, though for the most reliable 

evaluations they used arrays containing up to 70 values 

obtaining via averaging of essential amount (up to 150) 

of primary measurements [1, 21 et al.]. Statistical evalu-

ation of m parameter in the aggregate of the data that 

generally characterize published powered law models of 

different alloys is varying for the model (2) in the range 

0.17–0.48 with average value 0.34 ± 0.04 [21]. 

Based on calculation of the error of model parame-

ters during its linearization and evaluation of its accu-

racy, it is possible to compare objectively the results of 

experiments of different scales and to exclude doubtful 

data, as well as to achieve better correlation between 

experimental and calculated data. To improve quality of 

empiric models, numerical modeling of solidification of 

experimental castings and ingots [11, 12, 16, 17, 20, 21, 

24, 29, 30] in combination with multi-factor statistical 
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analysis of experimental data on their dendritic struc-

ture can be considered as the most efficient tool.

* * * 

The review and comparative evaluation of pub-

lished empirical powered law models for secondary 

dendrite arm spacings of carbon and low-alloy steels 

display that they are forming using a row of thermal-

physical parameters-predictors (defined with essential 

experimental errors), are evaluated on the base of 

approximate relationships and are often mutually cor-

related. As a result, the mentioned models don’t account 

effect of alloys composition, are not characterized in the 

most cases by quantitative (and/or insufficient) statisti-

cal validity and are hardly suitable for reliable predicting 

of dendriric structure.

Expedience of determination of reliable values of 

different parameters of solidification process (R, VL, GL 

and LS) on the base of numerical simulation of thermal 

processes is noted as the main methodological conclu-

sion caused by quality estimation of the published 

empiric models, describing relationship between param-

eters of dendritic structure of cast steel and the a.m. 

parameters. These thermal processes may be reliably 

evaluated at obligatory conditions of usage of parame-

ters of investigated alloys, defined on the base of ther-

modynamic modeling of phase transformations during 

their crystallization, taking into account the effect of 

convective circulation of overheated melt in non-solid-

ified part of a casting (ingot).

In the case of conventional formation of empiric 

models of dendritic structure, it is required to accept 

steps evident in their importance and aimed on forming 

rather complete arrays of averaged experimental data 

and on improvement of remedies for their statistical 

analysis, with publishing necessary quality evaluations 

of initial information and obtained models.
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The article (the second part of the overall review) reviews 
the publications on dependence of secondary dendrite arm 
spacing microstructure of industrial iron-based alloys from 
their chemical composition. It is noted that quantification 
of this effect obtained by experiments and presented by 
statistical models, are characterized by significant differ-
ences in mathematical form, as well as the sign and mag-
nitude of the regression coefficients which evaluate the 
contribution of different components of steel. By graphical 
comparison of published empirical models, it is established 
that the dependence of the dendrite arm spacing of carbon 
and low alloy steels from carbon content has the contradic-
tory character, that does not allow its unambiguous quan-
titative evaluation and detection the determining factors.

Analysis of this situation shows that improving the 
quality of statistical models (the exception of insignificant 
effects caused by certain components, elimination the cor-
relation distortion, etc.) and for ensuring of their adequacy 
it is reasonably to unify the description of the experimental 
data on the basis of a polynomial form of the concentration 
term of the regression equation, obtained by means of 
orthogonal experimental design .

The role of physical-chemical and thermal factors in 
the development of coalescence of secondary arms is quan-
tified by numerical calculation of the dendritic structure 
produced by computer simulation of non-equilibrium 
solidification of steel slabs (250 mm thickness) with calcu-
lation of the changes in the composition of the liquid phase 
and the evolution of interdendritic spacing. It is established 
that reduction of the secondary dendrite spacing in carbon 
and low alloy steels with growth of carbon, silicon, manga-
nese, chromium, and nickel content, as well as the increase 
in the proportion of austenite during solidification, is 
caused by suppression of diffusion transport of components 
during coalescence of dendritic branches. A quantitative 
evaluation of the intensity of the process, defined by the 
concentrations of components and a number of thermody-
namic (a slope of the liquidus, the distribution coefficient) 
and kinetic (diffusion coefficient in the melt, the Gibbs-
Thomson coefficient) parameters decreases in the follow-
ing sequence: C, Si, Mn, Ni, Cr.

Key words: carbon and low-alloy steel, dendritic 
structure, dendrite arm spacing, empirical power-type 
models, computer modeling, non-equilibrium crystalliza-
tion.

T
he main object of this review and corresponding 

analysis, as in [36], are secondary dendritic arm 

spacing 2 and in particular — their effect on the 

values of different components of industrial multi-

component alloys (carbon and low-alloy steels), reveal-

ing their separate and/or joint appearance as well as 

factors of different nature that determine these effects. 

Review of investigations of the effect of steel composi-
tion on the values of secondary dendritic arm spacing. The 

collection of mathematical models (presented in the 

table 1) describes the effect of steel components on the 

final values of dendritic arm spacing and allows to com-

pare the structure of developed statistical models as well 

as the input of separate components reflected in these 

models. Different features of presented formulas, 

obtained via the remedies of statistical simulation, and 

their complicated structure, chosen by the research 

team, attract attention at first. It is evidently that this 

structure is oriented only on suitable approximation of 

experimental data and does not suggest any physical-

chemical interpretation and generalization. 

The data presented in the table 1 [36] testify that 

the most part of the works with investigation of steels 

with different composition noted variation of dendritic 

structure depending on content of several components 

(first of all of carbon). However, comparison of the 

mathematical models presented in the table 1 displays 

that the effect of carbon content on 2 value (defined by 

different researchers) can be characterized by compli-

cated features and does not agree even by the sign of the 

revealed effect (see also table 1). 

The work [1] needs especial attention; it describes 

laboratorial investigation of dendritic structure in the 

conditions of direct solidification of a series of low-alloy 

steels (containing 0.14–0.88% C at 0.46% Si and 

0.65% Mn). These steels are quite different regarding the 

value of the temperature interval of solidification tLS 
(36– 99 К). Investigation of the structure in more than 

60 (!) points of each specimen allows to establish that 

varying of cooling rate in the wide range (3–200 K/min) 

causes practically the same variations of 2 value (from 60 

to 500 μm) for different steels (see curve 3 on the fig. 1). 

The regression equations such as 2 = K1Rn stipulate 

the values of K1 and n parameters in rather narrow range 

for separate alloys with different carbon content. 
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On the contrary, increase of 2 (curve 6 on the 

fig. 1), revealed during investigation of steel slabs with 

carbon content 0.14–0.56% (at 0.24–0.52% Si and 

0.72–1.71% Mn), is explained by varying tLS in the 

range 40–82 K [11].

As soon as the presented formulas are obtained 

using statistical analysis of experimental data, therefore 

regression coefficients in these formulas should be evalu-

ated taking into account their relation with the confi-

dence interval (not presented in the a.m publications), as 

well as with revealing possible correlation between con-

tent of different components. The authors don’t have 

such data, so in the case of different and complicated 

mathematical form of regression equations it is possible 

to estimate the contribution of different components 

only qualitatively. In particular, graphical comparison of 

2 (C) relationships on the fig. 1 shows that at present 

time there are not any reliable experimental grounds for 

distinct conclusions about the features of carbon effect 

on dispersity of dendritic structure. 

Table 1. Statistical models of the effect of steel components on the values of secondary dendritic arm spacing 2

№
Formula for calculation 

(2, μm; R, К/s; LS, s; GL, К/сm; VL, cm/s; Хi: С, Si, Mn, …, mass.%)
Conditions of use 

(Хi, %)

Year 
of 

publi-
cation

Re fe-
ren ce

1 2 = 146R0.386 0.14  С  0.88 1968 [1]

2 2 = 79C0.187LS
0.38 0.11  С  1.01 1977 [14]

3 2 = A1Rn; A1 = 148; n = 0.38  0  С  0.53
1996 [15]

4 2 = A2LS
d ; A2 = 21.52764  9.4С; d = 0.4 + 0.08С  0.53  С  1.5

5 2 = LS
1/3(70C + 50Si  0.178Mn  430Al + 0.755Ni + 3.42Cr)  0.18  С  1.48 1998 [9]

6 2 = 18.61LS
0.36exp(1.49C); 2 = 64.8R0.36exp(2.12C); 2 = 6275GL

0.53exp(2.38C); 
2 = VL

0.61exp(1.77C)
0.14  С  0.56 1999 [11]

7 2 = (169.1  720.9C)R0.4935 0  C  0.15
2001 [17]

8 2 = 143.9R0.3616C(0.5501  1.996C) С > 0.15

9 2 = 123R0.33exp(A); A = 0.281C + 0.175Mn  0.063Cr  0.136Mo  0.091Ni — 2006 [16]

10 2 = (166.38  567.07C  85.39C2)R0.49 0 < C <0.15

2009 [38]

11 2 = (671.31C2  627.8C + 232.23)R0.36C(0.55  2C) 0.15  C  0.53

12 2 = (27.9311.19C)LS
(0.4+0.08C) C > 0.53

13 2 = (40.02R0.4 + 0.78R1.11C + 86.74R0.099Si  38.72R0.15Mn + 1193.95R0.28Al + 
+ 1276.71R0.23Cr  18.02R0.17Ni  2383.63R0.2Nb)LS

1/3 0.05  C  0.3

14 2 = 200R0.33exp(A0.4); A =  0.6844C  0.0069Si  0.0674Mn  0.1412Cr  0.0057Mo  
 0.1259Ni + 0.14788C2 + 0.00387Cr2 + 0.00101Ni2  0.10295CrC + 0.00456CrNi

— 2010 [20]

15 2 = 16.3(1  0.63Si  0.26Mn  0.06Cr  0.09Ni + 0.18SiMn + 0.06MnCr + 0.02MnNi)LS
0.45

С = 0.09; 
Si = 0.4; Mn = 1.2; 
Ni = 2.1; Сr = 1.1

2012 [42]

16 2 = 18.39(1  0.73C)LS
0.329 0.01  C  0.07; 

Si = 0.3; Mn = 1

2013 *)17 2 = 45.36(1  0.68Si  0.49Mn  0.26Cr  0.68Ni)LS
0.33 C = 0.06 ; Хi = 1

18 2 = 21.7(1  0.47Si  0.15Mn  0.042Cr  0.072Ni)LS
0.33 C = 0.6 ; Хi = 1 

19 2 = 49.58(1  0.97C  0.74Si  0.58Mn  0.45Cr  0.51Ni)LS
0.325 0.06  C  0.6; Хi = 1

 Remark: *) this work.

Fig. 1. Relationship between secondary dendritic arm spacing 2 

and carbon content according to different models (1–12) at local 

time of solidification LS = 100 s or cooling rate R = 0.5 К/s. 

Numeration of the curves 1–12 corresponds table. 1
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The same features of dual effect also of other steel 

components are revealed in the table 1 by comparison of 

the formulas (5), (9), (13) and (14); sign change for such 

elements as Si, Mn, Ni and Cr is noted many times. 

These results can be hardly explained, if we shall not 

consider them as a consequence of mutual effect of the 

components for different composition of alloys, as well 

as appearance of the fact that some regression equations 

(those that are close to statistically non-significant 

ones) can change the sign in the range of a confidence 

interval, especially during essential mutual correlation 

of contents of the elements that is typical for statistical 

models [33, 35]. 

Physical-chemical analysis of the effect of factors on 
the values of secondary dendritic arm spacing. In order to 

find out the effect of steel components on the final den-

dritic arc spacing values, connected with the processes 

of diffusion coalescence [23, 24, 27] occurring du ring 

dendrite forming, quantitative analysis of the effect of 

different factors is required. Among these factors the 

following can be mentioned: not only physical-chemi-

cal, depending on Ci
L content for each i-component in 

the melt (distribution coefficient k, slope of liquidus 

surface p, melt diffusion coefficient DL etc.), but also 

thermal-physical (liquidus and solidus temperatures tL 

and tS, crystallization heat Q, thermal capacity с, rate 

(tempo) of solid phase formation etc.). Systematic cor-

relation between the marked factors is reflected by the 

ge neralized formula [24]:

  (6)

where 0 — initial value of secondary dendrite arm 

spacing forming near the top of dendrite trunk;  — 

coefficient depending on the accepted coalescence 

model [27, 39];  — Gibbs-Tomson coefficient; LS — 

local time of solid phase formation. Based on calcula-

tions of 0 values and the results of corresponding 

experiments [24, 39 etc.], intensive coalescence is usu-

ally accompanied by reaching 2 >> 0, ratio, therefore 

the effect of the components was evaluated during 

numerical simulation of the second component of the 

formula (6).

Varying the alloy composition causes change of 

transfer intensity for melt components, as well as vary-

ing time of crystallization LS depending on relationship 

between extracting heat of crystallization and intensity 

of external heat removal in casting conditions. 

Combined effect of these different factors in varying 

alloy composition becomes more complicated by the 

mutual effect of alloy components [24] and is able to 

cause 2 variation with different value and sign.

Physical-chemical parameters shown in the table 2 

are determined via thermodynamic simulation [24]. At 

similar values of Di
L and i [40] for different steel com-

ponents, incorporated in the formula (6) [24], the value 

of pi and ki coefficients, depending on the composition 

of multi-component liquid solution and structure of 

formed solid phase (- or -Fe), is the most substantial. 

As concerns the effect on the value of the complex 

parameter p(1  k)C0/Di
L (see table 2), carbon is a 

decisive factor. It has maximum pC and minimum kC 

(its contribution ~30–50% at formation of -phase and 

~75– 85% in -phase). The substitution components are 

located in their specific effect in the following sequence: 

Si (contribution 30 and 12% respectively), Mn (14 and 

3%), Ni (5 and 1%), Cr (1.5 and 1%). Therefore, 

increase of carbon content and increase of the part of 

-phase causes decrease of the values of dendritic arm 

spacing owing to predicted intensification of the process 

of diffusion coalescence; it quite agrees with the features 

of the most curves (4, 8, 9 and 12) on final fig. 1 and with 

the data of table 1.

During comprehensive estimation of the effect of 

steel components in correspondence with (6) formula it 

is necessary to take into account that variation of con-

tent of the components is accompanied with substantial 

change of thermal-physical parameters (c, L) and tem-

perature interval of solidification tLS, having direct 

effect on на LS.

∑ −
Γ+=

K
L
i

L
iii

LS

D

Ckp )1(
13

0
3
2λ λ τϕ

Table 2. Input of different steel components in diffusion dendrite coalescence

Phase
Parameters

Components of alloy Хi

C Si Mn Cr Ni

Di
L
, 109 m2/s 5.41 3.74 3.71 2.57 3.01

-Fe

C0, % 0.01–0.09 0.2–0.6 0.6–1.2 0.1–0.5 0.1–0.5

p, K/% 80–85 14–16 4–4.8 2.5–2.8 4–5

k 0.14–0.17 0.55–0.6 0.63–0.66 0.85–0.88 0.8–0.85

p(1  k)C0/Di
L 0.76–0.81 0.4–1.07 0.22–0.48 0.02–0.1 0.02–0.18 1.38–2.55

-Fe

C0, % 0.5–0.8 0.2–0.6 0.6–1.2 0.1–0.5 0.1–0.5

p, K/% 70–80 20–22 2.5–3.5 1.6–2.8 2.8–3

k 0.33–0.35 0.5–0.58 0.66–0.7 0.75–0.8 0.88–0.95

p(1  k)C0/Di
L 5.17–6.19 0.48–1.6 0.14–0.38 0.01–0.08 0.01–0.08 5.85–8.3

∑ −
K

L
i

L
iii

D

Ckp )1(
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Numerical analysis of the effect of carbon on the val-
ues of secondary dendritic arm spacing. Calculation of 

forming of dendritic structure has been made via numer-

ical simulation of the conditions of solidification and 

dendritic crystallization of a flat billet with thickness 

240 mm made of multi-component alloys of different 

composition on the base of the model [24, 25], pre-

sented and used in the previous chapter of this review 

[36]. Physical-chemical and thermal-physical parame-

ters of investigated alloys with different content of 

researched components are compared in the tables 3 

and 4. To calculate kinetics of variation of the values of 

secondary dendritic arm spacing and their final values in 

billet cross section, the following differential equation 

was used:

 (7)

Its solution took into account variation of local compo-

sition of liquid phase Сi
L in the conditions of non-

equilibrium crystallization at restricted diffusion in solid 

phase [24] using equation (5) [36], as well as relation-

ship between parameters Di
L, ki and pi during crystalli-

zation (from one side) and temperature (from other 

side). The value of  parameter corresponds to the main 

coalescence model [27, 39], describing radial variation 

of branches of different diameter. The question about 

the input of different coalescence mechanisms and, 

respectively, about determination of the efficient value 

of  parameter will be considered in the final part of this 

review. Calculated relationships presented in the table 3 

and on the fig. 2 display that variation of carbon content 

in the range 0.01–0.07% slightly (by 12%) reflects on 

local time of solidification LS (fig. 2, a) and simultane-

ously leads to essential (by 3.3 times) increase of local 

cooling rate R (fig. 2, b), in connection with prominent 

influence of widening of solidification temperature 

interval tLS.

As a result of differences of these thermal-physical 

conditions in combination with variation of the values 

of physical-chemical parameters (see table 2) and fea-

tures of diffusion processes during coalescence of den-

dritic structure, dimensions of dendrite arm spacing 2 

(fig. 2, c, d) are varying essentially depending on carbon 

content, intensity of heat removal and billet cross sec-

tion. Connection between dendritic structure and coo-

ling rate R (fig. 2, d) is indirect and adds in analysis the 

additional factors, having no direct physical-chemical 

effect on the process of redistribution of the compo-

nents in alloy. 

Obtained calculated relationships for different 

alloys are described by power formulas such as 

2 = K2 m
LS, where exponents m are very close to 0.33 

(in accordan ce with the formula (6)). The values of K2 

coefficients, corresponding to 2 value on the surface 

and in the cen ter of a massive billet, are very close to 
∑ −

Γ=

K
L
i

L
iii

D
Ckpd

d
)1(

1)( 3
2λ

τ ϕ

Table 4. Thermal-physical parameters and conditions of forming dendritic structure 

of the alloys with different content of components

Conditions of crystallization of alloys
Alloy composition (mass. % )

C0 C0 +1% Si C0 +1% Mn C0 +1% Cr C0 +1% Ni

C0 = 0.06%
(formation of 
-phase)

tLS, К 22 37 26 23 25

Q, МJ/m3 1958 1987 1951 1921 1937

LS, s 537 1209 648 544 603

Di
S
, 109 m2/s 5.2 0.037 0.019 0.021 0.014

2, m 365 152 196 272 238

C0 = 0.6%
(formation of 
-phase)

tLS, К 72 97 76 69 75

Q, МJ/m3 2265 2317 2265 2210 2264

LS, s 1210 1484 1244 1177 1230

Di
S
, 1010 m2/s 8.22 0.018 0.0036 0.0004 0.0016

2, m 206 115 175 196 192

Remarks: Di
S

 values are given at t = 1500 oC; the values of LS and 2 is shown for axial area.

Table 3. Physical-chemical and thermal-physical param-

eters of forming final dendritic structure for non-peri-

tectic alloys with different carbon content 

(0.01<С,%<0.07)

Parameters
of alloys

Carbon content С0, mass. %

0.01 0.02 0.04 0.06 0.07

tLS, К 10 14 22 32 37

Q, МJ/m3 1800 1821 1865 1909 1934

LS, s 827 830 871 912 934

R, К/s 0.01 0.02 0.03 0.04 0.04

Remarks: alloy composition: С0 — 0.3% Si — 1% Mn; 
solidification conditions: overheating in pouring t = 50 К; 
cL = 4.8 МJ/m3·К; cS = 4.7 МJ/m3·К;  = 150 W/m2·К; 
physical-chemical parameters:  = 0.048; DL = 5·109 m2/s; 
 = 2·10 7 m·К; values of LS and R are presented for the axial 
area of a billet.
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(K2 = 15.7– 17.3 μm/ sm) and differ a little for different 

carbon content (K2 = 16.9–17.8 μm/sm), being satisfac-

torily correlated with the experimental data (see table 2 

in the part 1).

Statistical models (see table 3), describing the 

effect of composition of multi-component alloys on 

their microstructure [14, 17, 20, 38 etc.], in several cases 

have artificial character and can’t be used for interpreta-

tion of the obtained data. It is expedient to accept the 

canonic expression 2 = K m
LS, as a rational mathemati-

cal construction for presenting empiric and calculated 

data. This expression reflects adequately the effect of 

thermal-physical conditions of forming the structure 

(see formulas (6) and (7)), with proportionality coeffi-

cient K, reflecting the effect of alloy composition via 

additional concentration multiplier that has analytically 

simple and physically apprehensible polynomial form 

(see the formulas (5), (7) and (10) in the table 1):

2 = K0(1 + biCi + bijCiCj + biiCi
2) m

LS, (8)

where regression coefficients of linear (bi) non-com-

plete quadratic (bi, bij) or quadratic (bi, bij, bii) model 

are calculated via statistical analysis [41] of experimen-

tal data collection including 2/m
LS values. The effect of 

carbon content in out-peritectic alloys at С  0.07% 

(see table 3) is described by the summarized expression 

(formula (16) in the table 3):

2 = 18,39(1  0,731C)LS
0,329,  (9)

that is based on the data collection with number N 

more than 20 points and is characterized by the values 

of correlation coefficients R1 = 0.989 (on the stage of 

logarithmic linearization of 2 = K m
LS expression 

du ring m = 0.329±0.038 determination), as well as 

R2 = 0.984 (on the stage of K0 = 18.39±0.02 μm/sm and 

of bС = 0.73±0.03 1/wt.% coefficient evaluation, its 

value is close to the values in the formulas (2), (4), (9) 

and (12) on the fig. 1).

Numerical analysis of the effect of steel components 
on the values of dendritic arm spacing. Variation of 2 

value during separate introduction of 1% of Si, Mn, Cr 

or Ni in the melt with carbon content 0.06% and 0.6% is 

presented in the table 4 and on the fig. 3 for comparative 

evaluation of influence of separate steel components in 

forming dendritic structure. Joint effect of the presented 

thermal-physical and physical-chemical factors leads to 

Fig. 2. Effect of local solidification time LS (а) and cooling rate R (b) on the values of dendrite arm spacing 2 (c, d) for alloys at different 

intensity of heat removal and carbon content (in the center of 240 mm thick billets) С, %: 1 — 0.01; 2 — 0.02; 3 — 0.04; 4 — 0.06; 5 — 0.07
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substantial difference in solidification time of the alloys 

characterized by different content of components.

However, the features of the effect of components 

on the values of dendritic arm spacing 2 are determined 

not by variation of thermal-physical parameters, but by 

the complex of physical-chemical factors (as can be 

concluded from the table 4). The effect of these physi-

cal-chemical factors provides forming composition of 

liquid phase and diffusion redistribution of the compo-

nents between dendritic arms. Introduction of any of 

researched components (Si, Mn, Cr and Ni) in the alloy 

containing carbon results in decrease of 2 value, while 

its intensity increases as follows: Cr-Ni-Mn-Si, and 

causes substantial enlargement of dispersity of dendritic 

structure. 

This consequence is determined by the value of 

parametrical complex pi(1  ki)Ci
L/Di

L (see table 4), 

located under summation sign in denominator of (6) и 

(7) formulas. The leading role among these parame-

ters is related to ki and pi, which determine important 

role of carbon (in spite of its relatively low concentra-

tion) and high specific effect of silicon. Additionally, 

widening of concentration solidification interval 

Ci = (1  ki)Ci
L provides origination and develop-

ment of heterogeneity of melt composition near inter-

phase boundary.

Logarithmic relationships 2(LS) obtained during 

statistical analysis for separate components at C = 0.06% 

are adequately described by the equations 2 = K2 m
LS at 

m  0.33–0.34 and K2 (μm/sm) values that are substan-

tially different for different components (K2
С = 42.7; 

K2
Si = 14.8; K2

Mn = 22.4; K2
Сr = 31.4; K2

Ni = 26.6). 

Similar regularities are presented on the fig. 3, b for the 

alloys with carbon content C = 0.6%. Corresponding 

logarithmic relationships 2(LS) at C = 0.6% are char-

acterized by lower values of K2 coefficients (K2
С = 21.5; 

K2
Si = 12.8; K2

Mn = 18.7; K2
Сr = 20.5; K2

Ni = 20.2).

Table 3 presents resulting relationships (formulas 

17–19, see table 1), connecting the values of secondary 

dendritic arm spacing 2 with chemical composition of 

the alloys at fixed (R = 0.99 for equations (17–18)) and 

variable (R = 0.778 for equation (19)) carbon content. 

These relationships reflect features of extraction of - or 

-phase. The a.m. formulas are different in comparison 

with empiric equations (1–14) in such way, that they 

reflect independent effect of different steel components, 

expressed by regression coefficients bi with assistance of 

linear statistical model of (8) type. The equation (15) is 

obtained on the base of the results of numerical simula-

tion of forming of dendritic structure in the axial area 

during solidification of 240 mm thick slab made of 

10KhGN2 (10ХГН2) steel according to the above-

described technique [42]. To reveal separate and joint 

effect of steel components on the values of dendritic 

arm spacing 2, their content was simultaneously varied 

in multi-component composition (fraction factor 

experiment 24–1, generating relationship Х4 = Х1Х2Х3) 

in correspondence with the technique of experiment 

orthogonal planning [41]. It will provide absence of 

mutual correlation in content of alloy components dur-

ing building of multi-factor statistical model.

The exponent for LS was obtained via logarithmic 

linearization for more than 30 points in a billet cross 

section. Presented regression coefficients bi and bij dis-

play that, in addition to the main linear diminishing 

effect 2, during introduction of each of the researched 

components their mutual effect takes place; it decreases 

linear effect the more intensively, the larger is content of 

interacting components. Features of the presented 

equations (1–19) is concluded in the fact that the values 

of coefficients reflecting different influence of investi-

gated elements have local character, typical for statisti-

cal models, i.e. they correspond to the concrete ave-

raged alloy composition.

Fig. 3. The effect of steel components — C (1), Cr (2), Ni (3), Mn (4) и Si (5) on the values of secondary dendritic arm spacing 2 in the 

alloys with carbon content 0.06 (а) и 0.60 (b) %, depending on local time of solidification (in the center of billets with 240 mm 

thickness)
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* * *

The review of publications on dependence of den-

drite arm spacing microstructure of carbon and low-

alloy steels from their chemical composition testifies that 

evaluation of this effect obtained by experiments and 

presented by statistical models, is characterized by sig-

nificant differences in mathematical form, as well as the 

sign and magnitude of the regression coefficients which 

evaluate the contribution of different components of 

steel. As a result, the collection of presented models has 

contradictory character, that does not allow its unam-

biguous usage for governing of dendrite arm spacing by 

modification of steel composition and varying the deter-

mining factors.

Improvement of the quality of statistical models 

(the exception of insignificant effects caused by cer-

tain components, elimination the correlation distor-

tion, etc.) and ensuring of their adequacy can be 

achieved via reasonable unification the description of 

the experimental data on the basis of a polynomial 

form of the concentration term of the regression equa-

tion, obtained by means of orthogonal experimental 

design .

Computer-aided analysis of forming dendritic 

structure on the base of calculation of non-equilibrium 

solidification, taking into account the changes in the 

composition of the liquid phase and the evolution of 

dendrite arm spacing, allows quantitative evaluation of 

the role of physical-chemical and thermal-physical fac-

tors in the development of coalescence of secondary 

arms. It is established the reduction of the secondary 

dendrite spacing in carbon and low alloy steels with 

growth of carbon, silicon, manganese, chromium, and 

nickel content, as well as the increase in the proportion 

of austenite during solidification, due to the suppression 

of diffusion transport of components during coales-

cence of dendritic branches. 
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In the third part of the review it is noted that the number of 
publications devoted to the problem of heterogeneity of 
dendritic structure on the microscale, is very little. They 
have no significant results and methods that can reveal the 
basic laws of the evolutionary transformation of secondary 
dendritic branches from the moment of their inception to 
the final state. The coalescence models of dendritic 

branches are traditionally used to calculate the average 
value of the secondary dendrite spacing. The experimental 
data evaluates considerable scatter of dendrite arm spac-
ing relative to the average values with a coefficient of 
variation V = 0.20–0.25.

Using a Monte Carlo simulation, it was implemented 
the solution of formation of an array of data, according to 
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the final distribution of secondary dendrite arm spacing 
based on local system for the coalescence of neighboring 
secondary branches. Computer calculations of coalescence 
for the local systems were done repeatedly by varying their 
initial morphology randomly. This leads to the different 
character of evolution with the activation of various com-
peting mechanisms for individual local systems. The mul-
tiple implementations of this procedure for a large number 
of local systems lead to the formation of data that describe 
the resulting dendritic structure with its statistical param-
eters — the mean, standard deviation and probability 
density distribution (frequency) in the form of a histogram.

The simulation results are used to assess the contribu-
tion of different mechanisms of coalescence and are in 
good agreement with experimental data in predicting a 
broad spectrum of values   dendrite arm spacing.

The radical increase in the accuracy of forecasting 
and analysis of the conditions of formation of the dendritic 
structure can be achieved through the development and 
application of computer models of non-equilibrium solidi-
fication of ingots and castings that are based on the use of 
thermal-physical and physical-chemical characteristics of 
the alloys, determined by their thermodynamic simulation, 
taking into account the rate of convective heat transfer at 
the front formation of dendrites. At the analysis and syn-
thesis of empirical information on the dendritic structure 
for the objective evaluation of the quality of initial infor-
mation and to ensure the adequacy of the resulting models 
requires the use of modern statistical analysis of experi-
mental data. It is advisable to unify the description of the 
experimental data on the basis of a polynomial form of the 
concentration factor of the regression equation.

Key words: dendritic structure, dendrite arm spacing, 
mechanisms of diffusion  coalescence, Monte-Carlo meth-
od, computer simulations, non-equilibrium crystallization.

S
etting of the problem. Prediction of microstructure 

of alloys is one of the priority tasks for analysis and 

computer-aided simulation of their crystalliza-

tion. The massif of publications presented in the previ-

ous part of this review is characterized by practically 

complete lack of any data about the features of averag-

ing of experimental parameters. This averaging was 

applied to the pilot data, suggested for discussion as 

figures and generalized statistical models. Those publi-

cations reflected the data only about average values of 

secondary dendritic arm spacing (2) av, obtained on the 

base of statistical analysis of the massif of primary mea-

surements (2)i, while information about features of 

distribution of (2)i values relating to (2) av average 

value is practically absent. However, 60–80% of the 

values of secondary dendritic arm spacing have values 

significantly different than (2) av, and it should have 

been taken into account during analysis of conditions of 

forming of cast metal defects and its mechanical proper-

ties. Number of publications containing in any way this 

important information is rather small [1, 9, 12, 20]; they 

don’t include descriptions of processing methods and 

statistical evaluations of primary data massifs, as well as 

any generalized data about the features of dispersion of 

these parameters and possible remedies of its prediction.

Presented figures 1 and 2 display the features of 

dispersion of primary data, relating to statistical models 

averaging these data. The data about 2 value for the 

alloy with 0.14% C (number of points 62, av = 237 μm; 

max = 552 μm; min =78 μm) [1] are described by the 

equation  = 146R0,386 (the full line on the fig. 1, a; 

 = 104 μm; correlation coefficient R = 0.946) and 

form a distribution histogram for dispersion of  pilot 

data relating to regression line (see fig. 1, b) with root-

mean-square deviation  = 45 μm (dotted lines on 

the fig. 1, a) in the range 80–440 μm, what finalizes in 

relative dispersion about 20%.

Dispersion of experimental data for the alloys with 

carbon content C = 0.08–0.70% [12] (see fig. 1, c) rela-

ting the partial regression lines 2 = K2(LS)1/3, obtained 

via usage of 80–100 pilot points (multiple correlation 

coefficient R = 0.975) is characterized by  = 8.1 μm 

at av = 32.7 μm, what gives 25%.

Microstructure of the cross section of a cylindrical 

sample (80 mm diam.) of 10KhGN2MB (10ХГН2МБ) 

steel that was cast in a mould, as well as histograms of 

distribution of (2)i values (obtained on the base of 

investigation of these samples) are presented on the 

fig. 2. Number of measurements during investigation of 

dendritic structure makes 380 near the surface, 250 in 

the intermediate area and 150 in the axial area. Increase 

of local solidification time LS from 5 to 60 s ensures 

elevation not only of (2)av, but also of dispersion of 

experimental data; standard deviation of this dispersion 

reaches ±22–26% of (2)av.

The presented results of metallographic investiga-

tions demonstrate the values of variation coefficient 

V = /(2)av = ±0.20–0.25; these values characterize 

substantial dispersion of primary data. Therefore, the 

statistical models of dendritic structure that were previ-

ously observed (see tables 2 and 3 [36]) can be consi-

dered as not reflecting the true information about struc-

tural micro-heterogeneity, and they should be supplied 

with mathematical apparatus that will allow to analyze 

its development mechanism and to give quantitative 

evaluation of its real scale. 

Mechanisms of appearance of local structural micro-
heterogeneity. Structural micro-heterogeneity is con-

nected with dispersion of the values of dendritic arm 

spacing in the scale of a separate dendrite and its nearest 

neighbours. It is stipulated by the fact that the process of 

forming the side branches has non-stationary character 

in the most cases (meaning thermal and concentration 

conditions at the tip and side surfaces of a primary 

trunk) and it leads to origination of a array of initial side 

branches (0)i [24] that are distributed non-uniformly. 

Observation of dendrite growth (using transparent sub-

stances, such as ammonium chloride etc.) shows that 

heterogeneity of (0)i  values generates intensive com-

petition and termination of growth for many of these 
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dendrites. It can be formulated as so-called “geometri-

cal choosing” [24, 50], what was also noted by many 

researchers during quenching of metallic alloys near 

dendritic tips.

Afterwards complicated morphology of dendritic 

crystalline, characterized by curvature of interface area 

(different in sign and non-homogenous in value) [51], 

causes development of several mechanisms of diffusion 

coalescence of side branches, connected with their dis-

solution and junction under the capillary effect of 

Gibbs—Thomson (see fig. 1) [27, 43–47 etc.].

Usage of coalescence theory for description of the 

process of solid phase transition from dissolving den-

dritic branch r to a growing branch R allows to predict 

Fig. 1. Distribution of experimental data of secondary dendritic arm spacing in relation to regression lines and its depending on cooling 

rate R (a) [1] and solidification time (b) [12] in comparison with a histogram of  deviations (c), according to the data [1]
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speed of branch size variation R and r and dendritic arm 

spacing 2 depending on the conditions of crystalliza-

tion, branch geometry etc. (fig. 3, b and the formulas 
(1)–(4)).

The equations for determination of correspon ding 

coefficients  [39] are presented below:

I = (R/2)2[ln(1  a/R) + a/R];  (1)

II = (a/2)3[ln(1  r0/a) + r0/a + 1/2(r0/a)2];  (2)

III = 1/4[(a/2)2l0/2];  (3)

IV = 1/2[(l0/2)2ra/2(1/(1  ra/R)].  (4)

Different analytical expressions for calculation of 

dissolution (thickening) speed of branches during 

coalescence are presented in the table. They take into 

account the effect of capillary forces, morphology of 

dendrites (R, r и ) and composition of liquid phase — 

in addition to thermal-physical factors (such as solid 

phase fraction m, crystallization heat Q, heat capacity c 

etc.) and physical chemical parameters of the alloy 

(such as distribution coefficient k, slope of liquidus sur-

face p, diffusion coefficient in the melt DL etc.).  

Dependence between coalescence process and 

alloys composition is considered in the formulas (4), (6) 

and (7) of the table on the base of choosing principle for 

limiting alloying element (4) or for summation of addi-

tive contribution of all alloy components (6–7). It 

should be noted that this alternative, as well as possibil-

ity of using other approaches for multi-component 

alloys [52–56], still don’t get any complete arguments 

or reliable experimental checking. The formula (6) in 

the table poses the most interest; it suggest choosing the 

suitable value of  coefficient for one of the alternative 

coalescence mechanisms [39] presented on the fig. 3, a. 

Transformation of this expression (see the formula (8)) 

via replacement of the basic diffusion relationship — 

Sheil equation — allowed to give generalized descrip-

tion of partial diffusion in the solid phase on the base of 

(5) equation [36]. Evaluation of local structural micro-

heterogeneity is realized via modeling of distribution 

histogram for (2)i values using formula (8) (see the 

table). This histogram takes into account mutually con-

nected passing in a row of j-th competitive mechanisms 

of coalescence of dendritic branches with different mor-

phology.

Computer-aided simulation of evolution of structural 
micro-heterogeneity during crystallization. Analysis of 

the atlas of steel dendritic structures [14] and results of 

simulation of dendritic growth using phase field appara-

tus [57] allows to consider the above-presented schemes 

of coalescence mechanisms (fig. 3, a) as the basic ones 

in their possible separate and/or joint usage, taking into 

account geometrical parameters of dendritic branches 

(fig. 3, b and the formulas (1)–(4)), determining their 

local morphology.

In correspondence with the Monte-Carlo method 

[58], coalescence process was simulated for a local sys-

tem from two adjacent branches (fig. 3, b), while their 

initial morphology was randomly varied. It leads to a 

mixed-mode evolution of (2)i values of different sys-

tems with activation of competitive mechanisms. 

Multiple realization of coalescence process for substan-

tial number of local systems allows to form a data array; 

collection of these data describes obtained dendritic 

structure using its statistical parameters: average value 

(2) ср, standard deviation  and  distribution of prob-

ability density Р(2)i (frequency) in the form of histo-

gram.

The system of equations describing non-equilibrium 

crystallization of multi-component alloys [24–25], pre-

sented in the previous parts of this review [36], has been 

used for simulation of forming of dendritic structure in the 

framework of a dual-level system (in meso- and micro-

scale). Meso-scale was used for consideration of metal 

heat exchange with the environment, via solving heat 

ba lance equation. As in this case the rate of sold phase 

formation dm/d (according to equation of Kolmogorov 

type) depending on the value of thermal undercooling and 

local time of solidification LS were calculated, i.e. taking 

into account non-equilibrium character of thermal pro-

cesses during alloy crystallization.

Crystallization processes at micro-level have been 

analyzed for calculation of undercooling as well as 

Fig. 3. Scheme of the mechanisms of coalescence of dendritic branches (а) and local system of branches for calculation (c) (I — radial 

dissolution, II — dissolution of base, III — axial dissolution, IV — junction of branches; R — radius of growing branch; r, r0 — radius of 

dissolving branch and its base; l0 — initial length of branches; ra = 2(R + a)/2

а b
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structural micro-heterogeneity of metal. 

Variation of concentration of alloy compo-

nents in СL liquid phase was calculated in 

micro-scale according to the equation (5) 

[36], allowing to take into account partial 

suppression of diffusion in solid phase. 

Kinetics of growth of dendritic crystallites has 

been analyzed with taking their dual-stage 

morphological evolution into account. 

Forming of initial set of the values of initial 

dendritic arm spacing (0)i was simulated at 

the I stage, including free growth and branch-

ing of equiaxial dendrites in inter-dendritic 

liquid phase. At the II stage, after closing of 

dendritic tips and stopping of their branch-

ing, modeling of solid phase formation as a 

result of joint radial growth of branches of 

cylindrical morphology and their diffusion 

coalescence during crystallization on intra-

dendritic liquid phase has been undertaken.

When solving the reverse problem of 

simulation of dendritic micro-heterogeneity, 

the final histogram of distribution of arm 

spacing values (fig. 2) is the starting point. It is 

known by the results of microstructure inves-

tigation. Analysis of competitive character of 

passing of coalescence mechanisms (present-

ed on the fig. 3, a) allows to determine the 

values of coefficients of belon ging μj that cor-

respond to relative value of the input of j-th 

coalescence mechanism in an integral histo-

gram. This determination has been executed 

in accordance to the theory of fuzzy sets [59]. 

Definition of μj has been conducted via mini-

mization of the sum of squares of frequency 

deviation P for calculated values (2)i 
P, cor-

responding to j-th coalescence mechanism 

from experimental values (2)i 
э:

where N is a number of experimental values (2) i; n is a 

number of accounting coalescence mechanisms.

When building calculated histogram (2) i  
P for 

examined j-th coalescence mechanism, morphology of 

dendritic branches has been preset using basic average 

values [39, 44] of non-dimensional geometrical param-

eters (r/2 and r0/r; r0/2 and l0/2; l0/2, ra/2 and 

rb/ ra; R/ 2 relationship has been calculated based on 

current amount of solid phase) displayed on the fig. 3, b 
and in the formulas (1)–(4) and their probable ultimate 

deviations. Due to complicated character and small 

examination of evolution of morphology of dendritic 

branches in the coalescence process, these non-dimen-

sional geometrical parameters were adopted to be con-

stant for all period of crystallization.

Frequency of randomly chosen geometrical param-

eter of dendritic branches was calculated on the base of 

normal distribution law [35]. Possibility of pair combi-

nation of geometrical parameters was determined via 

multiplication of two partial probabilities; for the 

model IV where 3 geometrical parameters are used, the 

value of ra/R relationship is adopted to be conditionally 

constant. Collection of frequencies obtained for ran-

domly sample of geometrical relationships determines 

the frequency values for j coefficients, calculated 

according to the formulas (1)–(4), as well as frequency 

for calculated values (2) i  
P in correspondence to the 

formula (8) in the table.

The fig. 4 presents the typical collection of partial 

histograms calculated according to the described tech-

nique — with corresponding measurement ranges (2) i  
P 

and frequencies satisfying the conditions of indepen-

dent realization of the I–IV models. Overlapping of 

partial distribution histograms (2) i  
P forms the wide 

continuous area of probable frequency values, depend-

ing on geometrical parameters of dendritic branches. 

These parameters are determined by the conditions of 

crystallization, thermal-physical and physical-chemical 

Equations for evaluation of coalescence kinetics 

in radial dissolution of dendritic branches

№ Calculating formula
Year of 

publication
Reference

1 1956 [43]

2 1967 [44]

3 1989 [45]

4 1990 [46]

5 1996 [47]

6 1997 [39]

7 1999 [48]

8 2013 [49]

Symbols: R, r — radii of dendrite branches; C0, СL — initial and current 
alloy composition; kB — Bolzmann constant; i — alloy component index; 
 — coefficient of model kind;  j — coalescence mechanism index;  — 
coefficient of belonging; DL — diffusion coefficient in the melt;  — interfa-
cial tension;  — Gibbs—Thomson coefficient ( = T/L); T — absolute 
temperature;  — density; L — volumetric crystallization heat; B — geomet-
rical factor;  — width of secondary dendrite arm spacing; d =   (R + r).
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alloy parameters, for different (2)P
cр values and corre-

sponding  range for each coalescence mechanism.

Transition from the collection of partial histograms 

(see fig. 4) to the joint (combined) one, describing 

maximally close the experimental histogram (see fig. 2), 

is connected with estimation of joint and competitive 

character of passing of different coalescence mecha-

nisms on the base of calculations of j coefficients. 

Obtained values of these coefficients, averaged for the 

period of crystallization (I = 0.8–0.9; II ≈ III = 0.05; 

IV = 0.05–0.15) [49], show that radial dissolution with 

unimportant input of other coalescence mechanisms 

plays crucial role for investigated samples.

When solving the direct problem of simulation of 

dendritic micro-heterogeneity via Monte-Carlo meth-

od [49], calculated array of the values of initial den-

dritic arm spacing (0)i, which appeared at the I stage of 

forming of dendritic structure, is considered as the base 

point. Its transformation in final distribution of the val-

ues of dendritic arm spacing (2)i has been simulated at 

the next stage via analysis of kinetics of diffusion transfer 

of alloy components, describing by the equations sug-

gested in [44] for a local calculated system formed by 

adjacent secondary branches (fig. 3, b). Their initial 

morphological parameters were preset on the base of 

random choice including (0)i parameter and average 

values of non-dimensional geometrical parameters 

(r/ 2 and r0/r; r0/2 and l0/2; l0/2, ra/2 and rb/ra), 

as well as their probable ultimate deviations (for normal 

law of distribution). Duration of complete axial and/or 

radial dissolution of one of the branches with maximal 

curvature has been determined for each of more than 

1,000–1,500 such calculated systems, taking into 

account sequential formation of solid phase and varia-

tion of branches geometry caused by this dissolution. It 

allows to make corresponding change in massif of val-

ues, using (8) formula in the table 1. Obtained duration 

Fig. 4. Calculated distribution histograms 2
P

 for I–IV coalescence 

mechanisms in the surface area of a pilot sample  (see fig. 2, а) 

(Preset: a/2 = 0.55±0.08; r0/a = 0.52±0.07; l0/2 = 2±0.3; 

ra/ 2 = 0.05±0.01; R/ra =6)
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Fig. 6. Distribution of carbon (а) and manganese (b) along rela-

tive radius of dendritic branch (2R/2) at the stage of peritectic 

transformation  in comparison with equilibrium concentrations 

(steel 10KhGN2 (10ХГН2); LS = 60 s; 2 = 100 μm; 

D

С = 73.5·10 11 m2/s; D


Mn

 = 0.03·10 11 m2/s; k
C

 L = 0.34; 

k   L
Mn

 = 0.78)

Fig. 7. Correlation between local heterogeneity of microstructure 

2 (a) and degree of dendritic segregation for different compo-

nents  (b) in the steel 10KhGN2 (10ХГН2) (LS = 60 s)
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of coalescence for that mechanisms, provided dissolu-

tion of corresponding branch, has been used in this case 

as local time LS of the process. 

The results of modeling of calculated distribution 

histograms 2
P, presented on the fig. 5 in comparison 

with experimental data, based on the average va lues of 

2
E and standard dispersion ± for the alloy Fe — 

0.07% C — 1% Mn [20], demonstrate satis factory 

correlation with each other for the case of usage of 

non-dimensional parameters r/R = 0.7±0.2 and 

l0/ 2 = (1.9– 2.2)±(1.0–2.0). Difference between cal-

culated and experimental data 2
E and  is located in 

this case in the range 8–10 μm and 10–12 μm respec-

tively, for variation of LS values inside 250–720 s.

Computer-aided analysis of development of den-

dritic segregation, including stages of formation of 

-(L), -phase (L) and peritectic transformation 

(L+) has been realized via numerical calculation of 

diffusion redistribution of the components in cross sec-

tion of single-phase - и -areas and on inter-phase 

boundaries (based on numerical modification of Fick 

equation) [60–62]. Distribution of substitutional com-

ponents in the layer of -phase, that separates the melt 

and -phase during peritectic transformation [16, 61, 

62], was calculated with account of para-equilibrium on 

the γ/ boundary. According to this para-equilibrium 

condition, carbon (intersticial component) concentra-

tion on the interface boundaries corresponds to local-

equilibrium conditions (fig. 6, a), while substitution 

components, due to DS
C

 >> (DS
Xi

) >> (DS
Xi

) relationship, 

at transfer of the interface boundary inherit concentra-

tion that was formed before, on the stage of -phase 

crystallization (see fig. 6, b).

Chemical micro-heterogeneity  = (Cmax  Cmin)/ C0 

(fig. 7, b), revealed via simulation, depends directly on 

local structural heterogeneity, presented by statistical 

distribution of the values of secondary dendritic arm 

spacing (fig. 7, a). The difference of concentration of 

steel components in a cross section of dendritic branch 

(Cmax  Cmin)i is forming due to deviation of the value of 

distribution coefficients ki from unity; it partially is 

equalized as a result of diffusion in solid phase, when 

coefficient of back diffusion i = f (Di
S LS/2) (see for-

mula 5 [36]) exceeds substantially the zero value depend-

ing on local values LS and 2.

Difference between k
i
L values, determining accu-

mulating intensity of the i-th component in a melt, 

stipulates inequality in the value of i parameter (fig. 7, 

b). Local heterogeneity of 2 value, formed during 

coalescence process, causes regular decrease (strength-

ening) of micro-segregation as a result of diffusion 

variation of concentration Cmin on branch axes and 

Cmax in their peripheral layers. This variation occurred 

under the effect of a scale factor (2), which determines 

distance of back diffusion and value of corresponding 

concentration gradient. Additionally, substantial 

decrease of the value of diffusion coefficient (Di
S  in 

-phase) is able to eliminate dependence between 

micro-segregation intensity i and heterogeneity of 

dendritic structure.

The finishing part of the review, describing the less 

investigated problem of heterogeneity of dendritic struc-

ture in micro-scale, shows that single publications devo-

ting anyhow to this problem and only underline lack of 

essential results and methodical approaches, that can 

reveal the main regularities of evolution transformation 

of the secondary dendritic branches since their origina-

tion till final state. Experimental data presented in the 

small amount of publications demonstrate rather sub-

stantial dispersion of the values of dendritic arm spacing, 

evaluating by high variation coefficient (V = 0.20–0.25). 

It was not reflected in the published statistical models for 

evaluation of secondary dendritic arm spacing (see the 

tables 1–3, part 1), certainly due to complicated charac-

ter of this problem. Additionally, just this circumstance 

caused probably the above-mentioned difference in 

structure and parameters of the presented models ope-

rating with averaged values (2); representation charac-

ter of these averaged values in description of different 

distributions (2)i is found to be unsatisfied.

Among the coalescence models observed in this 

review the most informative one is revealed; it was the 

base for solving the direct and reverse problems of form-

ing the data massif on final distribution of secondary 

dendritic arm spacing and its statistical parameters via 

Monte-Carlo method. Usage of up-to-date remedies of 

computer tomography, possibilities of coalescence reg-

istration in micro-scale using synchrotron radiation as 

well as simulating remedies of phase field apparatus 

open the prospects of direct receiving of the important 

quantitative information on concealed features and 

evolution kinetics of dendritic structure. This informa-

tion reveals typical values of geometrical parameters of 

dendritic structure, required for reliable forecast of 

complete range of the values of dendritic arm spacing, 

as well as mutually correlated simulation and prediction 

of dendritic segregation.

Conclusions

1. Joint review of publications on dendritic hetero-

geneity of cast steel testifies that variety and complicat-

ed character of described objects as well as conditions of 

their forming make the wide picture of evaluations and 

reveals lack of general approaches. It is directly con-

cluded in the wide spectrum of obtained statistical mod-

els connecting averaged values of secondary dendritic 

arm spacing values with different thermal-physical 

parameters and alloys composition. Generalization of 

these models seems to have no prospect due to essential 

uncertainty of used experimental parameters and insuf-

ficient accuracy of analyzing data.

2. The radical increase in the accuracy of forecast-

ing and analysis of the conditions of formation of the 

dendritic structure can be achieved through the devel-
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opment and application of computer models of non-

equilibrium solidification of ingots and castings (based 

on the use of thermo-physical and physical-chemical 

characteristics of the alloys, determined by their ther-

modynamic modeling, taking into account the rate of 

convective heat transfer at the front formation of den-

drites), as well as via improvement of the remedies of 

statistical analysis of experimental data in order to pro-

vide objective evaluation of the quality of initial infor-

mation and adequacy of obtained models.

3. Computer-aided analysis of evolution of the values 

of dendritic arm spacing on the base of calculation of their 

coalescence, taking into account variation of liquid phase 

composition in non-equilibrium crystallization, allows  

quantitative evaluation of the input of physical-chemical 

and thermal-physical factors, depending on alloys compo-

sition, on development of secondary dendritic bran ches.  

During evaluation of the effect of alloys composition on 

quality improvement of statistical models and provision of 

their adequacy, it is expedient to unify description of the 

pilot data on the base of polynomial form of concentrated 

multiplier of the regression equation. Its coefficients 

should be determined via the technique of orthogonal 

planning of experiments, to exclude the effect of pair cor-

relation between the alloy components.

4. Using Monte Carlo method allows to solve the 

problem about final distribution of the local values of 

the secondary dendritic arm spacing and their statistical 

parameters characterizing heterogeneity of cast den-

dritic structure. These parameters characterize micro-

heterogeneity of a cast dendritic structure. Accumulation 

and generalization of the data about morphological 

(geometrical) dendritic parameters and their evolution 

ion competitive realization of different coalescence 

mechanisms is the important task for reliable predicting 

of these parameters. System analysis of the redistribu-

tion of steel components during crystallization shows 

that the local development of dendritic segregation is 

directly dependent on the structural micro-inhomoge-

neity and features of diffusion conditions in the solid 

phase and at interfaces.
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This article describes the state of the industry in some 
countries, including Russia. The problem of development 
of a regional industry has been discussed at the meeting of 
the companies in the field of metal processing in Novosibirsk. 
In this regard, the processes of direct solid reduction 
(Midrex, HyL-3), the solid- and liquid-phase process 
Corex are observed. The main attention is paid to the 
spray-emulsion metallurgical process (SER), featuring 
high speed flow of physical and chemical processes, low 
specific volume of metallurgical units, low power consump-
tion and low capital costs. This process is completely closed 
to the atmosphere and has an internal stimulus for motion 
of the working mixture in a reactor with a gas-dynamic 
locking oscillator. Implementation of metal direct reduc-
tion technologies is connected with transformation of tail 
gas into energetic gas or synthesis gas, so the process can be 
executed completely smokeless.

This new continuous metallurgical process and the 
unit for its realization were developed according to the 
classical principle of modern high technologies: conceptual 
and theoretical statement of the problem, creation of 
physical-chemical and mathematical models, methods 
and systems for engineering calculations of technological 
and designing parameters, physical simulation, testing of 
separate process and unit components in the production 
environment, designing and construction of large-scale 
automatic experimental unit setup for development of vari-
ous technological options.

Key words: spray-emulsion metallurgical process, 
system of skull cooling, hot-water boiler, physical simula-
tion, self-organization, mini-metallurgy, slag trap, slag 
granulator. 

N
ot afraid to repeat ourselves again, we empha-

size that metallurgy is one of the key branches 

of heavy industry (engineering, energy, con-

struction, etc.) and can become a driving force for the 

development of the eastern regions of Russia and other 

small populated regions. However, it is hardly possible 

to expect large-scale investments in the construction of 

traditional full-cycle metallurgical plants, because the 

world steel industry is in a difficult situation because of 

gigantism, multi-step technologies, high energy and 

material costs. 

For example,  integrated iron and steel works in 

America, producing wide rolled strips and having cartel 

agreements with engineering companies, are characte-

rized with rather satisfactory economic conditions. 

Rolled steel sections are produced mainly at mini-mills, 

which are much more efficient.  

As for the Russian steel industry, it is aimed mainly 

at alliances with the acquired foreign enterprises, due to 

consolidation and acquisition of plants that occurred 

before the onset of the crisis. The main goal of large 

owners of iron and steel enterprises is to increase capi-

talization; at the same time some Russian plants have 

become essentially subsidiary enterprises of foreign 

plants. This has led eventually to a monopolism and 

dictate of prices; that reduces the efficiency of work at 

metal industry. Besides that, Russian metallurgists do 

not produce the metal required by the customers in 

many positions and it has to be imported from abroad. 

Some Russian metallurgical works, including the 

works in Novokuznetsk, are in a difficult position. 

Reconstruction of these woks (as well as construction of 

the new integrated works) requires very large capital 

investments (about 700–800 USD per ton of annual 

capacity). It is hardly possible to hope that the owners of 

these enterprises will invest such money and, therefore, 

these plants are doomed to a gradual degradation, and 

the cities where these plants are located, become 

depressed.   

At the same time in China, the significant part of 

metallurgy is regional. It is not connected with the 

world’s major iron and steel “monsters” and solves 

mainly regional challenges. The efficiency of this metal-

lurgy is significantly higher due to the lower transporta-

tion costs for both raw materials and finished products. 

The real development tendency of the Russian 

eastern regions is creation of a regional metallurgy. 

Metal customers are gradually accepting this idea. In 

particular, this issue was discussed at the meeting of 

companies busy in the field of metal processing, 

occurred in Novosibirsk in August 2010. It was noted 

there that machine-building plants are dependent on 

large steel monopolies that dictate prices for steel pro-

ducts. Metal processors want therefore to exclude this 

dependence through establishment of their own steel 

production facilities. Therefore, small mini-mills ori-

ented on local needs, have appeared, but the process is 

seemed to be delayed soon evidently due to scrap deple-

tion and its high prices. 

Mini-metallurgy of full cycle 

on the basis of the spray-

emulsion metallurgical process 

SER — from ore to steel
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The processes of direct solid-phase reduction 

(Midrex process, HyL-3 etc.), allowing obtaining 

metallic pellets or briquettes, can be considered as the 

definite alternative of the traditional metallurgy, but 

these processes can refine just sufficiently rich ores. 

Combined (solid- and liquid-phase) Corex process is 

quite cumbersome; its capital intensity is commensurate 

with the blast one. 

Recently, the rotor process ITmk 3 has been adver-

tised, but it can be considered as an illustrative example 

of an extensive approach, as soon as specific volume of 

this unit is more than the volume in blast furnace or 

Corex processes. Even the authors of the process [1] 

displayed the data that capital expenditures for this pro-

cess are twice larger than for a small-size or mini-size 

blast furnace. As for power engineering, we can testify 

that the heating scheme of solid materials in the layer by 

the top heat source is quite not very efficient, while the 

process of solid-phase reduction in pellet particles is 

slower at least by 10 times than the liquid-phase process. 

This conclusion can be made even without carrying out 

any quantitative comparisons, but only on the level of 

theoretical analysis of the known heat transfer schemes. 

It is expressed also in the necessity of large time of par-

ticles residence and, eventually, in the large specific 

volume of the unit. Low energy efficiency of this pro-

cess, compared with the blast furnace practice, is also 

underlined by the author of the second abstract on this 

process [2]. 

Exclusion of the pelletizing stage and process trans-

fer in the area of the gas suspension, and then the emul-

sion, allows to use large reaction surface of initial pow-

dered materials. Implementation of these conditions 

gives opportunity of creating the units with very small 

specific volume. Possibility of direct processing of pow-

dered materials with low energy costs is the important 

advantage of processes of this type. 

The spray-emulsion metallurgical process (SER) 

satisfies these conditions; it is characterized by high flow 

velocity of physical-chemical processes, low specific 

volume of the units (by 10–15 times lower than the 

known ones), low power expenses (less by 1.5 times), 

low capital expenditures (less by 2–3 times). 

The process [3] is entirely closed to the atmosphere 

and has an internal stimulus of combustable mixture 

motion in the form of the reactor-oscillator with gas-

dynamic blocking. In the case of  implementation, for 

example, of the direct metal reduction process, the end 

gas can be converted into energetic or synthesis gas, 

therefore, the process can be completely smoke-free. 

Based on the noted advantages, this process is the 

most suitable for the processing of powdered metal-

containing waste, because it allows direct metal reduc-

tion, without intermediate stages, via the environmen-

tally friendly techniques and  with lower energy and 

material expenses. 

Taking into account the fact that the unit is also a 

boiler, as it works on the skull cooling (Fig. 1), and the 

gas can be utilized in steam or gas turbines, these unit 

can be made power independent and even mobile; this 

opens up possibility for development of new non-habi-

ted areas. 

The new continuous metallurgical process and the 

unit were designed on the base of classical principles of 

modern science-intensive technologies: conceptual-

and-theoretical problem statements; creation of physi-

cal-chemical and mathematical models, methods and 

engineering systems for calculation of technological and 

construction parameters; physical simulation; testing of 

separate elements of the process and the unit in the 

plant conditions; the designing and construction of a 

pilot large-scale unit with the automatized experiment 

for testing of various  technological  options. 

During development of the process and the unit, 

the authors have used the basic ideas of the self-organi-

zation theory [4, 5], the research results of kinetic, 

hydrodynamic and thermodynamic regularities of steel-

smelting reactions and processes [3, 6], the gas spray 

theory and the properties of dual-phase flows [7], the 

results of mathematical simulation and optimization of 

the steel-smelting processes (supplemented with origi-

nal constructive and technological solutions [8]). A 

significant role in the development of these ideas has 

been performed by the Brussels school under the leader-

ship of I. Prigozhin. 

The adjustment processes of the technology and 

the components of the unit construction was carried out 

in 1992–2001 on a large-scale pilot plant that was 

mounted at the free site of converter shop of West 

Siberian Integrated Iron and Steel Works (Zapsib). 

Prospective directions for application of SER-type 

processes and units have been substantiated on the base 

of the above-mentioned advantages. One can mark out 

the following main advantages, aimed at solving the 

problems of structural changes in the metallurgy. 

Establishment of mini-mills of the new structure as 

standard technological modules  independent on each 

other and working simultaneously instead of a sequence 

of large-scale units of multi-stage metallurgical produc-

tion route. Technological scheme of such module is 

shown on the  Fig. 2, and the scheduling options of such 

technological modules in comparison with the structure 

of the traditional metallurgical plant are shown in the 

Fig. 3. 

Realization of the principle of continuity elimi-

nates the necessity in heavy removable  equipment (steel 

ladles, overhead leveling cranes with heavy load-carry-

ing ability, heavy basements, etc.). The units can be 

placed in relatively light industrial buildings, allowing 

quick return of all the investment. The modules can 

operate independently and be stopped within few 

mi nutes. Three types of modules can be offered. 

1. Technological mini-complex (see Module 1, 

Fig. 3): the capacity is 250–300 thousand tons of molten 

metal per year. It includes the SER type unit consisting 

of two consecutive reactors, slag trap with a slag granu-
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lator, refining unit, combined unit  of casting and rolling 

or casting and continuous withdrawal of finished sec-

tions. As an example of the casting-withdrawal unit, it is 

proposed to use the inventions of the group of scientists 

from the Institute of Theoretical and Applied Mechanics 

of the Siberian Branch of the Russian Academy of 

Sciences (Novosibirsk), which uses the principle of ver-

tical continuous casting (withdrawal) on the base of 

heat-transfer agents of liquid metal, allowing to increase 

the rate of crystallization by 15–20 times. The problem 

here is the choice and holding of the rate of metal with-

drawal, taking into account the rate of solidification and 

providing of circulation of liquid-metal heat-transfer 

agents.  

2. The second variant (see Module 2, Fig. 3) con-

sists of the same technological scheme of direct reduc-

tion of liquid metal, but with inclusion of suspension 

casting and volumetric crystallization with production 

of e.g. fine shaped precision castings.  Implementation 

of this tendency can principally change the attitude to 

cast products. Introduction of ultra-dispersed refractory 

modifiers in optimal amounts allows to control the 

amount of seeds and the crystal size within the frame-

work of volumetric crystallization; it also allows to 

obtain mechanical properties of cast products on the 

same level as for similar properties of rolled metal pro-

ducts [9]. 

It should be remarked that metal, obtained via 

direct reduction method on the pilot plant (still in small 

quantities) is characterized by interesting (yet poorly 

studied) properties. In particular, it is hardly subjected 

to mechanical treatment; it is also hard to cut it both 

with a cutting-off machine and a cutting burner. This 

can be explained by the fact that it wasn’t subjected to 

oxidation processing stages; it is self-deoxidized and 

even modified by super-equilibrium carbon content; 

however, these hypotheses require a detailed study. If all 

these properties will be confirmed, they will open inte-

resting possibilities for obtaining products with new 

properties, especially in conjunction with the possibility 

of direct alloying. 

3. Manufacturing a liquid semiproduct or a solid 
charging billet in SER-type units (Module 3, Fig. 3) with 

subsequent processing in the arc or induction furnaces 

Fig. 1. The system of skull cooling unit SER
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(existing at these plants) is considered as possib le and 

expedient variant for engineering plants. Me tallurgical 

production at many engineering plants in Russia and 

other CIS countries is outdated at present time. The 

proposed developments offer for the regions possibility 

to establish their self “full cycle” mini-metallurgy, i.e. 

without using of scrap characterized by  permanently 

cost elevation. At the same time the problems of pro-

duction of high-purity metal without non-oxidizable 

impurities (copper and nickel) as well as without usage 

of powdered metal-containing wastes (scale, sludge, 

chip, etc.) are solved. 

4. Complex, practically waste-free processing of tita-
nium-magnetite ores. The enormous resources of such 

ores are located in the Urals, Western and Eastern 

Siberia, while at present time half of the raw materials 

for titanium industry is imported from the Ukraine to 

the Urals. There is  only additional charging with such 

ores in a limited extent in blast furnaces, because of the 

risk to obtain viscous heterogeneous slag. 

In 2001, the fundamental possibility of the techno-

logical processing of a titanium-magnetite concentrate 

in the SER-type unit with separation of iron- and titani-

um-containing components was shown on the pilot 

plant [10]. It is achieved due to the fact that the process 

in SER-type unit is occurred in the gas phase area, while 

slag is suspended in the upper part of refining settling 

tanks, and the tapping can be conducted from any level 

on the unit height, providing an optimal (in terms of slag 

flowing ability) content of Fe and Ti oxides. This task is 

very important for both ferrous and non-ferrous metal-

lurgy and deserves a separate study [11]. 

Due to the fact that the considering unit has a cer-

tain degree of versatility, it can be implemented in a 

number of other technologies. In particular, we have 

calculated the thermodynamic and energetic possibility 

of autogenous processing of copper sulphide concen-

trates on matte or even on blister copper in this unit. This 

calculation has been made according to the order of the 

leadership of Rustavi Metallurgical Plant (Georgia) in 

1996. Complete insulation of the process from the atmo-

sphere stipulated originating of high concentrated sulfu-

rous gas with content of sulphur dioxide about 50–60%. 

It makes possible to process efficiently the waste gases on 

Fig. 2. Flow diagram of the module
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sulfuric acid, elemental sulfur, and other products pro-

viding full reticence of the process. Taking into consi-

deration the fact that content of ferric oxides in slag 

du ring the production of matte and especially of blister 

copper is particularly about 40–45%, this slag can also 

be processed in the SER-type unit and, therefore, to 

organize practically waste-free production. Apparently, 

in a similar unit it is also possible to convert matte on 

blister copper. Naturally, to test feasibility of these tech-

nologies it is necessary to establish a pilot plant. 

To accelerate the proposed development it is neces-
sary to realize the following measures: 

1. Establishment of the pilot mini-module (toge-

ther with “Sibelectroterm” plant) and testing of the new 

technologies at this module, afterwards fabrication of 

the standard mini-module with capacity of 30,000 tpy 

for foundries at machine-building plants and the stan-

dard module with capacity of 250,000–300,000 tpy. 

Based of these modules it is planned to create metallur-

gical mini-mills with advanced scientific and techno-

logical level and with full production cycle from ore (or 

powered waste) to the finished metal without the use of 

expensive and scarce scrap metal, where content of 

harmful impurities is growing. In its turn, that limits 

possibility of producing some special steels.  

2. Establishment (e.g. in Novokuznetsk) the 

designing-engineering center and  production  base for 

the construction and turnkey mounting of metallurgical 

mini-mills. At present time such opportunity is avai-

lable, because a group of designers from former 

Sibgipromez and other designing institutes is still loca-

ting in Novokuznetsk. 

Realization of this program can be carried out step-

by-step, it doesn't require large investments and can be 

characterized with quick return of investments. Due to 

the high knowledge content, the units have small sizes; 

that allows creating even mobile energetic metallurgical 

plants, not requiring supply of electric power. That fact 

is very important in the development of sparsely popu-

lated areas. It is also possible to use these units as coal 

gasifiers by means of coal firing in a slag layer, to pro-

duce energetic gas or synthetic gas with simultaneous 

metal reduction process (metal is enriched with alloying 

and rare earth elements) from ashes.   

Fig. 3. Technology comparison
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In conclusion, it should be noted that change of 

structures of metallurgy can also follow the line of the 

production of metallized pellets or briquettes via direct 

reduction with metal fabrication in electric arc furnaces. 

Such technological schemes have been sufficiently 

developed during recent years. However, construction 

of such installations requires large capital expenses; 

additionally, conventional metallurgical route is carried 

out here. This route includes crushing of raw materials, 

concentration, pelletizing and melting and it is at vari-

ance with the principles of minimization of entropy as 

the global environmental condition. It should also be 

mentioned that possibility of processing relatively poor 

and fine ores has been manifested to be the advantage of  

the Corex process during the early stages of its develop-

ment, is now not so important due to the tendency of 

increasing the volume of units, i.e. the tendency, that 

has led to a deadlock of conventional full-cycle  metal-

lurgy is repeating. 

The most effective way is direct reduction of metal 

from collector dust without pelletizing; it reduces dimen-

sions of units, capital costs and energy consumption.
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