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Аннотация. В статье рассматривается влияние основных технологических параметров маятникового поверхностного пластического 

деформирования (ППД) на механические свойства поверхностного слоя цилиндрических деталей из углеродистой стали. 
С использованием твердомера HBRV-187,5 и микротвердомера HMV-G21 определены твердость поверхностного слоя, микротвердость и 
глубина наклепанного слоя упрочненных деталей. Представлены результаты по расчету степени упрочнения, которые являются важной 
информацией для оценки эффективности способа ППД с точки зрения улучшения механических свойств металла. Экспериментальные 
исследования показали, что после маятникового ППД (при разных режимах обработки) твердость поверхностного слоя повышается на 
9 – 12 % по сравнению с твердостью исходной поверхности, а микротвердость возрастает в 1,5 – 1,7 раз, что приводит к значительному 
упрочнению поверхностного слоя цилиндрической заготовки. Глубина упроченного слоя варьируется в интервале 0,9 – 1,1 мм, при этом 
степень упрочнения составляет 45 – 65 %. С помощью программного пакета Statistica 10.1, позволяющего решать задачи оптимизации 
на основе статистического анализа, построена модель оптимизации и определены оптимальные режимы упрочнения при маятниковом 
ППД, обеспечивающие одновременно и максимальную глубину упрочненного слоя, и наибольшую степень упрочнения поверхностного 
слоя. Оптимальные режимы упрочнения формируются при следующих режимах обработки: радиальный натяг t = 0,15 ÷ 0,2 мм; 
продольная подача s = 0,07 ÷ 0,11 мм/об; частота вращения заготовки nз = 160 ÷ 200 мин−1; частота маятникового движения рабочего 
инструмента nин = 110 ÷ 130 дв.ход/мин; угловая амплитуда рабочего инструмента α = 35 ÷ 40°. По результатам экспериментальных 
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Abstract. The article discusses influence of the main technological parameters of pendulum surface plastic deformation (SPD) on the mechanical 

properties of surface layer of cylindrical parts made of carbon steel. Using the hardness tester HBRV-187.5 and the microhardness tester 
HMV-G21, we determined hardness of the surface layer, microhardness and depth of the work-hardened layer of hardened parts. In addition, the 
results of calculating the hardening degree are presented, which is important information for evaluating the effectiveness of SPD method in terms 
of improving the metal mechanical properties. Experimental studies showed that after pendulum SPD (at different processing modes), hardness of 
the surface layer increases by 9 – 12 % compared to hardness of the original surface, and the microhardness increases by 1.5 – 1.7 times, which leads 
to a significant hardening of the cylindrical billet surface layer. Depth of the hardened layer varies in the range of 0.9 – 1.1 mm, while the hardening 
degree is 45 – 65 %. Using the software package Statistica 10.1, which allows solving optimization problems based on statistical analysis and building 
an optimization model, we determined the optimal modes of hardening by pendulum SPD. These modes simultaneously provide both the maximum 
depth of the hardened layer and the highest hardening degree of the surface layer. They are formed under the following processing modes: radial 
interference t = 0.15 – 0.2 mm; longitudinal feed s = 0.07 – 0.11 mm/rev; billet rotation frequency nb = 160 – 200 min−1; frequency of the working 
tool pendulum movement nt = 110 – 130 strokes/min; angular amplitude of the working tool α = 35 – 40°. According to the results of experimental 
data and numerical calculations, it was established that the average grain size in pendulum SPD decreases by 30 – 40 % compared to the initial size, 
and the dislocation density increases by 2.5 times. 
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 Introduction

The reliability of mechanical products largely depends 
on the quality of their components. This quality encom-
passes not only the dimensional accuracy and surface 
finish of the parts but also the mechanical properties 
of the surface layer exposed to various loads and thermal 
effects. Reliability can be enhanced through better materi-
als, design, manufacturing, and operational practices. As 
indicated in references [1 – 3], improvements in the man-
ufacturing process yield the most favorable outcomes.

In order to enhance the performance characteris-
tics of the surface layer of machine parts, the techno-
logy of finishing-hardening treatment through surface 
plastic deformation (SPD) treatments are extensively 
employed [4 – 6].

Plastic deformation alters the structure of the metal 
surface layer. It significantly increases the number of dis-
locations, vacancies, and other defects in the lattice. 
Grains are fragmented and clustered, leading to changes 
in the size and shape of grains within the surface layer. 
Elastoplastic deformation resulting from machining alters 
the physical and chemical properties of the metal surface 
layer [7 – 9].

Plastic deformation induces hardness in the metal, with 
hardness diminishing linearly with depth. For example, 
Mitrofanova K. et al. [10] reported that parts made from 
grade 45 steel, after spinning with a variable-radius roller 
tool, possess a hardened layer approximately 1.1 mm 
deep. The microhardness within the region of plas-
tic deformation remains relatively low,  at approxi-
mately HV. Smoothing grade 45 steel components with 
a diamond tool leads to a tenfold increase in tangential 
stress. The depth of the hardened layer ranges from 0.05 
to 0.40 mm (as the smoothing force escalates from 50 
to 200 N). The dislocation density within the hardened 
surface layer signifies the extent of grain refinement, 
witnes sing an increase of 40 to 70 % [11]. 

Metal hardening through surface plastic deforma-
tion enhances the parts’ performance by increasing wear 
resistance, contact strength, and reliability of the press 
fits [12 – 14].

The key surface quality indicators are hardness and 
the depth of the hardened layer [15 – 17]. The extent 
of hardening depth correlates with roller pressure and can 

influence various surface layer properties. Deeper hard-
ening improves wear resistance, while in terms of fatigue 
strength, studies [2; 11; 15; 18] suggest that residual com-
pressive stresses decrease as hardening depth increases, 
which maight reduce durability gain.

Significant contributions to analytically estimat-
ing hardening depth through SPD have been made 
by researchers such as Braslavsky V.M., Drozd M.S., 
Kudryatsev I.V., Matlin M.M., Petushkov G.E. and Hei-
fetz S.G. However, the existing relationships are only 
applicable to basic forming operations.

Researchers at Irkutsk National Research Techni-
cal University have refined surface plastic deforma-
tion processes by utilizing more intricate tool motions. 
The introduced a mechanical hardening process involv-
ing a swinging (pendulum) motion of the tool [19]. This 
process alternates between rolling and sliding actions. In 
our own work [20], we’ve assessed the stress increase 
within the deformation area achievable without raising 
the radial tool interference and residual stress.

This study aims to discern the impact of variables 
related to the swinging tool deformation on hardening 
depth and final hardness, while also evaluating the feasi-
bility of the process.

 Materials and Methods

Fig. 1 illustrates the pendulum tool treatment pro-
cess. In this process, denoted as Pendulum Tool Plastic 
Deformation (PTPD), the outer surface 1 is rotated about 
its centerline. The tool is pressed onto the surface and 
moved with a radial interference t. The tool is advanced 
parallel to the part axis. The tool itself takes on the form 
of a sector 3 with a circular surface 2. This sector-shaped 
tool is firmly attached to a rocker that oscillates within 
the α angle range.

For the experiments, we utilized a 1K62 lathe. 
The upper carriage was replaced with the sector-shaped 
tool drive (Fig. 2). The tool’s specifications include a sec-
tor radius Rsec = 65 mm; an edge fillet radius rtool = 3 mm; 
and it’s made of R18 HSS material. The lubricant used 
was I-40A industrial oil, commonly employed in harden-
ing processes.

We machined cylindrical samples with a 25 mm dia-
meter, using medium-carbon steel grade 45 and measured 

данных и численных расчетов установлено, что средний размер зерен при маятниковом ППД уменьшается на 30 – 40 % по сравнению 
с исходным размером, а плотность дислокаций возрастает в 2,5 раза. 
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the resulting hardening depth and final hardness. These 
samples were designed with six equally spaced grooves 
to demarcate six segments of the same length and diam-
eter. We tailored the process variables to treat conducting 
tests for five different sets of variables per sample. Each 
set of process variables was applied to three samples, and 
the curves illustrate the mean values.

In order to eliminate any runout, the sample was 
clamped within the three-jaw chuck of the lathe and 
additionally supported by the tailstock center. The cylin-
drical surface of the sample was machined to a 25 mm 
diameter (with parameters: s = 0.17 mm/rev, rpm = 620, 
t = 0.5 mm) and subsequently subjected to hardening via 
plastic deformation.

Before conducting the tests, we performed harden-
ing on a pilot batch of samples to establish the baseline 
plastic deformation mode. The foundational process 
variab les were determined as follows: radial interference 
t = 0.07 mm; longitudinal feed s = 0.07 mm/rev; billet 
rotation frequency nb = 100 rpm; tool angular amplitude 
α = ±20°; and tool frequency ntool = 55 double strokes/min.

After the hardening process using the pendulum tool, 
the cylindrical samples were slice into thin sections uti-
lizing a Discotom-10 metallographic cutting machine. 
These sections were then positioned within molds and 
filled with Aka-Resin Acrylic epoxy resin powder, sub-
sequently compressed on a POLYLAB S50A automatic 
press. Following this, the sample sections underwent 
grinding and polishing on a Tegramin-25 automatic 
grinding and polishing machine, employing water cool-
ing to achieve a mirror-like shine. In order to reveal 
the microstructure, the thin sections of the steel grade 45 
samples were subjected to etching using a solution of 5 % 
nitric acid (HNO3) mixed with alcohol.

The Rockwell hardness of the surface layer was mea-
sured using an HBRV-187.5 hardness tester. For each seg-
ment of the sample, hardness was measured at six distinct 
points, situated on two circumferences. The hardness 
value for each segment was determined as the average 
of these six measurements.

Fig. 1. Scheme of pendulum surface plastic deformation (а):
1 – billet; 2 – deforming element; 3 – working sector of the tool;

b – rolling scheme; c – sliding scheme in the contact zone

Рис. 1. Схема маятникового поверхностного пластического  
деформирования (а): 

1 – заготовка; 2 – деформирующий элемент;  
3 – рабочий сектор инструмента;

b – схема качения; c – схема скольжения в зоне контакта

Fig. 2. General view of the device for pendulum surface plastic deformation (SPD) of cylindrical parts’ outer surfaces:
1 – base; 2 – rear center; 3 – motor-reducer; 4 – sectorial working tool with a rounding radius; 5 – processed sample; 

6 – three-jaw chuck; 7 – control panel for the working tool movement

Рис. 2. Общий вид устройства для маятникового ППД наружных поверхностей цилиндрических деталей: 
1 – основание; 2 – задний центр; 3 – мотор-редуктор; 4 – секториальный рабочий инструмент с радиусом скругления; 

5 – обрабатываемый образец; 6 – трехкулачковый патрон; 7 – панель управления параметрами движения рабочего инструмента
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Microhardness measurements were conducted 
using an HMV-G21 microhardness meter, adhering 
to GOST R ISO 6507-1-2007 standards. The instru-
ment employed a diamond Vickers pyramid penetrator 
to indent a flat section of the sample. The HV0.2 scale was 
employed, with a rated load of 1.961 N and a holding time 
of 5 s. Microhardness readings were taken at three points 
evenly spaced around the circumference. Mean hardness 
values were computed and microhardness vs. process 
variable curves were plotted for each process variable (as 
shown in the curves below).

The microstructure of the hardened samples was exam-
ined using a MET-2 metallographic microscope. A ×500 
magnification of the metal’s structure was observed 
on a computer screen utilizing the ToupView software. 
The grain size was estimated as the mean of the maxi-
mum and minimum grain dimensions. Obtaining consis-
tent results with minimal error required 5 to 7 measure-
ments, and at least 10 measurements were taken for each 
grain.

 Experimental Results

Let us examine the essential physical and mechanical 
properties of the hardened surface, such as surface layer 
hardness, microhardness and hardening depth, and their 
correlations with the process variables within the pendu-
lum tool treatment process.

Surface Layer Hardness. In Table 1, we present 
the surface hardness values following the pendulum tool 
treatment in relation to the key process variables.

Based on the available experimental outcomes, it 
is evident that the surface layer hardness experiences 
an average increase of 9 to 12 %. Notably, the process 
variables with substantial impact on hardness augmen-
tation include radial interference, longitudinal feed, bil-

let rotation frequency rpm, pendulum frequency, and 
the amplitude of angular tool movement.

Microhardness of the Hardened Layer. Microhard-
ness measurements provide insights into both absolute 
hardness and the depth of hardening. As depicted in 
Fig. 3, the distribution of microhardness across the cross-
section of the hardened part (under the baseline process 
mode) is showcased. Notably, the initial microhard-
ness of the sample after turning ranged between 210 
to 215 HV0.2 . Subsequent to the pendulum tool treatment, 
microhardness at a depth of 50 μm beneath the surface 
surged to 320 HV0.2 .

It should be noted that the microhardness decreases 
towards the centerline of the cylindrical part. At a cer-
tain depth, it becomes equal to the initial microhardness 
of the part metal. The increased depth of the microhard-
ness layer is approximately 0.88 mm (Fig. 3). Fig. 3 illust-
rates the distribution of microhardness across the depth 
of the hardened layer.

Table 2 outlines the relationships between the key 
process variables, maximum microhardness and harden-
ing depth.

Fig. 4 displays the curves of microhardness and hard-
ening depth against the key process variables (s, t, nb , 
ntool ) curves. 

The study revealed that as the radial interference 
increases from 0.05 to 0.20 mm, the microhardness 
of the surface layer increases by approximately 12 %, 
whereas the increase in hardening depth is approximately 
35 %. With an increase in longitudinal feed from 0.07 
to 0.23 mm/rev, there is a decreases in microhardness by 3 
to 5 % and a decreases in hardening depth by 7 to 8 %. 
Furthermore, elevating the billet rotation frequency RPM 
(from 80 to 200) and the frequency of the pendulum tool 
(from 40 to 120 double strokes per min) also results in 

T a b l e  1

Hardness of the surface layer of cylindrical parts under pendulum SPD (initial hardness HRBin = 84.8) 

Таблица  1. Твердость поверхностного слоя цилиндрических деталей при маятниковом ППД  
(исходная твердость HRBисх = 84,8)

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Hardness, HRВ 94.1 93.7 93.5 93.2 93.0
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Hardness, HRВ 93.7 94.1 94.3 94.6 94.8
Billet rotation frequenc, rpm 80 100 125 160 200
Hardness, HRВ 93.8 94.1 94.2 94.8 95.6
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Hardness, HRВ 93.6 94.1 94.3 94.6 94.7
Range of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Hardness, HRВ 93.8 94.1 94.3 94.5 94.8
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a microhardness increase of 10 to 14 % and an increase 
in hardening depth by 15 to 18 %. The variation in angu-
lar amplitude has minimal effect on microhardness and 
hardening depth.

The rate of hardening (CH) in the surface layer after 
plastic deformation can be estimated using the following 
equation:

               (1)

where HV1 represents the initial microhardness of the sur-
face layer; HV2 is the microhardness after treatment.

Table 3 presents the estimated hardness values in rela-
tion to the key process variables. 

The data suggest that under baseline conditions, 
the hardening rate is approximately 50 %. By adjusting 
the process variables, the hardening rate can be vari ed 

within the range of 45 to 65 %. Fig. 5 illustrates the curves 
depicting the relationship between hardening rate and key 
process variables (s, t, nb , ntool ).

To determine the optimal treatment mode for pen-
dulum tool, with the aim of achieving the maximum 
depth of the hardened layer and hardening rate, we uti-
lized the Statistica 10.1 software package. This software 
is extensively employed for statistical analysis within 
the manufacturing field. Utilizing Statistica 10.1, we 
derived single-factor equations (2) and (3) that corre-
spond to the curves depicted in Figs. 4 and 5. The depth 
of the hardened layer and the hardening rate are the variab-
les targeted for optimization:

            (2)

             (3) 

Figs. 6 and 7 illustrate the optimization results gener-
ated by Statistica 10.1.

Table 4 summarizes the statistical analysis and opti-
mization undertaken for the depth of the hardened layer 
and the hardening rate. It was observed that certain sets 
of process variables yield the highest values for both 
the depth of the hardened layer (approximately 1.1 mm) 
and the hardening rate  (about 65 %). This phenome-
non arises from the clear relationship between the depth, 
hardening rate (HR), and each individual process vari-

T a b l e  2

Microhardness (HV0.2 ) on the surface and hardening depth (h) under pendulum SPD

Таблица 2. Микротвердость (HV0,2 ) на поверхности и глубина наклепа (h) при маятниковым ППД

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Microhardness/depth, mm 323/0.88 317/0.86 313/0.85 307/0.82 305/0.81
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Microhardness/depth, mm 306/0.81 323/0.88 333/0.94 339/1.01 348/1.10
Billet rotation frequency, rpm 80 100 125 160 200
Microhardness/depth, mm 320/0.86 323/0.88 325/0.89 328/0.91 330/0.93
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Microhardness/depth, mm 317/0.85 323/0.88 327/0.91 334/0.94 339/0.98
Amplitude of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Microhardness/depth, mm 316/0.87 323/0.88 325/0.89 327/0.90 329/0.91

Fig. 3. Distribution of microhardness over the surface layer depth under 
pendulum SPD (in basic processing modes):

1 – before pendulum SPD; 2 – after pendulum SPD

Рис. 3. Распределение микротвердости по глубине поверхностного 
слоя при маятниковом ППД (в базовых режимах обработки):

1 – до МППД; 2 – после МППД
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T a b l e  3

Influence of the main parameters of pendulum SPD on hardening degree

Таблица 3. Влияние основных параметров маятникового ППД на степень упрочнения

Longitudinal feed, mm/rev 0.07 0.11 0.13 0.17 0.23
Hardening rate, % 51 49 47 45 43
Radial interference, mm 0.05 0.07 0.10 0.15 0.20
Hardening rate, % 45 51 58 61 65
Billet rotation frequency, rpm 80 100 125 160 200
Hardening rate, % 50 51 54 56 57
Pendulum tool frequency, double strokes/min 40 55 80 100 120
Hardening rate, % 50 51 54 59 61
Amplitude of the angular tool movement, deg ±15 ±20 ±25 ±30 ±37
Hardening rate, % 50 51 53 55 56

Fig. 4. Dependence of microhardness and hardening depth 
on the main parameters of pendulum SPD: 

s (а); t (б); nb (в); nt (г) 

Рис. 4. Зависимость микротвердости и глубины упрочнения 
от основных параметров маятникового ППД: 

s (а); t (б); nз (в); nин (г)

Fig. 5. Dependence of hardening degree  
on the main parameters of pendulum SPD: 

s (а); t (б); nb (в); nt (г) 
 

Рис. 5. Зависимость степени упрочнения  
от основных параметров маятникового ППД: 

s (а); t (б); nз (в); nин (г)
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able. For instance, the parameters h and HR exhibit 
a direct proportionality with α, t, nb , ntool while displaying 
an inverse proportionality with the longitudinal feed s.

 Results and Discussion

The phenomenon responsible for the strengthening 
of the metal is the impeding of dislocation motion. One 
method to hinder the motion of dislocations involves 
refining the grain structure. The accumulation of dis-
locations along grain boundaries obstructs the move-
ment of dislocations, ultimately leading to the harden-
ing of the metal [21 – 23]. Evaluating the effectiveness 
of the proposed mechanical hardening process can be 
achieved by assessing the improvements in the mechanical 
properties of the surface layer, primarily through changes 
in grain sizes and dislocation density (which is closely tied 
to the dimensions of the intergranular boundaries). Table 5 
rovides an analysis of the microstructure properties 
observed on the surface of the sample and at its centerline. 

For components made from steel grade 45, the microstruc-
ture of the surface layer comprises dark spots indicating 
pearlite, and light spots representing ferrite. 

The grain sizes within the core of the part that hasn’t 
been subjected to plastic deformation show minimal 
variation, remaining in the range of approximately 
50 to 70 μm. Both the radial and axial cross-sections 
of the grains exhibit nearly identical features. Con-
versely, on the surface, the grain structure appears 
finer due to direct exposure to grinding and the effects 
of mechanical hardening. In this region, the microstruc-
ture primarily consists of grains compressed in the radial 
direction (the main deformation direction) and elon-
gated along the axial direction (aligned with the direc-
tion of plastic flow). The concentration of pearlite grains 
is heightened, evident from the greater microhardness 
observed in the surface layer (as outlined in Table 5). 
The average widths of the grains measure 25 μm for fer-
rite and 30 μm for pearlite, while the average lengths are 
35 μm for ferrite and 40 μm for pearlite.

Fig. 6. Depth response surfaces of the hardened layer of cylindrical surfaces under pendulum SPD depending on:
t and s (а); t and nb (б); nt and nb (в); α and s (г) 

Рис. 6. Поверхности отклика глубины упрочненного слоя цилиндрической поверхности при маятниковом ППД в зависимости от: 
t и s (а); t и nз (б); nин и nз (в); α и s (г)
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It is evident that the treatment leads to a reduction in 
grain sizes within the hardened layers by approxi-
mately 30 to 40 %. Additionally, the notable increase in 
the concentration of fine, hard pearlite grains contributes 
to the heightened microhardness of the surface layer.

Theoretical investigations [21; 22] highlight that the 
hardening process of the surface layer can be compre-

hended through the lens of dislocation theory. According 
to this theory, metal hardening arises from the develop-
ment of denser dislocation substructures and enhanced 
shear resistance within the lattice. Drankin B. et al. [22] 
substantiated that the creation of low-angle grain bounda-
ries, coupled with an augmented dislocation density, cur-
tails grain movement and reinforces the metal. This implies 

Fig. 7. Response surfaces of hardening degree of cylindrical surface under pendulum SPD depending on:
t and s (а); t and nb (б); nt and nb (в); α and s (г) 

Рис. 7. Поверхности отклика степени упрочнения цилиндрической поверхности при маятниковом ППД в зависимости от: 
t и s (а); t и nз (б); nин и nз (в); α и s (г) 

T a b l e  4

Parameters and modes of pendulum SPD providing an increase 
in physical and mechanical properties of the surface layer

Таблица 4. Параметры и режимы маятникового ППД, обеспечивающие повышение 
механических свойств поверхностного слоя

Layer properties
Process variables Optimized variables

t, mm s, mm/rev α, deg ntool , double strokes/min nb , rpm h, mm CH, %
h, mm 0.15 – 0.20 0.07 – 0.11 35 – 40 120 – 130 160 – 200 1.0 – 1.1 50 – 60
CH, % 0.15 – 0.20 0.07 – 0.11 35 – 40 110 – 130 180 – 200 1.0 – 1.1 61 – 65



Известия вузов. Черная металлургия. 2023;66(3):272–282.
Зайдес С.А., Хо Минь Куан. Степень упрочнения и глубина наклепа при маятниковом поверхностном пластическом деформировании ...

280

that a higher dislocation density corresponds to increased 
hardness of the metal. Sulima A. et al. [23] introduced 
the equation for dislocation density:

           (4)

where HV1 represents the initial surface microhardness; 
HV2 is the surface microhardness post plastic deforma-
tion; ρ0 = 108 cm–2 is the initial dislocation density for 
carbon steels. Works [22; 23] present an inter-disloca-
tion interaction parameter for ferritic steel as α = 0.32. 
G. Taylor estimated parameters for diverse polycrystal 
lattice types. They are: for BCC metal lattice m = 2.75; 
for steel grade 45 the shear modulus G = 78,000 MPa; 
the Burgers vector b = 3·10–8 cm. 

With the given values, we calculated the disloca-
tion density 50 μm beneath the surface following pen-
dulum tool treatment in the baseline mode, resulting in 
a value of 2.28·108 cm–2.

This indicates that the pendulum tool treatment esca-
lates dislocation density by a factor of 2.2 to 2.5. We com-
pared these outcomes with values reported in [11; 12]. 
These studies indicate a 26 % increase in dislocation den-

sity after treatment with a standard roller and a 150 % 
increase after treatment with a two-radius roller. 

In conclusion, it is imperative to note that the proposed 
pendulum tool process integrates both rolling and sliding, 
a unique characteristic not present in other existing hard-
ening methods. Such a combination effectively reduces 
surface micro-roughness and enhancers the mechanical 
properties of the surface layer.

 Conclusion

We have introduced a novel mechanical hardening 
process and developed the corresponding tooling. This 
process contributes to a notable increase in the hardness 
of the surface layer, achieving enhancements of approxi-
mately 9 to 12 % over the initial hardness.

Particularly significant is the microhardness eleva-
tion, ranging from 50 to 70 %. The resultant hardening 
depth lies within the range of 0.9 to 1.1 mm, and the cor-
responding hardening rate varies between 45 and 65 %.

By identifying optimal values for the process vari-
ables (nb = 160 ÷ 200 min−1; ntool = 110 ÷ 130 double 
strokes/min; t = 0.15 ÷ 0.2 mm; s = 0.07 ÷ 0.11 mm/rev; 
α = 35 ÷ 40°), we have successfully determined the set-

T a b l e  5

Microstructure of the hardened layer (steel 45) after pendulum SPD 

Таблица 5. Микроструктура упрочненного слоя (сталь 45) после маятникового ППД

Section
Microstructure of a hardened sample, 45 steel grade (×500)

Cross section Longitudinal section

Surface area

Core area
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tings that yield the maximum depth of the hardened layer 
and hardening rate.

We have elucidated the rationale behind the improve-
ment in surface layer properties, supported by both 
experimental findings and simulations. The research 
has revealed that, post-treatment, the average grain size 
experiences a reduction of 30 to 40 %, while the disloca-
tion density undergoes a substantial increase of 150 %.
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Аннотация. Тепловой режим бочки рабочего валка непрерывного стана горячей прокатки – значимый фактор технологии, который влияет 

на качество формы стальной полосы, ее поперечное сечение, стойкость рабочих валков. Достоверный расчет параметров температурного 
режима позволяет определить форму теплового профиля и наилучшую профилировку поверхности бочки валка, добиться уменьшения 
дефектов планшетности готового проката. Наиболее распространенной является балансная модель теплового режима валка, точность 
которой в значительной степени определяется теплофизическими постоянными, в частности коэффициентами теплообмена валков: 
контактного – с полосой и конвективного – с охлаждающей водой. Имеются различные сведения о значениях и методах расчета 
этих коэффициентов, но большинство из них не учитывают наличие пауз в ритме прокатки чистовой группы клетей, длительность 
которых значительна. Отсутствие учета этого фактора влечет за собой существенные ошибки в расчетах теплового режима бочки валка. 
Проведен пассивный эксперимент, в ходе которого с помощью термопары измерены температуры поверхностей бочек рабочих валков 
в нескольких точках по их длине сразу же после вывалки. Также определены параметры прокатки стальных полос перед перевалкой: 
коэффициенты ритма прокатки, обжатия полосы в клетях, расходы воды на охлаждение валков и некоторые другие параметры. 
В результате получено эмпирическое уравнение для расчета коэффициента контактного теплообмена, учитывающее основные факторы 
технологии, в том числе длительность пауз в ритме прокатки. Использование уточненных коэффициентов для расчета температур 

  shal-dmitrij@yandex.ru
Abstract. Thermal mode of the working roll barrel in a hot-rolling mill is a significant technological factor that affects the steel strip quality, its cross 

section, and durability of working rolls. A reliable calculation of the temperature mode parameters makes it possible to determine the thermal profile 
shape and the best profiling of the roll barrel surface, as well as to reduce defects in steel strip flatness. The most common is the balance model of roll 
thermal mode. Its accuracy is largely determined by thermophysical constants, in particular, the heat transfer coefficients of the rolls: contact – with 
the strip and convective – with cooling water. There are various data on the values   and methods for calculating these coefficients, but most of them 
do not take into account the presence of pauses in rolling rhythm of the finishing group of stands, the duration of which is significant. Failure to take 
this factor into account entails significant errors in calculations of the thermal mode. A passive experiment was carried out, during which surface 
temperatures of the working rolls’ barrels were measured using a thermocouple at several points along their length immediately after they fell out. 
Also, the parameters of steel strip rolling before roll change were determined: rolling rhythm coefficients, strip reduction in stands, water consumption 
for cooling rolls and some others. As a result, an empirical equation was obtained for calculating the contact heat transfer coefficient, taking into 
account the main technological factors. The use of refined coefficients for calculating the temperatures of the roll barrel significantly increased 
the accuracy of predicting the thermal mode, in particular, the thermal profile of the working roll, based on values   of the rolling parameters. 

Keywords: CCM, thermal mode, continuous hot rolling, steel strip, flatness, cross section shape, contact heat transfer coefficient, working roll barrel, 
surface temperature, thermal profile, balance equations
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 Introduction

Numerous studies have been conducted on the tempe-
rature profiles of roll body in continuous rolling mills. 
Garber E. et al. [1] proposed a thermal analysis approach 
for broad-strip hot rolling mill rolls. Their method incor-
porated heat balance equations for work rolls (WR) and 
backup rolls (BR) considering heat exchange between 
the rolls, strip, cooling water, and the environment. 
The accuracy of their simulation heavily relied on empiri-
cally estimated heat transfer coefficients. However, 
a disadvantage of their model was the insufficient con-
sideration of rolling downtime. To address this, the frac-
tion of operating time during the lead time was multip-
lied by the roll body temperature, leading to significant 
errors during extended downtime. Despite this limitation, 
the simulation model was relatively simple, valid to a cer-
tain extent, and had potential for improvement. 

Bel’skii S. et al. [2] employed a simplified model 
to estimate the temperature profile of hot-rolling work 
rolls. They obtained an exact solution for the thermal con-
ductivity equation and measured the temperature distribu-
tion along the roll body after rolling. 

Antonyuk V. et al. [3] introduced a new design for 
cooling system headers aimed at reducing the work roll 
body temperature to an acceptable level. However, their 
study lacked any theoretical analysis of the proposed 
upgrade, and it remained unclear whether the design could 
be applied to cooling systems of other rolling mills.

Garber E. et al. [4] demonstrated the significant impact 
the roll body temperature profile on the accuracy of strip 
cross-section shape [4]. The model presented in [3] could 
be applied with adjustments specific to the rolling mill and 
actual downtime.

Several studies have focused on temperature profiles 
in broad-strip rolling mill.

Hamraoui M. et al. [5] simulated the strip temperature 
distribution in the steady-state mode, representing work 
rolls as heated hollow cylinders in contact with the strip 
and cooled by convection on the outer and axial hole sur-
face. They proposed a model linking roll temperature to its 
rotation speed and heat exchange with the environment. 

Johnson R. et al. [6] investigated the unsteady ther-
mal field of the roll at different time intervals, assuming 
heat transfer solely on the roll surface. Their resulting 

thermal field model enabled temperature prediction at any 
point within the roll body.

Campos A. et al. [7] developed a real-time simula-
tion model to estimate the temperature and thermal expan-
sion of hot-rolling mill work rolls. Additionally, they 
designed an intelligent system to control the cooling water 
flow rate for work rolls.

Hlady C. et al. [8] determined the heat transfer coeffi-
cient for hot rolling of aluminum-magnesium alloys 
in a laboratory mill. They placed thermocouples inside 
the rolling strip and obtained coefficient values ranging 
from 200 to 450 kW/(m2·°C) through inverse modeling. 

Zhang X. et al. [9] created a finite-difference model 
to simulate the thermal expansions of CVC work rolls 
during hot strip rolling. Their simulation considered 
heat release resulting from strip deformation and friction, 
as well as convective heat exchange with the environment. 

Prediction of temperature distribution in work rolls 
holds great importance for mill designers. Serajzadeh S. et 
al. [10] estimated the temperature and heat transfer coeffi-
cients of hot-rolling roll. By utilizing the differential equa-
tion of thermal conductivity for cylinders, they derived 
a nonstationary thermal model which provided reasonably 
accurate estimates of work roll temperature. 

Mercado-Solis R. et al. [11] examined surface defects 
in work roll bodies caused by temperature stress. They 
studied heat damage to hot-rolling mill work rolls using 
a test bench that simulated the first stands. Two steel 
grades were tested: high-speed tool steel and high-car-
bon chromium steel. Their FEM model predicted tempera-
ture distribution across the roll volume. 

Hwang S. et al. [12] presented a FEM approach to ana-
lyze the thermal and mechanical behavior of hot strip rolls.

Kotrbacek P. et al. [13] conducted a study on the impact 
of roll temperature on roll body wear.

Arif A. et al. [14] examined the temperature distri-
bution in the work roll when it comes into contact with 
the strip during cold rolling. They proposed a FEM 
approach to simulate the inhomogeneous heat flow 
at the interface between the roll body and strip.

In his monograph, Garber E. [15] provided a compre-
hensive review of existing simulation models for cool-
ing broad-strip rolling mill rolls. The monograph also 
includes an analysis of the roll cooling system and dis-
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cusses the adaptation of simulation models to specific roll-
ing mill.

 Problem statement. Materials and methods

In most cases, the temperature distribution across 
the surface of WR body is symmetric relative to the roll 
body’s midline. This symmetry is maintained up to approx-
imately two-thirds of the average strip width [1]. The roll 
surface temperature experiences a slight decrease towards 
the strip edges, while the roll ends are only a few degrees 
hotter than the cooling water. To predict the temperature 
profile, it is necessary to determine the actual temperature 
at the middle of the roll body. This temperature can be 
obtained using available temperature distribution models.

The heat balance model [16; 17] utilized to calculate 
the temperature at the middle of the roll body surface 
in 4-high mill stands.

This model employs thermal balance equations for 
the WR and BR, assuming that the average temperature 
field over the rolling lead time remains constant. Accor-
ding to this model, the entire heat energy generated is 
transferred through contact heat exchange to the backup 
roll and through convective heat exchange to either 
the cooling water or the environment.

Fig. 1 illustrates the heat flows in the radial plane 
of the rolls for a 4-high mill stand. Based on Fig. 1 and 
the aforementioned patterns of roll-to-roll, roll-to-cooling 
water, and roll-to-environment heat exchange, the quasi-
stationary heat balance can be represented by the follow-
ing two equations:

– for the work roll:

            (1)

– for the backup roll:

    (2)

In these equations, the heat amounts are defined as 
follows: Qwr represents the heat supplied to the WR 
from the strip through contact and partially radiant 
heat exchange;  and  denote the amounts 
of heat removed from the WR by the cooling water 
at the inlet and outlet of the stand; Qbr represents 
the heat transferred from the WR to BR through con-
tact heat exchange; Qbr.cool represents the heat removed 
by the cooling water from the backup roll; Qbr.env repre-
sents the heat released by the backup roll to the environ-
ment (air).

By substituting the heat balance components 
in the equations above they are reduced to a system of two 
linear equations in the unknown average temperatures 
of the WR (tavg.wr.i ) and BR (tavg.br.i ):

The coefficients of the system of equations are 
expressed as follows:

The input values for the system of equations are as fol-
lows:

Fig. 1. Scheme of heat flows in the “quarto” stand:
1 – collector with nozzles of the roll cooling system; 

2 – wiring-water cutters from the rolled strip

Рис. 1. Схема тепловых потоков в клети «кварто»:
1 – коллектор с форсунками системы охлаждения валков; 
2 – проводки-отсекатели воды от прокатываемой полосы
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– contact heat transfer coefficients: αcont.ht.wr strip 
to WR; αcont.ht.br WR to BR;

– convective heat transfer coefficients:  ,  WR 
to cooling water at the stand inlet and outlet; α1br BR 
to the cooling water; αbr.env BR to the air (all the heat trans-
fer coefficients are in W/(m2·°C));

– φ1 to φ5 are the WR and BR circumference angles 
in radians which define sectors with different heat transfer 
coefficients (refer Fig. 1);

– other values: Dwri , Dbri mid-body diameters of the ith 
stand WR and BR, m; lsi length deformation area for the ith 
stand, m (pre-estimated using the rolling force model); 
bbri width of the elastic contact area between the WR 
and BR, m (estimated using the Hertzian equations from 
elasticity theory); tcool temperature of the cooling water 
supp lied to the rolls, °C; touti strip temperature as it leaves 
the deformation area of the ith stand (pre-estimated with 
the partial strip temperature model); tenv ambient (air) tem-
perature, °C.

The WR and BR heat balance equations were solved 
using Cramer’s rule:

       (3)

The reliability of roll temperature estimation depends 
on the contact and convective heat transfer coefficients: 
αcont.ht.wr , αcont.ht.br ,  ,  , α1br , αbr.env .

Garber E. et al. [16; 17] presented equations for 
the  ,  , α1br , αbr.env coefficients. The convec-
tive heat transfer coefficients between BR and cooling 
water, and BR and environment (air) in these papers 
are: α1br = 1500 W/(m2·°С); αbr.env = 400 W/(m2·°С),  
the contact heat transfer coefficient between WR and BR  
αcont.ht.br = 40 kW/(m2·°С). 

The equation for the convective heat transfer coeffi-
cient between WR and cooling water is given by [17]

α1wr.in ≈ α1wr.out = 21V11 + 21,000pcool – 0.04  –

          – 71  – 14,590, W/(m2·°С), (4) 

where V11 is the water spraying intensity over the roll  
 

body width , m3/(s·m2), V is the total volume  
 
of water supplied to the WRs of the ith stand, m3/s; bs is 
the strip width, m); pcool is the WR cooling water pressure, 
atm. 

The roll-to-strip contact heat transfer coefficient  
αcont.ht.wr  depends on: 

– the length of the deformation area, which in turn is 
determined by the contact stress;

– the roll body-to-strip contact period expressed as  
 

the downtime ratio:  (τlt is the lead time, s;  
 
τdr is the downtime when there is no strip in the deforma-
tion area, s);

– the roll body diameter (assumed constant for the spe-
cific rolling mill and stand);

– the presence of slag between the strip and the roll 
surface.

It is important to emphasize that the accuracy 
of the αcont.ht.wr contact heat transfer coefficient will greatly 
influence the accuracy of work roll temperature estima-
tion and other temperature-dependent process properties.

The determination of αcont.ht.wr can be achieved by uti-
lizing experimental data of process variables, stand prop-
erties, and experimental studies of roll body surface tem-
perature.

Papers [16 – 18] provide such input data for calculating 
the αcont.ht.wr coefficient in the finishing stands of a broad-
strip cold and hot rolling mill. The literature reports tem-
peratures of work roll body surfaces that are measured 
using thermocouples immediately after the work rolls 
are removed from the stand. Fig. 2 illustrates bar graphs 
depicting the temperature distribution in the middle 
of the WR body for the finishing stand of the 2000 model 
broad-strip rolling mill.

Fig. 2 indicates that the roll body temperature gene-
rally decreases from the first stand to the last finishing 
stand. This can be attributed to the lower strip tempera-
ture in these stands. However, the second and third stands 
deviate from this trend. Fig. 3 demonstrates that the aver-
age flow rates of water supplied to the roll body surfaces 
are highest compared to the flow rates in the other stands. 

Fig. 2. Temperatures of the working rolls barrels’ surfaces 
in the stands of finishing group

Рис. 2. Температуры поверхностей бочек рабочих валков 
в клетях чистовой группы
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To derive an analytic equation for the WR-to-strip 
contact heat exchange coefficient we determined the coef-
ficient values that minimize the discrepancy between 
measured and estimated temperatures using the heat bal-
ance model. Subsequently, they selected the most suitable 
equation for αcont.ht.wr and validated its performance. 

 Results and discussion

We conducted regression analysis on the experimen-
tal data to develop an equation for the WR-to-strip con-
tact heat exchange coefficient in the deformation areas 
of the finishing stands in the broad-strip rolling mill. 
The resulting equation is as follows:

αcont.ht.wr = 6.6 pavgi + 103(70.7Kdr – 48.2  –

– 22.75), W/(m2·°С),

where pavgi represents the average contact pressure 
at the center of deformation; Kdr denotes the downtime 
ratio.

The ranges of the values used to establish the expres-
sion for αcont.ht.wr are as follows: Kdr = 0.46 – 0.90; 
pavgi = 200 – 600 MPa.

The equation includes significant factors which were 
determined based on the results of Student’s t-test with 
an α significance level.

To validate the equation for the heat transfer coeffi-
cient, Fisher’s criterion was employed. Both the heat ba -
lan ce model and the αcont.ht.wr equation were validated 
using a statistically significant dataset. The average tavg.wri  
(discrepancy between the estimated and measured value) 
was 8.01 %. The maximum discrepancy was 16.7 %, 
the minimum was 1.53 %, and R 

2 = 0.87.
Consequently, the expression for the contact heat trans-

fer coefficient can be considered reliable. The heat balan ce 

model can be utilized to estimate the roll temperature 
profile and other properties, such as the dimensions 
of the strip cross-section or the optimal shape of the WR 
body, in broad-strip rolling mills [19]. This approach 
can also be applied to estimate the cross-section shape 
of cold-rolled strips [20].

Based on the experimental data and the equation for 
the WR-to-strip contact heat exchange coefficient, we con-
ducted an analysis to estimate the impact of the downtime 
ratio and contact pressure on the heat exchange intensity 
between the WR and strip (Fig. 4). The results depicted 
in Fig. 4 indicate that the downtime ratio and contact pres-
sure, when within the acceptable ranges, can exert a sig-
nificant influence on the contact heat transfer coefficient 
and, consequently, the heat profile of the roll. Specifi-
cally, the downtime ratio demonstrates the most substan-
tial effect on the WR-to-strip heat exchange, particularly 
when the downtime ratio falls below 0.6.

 Conclusions

The roll body temperature plays a crucial role in hot 
rolling processes as it impacts various aspects such as 
the shape and dimensions of the rolled steel and the lifes-
pan of the roll itself. To achieve an accurate estima-
tion of the roll temperature and obtain its temperature 
profile, it is essential to employ a reliable heat balance 
model. This model enables the determination of the opti-
mal shape of the roll body and aids in minimizing flatness 
defects. The accuracy of the heat balance model heavily 
relies on the constants associated with heat transfer coef-

Fig. 3. Water consumption for cooling the working rolls barrels’ 
surfaces in the stands of finishing group

Рис. 3. Расходы воды на охлаждение поверхностей бочек 
рабочих валков в клетях чистовой группы

Fig. 4. Influence of rolling factors on the coefficient of contact 
heat transfer

Рис. 4. Влияние факторов прокатки на коэффициент 
контактного теплообмена
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ficients. In the context of roll temperature estimation, 
there are two types of heat transfer that are of particular 
importance: contact heat transfer between the roll and 
the strip, and convective heat transfer between the roll and 
the cooling water. The available literature sources provide 
diverse values and equations for the contact and convec-
tive heat transfer coefficients in roll temperature analy-
sis. However, many of these sources overlook the impact 
of long breaks during the operation of the finishing stand. 
As a result, significant errors can arise in the analysis 
of roll temperature. 

To address this issue, we conducted measurements 
of the actual roll body temperature at multiple points along 
the roll length using thermocouple immediately after roll-
ing. Additionally, we collected data on various rolling 
process variables, such as downtime ratio, reduction ratio 
for each stand, cooling water flow rate, and other s, prior 
to the transfer of the steel strip. Based on these measure-
ments and process variable values, we derived an empiri-
cal equation for the contact heat transfer coefficient 
that incorporates the key process variables, including 
the downtime ratio. By utilizing these refined coefficients, 
we significantly improved the accuracy of the roll tem-
perature profile obtained from the process variable values. 

Our findings indicate that the downtime ratio and con-
tact pressure, when within acceptable ranges, exert a sub-
stantial influence on the contact heat transfer coefficient 
and, consequently, the heat profile of the roll body. Par-
ticularly, the downtime ratio exhibits the most significant 
impact on the heat exchange between the work roll and 
the strip, especially when the downtime ratio is below 0.6. 
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Аннотация. Металлургическое производство является высокоэнергоемким процессом, поэтому поиск решений по снижению энергозатрат 

остается актуальной задачей для всех переделов. В этом плане производство готовой прокатной продукции рассматривается как 
наиболее перспективное направление для реализации энергосберегающих технологий. Возможны два пути снижения энергозатрат при 
горячей прокатке сортовых профилей: экономия энергии на нагрев и улучшение использования основного оборудования для снижения 
промежуточных затрат энергии. Ввиду разности силовых условий в момент захвата и на установившейся стадии процесса прокатки 
возникает резерв втягивающих сил трения, который можно использовать для дополнительного формоизменения в неприводных 
устройствах и тем самым повысить эффективность основного оборудования и снизить общие энергозатраты. Для практической 
реализации предложенной концепции была получена зависимость, позволяющая оценить потенциал мощности, который не используется 
на установившейся стадии процесса прокатки. С применением полученной зависимости было установлено, что при прокатке в гладких 
валках потенциал сил трения используется только на 50 – 60 %, а при прокатке в калибрах – на 35 – 40 %. Экспериментально установлено, 
что при прокатке фасонных профилей в пропусках с коэффициентом вытяжки менее 1,10 – 1,15 более 50 % энергии затрачивается на 
холостой ход. Однако заменив в этих пропусках приводные клети на неприводные кассеты (в непрерывных группах), можно повысить 
коэффициент полезного действия рядом стоящих клетей на 4 – 5 % и снизить энергозатраты. 

Ключевые слова: энергопотребление, сортовые профили, неприводная клеть, холостой ход, коэффициент полезного действия
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Abstract. Metallurgical production is a highly energy-intensive process, and the search for solutions to reduce energy costs remains an urgent task for all 

stages. In this regard, the production of finished rolled products is considered as the most promising direction for the implementation of energy-saving 
technologies. There are two ways to reduce energy costs in hot rolling of section bars: saving energy for heating and improving the use of the main 
equipment to reduce intermediate energy costs. Due to the difference in silt conditions at the moment of capture and at the steady stage of the rolling 
process, a reserve of retracting friction forces arises, which can be used for additional shaping in non-drive devices and thereby increase the efficiency 
of the main equipment and reduce overall energy costs. For the practical implementation of the proposed concept, dependence was obtained that makes 
it possible to estimate the power potential that is not used at the steady stage of the rolling process. Using the obtained dependence, it was found that 
when rolling in smooth rolls, the potential of friction forces is used only by 50 – 60 %, and when rolling in calibers, by 35 – 40 %. It was experimentally 
established that during the rolling of shaped sections in passes with an elongation ratio of less than 1.10 – 1.15, more than 50 % of the energy is spent 
on idling. However, by replacing drive stands in these passes with non-drive cassettes (in continuous groups), it is possible to increase the efficiency 
of adjacent stands by 4 – 5 % and reduce energy costs. 

Keywords: energy consumption, section bar, non–drive stand, idling, efficiency
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Metallurgical production is considered one of the 
most energy-intensive industries, consuming up to 90 % 
of coking coal, 50 % of generated electricity, and 25 % 
of natural gas [1]. The final stage of metallurgical pro-
cessing, known as rolling production, requires a signifi-
cant amount of fuel for both heating the billet before roll-
ing (1.30–1.65 GJ/t) and during the rolling process itself 
(0.45–1.20 GJ/t) [2]. These figures convincingly high-
light the importance of efforts to reduce energy costs in 
rolled product manufacturing.

Enhancing the utilization of friction forces within the 
deformation zone of a rolling stand represents a key oppor-
tunity for reducing energy consumption in the production 
of section bars on modern continuous rolling mills [3 – 5]. 
By doing so, the overall efficiency of the primary rolling 
equipment can be increased. To implement this approach, 
additional non-driven devices, located in close proximity 
to the drive stands, can be employed for the deformation 
or longitudinal separation of the strip [6 – 9].

It is widely recognized that the rolling process relies 
on friction forces between the metal and the rolls. 
The more effectively these friction forces are harnessed 
during the forming process, the higher the process effi-
ciency and the more efficiently energy is utilized. How-
ever, the varying force conditions during the initial 
gripping of the metal by the rolls and during the steady 
stage of the rolling process create circumstances where 
the potential of friction forces within the deformation 
zone is not fully realized. Addressing this issue neces-
sitates the use of continuous devices, such as rolls and 
dividing devices, which facilitate additional work 
to be performed.

In order to quantify the untapped potential of friction 
forces during the steady stage of the rolling process, we 
can calculate the unused power (∆N) by considering the 
disparity in friction coefficients between the gripping 
phase (μg ) and the steady stage (μs ) of hot rolling, where 
μg / μs ≈ 1.2 ÷ 1.4 [10]. This can be determined using 
the equation:

∆N = Ns – Nd ,

where Ns represents the power that can be generated 
by friction forces during the steady stage of hot rolling; 
Nd is the power required for deformation in the driven 
stand.

The maximum power generated by friction forces dur-
ing the steady stage of hot rolling (assuming a zero-length 
advance zone) can be calculated using the equation:

Ns = 2pavg μs bavg ld v,

where рavg denotes the average normal pressure; bavg rep-
resents the average strip width; ld is the length of contact 
arc; v is the rolling speed. 

To determine the power required during deforma-
tion, we utilize the well-known Fink equation [11], with 
the substitution:

where ∆h is the absolute reduction; havg is the average 
strip height; h0 and h1 refer to the strip height before and 
after rolling in the driven stand, respectively.

It should be noted that this assumption introduces an 
error of 1 – 3 % for degrees of deformation up to 60 %. 
After appropriate transformations and incorporating the 
μg / μs ratio, we obtain:

∆N = pavg bavg v (1.54μg ld – ∆h).

The obtained ∆N value makes it possible to estimate 
the unused potential of friction forces in the deforma-
tion zone during hot rolling. The calculations reveal that, 
when rolling a rectangular strip on smooth rolls, only 
50 – 60 % of the maximum potential of friction forces 
is utilized under maximum reductions and 35 – 40 % in 
subsequent passes due to differences in force conditions 
between gripping and the steady stage of rolling. This 
inefficiency significantly impacts the rolling process, 
resulting in increased energy consumption. Therefore, 
the implementation of non-driven devices for deforma-
tion and longitudinal separation is recommended.

To enhance the efficiency of rolling bars, a more 
complete utilization of the potential of friction forces 
can be achieved by replacing driven stands with non-
driven ones in sections where the elongation coeffi-
cient falls below 1.10 – 1.15. Fig. 1, a presents a dia-
gram illust rating the recording of the current of the 
main engine in the second stand of a medium-section 
mill during the production of angle No. 9, with a draw-
ing ratio of 1.03. Fig. 1, b depicts the power distribution 
for this case, with the majority of power being used for 
idling (67.9 %), while only a small fraction (32.1 %) is 
allocated to product formation. To address this issue, 
the implementation of a non-driven stand, specifically 
a cassette, in place of the drive stand for the given pass 
can be considered. This adjustment enables the redistri-
bution of power for product deformation across adjacent 
stands from the same group without the need for stopping. 
Such an approach will lead to a reduction in energy costs 
by minimizing idle power consumption and an increase 
in the efficiency of adjacent stands (Fig. 2).

The medium-section mill being considered has 
an assortment comprising 83 % of shaped profiles, 
such as angles, beams, and channels. Within this assort-
ment, there are sections with an elongation ratio of 
less than 1.10 – 1.15, indicating areas where improve-
ment is needed. By incorporating non-driven stands 
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in these passes, and with an annual production output 
of 1.4 million tons of finished products, energy savings 
of up to 0.75 kWh/t can be achieved. In monetary terms, 
this translates to an annual savings of 4.8 million rubles. 
Additionally, the use of non-driven stands in the form 
of cassettes results in reduced metal consumption, costs, 
depreciation deductions, and operating expenses com-
pared to traditional rolling stands. This provides an addi-
tional benefit of 15 million rubles per year. Considering 
the costs associated with manufacturing the new equip-
ment, the investment in non-driven stands is projected 
to have a payback period of 0.8 years.

 Conclusions

During the steady state stage of hot rolling, there exists 
an untapped potential of frictional forces in the deforma-
tion zone due to the differing force conditions between 
gripping and the steady state stage of the process. This 
inefficient utilization of energy can result in suboptimal 
performance.

In order to enhance the efficient utilization of fric-
tional forces in the deformation zone during the steady 

stage of the rolling process, it is proposed to incorpo-
rate non-driven devices in close proximity to the driv-
ing stands for additional deformation and longitudinal 
separation. Research indicates that when the drawing 
ratio falls below 1.10 – 1.15, it is advisable to replace 
the drive stands with non-drive stands. This approach not 
only reduces energy consumption and operating costs but 
also enhances the efficiency of the primary equipment.
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Аннотация. Использование 3D-печати изделий из металлических материалов является современной перспективной технологией, 

способствующей повышению производственной эффективности. Однако применение данной технологии сопряжено с рядом проблем, 
например, с повышенной микроструктурной неоднородностью и дефектностью металла. В связи с этим требуется проведение 
исследований, направленных на выявление таких режимов 3D-печати, которые бы обеспечили получение наиболее однородной, стабильной 
и бездефектной структуры. В работе изучено структурообразование стали марки 30ХГСА в процессе аддитивной электродуговой 
наплавки при различных режимах печати. Для оценки качества полученных заготовок применялись микроструктурный и фрактальный 
анализы, а также измерение микротвердости. При всех режимах наплавки выявлена значительная структурная неоднородность 
наплавленной заготовки, которая объясняется термическим воздействием наплавляемого слоя на уже закристаллизовавшийся металл. 
Тем не менее, установлен режим, который дает наиболее благоприятную микроструктуру с точки зрения ее однородности и равноосности 
зерен. При увеличении значений погонной энергии процесса аддитивного электродугового выращивания наблюдается увеличение 
производительности процесса и фиксируется уменьшение количества пор в материале. Однако при значениях погонной энергии процесса 
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Abstract. The use of metallic products 3D-printing is a modern, promising technology that improves production efficiency. However, using this technology 

is associated with a number of problems, for example, with increased microstructural heterogeneity and defects in metal. Therefore, it is necessary 
to carry out researches to identify 3D-printing modes ensuring the most homogeneous, stable and non-defect structure. In this work, a study was made 
of the process of structure formation of 30KhGSA steel in the process of Wire and Arc Additive Manufacturing (WAAM) under various printing 
modes. Microstructural analysis, microhardness measurement and fractal analysis were used for assessment of the obtained billets. In all surfacing 
modes, a significant structural inhomogeneity of the deposited billet was revealed, which is explained by the thermal effect of the deposited layer 
on the already crystallized metal. Nevertheless, we found the mode that gives the most favorable microstructure in terms of its uniformity and equiaxed 
grains. With an increase in WAAM heat input values, an increase in the productivity of the process is observed and a decrease in the number of pores 
in the material is recorded. However, when the heat input of the surfacing process exceeds 1000 J/mm, the structural inhomogeneity of the material 
increases and its microhardness significantly decreases. Based on the studies, as a WAAM 3D-printing mode for Np-30KhGSA alloy, a mode with 
a heat input of about 920 J/mm can be chosen, which provides the lowest structural inhomogeneity and a sufficiently high productivity of the growth 
process with the absence of defects in the form of pores and elements of not melted wire. 

Keywords: electric arc surfacing, surfacing heat input, thermal cycle, microstructure, 30KhGSA, WAAM
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 Introduction

In contemporary manufacturing business, the rapid 
introduction of new products and optinal utiliza-
tion of material are crucial requirements [1 – 2]. Wire 
or powder-based additive manufacturing is a method 
that can fulfill these requirement [3 – 4].

Numerous 3D-printing technologies exist, but in 
our assessment, Wire and Arc Additive Manufacturing 
(WAAM) holds significant promise due to its favorable 
productivity, low energy consumption, and superior 
mechanical properties compared to other 3D-printing 
processes [5 – 7].

Metal components produced through 3D-printing find 
extensive applications [8]. However, the limited know-
ledge concerning the structure, mechanical properties and 
chemical composition changes during 3D printing hampers 
their widespread adoption [9]. The geometry, chemical 
composition, and mechanical properties of the deposited 
material largely depend on the wire composition, 3D-print-
ing conditions, and the duration of interlayer dwell time 
(thermal cycle properties). During 3D-printing, the newly 
deposited layer partially melts the previous layer, leading 
to changes in the structure of the unmelted metal below. 
Consequently, significant heterogeneity can arise across 
the thickness of the deposition layer. Fractal analysis, as 
proposed in papers [10 – 13], can be utilized to estimate 
this heterogeneity. Anisotropy in mechanical properties 
and residual stress can be minimized through mechanical 
or heat treatment [14 – 16].

The objective of this study is to examine the impact 
of WAAM conditions on the mechanical properties and 
formation of the metal structure.

 Materials and Methods

We conducted a study on printed parts manufactured 
from the 30KhGSA alloy using a WAAM test bench [17]. 
The 30KhGSA alloy is widely employed for the produc-
tion of robust components subjected to dynamic loads 
and/or high temperatures. Additionally, it finds appli-
cation in repair welding, and surfacing processes [18]. 
The chemical composition of the wire is provided in 
Table 1.

To manufacture the samples, we employed a compu-
ter-controlled WAAM process. Various printing condi-
tions were deliberately modified, resulting in the crea-
tion of nine wall-shaped samples. Each sample was 
deposited in a single pass, with a width equivalent 
to the width of the deposited material. The samples con-
sisted of ten layers in total, and the deposition of metal 
drops was accomplished through electric arc short cir-
cuits. During the WAAM process, a liquid metal drop is 
initially formed, and the end of the electrode is melted. 
Subsequently, the drop extends and closes the arc 
gap. The thin liquid bridge between the electrode and 
the drop evaporates rapidly due to its high resistance, 
cau sing the drop to explode and enters the weld pool. 
This sequence is repeated throughout the deposition pro-
cess [19].

The surfacing mode variables include amperage (I, А), 
voltage (U, V), arc gap (z, mm), wire feed rate (V, mm/s) 
and shielding gas flow rate. For all the samples, we main-
tained a consistent arc gap of 11 mm and a wire feed rate 
of 200 mm/min, which were determined through prelimi-
nary testing. The shielding gas flow rate was not varied 
during the experiment.

Т a b l e  1

Chemical composition of surfacing wire 30KhGSA

Таблица 1. Химический состав наплавочной проволоки 30ХГСА

Element C Mn Si P S Cr Ni
Content, % 0.296 1.050 0.950 ≤0.025 ≤0.025 1.000 0.030

наплавки свыше 1000 Дж/мм увеличивается структурная неоднородность материала и значительно снижается его микротвердость. Исходя 
из проведенных исследований, в качестве режима 3D-печати электродуговой наплавкой для сплава Нп-30ХГСА может быть выбран 
режим с погонной энергией порядка 920 Дж/мм. Он обеспечивает наименьшую структурную неоднородность и достаточно высокую 
производительность процесса выращивания с отсутствием дефектов в виде пор и элементов нерасплавившейся проволоки. 

Ключевые слова: электродуговая наплавка, погонная энергия наплавки, термический цикл, микроструктура, микротвердость, фрактальный 
анализ, 30ХГСА, WAAM
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Heat input (Q), measured in electric energy per unit 
of the weld length, was determing according to GOST 
R ISO 857-1-2009. An energy loss factor of 0.8 was 
assumed:

WAAM modes and corresponding heat inputs for each 
sample are provided in Table 2.

To conduct microstructural analysis, samples were cut 
out from the deposited walls, reaching the same height 
as the printed walls. These samples were then polished 
using a polishing machine, followed by etching in a 4 % 
aqueous solution of nitric acid. 

Chemical composition analysis was performed using 
a Foundry-Master optical emission analyzer with a sensi-
tivity of approximately 0.001 %.

Microhardness evaluation was carried out using 
a Fischerscope HM2000 hardness tester. A square-based 
diamond pyramid indenter with an angle of α = 136 was 
employed. Microhardness measurements were conducted 
along the entire height of the deposited wall, applying 
a 50 g load. The load was held for 10 s, and the dis-
tance between adjacent hardness test points was 0.2 mm. 
Approximately five hardness measurements were taken in 
each area of interest, and the results were averaged.

Fractal analysis, as demonstrated by Gonchar et al. [20], 
was utilized to assess the surfacing microstructure and 
quality. Fractal dimension of the microstructure image 
was obtained through fractal analysis at different mag-
nifications. A software package for this purpose was 
developed and registered under No. 2022666922 as 

the “Software for Microstructure And Structural Damage 
Assessment”. 

To facilitate comparative analysis, measurements were 
conducted in three regions of interest: the base, middle, 
and top of the deposited metal wall.

 Results and Discussion

In order to to assess the surfacing process efficiency, we 
measured the dimensions of the deposited walls and esti-
mated the cross-section areas of the samples. The results 
of these measurements are presented in Table 3. 

 Fig. 1 illustrates the relationships between the cross-
section area of the deposited layer (per one deposited 
bead) Sbead , and the heat input Q at different voltages 
va lues U.

These relationships clearly demonstrate the significant 
impact of input energy and deposition voltage on the speed 
of the 3D-printing process. For example, increasing 
the heat input at a constant voltage leads to a substantial 
and consistent increase in the process speed.

Figs. 2 – 4 depict micrographs of samples 1, 5 and 9, 
taken at cross-sections along the height of the deposited 
wall. 

The microstructure of the sample 1 wall near the sub-
strate is predominantly composed of tempered bainite 
(Fig. 2, a). This structure formation can be attributed 
to the following factors.

• The relatively high cooling rate experienced by the 
layer in contact with the St3 (DIN analog: USt 37-2) steel 
grade substrate, which possesses a high thermal conduc-
tivity coefficient of 55 W/(m·K) at 20 °C. In compari-

Т a b l e  3

Geometric parameters of the billets obtained by 3D­printing

Таблица 3. Геометрические параметры образцов, полученных при помощи 3D­печати

Billet No. 1 2 3 4 5 6 7 8 9
H, mm 21.0 23.8 30.0 15.0 18.1 21.8 13.5 15.5 17.9
B, mm 8.2 10.0 12.5 10.0 11.8 13.5 10.8 13.3 14.4
S, mm2 172.20 238.00 375.00 150.00 213.58 294.30 145.80 206.15 257.76

Т a b l e  2

WAAM modes

Таблица 2. Режимы наплавки

Sample No. 1 2 3 4 5 6 7 8 9
I, А 120 160 200 120 160 200 120 160 200
U, V 18 18 18 24 24 24 27 27 27

Q, J/mm 518.4 691.2 864.0 691.2 921.6 1152.0 777.6 1036.8 1296.0



Izvestiya. Ferrous Metallurgy. 2023;66(3):294–301.
Anosov M.S., Shatagin D.A., etc. Structure formation of Np-30KhGSA alloy in wire and arc additive manufacturing

297

son, the thermal conductivity coefficient for 30HGSA is  
38 W/(m·K), while air has a coefficient of 0.0259 W/(m·K). 
Consequently, the cooling rate of the deposited metal is 
higher in contact with the substrate.

• The introduction of heat during the deposi-
tion of subsequent layers, leading to both quenching and 
tempering.

In the middle of the sample, the bainite structure is 
predominantly maintained, as shown in Fig. 2, b, Howe-
ver, other structural components, such as troostosorbite, 
are also noticeable. The cooling rate of this region after 
the deposition of a single layer is below the critical rate 
required for the diffusive decomposition of austenite. 
The energy input during the deposition of subsequent lay-
ers is sufficient for tempering as well. 

The microstructure at the top of the sample differs 
from that at the base. It mainly consists of sorbite and 
ferrite. This structure can be explained by the following 
factors:

– cooling occurs in the air, which has a very low ther-
mal conductivity coefficient (as mentioned above), with-
out reaching critical cooling rates necessary for quench-
ing;

– the absence of subsequent heat treatment that would 
induce phase recrystallization and temperin. 

A chemical carbon liquation likely occurs in this 
region, evidenced by clear stripes (Fig. 2, c). The colum-
nar grain structure is a result of heat dessipation as 
the deposited layer cools. Without subsequent heat treat-
ment, the microstructure remains unchanged. It is impor-
tant to noted that this region exhibits significant non-
homogeneity in grain size, which can have adverse effects 
on the mechanical properties.

Proper heat treatment can eliminate the non-homoge-
neity in grain size and improve the microstructure. 

Normalization or toughening can indeed be employed 
to address the non-homogeneity and improve the micro-
structure of the samples.

In the microstructure of sample 5, similar to sam-
ple 1, tempered bainite is observed near the substrate 
(Fig. 3, a). The structure transitions from bainite to tro-
ostosorbite in the middle, with the top layer consisting 
of sorbite. The transition between structures in this sam-
ple is smoother (Fig. 3, b). Importantly, all regions of this 
sample do not exhibit grain non-homogeneity or colum-
nar grains in the last deposited layer (Fig. 3, c). 

Sample 9 near the substrate displays a microstructure 
comprising tempered bainite with inclusions of other 
structures, such as troostosorbite. The microstructure 
in this region is generally coarser and more heteroge-
neous compared to other samples. However, the bainite 
gradually transforms into troostosorbite from the bottom 
to the middle of the sample. The middle of the sample 
contains larger grains compared to samples 1 and 5, likely 
due to the higher heat input during deposition (Fig. 4, b). 
The top layer of the sample consists of troostite and fer-
rite, with a highly heterogeneous microstructure across 
the sample section.

Fig. 1. Dependence of cross-sectional area on the value 
of surfacing process input energy at different voltage levels  

in terms of one deposited roller:
1 – 18 V; 2 – 24 V; 3 – 27 V

Рис. 1. Зависимость площади поперечного сечения в пересчете 
на один наплавленный валик от величины погонной энергии 

процесса наплавки при различных уровнях напряжения:
1 – 18 В; 2 – 24 В; 3 – 27 В

Fig. 2. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 1, Q = 518.4 J/mm) 

Рис. 2. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 1, Q = 518,4 Дж/мм)
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Through the microstructure analysis of the samples 
produced under different surfacing modes, it was deter-
mined that sample 5 (I = 160 A, U = 24 V, Q = 921.6 J/mm) 
possesses the most favorable metal structure. The micro-
graphs of the samples did not reveal substantial struc-
tural defects commonly found in castings and welded 
parts, such as large pores or shrinkage cavities. However, 
micropores, grain non-homogeneity, and a heterogeneous 
structure were observed. These disadvantages can be 
mitigated through appropriate heat treatment. It is worth 
noting that all surfacing modes yielded fine-grained and 
highly dispersed structures.

Furthermore, the DF fractal dimensions of the micro-
structures obtained under different WAAM conditions 
along the entire height of the deposited walls were 
estimated, excluding the first and last layers (machin-
ing allowance) (refer to Fig. 5). Variations in the fractal 
dimensions along the height of the deposited wall indicate 
significant structural changes, particularly in the sample 
manufactured at higher energy input. 

Fig. 6 illustrates the variations in the ΔDF fractional 
dimension, which contribute to the structural heterogene-
ity of the metal along the height of the sample.

The optimal heat input for achieving structural homo-
geneity along the wall height is approximately 900 J/mm. 

At lower heat input values, the structure becomes more 
heterogeneous, exhibiting a large number of pores and 
unmelted wire fragments, which is considered unaccep-
table. Conversely, higher heat input values result in sig-
nificant heat transfer to the solidified and cooled metal, 

Fig. 3. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 5, Q = 921.6 J/mm) 

Рис. 3. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 5, Q = 921,6 Дж/мм)

Fig. 4. Microstructure of the deposited wall near the substrate (a), in the center of the sample (b) and at its apex (c) 
(steel 30KhGSA, sample 9, Q = 1296 J/mm) 

Рис. 4. Микроструктура наплавленной стенки вблизи подложки (а), в центре образца (b) и в его вершине (c) 
(сталь 30ХГСА, образец 9, Q = 1296 Дж/мм)

Fig. 5. Dependence of the microstructural image fractal dimension 
on the fraction of the deposited wall height Lw 
at different values of surfacing input energy of: 

sample 1 – Q = 518.4 J/mm (а); sample 5 – Q = 921.6 J/mm (b); 
sample 9 – Q = 1296 J/mm (c) 

Рис. 5. Зависимость фрактальной размерности изображения 
микроструктур сплавов от доли высоты наплавленной стенки Lст 

при различных значениях погонной энергии наплавки: 
образец 1 – Q = 518,4 Дж/мм (а); образец 5 – Q = 921,6 Дж/мм (b); 

образец 9 – Q = 1296 Дж/мм (c)
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from 1 to 0.75 % and magnesium decreases from 1 % 
to 0.7 %. 

The microhardness analysis also reveals the follow-
ing: samples produced with a heat input of up to 900 J/mm  
exhibit relatively consistent microhardness along 
the entire height of the deposited wall. However, at higher 
heat input levels, the microhardness gradually increases 
from the base to the top of the sample, with more pro-
nounced differences in the upper layers. The higher hard-
ness observed in the top layers can be attributed to their 
shorter exposure to critical temperatures, preventing sig-
nificant tempering from occurring.

 Conclusions

This study determined that an optimal heat input 
of approximately 921.6 J/mm is suitable for the WAAM 
3D-printing mode for Np-30KhGSA alloy. The specific 
conditions for achieving this optimal heat input are as fol-
lows: amperage of 160 A, voltage of 24 V, and a printing 
speed of 200 mm/min. The shielding gas used is a mix-
ture of 80 % Ar and 20 % CO2 , delivered at a flow rate 
of 15 l/min. Under these optimized process conditions, 
the microstructure of the printed parts does not exhibit 
any pores or unmelted wire fragments, indicating a high 
level of material integrity. Additionally, the printing 
speed is considered sufficient, as indicated in Table 2, and 
the level of structural heterogeneity observed is insignifi-
cant, as demonstrated in Fig. 4). 
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Аннотация. Для улучшения триботехнического поведения и жаростойкости стали 35 были приготовлены методом электроискрового 

легирования композиционные металлокерамические Fe–Al/HfC покрытия. В качестве электрода использовался нелокализованный 
анод, состоящий из смеси железных и алюминиевых гранул с молярным соотношением 3:2, и с добавле нием порошка карбида гафния. 
Привес катода имел положительные значения, свидетельствующие о том, что порошок карбида гафния может осаждаться на сталь 35 
с использованием анодной смеси Fe60Al40 . Привес катода монотонно увеличивался с ростом добавки порошка HfC в анодную смесь. 
Структура покрытий представлена матрицей из интерметаллида FeAl, армированной зернами карбида гафния, что соответствует структуре 
металлокерамического композита. Концентрация карбида гафния в покрытии увеличивалась с ростом добавки порошка HfC в анодную 
смесь. Осаждение Fe–Al/HfC покрытий по предложенной методике приводит к снижению коэффициента трения стали 35 от 6 до 40 %. 
В зависимости от концентрации карбида гафния в анодной смеси, износостойкость Fe–Al/HfC покрытий изменялась немонотонно 
с максимумом при 8 % (об.). Применение Fe–Al/HfC покрытий позволяет повысить износостойкость поверхности стали 35 до 10 раз. 
Сравнение итогового привеса образцов после 100 ч испытаний на жаростойкость при температуре 700 °С дает возможность заключить, 
что электроискровые Fe–Al/HfC покрытия способствуют повышению жаростойкости стали 35 от 1,7 до 2,2 раза. Анализ результатов 
проведенного исследования позволяет сделать заключение о слабой адгезии Fe–Al композиции к карбиду гафния. Это отразилось 
в снижении твердости, износостойкости и жаростойкости покрытий при повышении концентрации HfC в анодной смеси выше 8 % (об.). 

Ключевые слова: электроискровое легирование, интерметаллид FeAl, покрытие, карбид гафния, сталь 35, износ, жаростойкость
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Abstract. To improve the tribotechnical behavior and heat resistance of steel 1035, composite metalloceramic Fe–Al/HfC coatings were prepared 

by electrospark deposition. A non-localized anode was used as an electrode consisting of a mixture of iron and aluminum granules with a molar ratio 
of 3:2 and with the addition of HfC powder. The cathode gain had positive values indicating that HfC powder can be deposited on steel 1035 using 
the Fe60Al40 anode mixture. Moreover, the cathode gain monotonically increased with the increase in addition of HfC powder to the anode mixture. 
The coatings structure is represented by a matrix of FeAl intermetallic compound reinforced with HfC grains, which corresponds to the structure 
of a metalloceramic composite. Concentration of HfC in the coating increased with the addition of HfC powder to the anode mixture. Deposition 
of Fe–Al/HfC coatings according to the proposed technique allows reducing the friction coefficient of steel 1035 from 6 to 40 vol. %. Depending 
on the concentration of HfC in the anode mixture, the wear resistance of Fe–Al/HfC coatings varied nonmonotonically with a maximum at 8 vol. %. 
The use of Fe–Al/HfC coatings makes it possible to increase the wear resistance of the steel surface to 10 times. Comparison of the final weight gain 
of the samples after 100 h of oxidation resistance tests at a temperature of 700 °C allows us to conclude that electrospark deposition Fe–Al/HfC 
coatings can increase the oxidation resistance of steel 1035 by 1.7–2.2 times. Analysis of the study results shows that adhesion of Fe–Al composition 
to HfC is weak. This was reflected in decrease in hardness, wear resistance and oxidation resistance of coatings with an increase in the concentration 
of HfC in the anode mixture above 8 vol. %. 
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 Introduction

Steel 1035 is a common structural material used for 
manufacturing such components as crankshafts, axles, 
connecting rods, spindles, sprockets, disks, pins, cams, 
pushrods, etc. [1]. It has such disadvantages as low wear, 
corrosion, and heat resistance which limits its applica-
tions [2]. Protective coatings can improve the heat, corro-
sion and wear resistance of medium-carbon steels [3; 4].

Metalloceramic matrix composites (MMC) are promi-
sing coating materials. They consist of a metal matrix 
reinforced with hard ceramic particles [5; 6].

Iron aluminides can be an efficient metal matrix in 
such coatings [7]. They have high heat (up to 1000 °C) 
and corrosion resistance in oxidizing and reducing envi-
ronments, since the aluminum content is higher than in 
steels and heat-resistant alloys [8]. Yürektürk Y. et al. [9] 
report that Fe–Al coatings make steel component surfaces 
harder, and enhance wear and corrosion resistance. As 
noted by Pal M. et al. [10] The thermal expansion coeffi-
cient of iron aluminides matches that of most steel grades. 
For this reason, such coatings have high adhesion [10]. 

Hafnium carbide (HfC) is one of the hard-melting 
binary compounds. Toth L. et al. [11] reported that its 
melting point is 3928 °C. As noted by Hans K. et al. [12], 
HfС with high heat resistance is used in solar absorber 
coatings. Zang K. et al. [1] indicated that hafnium carbide 
is a highly suitable ceramic coating on steel substrates for 
its unique properties, such as high hardness, thermal and 
electrical conductivity and chemical stability [13]. For 
this reason, hafnium carbide can be used as reinforcement 
in MMC coatings. However, HfC coatings have poor 
heat resistance [14], since the crystalline hafnium carbide 
powder oxidizes at 430 °C and up [15]. Therefore, it is 
combined with a heat-resistant metal matrix to obtain 
high-temperature, wear-resistant coatings. The combina-
tion of solid hafnium carbide and heat-resistant Fe–Al 
matrix produces a successful MMC coating for steel 1035 
parts operated at high temperatures.

We studied electrospark deposition (ESD) of HfC/Fe–Al 
coatings. It is a simple process with low requirements for 
the substrate surface finish. ESD results in metallurgi-
cal bonding between the coating and the substrate [16]. 
The authors also successfully applied a WC/Fe–Al coat-
ing to stainless steel using a modified electrospark deposi-
tion with a bulk electrode (EDBE). We used a bulk elect-
rode made of Fe40Al60 pellets also containing tungsten 
carbide [7]. This composition was selected since the sub-
strate iron is involved in the formation of the FeAl inter-
metallide. It was found that aluminum dominated over 

iron in the binder composition due to its lower melting 
point. Therefore, for the deposition of Fe–Al/HfC coat-
ings, we used Fe60Al40 bulk electrodes with a lower alu-
minum content. 

The purpose of this study is to analyze the effect 
of hafnium carbide powder content in a Fe60Al40 
BE on the structure, wear, and heat resistance the of  
Fe–Al/HfC metal-ceramic electrodeposited coating 
on a steel 1035 substrate.

 Materials and Methods

The substrates were diameter 12 mm, 10 mm high 
cylinders made of steel 1035. The bulk electrode was 
made of a mixture of iron and aluminum pellets, and 
varying amounts of hafnium carbide powder (99.6 % 
purity, 1.5 ± 0.5 µm average particle diameter). Refer 
to 1). The powder includes the HfC phase with a small 
admixture of hafnium metal (Fig. 1). The pellets were 
cylinders 4 ± 1 mm long cut off steel St3 and aluminum 
alloy 1188 bars, 4 ± 0.5 mm dia. The ratio of pellets in 
the BE was such that the iron-to-aluminum molar ratio 
was 3:2. The IMES-40 pulse generator produced rec-
tangular current pulses, 110 A peak value, at 30 V with 
a 100 µs duration and a 1000 µs period. The substrate 
was connected to the negative lead of a pulse generator. 
A container with Fe60Al40 pellets and HfC powder was 
connected to the positive lead. The substrate was half-
immersed into the pellet layer. See Burkov A. et al. [17] 
for a detailed description of the bulk electrode electro-
deposition test bench. Argon was supplied into the con-
tainer at a 5 l/min rate, in order to prevent oxidation. 
The pellets were pretreated, in order to saturate their 
surface with HfC powder for 10 min. The total coating 
application time was also 10 min.

The phase composition of the samples was stu-
died using a DRON-7 X-ray diffractometer, CuKα band. 
We used PDWin software to identify the XRD pat-

T a b l e  1

Composition of non­localized electrode

Таблица 1. Состав нелокализованного электрода

Samples
Pellets ratio, at. % HfC fraction, 

vol. %Fe Al
Hf4

60 40
4

Hf8 8
Hf12 12

Для цитирования: Бурков А.А., Кулик М.А. Электроискровое осаждение металлокерамического Fe–Al/HfC покрытия на сталь 35. Извес-
тия вузов. Черная металлургия. 2023;66(3):303–310. https://doi.org/10.17073/0368-0797-2023-3-302-310
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terns. The surface microrelief and elemental composi-
tion of the sample were analyzed with a Vega 3 LMH 
scanning electron microscope (SEM) (Tescan, Czech 
Republic) equipped with an X-max 80 energy disper-
sive X-ray spectrometer (Oxford Instruments) (EDS). 
The hardness was measured with a PMT-3M micro-
hardness tester at 0.5 N (Vickers method). Wear resis-
tance was tested according to ASTM G99-17 (dry sliding 
friction using) an R6M5 HSS disk counterbody sliding 
at 0.47 m/s under a 25 and 70 N load. At least three mea-
surements were made for each sample. The wear was 
assessed by the gravimetric method with a 0.1 mg accu-
racy. The wear rate was estimated as

where ∆m is the mass loss due to abrasion; ρ is the coa ting 
density assumed to be equal to the density of steel 1035; 
P is the load; l is the friction path length. 

The samples were wear-tested after each weight mea-
surement, in order to eliminate the error caused by a pos-
sible change in the counterbody surface properties. For 
heat resistance tests, the samples were placed in an oven 
at 700 °C. The total testing time was 100 h. The samples 
were held at this temperature for ~6 h, then removed 
from the oven and cooled to room temperature in a dryer. 
The samples were placed in a corundum crucible, in order 
to record the mass of the detached oxides. The sample 
weight changes were measured with lab scales, with 
0.1 mg accuracy.

 Results and Discussion

Studying the cathode weight evolution during elec-
trospark deposition of new electrode materials is aimed 
at identifying cathode weight gain and the optimal treat-
ment time. If the cathode loses weight, the process is inef-

ficient. If the relative weight gain is low, the coating will 
be thin and non-continuous. The EDBE process generates 
electrical discharges between the steel pellets and the sub-
strate, resulting in liquid metal transfer from the pellet 
surface to the substrate. Hafnium carbide powder particles 
occur on the surface of the electrodes at the time of dis-
charge fuse with the metal. It leads to cathode weight 
gain (Fig. 2, a). After two minutes, the cathode weight 
gain rate slows down for all the bulk electrode materi-
als. This can be explained by the accumulation of defects 
in the doped layer, and more intense electrical erosion as 
the number of discharges grows [18]. When the hafnium 
carbide concentration in the BE material increases from 
4 to 12 vol. %, the cathode weight gain increases linearly 
from 9.96 to 26.1 mg/cm2. Such mass transfer can be 
explained by better conditions for electric discharges and 
higher discharge frequency with the increase of the HfC 
powder concentration in the granules. Previously we 
also observed a positive correlation between the powder 
concentration in the BE material and the cathode weight 
gain for Cr3C2 , TaC, and WC powders [19 – 21]. Howe-
ver, this relation can be inversed in other powders [22]. 
Therefore, further study of the powder composition and 
particle size distribution effects would be of interest.

Fig. 2, b shows the XRD patterns of the coatings. 
The coatings contain hafnium carbide and intermetallic 
FeAl phases. This indicates that the coating has a ceramic-
metal structure. The metal matrix is iron aluminide FeAl, 
and hafnium carbide is the reinforcing phase. The con-
centration of hafnium carbide in the coatings increases in 
a linear way with the powder content in the bulk electrode 
material. Note the XRD pattern of the Hf12 coating fea-
tures only HfC reflexes.

The average thickness of the coatings increases from 
30.5 to 43.5 μm as the hafnium carbide powder content 
in the anode mixture increases (refer to Table 2), which 
agrees well with the measured cathode weight gain 
(Fig. 2, a). Figs. 3, a, c show the cross-sections of the Hf4 
and Hf12 coatings. All the coatings have a biphasic struc-
ture: a dark gray matrix with white inclusions. Accord-
ing to the EDS analysis, the white inclusions are hafnium 
carbide (Fig. 4). The inclusion size in the HfC/Fe–Al 
coatings ranges from 0.2 to 7 μm. Figs. 3, a and c show 
that the HfC grain density increases with the hafnium car-
bide powder increase in the BE material, which agrees 
with the XRD analysis results. According to the EDS 
analysis results (Fig. 3, b, d), the concentration of alumi-
num in the coatings is higher than that of iron. As the iron-
aluminum state diagram indicates, this ratio corresponds 
to the iron aluminide FeAl detected by XRD (Fig. 2, b). 
Therefore, the deposition of HfC powder mixed with 
iron and aluminum granules by the EDBE process cre-
ates a metal-ceramic structure through the introduc-
tion of ceramic particles into the metal matrix [23].

Fig. 1. X-ray diffraction pattern of HfC powder

Рис. 1. Рентгеновская дифрактограмма порошка карбида гафния
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The coatings are porous. The pore formation during ESD 
is usually attributed to the evaporation of the elect rode mate-
rial at high temperatures created by the low-voltage electric 
discharge [24]. Due to the high cooling rate after the dis-
charge, the gas bubble does not have enough time to reach 

the surface of the melt. Several studies report that the poros-
ity decreases with the discharge energy increase resulting 
in a reduced material cooling rate [25; 26]. The average Ra 
roughness values are similar for all the coatings and fall in 
a narrow range from 5.1 to 5.28 μm (Table 2).

Fig. 2. Cathode gain during electrospark deposition with a non-localized electrode (a) and X-ray diffraction patterns of deposited coatings (b):
1 – Hf4; 2 – Hf8; 3 – Hf12

Рис. 2. Привес катода в процессе ЭИЛНЭ (а) и рентгеновские дифрактограммы осажденных покрытий (b):
1 – Hf4; 2 – Hf8; 3 – Hf12

Fig. 3. Typical electron images of the cross section of coatings: Hf4 (a), Hf12 (c) and distribution of elements in the cross section 
of the corresponding coatings according to EDS analysis (b, d). Dotted line indicates the scanning direction

Рис. 3. Типичные электронные изображения поперечного сечения покрытий: Hf4 (a), Hf12 (c) и распределение элементов в сечении 
соответствующих покрытий согласно ЭДС анализу (b, d). Пунктирная линия указывает направление сканирования
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Fig. 5 shows the average microhardness values 
of the Fe–Al/HfC coatings. Note that the indenta-
tion diagonal at a 0.5 N load is at least 10 µm. This is 
significantly larger than the diameter of the HfC grains 
in the coating. The microhardness of the Fe–Al/HfC coa-
tings ranges from 10.9 to 13.5 GPa, which is 400 – 500 % 
higher than that of steel 1035. Coating hardness varies in 
a non-linear way with the HfC powder content in the BE. 
The maximum value is observed in the Hf8 coating. 
The lower hardness of the Hf4 coating can be explained 
by its lower content of hafnium carbide (Fig. 2, b). 
On the other hand, the low hardness of the Hf12 coating 
can be attributed to the insufficient content of the Fe–Al 
bonding (Fig. 2, b). As a result, the HfC grains easily 
shift relative to each other when the diamond indenter is 
driven in.

Fig. 6, a shows the friction coefficients of the coa-
tings measured by wear tests (dry sliding) under 25 
and 50 N loads. The average friction coefficient of the  
Fe–Al/HfC coatings ranges from 0.51 to 0.85: 6 to 40 % 
lower than that of steel 1035. Moreover, the wear tests 
of uncoated steel produced highly irregular friction coef-
ficient curves. This can be explained by the periodic depo-
sition and detachment of the material particles carried 
between the friction surfaces. Under both loads, the aver-
age friction coefficients of the coatings decrease linearly 

with the hafnium carbide content increase in the BE mate-
rial due to the lower concentration of the ductile Fe–Al 
bond.

Fig. 6, b shows wear resistance test results. Coa-
ting wear rate ranges from (2.82 – 4.41)·10–5 to 
(0.95 – 2.53)·10–7 mm3/(N·m) under 25 and 50 N loads, 
respectively. The Hf8 coating has the lowest wear rate 
under both loads. This agrees well with the coating hard-
ness values (Fig. 5) obtained with the Archard wear equa-
tion [27]:

 
where Vw is the volume of wear debris produced; H is 
the material hardness; k is the wear factor; P is normal 
load; l is the sliding distance. 

For the Hf4 sample, the low concentration of HfC 
grains and high friction coefficient leads to more exten-
sive wear. With regard to the Hf12 coating, the low 
concentration of metal bonding cannot hold hafnium 
carbide grains, and the grains fall out. The wear rate 
of the coatings under a 50 N load is 72 to 89 % lower 
than that of steel 1035. The average coating wear rate under 
a 25 N load is slightly lower than that of steel 1035, and 
almost half as much under a 50 N load. This is probably 
caused by the steel 1035 surface hardening, when a 25 N 
friction load is applied. Therefore, the optimum concen-
tration of hafnium carbide powder in the BE material is 
about 8 vol. %. In general, the wear rate values indicate 
a relatively low wear resistance of Fe–Al/HfC coatings. 
Note that our paper on Ti/HfC coatings [14] reports much 
lower wear rate values. This can be explained by the fact 
that the wettability of hafnium carbide with FeAl alumi-
nide is lower than that of titanium. On the other hand, 
the wettability of tungsten carbide with FeAl aluminide 
is high [28].

T a b l e  2

Characteristics of the coatings

Таблица 2. Характеристики покрытий

Samples Thickness, μm Roughness (Ra ), μm
Hf4 30.5 ± 8.3 5.28 ± 0.65
Hf8 38.4 ± 9.7 5.26 ± 0.63
Hf12 43.5 ± 10.6 5.10 ± 0.88

Fig. 4. EDS spectrum of section 1 at Fig. 3, а

Рис. 4. ЭДС спектр участка 1 к рис. 3, а

Fig. 5. Microhardness of the coatings and steel 1035

Рис. 5. Микротвердость покрытий и стали 35



Izvestiya. Ferrous Metallurgy. 2023;66(3):302–310.
Burkov A.A., Kulik M.A. Electrospark deposition of metalloceramic Fe–Al/HfC coating on steel 1035

307

Fig. 7, a shows the results of cyclic heat resistance 
tests of the steel 1035 samples with Fe–Al/HfC coa tings 
at 700 °C. After 100 h, the weight gain of the coated 
samples ranges from 123 to 164 g/m2. The weight gain 
is caused by oxygen fixation as iron oxide Fe2O3 as 
the hematite and hafnium dioxide HfO2 are modified 
(Fig. 7, b). The XRD patterns of the Hf8 and Hf12 coat-
ings feature reflexes of hafnium carbide. It can be attrib-
uted to the protective effect of the Fe–Al matrix. How-
ever, this is unlikely due to weak Fe–Al to HfC adhesion. 
Furthremore, Musa C. et al. [29] showed that a com-
pacted hafnium carbide-based material obtained by self-
propagating high-temperature synthesis (SHS) followed 
by spark plasma sintering is resistant to oxidation at tem-
peratures up to 750 – 800 °С. Luo H. et al. [30] reported 
that PVD coatings (HfC/a-C:H) begin to oxidize in 

the 500 to 600 °C temperature range. The HfO2 reflexes 
shown in Fig. 7, b indicate that the hafnium carbide was 
oxidized at 700 °C. In general, the oxidation start tempera-
ture in hafnium carbide-based materials strongly depends 
on the carbon content in HfC, the presence of impurities, 
and the share of the amorphous phase. The highest weight 
gain after 100 h of testing was observed in the Hf12 and 

Fig. 6. Friction coefficient (а, b) and wear rate (c) of the coatings 
at loads of 25 and 50 N compared to steel 1035:

1 – Hf4; 2 – Hf8; 3 – Hf12; 4 – steel 1035

Рис. 6. Коэффициент трения (а, b) и износ (c) покрытий 
при нагрузках 25 и 50 Н по сравнению со сталью 35:

1 – Hf4; 2 – Hf8; 3 – Hf12; 4 – сталь 35

Fig. 7. Oxidation resistance of the samples at a temperature of 700 °C 
in air (a): 1 – FeAl; 2 – Hf4; 3 – Hf8; 4 – Hf12; 5 – steel 1035 

and X-ray diffraction patterns of their surface after testing 
for oxidation resistance compared to steel 1035 (b): 

 – HfC;  – Fe2O3 ;  – HfO2

Рис. 7. Жаростойкость образцов при температуре 700 °С 
на воздухе (а): 1 – FeAl; 2 – Hf4; 3 – Hf8; 4 – Hf12; 5 – сталь 35 

и рентгеновские дифрактограммы их поверхности после испытания 
на жаростойкость по сравнению со сталью 35 (b): 

 – HfC;  – Fe2O3 ;  – HfO2
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Hf4 samples with the highest and lowest hafnium car-
bide contents, while the lowest gain was found in the Hf8 
sample with an intermediate hafnium carbide content. 
For comparison, we tested a sample with Fe–Al, hafnium 
carbide-free coating. The weight gain was slightly higher 
than for the Hf8 sample. Reinforcing a Fe–Al matrix with 
hafnium carbide does not increase the heat resistance 
at 700 °C. The comparison of the sample weight gains in 
the samples indicates that electrospark deposition of Fe–
Al/HfC coatings improves the heat resistance of steel 
1035 at 700 °C by 70 – 120 %.

 Conclusion

As the concentration of HfC powder in the anode 
material increases, the cathode weight gain and coating 
thickness increase in a linear way. The coating structure 
is a FeAl intermetallide matrix reinforced with hafnium 
carbide grains (a metal-ceramic composite). The hafnium 
carbide content in the coating increases with the HfC 
powder content in the anode material. The average fric-
tion coefficient values of Fe–Al/HfC coatings range from 
0.51 to 0.85: 6 to 40 % lower than that of steel 1035. 
The dry sliding wear resistance of the coatings under 
a 50 N load is 260 – 860 % higher than that of steel 1035. 
Electrospark deposition of Fe–Al/HfC coatings improves 
the heat resistance of steel 1035 at 700 °C by 70 – 120 %. 
The decrease in hardness, wear, and heat resistance 
with the increase of HfC content in the anode material 
above 8 vol. % indicates low wettability and weak adhe-
sion of Fe–Al to hafnium carbide.
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Аннотация. Исследуется влияние ускоренного охлаждения после поперечно-винтовой прокатки низкоуглеродистой стали класса прочности 

К60 на формирование структуры и механические свойства при статическом растяжении и ударном изгибе. Показано, что использование 
прерванного ускоренного охлаждения стали после прокатки с выдержкой при 530 °С (режим I) и непрерывного ускоренного охлаждения 
(режим II) приводит к формированию разного типа и соотношения количества структур в стали. После прокатки по режиму I структура 
характеризуется присутствием феррита, троостита, гранулярного бейнита и мелкодисперсных карбидов Fe3C. После прокатки по 
режиму II структура отличается наличием реечного бейнита и крупных участков мартенситно-аустенитной (МА) составляющей 
размерами до 1 – 2 мкм. Уменьшение дисперсности ферритных зерен в стали после прокатки по режимам I и II с 12 до 4,6 – 4,3 мкм, 
формирование бейнитной фазы и упрочнение матрицы карбидами приводит к повышению пределов текучести стали до 440 и 490 МПа 
и пределов прочности до 760 и 880 МПа. Проведение поперечно-винтовой прокатки по режиму I позволяет существенно увеличить 
низкотемпературную вязкость разрушения стали (160 Дж/см2) по сравнению с горячекатаным состоянием (11 Дж/см2) и снизить 
хладноломкость стали в область температур ниже –50 °С. Применение непрерывного ускоренного охлаждения (режим II) не позволяет 
повысить хладостойкость стали вследствие формирования структуры реечного бейнита и крупных областей МА составляющей. 

Ключевые слова: низкоуглеродистая сталь, поперечно-винтовая прокатка, ускоренное охлаждение, микроструктура, прочность, вязкость раз-
рушения
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Abstract. The effect of accelerated cooling after cross-helical rolling of X70 low-carbon steel on the formation of structures and mechanical properties 

under static tension and impact bending was investigated. The use of interrupted accelerated cooling of steel after cross-helical rolling with exposure 
at 530 °C (mode I) and continuous accelerated cooling (mode II) leads to the formation of different types and ratios of structures in steel. After 

Effect of accelerated cooling after cross-helical rolling 
on formation of structure and low-temperature 

fracture toughness of low-carbon steel
A. I. Gordienko , I. V. Vlasov, Yu. I. Pochivalov

Институт физики прочности и материаловедения Сибирского отделения РАН (Россия, 634055, Томск, пр. Академичес-
кий 2/4)

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)

Оригинальная статья
Original article

Влияние ускоренного охлаждения 
после поперечно-винтовой прокатки на формирование 
структуры и низкотемпературную вязкость разрушения 

низкоуглеродистой стали
А. И. Гордиенко , И. В. Власов, Ю. И. Почивалов

©  А. И. Гордиенко, И. В. Власов, Ю. И. Почивалов, 2023

Материаловедение Material science

https://doi.org/10.17073/0368-0797-2023-3-311-319
mailto:mirantil@ispms.ru
https://fermet.misis.ru/index.php/jour/search/?subject=низкоуглеродистая сталь
https://fermet.misis.ru/index.php/jour/search/?subject=поперечно-винтовая прокатка
https://fermet.misis.ru/index.php/jour/search/?subject=ускоренное охлаждение
https://fermet.misis.ru/index.php/jour/search/?subject=микроструктура
https://fermet.misis.ru/index.php/jour/search/?subject=прочность
https://fermet.misis.ru/index.php/jour/search/?subject=вязкость разрушения
https://fermet.misis.ru/index.php/jour/search/?subject=вязкость разрушения
https://doi.org/10.17073/0368-0797-2023-3-311-319
mailto:mirantil@ispms.ru
mailto:mirantil%40ispms.ru?subject=
mailto:mirantil%40ispms.ru?subject=


Известия вузов. Черная металлургия. 2023;66(3):311–319.
Гордиенко А.И., Власов И.В., Почивалов Ю.И. Влияние ускоренного охлаждения после поперечно-винтовой прокатки ...

312

 Introduction

Low-carbon low alloy steels are extensively utilized 
in various industries. The enhancement of mechanical 
pro perties of steels is accomplished through integrated 
micro-doping and different modes of thermomechani-
cal processing [1 – 11]. However, the improvement in 
strength is often accompanied by a decrease in plastic 
properties and fracture toughness, particularly under 
low temperatures [1; 2]. Thus, the primary objective is 
to increase the low-temperature fracture toughness of such 
steels. Factors that contribute to its increase include grain 
refinement [3 – 6], reduction in the fraction and grain 
size of pearlite [5; 6] and the martensite-austenite (MA) 
constituent [7]. Additionally, a more uniform alterna-
tion of ferrite and pearlite [5; 8; 9], as well as the absence 
of a predominant orientation of planes {001} [3], promote 
increased fracture toughness. Another factor that improves 
the cold resistance of steel is the utilization of accele-
rated cooling (with cooling rates Vcool , ranging from 5 
to 30 °C/s) after rolling, leading to the formation of fer-
rite-bainite structures. Depending on the temperature range 
of rolling, start and finish temperatures of accele rated 
cooling, cooling rates, and holding time, diffe rent types 
of bainite structures can be formed, achieving va rying 
levels of strength and fracture toughness [8 – 10]. In 
most studies [2 – 4; 7 – 10], the structure and mechani-
cal properties of steels were examined after conventional 
longitudinal rolling. In contrast to the longitudinal pro-
cess, cross-helical rolling involves a rotating reciprocal 
motion of ingots, resulting in a higher fraction of shift 
deformation component. This facilitates more efficient 
refinement of the granular structure in a lower number 
of passes, promoting the formation of a homogeneous 
structure and simultaneous increase in strength and low-
temperature fracture toughness [5; 6; 11].

The objective of this study is to analyze the impact 
of accelerated cooling following cross-helical rolling 
of low-carbon X70 steel on the formation of its structure. 

Additionally, the investigation aims to examine the mechan-
ical properties and micromechanisms of steel fracture under 
static tension and impact bending conditions.

 Experimental

The study focused on low-carbon low alloy steel, spe-
cifically grade X70, which was in the state after hot roll-
ing. The chemical composition of the steel (wt. %) was as 
follows: C 0.13; Mn 1.6; V 0.05; Nb 0.04; Si 0.4; Ti 0.05; 
Cu 0.3; Al 0.03; P 0.013; S 0.01. The ingots used for 
cross-helical rolling were obtained by cutting a hot-rolled 
steel sheet with a thickness of 56 mm. The initial diame-
ter of the ingot before rolling was 40 mm. Cross-helical 
rolling was conducted using an RSP 14-40 three roll mill 
in six passes, gradually reducing the diameter. Previous 
research [11] demonstrated that rolling this steel at 850 °C 
in the region where (γ + α) phases exist in the phase dia-
gram, following by air cooling, resulted in higher fracture 
toughness compared to rolling at 1000, 920 and 810 °C. 
In this study, the rolling process was performed at 850 °C. 
After rolling, accelerated cooling was applied using 
a water sprayer at a rate of 6 °C/s until reaching 530 °C, 
followed by a three-minute hold and subsequent cool-
ing at a rate of 6 °C/s to 200 °C (mode I). In the se cond 
case, the ingot was cooled at a rate of 6 °C/s to 200 °C  
 

(mode II). Cumulative degree of deformation   
 
(where S0 and Sf represent the initial and final surface 
areas of the transversal cross sections of the rods), after 
six rolling passes in both cases, was approximately 1.6. 
The final diameter of the rods after rolling was 17 mm.

Microstructural studies were conducted using a scan-
ning electron microscope (LEO EVO 50). To prepare 
the samples for structural analysis, their surfaces were 
sequentially polished using emery paper with gradu-
ally decreasing abrasive grain sizes. Subsequently, 
the samp les were polished on cloth using diamond paste. 

rolling according to mode I, the structure is characterized by the presence of ferrite, troostite, granular bainite, and fine Fe3C carbides. After rolling 
according to mode II, the structure is characterized by the formation of lath bainite and large sections of the martensitic-austenitic (MA) component 
up to 1 – 2 µm in size. It is shown that a decrease in the fineness of ferrite grains in steel after cross-helical rolling in modes I and II from 12 
to 4.6 – 4.3 μm, the formation of a bainitic phase, and hardening of the matrix with carbides led to an increase in the yield strength of steel up 
to 440 and 490 MPa and tensile strength up to 760 and 880 MPa. Carrying out helical rolling according to mode I makes it possible to significantly 
increase the low-temperature fracture toughness of steel (KCV–70 °С = 160 J/cm2) compared to the hot-rolled state (KCV–70 °С = 11 J/cm2) and reduce 
the cold brittleness of steel to the temperatures below –50 °C. The use of continuous accelerated cooling (mode II) does not allow increasing the cold 
resistance of steel due to the formation of the lath bainite structure and large areas of the MA component. 

Keywords: low-carbon steel, cross-helical rolling, accelerated cooling, microstructure, strength, fracture toughness
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In order to reveal grain boundaries, the polished sur-
faces were etched in a 3 % alcohol solution of HNO3 . 
Vi ckers microhardness measurements were performed 
using a PMT-3 hardness meter with a load of 0.49 N. 
For static tension tests, samples with a working area size 
of 15×3×1 mm were used. Impact tests were carried out 
on samples with dimensions of 10×10×55 mm, which 
featured a V-notch. An INSTRON MPX 450 impact 
machine was used for these tests within a temperature 
range Ttest from +20 to –70 °C. By measuring the sur-
face areas under the load-deflection curves, the work 
of crack nucleation (the surface area under the loa-
ding curve until reaching the maximum load Fmax ) and 
crack propagation (the surface area under the loading 
curve after reaching Fmax ) were determined. The stages 
of crack propagation and the micromechanisms of frac-
ture at each stage were analyzed by examining the sur-
faces of the fractured samples using a scanning elec-
tron microscope (LEO EVO 50). The fracture surfaces 
were examined to identify regions exhibiting brittle frac-
ture and shear lips. Shear lips refer to segments of duc-
tile fracture adjacent to the lateral sides of the samp le 
and are typically oriented at an angle of approximately 
45° to them. The fractions of these regions were calcu-
lated as the ratio of their surface areas to the surface area 
of the cross section of the sample under the notch after 
fracture. The temperature of the viscous brittle transition, 
T50 (or FATT50 [12]), was determined based on the frac-
tion of the brittle region observed on the fracture sur-
face. T50 corresponded to the temperature at which 50 % 
of the fracture surface exhibited brittle fracture. 

 Results

In the hot rolled state, X70 steel exhibits a ferrite-
sorbite structure (Fig. 1, a). The average size (dF ) of fer-
rite grains is 12 μm. The volumetric fraction of sorbite 
(dispersed pearlite) is 20 %, and the interplanar distance 
in sorbite is 0.25 μm. The microhardness of the ferrite 
regions is measured at 165 HV50 . 

After cross-helical rolling of the steel, the structure 
becomes refined and shows a more homogeneous distri-
bution of structural constituents (Fig. 1, b, d). In the case 
of processing according to mode I, the cooling rate is 
insufficient to suppress diffusion decomposition of aus-
tenite. As a result, additional holding during cooling crea-
tes conditions for carbon diffusion.

In the steel structure after processing accor ding 
to mode I, in addition to ferrite, there are regions 
of bainite with a granular morphology (Fig. 1, b), troos-
tite (Fig. 1, c) and dispersed Fe3C carbide particles 
(dFe3C = 50 ÷ 250 nm) located within and at the bounda-
ries of ferrite and bainite grains (Fig. 1, c). Coarser 
carbide particles up to 1 μm in size are also present. 
The average grain size of ferrite dF decreased to 4.6 μm, 

while the average grain size of bainite (dB ) is 2.5 μm. 
The fraction of troostite segments decreased to 10.5 % and 
the interplanar distance in troostite is 0.17 μm (Fig. 1, c). 
The high dispersity of troostite is a result of accelerated 
cooling. 

In the steel samples processed according to mode II, 
the structure consists of regions of ferrite, troostite, granu-
lated and lath bainite, as well as the segments of the MA 
constituent and Fe3C carbide particles (Fig. 1, d – f). 
The average size of ferrite grains decreased to 4.3 μm, 
and the sizes of the MA constituent ranges from 1 to 2 μm. 
The structure also contains coarse particles of Fe3C car-
bide (up to 1 μm), although the fraction of finely dis-
persed carbides is lower compared to processing accord-
ing to mode I. The fraction of troostite grains decreased 
to 7.5 %. In the case of processing according to mode II, 
the fraction of the bainite phase is higher.

The microhardness of the ferrite matrix increased 
to 205 HV50 after steel cooling according to mode I and 
to 225 HV50 after steel cooling according to mode II. Simi-
larly, the microhardness of the bainite regions increased 
to 320 HV50 and 335 HV50 , respectively (refer to Table, 
where HVF is the microhardness of ferrite; HVB is 
the microhardness of bainite; σ0.2 is the yield stress; σu is 
the ultimate tensile strength; ε is the plasticity; KCV is 
the impact toughness at various test temperatures). 

The yield stress of the steel increased by 20 and 35 % 
after cross-helical rolling according to modes I and II, 
respectively. Additionally, the ultimate tensile strength 
increased by 20 and 75 % in the respective modes. However, 
there was only a slight decrease in plasticity. The higher 
level of strength properties observed after cooling accord-
ing to mode II can be attributed to the formation of a higher 
fraction of the bainite phase, as well as the formation of lath 
bainite and segments of the MA phase.

During impact bending tests, it was observed that 
the steel samples in the hot rolled state exhibited higher 
fracture energy at ambient temperature (refer to Table; 
Fig. 2, a). However, as the test temperature decreased 
to –40 and –70 °C, the fracture toughness sharply 
decreased. All impact loading diagrams of the steel showed 
segments of sharp load decrease (indicated by arrow in 
Fig. 2, a). At negative test temperatures, a sharp decrease 
in the curves was observed immediately after reaching 
the maximum load. This form of load–deflection curves 
indicates the occurrence of avalanche crack propagations, 
which is characteristic of brittle fracture. 

The fracture of the samples at low temperatures occurs 
through the mechanism of transcrystalline clea vage, as 
depicted in Fig. 3, a and b. Even at –40 °C, the frac-
tion of brittle fracture is almost 100 %, as shown in Fig. 4, a.

In the temperature range of –40 ÷ –70 °C, the fracture 
surfaces exhibit a lack of tightening of the lateral faces 
and shear lips (represented as λ in Fig. 3, d), which are 
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Fig. 2. Curves of impact loading of steel in the hot-rolled state (a), after treatments using mode I (b) and mode II (c): 
1 – Ttest = +20 °С; 2 – Ttest = –40 °С; 3 – Ttest = –70 °С

Рис. 2. Кривые ударного нагружения стали в горячекатаном состоянии (а), после обработок по режимам I (b) и II (c): 
1 – Ttest = +20 °С; 2 – Ttest = –40 °С; 3 – Ttest = –70 °С

Fig. 1. SEM images of steel structures in hot-rolled state (a), after cross-helical rolling using mode I (b, c) and mode II (d – f) 
(F – ferrite; GB – granular bainite; LB – lath bainite; T – troostite; MA – MA component) 

Рис. 1. РЭМ-изображения структур стали в горячекатаном состоянии (а), после поперечно-винтовой прокатки по режимам I (b, c) и II (d – f) 
(F – феррит; GB – гранулярный бейнит; LB – реечный бейнит; Т – троостит; МА – МА составляющая)
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characteristic of macroplastic deformation (Fig. 3, a; 
Fig. 4, b). The temperature at which the steel undergoes 
a transition from a viscous to a brittle fracture mode, 
known as T50 , is –30 °C. 

After cross-helical rolling of steel according to mode I, 
the fracture toughness of the samples at ambient tempera-
ture remains at a similar level to that of the hot rolled state 
(refer to Table). The loading diagram of these samp les 

Fig. 3. Fracture surfaces of the impacted samples of steel in hot-rolled state at Ttest = –40 °С (а, b), 
after treatment using mode I at Ttest = +20 °С (c) and Ttest = –40 °С (d, e) and using mode II at Ttest = –40 °С (f – h) 

Рис. 3. Поверхности разрушения ударных образцов стали в горячекатаном состоянии при Ttest = –40 °С (а, b), 
после обработки по режиму I при Ttest = +20 °С (c) и Ttest = –40 °С (d, e) и по режиму II при Ttest = –40 °С (f – h)

Mechanical properties of X70 steel

Механические свойства стали категории прочности К60

State HV50 σ0.2 , MPa σu , MPa ε, % KCV+20, J/cm2 KCV–40, J/cm2 KCV–70, J/cm2

Hot rolled HVF = 165 360 650 23.0 250 23 11

Processing according to 
mode I

HVF = 205 
440 760 20.5 245 185 160

HVB = 320

Processing according to 
mode II

HVF = 225 
490 880 20.0 160 85 45

HVB = 335
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does not exhibit linear segments of load drop (Fig. 2, b, 
curve 1). Instead, oscillations of the load are detected, 
which are characteristic of high ductile steels and typical 
for fracture toughness analysis [13]. The nucleation and 
propagation of crack at all stages of fracture occur 
through the formation, growth and coalescence of pores 
(Fig. 3, c). Coarse carbide particles are present within 
the dimples observed on the fracture surface. 

As the test temperature decreases, the fracture tough-
ness, work of crack nucleation, and work of crack propa-
gation in the steel processed according to mode I decrease 
(refer to Table and Fig. 2, b). However, these properties 
remain at a higher level compared to the hot rolled state. 
In the loading curves, segments of sharp load decrease 
were observed (Fig. 2, b; curves 2 and 3, indicated 
by white arrow). However, after the avalanche propa-
gation of the crack, there is a “blunting” of the crack. 
Further crack propagation is accompanied by plastic 
deformation (Fig. 2, b; black arrows). On the fracture 
surfaces of the destroyed samples, a clear transition from 
brittle to viscous fracture is observed (Fig. 3, d, e; indi-
cated by white arrow). Additionally, the fracture surfaces 
exhibit segments of splitting (Fig. 3, d; indicated by yel-
low arrow), which contribute to an increase in fracture 
toughness by increasing the surface area upon crack for-
mation [14]. Consequently, the energy required for crack 
development is higher, and the fraction of the brittle con-
stituent in the fracture is lower (Fig. 4, a). At temperatures 
of –40 and –70 °C, the fraction of the brittle constituent 
in the fracture is 29 and 80 %, respectively. The presence 
of significant tightening on the lateral faces (Fig. 3, d), 
wide lips (Fig. 4, b), and rupture area (Fig. 3, d) down 
to –70 °C indicates a high degree of plastic deforma-
tion during crack propagation. This confirms higher resis-
tance to fracture of the steel after processing according 

to mode I. The temperature of the viscous brittle transi-
tion, T50 , decreases to –55 °C. 

In the case of continuous accelerated cooling after 
cross-helical rolling (mode II), the fracture toughness 
at ambient temperature is lower compared to all consi-
dered sates of the steel (refer to Table). At negative test 
temperatures, the work of crack nucleation and propaga-
tion is higher compared to the hot rolled state but lower 
than after processing according to mode I (Fig. 2, c). 
The sample exhibits a higher degree of macroplastic 
deformation compared to the hot rolled state, as evidenced 
by the presence of tightening on the lateral faces (Fig. 3, f) 
and shear lips (Fig. 4, b) even at temperatures as low as 
–70 °C. Oscillations are observed in the loading-deflec-
tion curves until reaching the maximum load. The high-
est load, at which the main crack begins to develop, is 
observed in the case of processing according to mode II. 
This results in the highest concentration of stresses near 
the crack tip. After reaching the maximum load, there is 
a sharp drop in the curve along a straight path. This stage 
corresponds to the brittle propagation of the crack through 
the mechanism of transcrystalline cleavage (Fig. 3, g). 
However, the fracture exhibits a mixed pattern, as it con-
tains both cleavage facets and dimples on the fracture 
surface (Fig. 3, h – indicated by white arrows), indicating 
a certain degree of plastic deformation during the propa-
gation of the main crack. The temperature of the vis-
cous brittle transition, T50 , for the steel after processing 
according to mode II is –35 °C.

 Discussion

The application of cross-helical rolling according 
to mode I offers a significant increase in the low tempera-
ture fracture toughness of X70 steel. This improvement 
is attributed to several factors, including the refinement 
of ferrite grain size (from 12 to 4.6 μm), a reduction in 
the size and fraction of the more brittle troostite phase, 
and a more homogeneous distribution of structural cons-
tituents (ferrite, troostite, bainite). These conclusions 
align with the experimental findings reported in refe-
rences [3 – 6; 8]. During low temperature impact loading, 
there is an incompatibility of plastic deformation between 
the “soft” ferrite and the brittle troostite regions. The pre-
sence of larger troostite regions increases the likelihood 
of brittle cleavage crack development. By implemen-
ting accelerated cooling according to mode I, the forma-
tion of granular bainite occurs, and the structure releases 
finely dispersed carbides due to the holding at 530 °C. 
As a result, the fraction of troostite decreases to 10.5 %. 
Consequently, the propensity for brittle fracture during 
low temperature tests is reduced.

The absence of holding and continuous cooling in 
mode II restricts the release of carbides. As a result, 
the fraction of finely dispersed carbides in the ferrite matrix 

Fig. 4. Bar graphs of the area fractions of brittle fracture zones 
LB (a) and shear lips (b) on steel fractures after hot rolling ( ) 

and after treatment using modes I and II (  and )

Рис. 4. Гистограммы долей площади зон хрупкого разрушения 
LB (а) и губ среза (b) на изломах стали после горячей прокатки ( ) 

и после обработки по режимам I и II (  и )
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after cooling according to mode II is lower compared 
to processing according to mode I. This leads to a higher 
carbon concentration in austenite and an increase in its 
stability [15]. Consequently, the subsequent decomposi-
tion of austenite occurs at lower temperatures, resulting 
in the formation of lath bainite and the presence of seg-
ments of the MA phase (Fig. 1, f). As a consequence, 
the fracture toughness of the steel after processing accor-
ding to mode II is lower than after processing according 
to mode I. In the available literature [3; 16 – 19] focusing 
on the study of bainite structures, there is no consensus 
on which type of bainite phase provides higher frac-
ture toughness for steel. Some studies have shown that 
the structure of acicular ferrite leads to higher fracture 
energies and a lower temperature of viscous brittle transi-
tion [16; 17]. On the other hand, the formation of granu-
lar bainite has been associated with lower fracture ener-
gies due to coarser grains and larger segments of the MA 
phase. However, other researchers [3; 18; 19] have men-
tioned that the structure of granular bainite offers higher 
fracture toughness compared to lath bainite and pearlite. 
These differing conclusions can be attributed to variations 
in carbon content and micro-dopants (such as niobium, 
vanadium, molybdenum, titanium, etc.) in the steels, as 
well as differences in the rolling temperature modes that 
influence the conditions of bainite phase formation. In 
the studied case with a carbon content of 0.13 wt. %, roll-
ing in the (γ + α) region results in significantly enriched 
overcooled austenite. Subsequent accelerated cooling 
leads to the formation of lath bainite and large segments 
of the MA constituent. This aligns with the higher strength 
observed in the bainite structure (335 HV50 ). However, 
the more strained structure of lath bainite does not allow 
for sufficient fracture toughness to be achieved after pro-
cessing according to mode II. 

It is important to note that fracture toughness is not 
solely controlled by the properties of the more brittle 
phase, but also by the properties of the surrounding 
matrix [20]. Microregions with higher fracture toughness 
can inhibit the propagation of brittle fracture originating 
from adjacent regions with lower fracture toughness. This 
explains the higher low temperature fracture toughness 
observed in the steel with a dispersed structure after roll-
ing according to mode II, in comparison to the hot rolled 
state. Additionally, the mixed viscous brittle pattern 
of fracture, with the presence of blunting of the brittle 
crack and alternating cleavage facets and dimple relief in 
the fractures (Fig. 3, h), further supports this observation.

Based on the experimental results, it can be assumed 
that for this specific X70 steel, the favorable type 
of bainite phase is granular rather than lath bainite. In 
order to achieve a higher increase in fracture tough-
ness through accelerated cooling, it may be necessary 
to decrease the carbon content in the steel.

 Conclusions

Cross-helical rolling combined with accelerated cool-
ing and holding at 530 °C (mode I) enables the refinement 
of the granular structure of X70 steel from 12 to 4.6 μm. 
The resulting structure consists of ferrite, troostite, granu-
lar bainite and finely dispersed carbides Fe3C. Continuous 
accelerated cooling after cross-helical rolling (mode II) 
leads to the presence of grains of ferrite, troostite, granular 
and lath bainite, as well as segments of the martensite-aus-
tenite phase and Fe3C particles. Compared to the hot rolled 
state, both modes I and II result in a more homogeneous 
distribution of structural constituents (ferrite, troostite, 
bainite) and a lower fraction of troostite in the structure 
(10.5 and 7.5 %, respectively).

As a result of the refinement of the granular struc-
ture, formation of the bainite phase, and matrix harden-
ing by carbides, the microhardness of the ferrite matrix 
in the steel increases to 205 and 225 HV50 in modes I 
and II, respectively, compared to the hot rolled state. In 
the bainite regions, the microhardness reaches 320 and 
335 HV50 . The yield stress of the steel increases to 440 
and 490 MPa, and the ultimate strength increases to 760 
and 880 MPa in modes I and II, respectively.

After cross-helical rolling according to mode I, 
the fracture toughness at negative temperatures sig-
nificantly increases (KCV–70 °C = 160 J/cm2) compared 
to the hot rolled state (KCV–70 °C = 11 J/cm2). The pres-
ence of significant tightening on the lateral faces and wide 
shear lips up to –70 °C indicates a high degree of plastic 
deformation during crack propagation. The temperature 
of the viscous brittle transition, T50 , decreased to –55 °C 
for the steel after rolling according to mode I.
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Аннотация. В работе проведено исследование локализации деформации на макромасштабном уровне на стадиях параболического 

деформационного упрочнения и предразрушения в условиях квазистатического нагружения биметалла углеродистая сталь – нер-
жавеющая сталь. Проблема оценки масштабов явлений, определяющих пластичность, является решающей при разработке любых 
теорий пластической деформации, в частности, дислокационных. Основной сложностью при построении таких теорий является 
трудность согласования дислокационных масштабов, характерных для большинства механизмов деформации и деформационного 
упрочнения, с макроскопическими параметрами деформационных процессов. В рамках автоволновой модели локализованной 
пластической деформации эта задача может быть сведена к возможности получения параметров из результатов макронаблюдений 
развития локализованного пластического течения. В ходе экспериментов подтверждается, что в биметалле на любой стадии процесса 

  bsa@ispms.ru
Abstract. The work is devoted to the study of strain localization at macroscale level during parabolic mechanical hardening and pre-fracture under 

quasi-static loading of a carbon steel – stainless steel bimetal. The problem of estimating the scale of the phenomena that determine plasticity is 
decisive in the development of any theories of plastic deformation, in particular, dislocation theories. The main difficulty in constructing such theories 
is the reconciling the dislocation scales, characteristic for most deformation and mechanical hardening mechanisms, with macroscopic parameters 
of deformation processes. In the framework of the autowave model of localized plastic deformation, this problem can be reduced to the possibility 
of obtaining parameters from the results of macroscale observations of localized plastic flow development. During the experiments, it was confirmed 
that in a bimetal at any forming stage, a specific pattern of localization centers distribution is spontaneously generated - a pattern of localized plastic 
flow. The shape of such patterns is determined by the law of mechanical hardening acting in the material. It is shown that the observed localization 
patterns can be used as an informative feature in predicting the plasticity margin. In the process of uniaxial tension at the stage of parabolic mechanical 
hardening of the bimetal, the deformation mode is realized with the formation of several potential fracture centers. It was established that at the pre-
fracture stage, during the time evolution of the wave pattern of deformation localization, the zone of active plastic deformation narrows, but the number 
of centers in it either remains the same with a decrease in the distance between them, or even increases. The result of this process is the formation 
of a macroscopic neck, and then fracture. At the pre-fracture stage, the collapse point indicates the place of future fracture and signals the need to stop 
the deformation process in order to avoid the fracture of the bimetallic material. Thus, the well-known manifestation of deformation macroscopic 
localization – formation of a neck – is preceded by complex phenomena of mutually coordinated motion of localized plasticity centers at the pre-
fracture stage. 

Keywords: plastic deformation, localization, bimetal, low carbon steel, stainless steel
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 Introduction

In physical description of plastic flow still poses 
an unsolved issue concerning the reasons and essence 
of changes in the pattern of macroscopic localiza-
tion and deformational hardening during the transi-
tion from one stage of the process to another. While 
the mechanisms of deformational hardening at specific 
stages of deformation have been extensively studied 
at the microscopic level [1], the main problem remains 
unresolved: understanding exhaustion of one mechanism 
and the initiation of another. Consequently, there are gaps 
in the macro scopic description of the plasticity pheno-
menon. On the one hand, this hinders a complete compre-
hension of material hardening, and on the other hand, it 
impedes the development of technological procedures for 
material processing such as rolling, forging, stamping, 
and drawing, which involve significant plastic deforma-
tions [2]. Therefore, there is a need to expand and clarify 
the model and mechanism of metals’ response to exter-
nal mechanical impacts. This will facilitate the deve-
lopment of a modern variant of plasticity theory, which 
takes into account the physical, mechanical, and materi-
als science aspects of the bimetal materials problem [3]. 
Bimetal materials find wide applications in various tech-
nological fields due to their ability to provide not only 
qualitatively new product properties but also significant 
savings in expensive materials. During the combined roll-
ing of workpieces composed of dissimilar metal compo-
nents, the complex development patterns of their plastic 
flow along the length of the deformation center determine 
the intricate formation of the junction zone [4].

Extensive research has been conducted over seve-
ral decades to investigate the structure and mechani-
cal properties of bimetal materials [5 – 7]. As a result, 
issues related to their production technology have been 
resolved, methods to enhance the mechanical properties 
of finished products have been identified, and a significant 
amount of experimental data has been collected, shedding 

light on various aspects of their structure and property 
control [8 – 11]. However, the existing theoretical con-
cepts fail to provide adequate predictions for the failu re 
of bimetals in the form of lamination during plastic 
forming processes. Although the application of layered 
composite materials mechanics approaches [12; 13] has 
allowed for the prediction of lamination in bimetal mate-
rials under small elastic-plastic deformations [14; 15], 
which are typical for operational loads, forecasting such 
processes under high plastic deformations remains chal-
lenging. 

Studies conducted in [16; 17] have demonstrated 
that the patterns of plastic deformation localization in 
tensioned bimetal samples exhibit autowave characteris-
tics [18 – 21]. During the elastic-plastic transition, locali-
zed plastic deformation zones originate in the regions 
of the bimetal junction and propagate as Lueders fronts. 
Initially, they occur in the main layer of low carbon steel 
and subsequently in the cladding layers of stainless 
steel [16; 17]. This research provides data on the distri-
bution of local deformations in the main and cladding 
layers of bimetal materials at advanced stages of plastic 
flow and fracture. Furthermore, it enables a compari-
son of the localized deformation patterns observed in 
different bimetal components deformed under identical 
conditions.

 Experimental

A corrosion resistant bimetal consisting of low car-
bon steel St3sp and stainless steel 12Kh18N9T was cho-
sen for the study.

The bimetal was obtained by pouring and sub sequent-
 ly rolling into a sheet 8 mm thick sheet.

The method involved preparing two or multilayer 
ingots by pouring one or more layers onto a solid layer 
of a different composition [3]. The main layer, with 
a thickness of approximately 6.7 mm, consisted of low 

формоизменения самопроизвольно генерируется специфическая картина распределения очагов локализации – паттерн локализованного 
пластического течения. Форма таких паттернов определяется действующим в материале законом деформационного упрочнения. 
Наблюдаемые паттерны локализации могут быть использованы в качестве информативного признака при прогнозировании запаса 
пластичности. В процессе одноосного растяжения на стадии параболического деформационного упрочнения биметалла реализуется 
режим деформирования с образованием нескольких потенциальных очагов разрушения. Установлено, что на стадии предразрушения 
в ходе временнóй эволюции волновой картины локализации деформации зона активной пластической деформации сужается, но количество 
очагов в ней сохраняется при уменьшении расстояния между ними или даже возрастает. Результатом этого процесса является образование 
макроскопической шейки, а затем разрушение. На стадии предразрушения точка коллапса указывает на место будущего разрушения и 
сигнализирует о необходимости остановки процесса деформирования во избежание разрушения биметаллического материала. Таким 
образом, общеизвестное проявление макроскопической локализации деформации – образование шейки – предваряется сложными 
явлениями взаимосогласованного движения очагов локализованной пластичности на стадии предразрушения в биметаллах. 

Ключевые слова: пластическая деформация, локализация, биметаллы, низкоуглеродистая сталь, нержавеющая сталь
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carbon steel St3sp. The upper and lower cladding layers, 
with a thickness of approximately 0.75 mm, were made 
of stainless steel 12Kh18N9T. Flat samples, measuring 
42×8×2 mm, were cut from sheets of three-layer metal in 
such a way that the working surface (observation surface) 
was perpendicular to the sheet rolling direction.

The microstructure and elemental composition of the 
bimetal junction zone have been extensi vely discussed 
in [16; 17]. The structure of the base metal St3sp is typi-
cal of low carbon steels, with a ferrite matrix containing 
a small amount of pearlite. The structure of the cladding 
metal 12Kh18N9T is characteristic of stainless steels, con-
sisting of elongated austenite grains aligned along the roll-
ing axis. The formation of α′ martensite deformation in 
the cladding layer of stainless steel 12Kh18N9T, result-
ing from the tension of the 12Kh18N9T + St3sp bimetal, 
was determined through X-ray diffraction analysis. X-ray 
diffraction patterns were obtained using monochroma-
tized CuKα radiation with a DRON3 facility. Analysis 
of the X-ray diffraction patterns of the bimetal’s surface 
layer revealed that the initial state consisted solely of aus-
tenite (γ phase) with a lattice parameter of a = 3.5999 Å. 
Upon tensile deformation of the bimetal samples, a defor-
mation-induced γ – α′ phase transformation occurred 
in the surface layers of stainless steel 12Kh18H9T [9], 
resulting in a two-phase structure with varying ratios 
of α and γ phases. With a total deformation εtot = 15 %, 
the content of α′ martensite (a = 2.8873 Å) was approxi-
mately 52 ± 4 %, while the remaining phase was austen-
ite (γ phase) with a lattice parameter of a = 3.5999 Å. 

The samples were subjected to stretching using 
a Walter + Bai LFM125 testing machine at an ambient 
temperature, with a deformation rate of 6.67·10–5 s–1. 
To analyze the stages of deformation hardening described 
by the Ludwik–Hollomon empirical equation σ = Kεn 
(where K and n are material constants), the values of K 
and n were determine by plotting the “stress – true defor-
mation” relationship on double logarithmic coordinates 
ln(s – s0 ) = f (ln e).

According to the concept of material failure, conside-
ring damage accumulation [13], the damage parameter D 
can be calculated as follows [22]:

          (1)

where E0 is the elasticity modulus (Young’s modulus);  
is the secant modulus. 

In this study, the secant modulus was determined from 
the slope of the linear section of the tension diagrams 
obtained in the cyclic load-unload mode, with an interval 
of 2.5 % of the total deformation.

To observe the macroscopic localization of plastic 
deformation, a technique combining mechanical tests for 

uniaxial tension with the correlation of digital speckle 
images was employed. This technique enables the recon-
struction of displacement vector fields on the surface 
of flat samples at different stages of the process and 
the calculation of the components of the plastic defor-
mation tensor. Further details and the capabilities of this 
technique are described in [18 – 21] and will not be dis-
cussed further in this context. 

 Results and discussion

Previous research [16] has demonstrated that during 
the tensioning process of a bimetal specimen composed 
of low carbon steel St3sp and austenitic stainless steel 
12H18N9T, which have different mechanical properties, 
the initial plastic flow occurs in the softer main layer, while 
the more resilient cladding stainless steel layer deforms 
elastically. Both the base layer and the cladding layer 
undergo plastic deformation in the flow region. Analysis 
of the distribution patterns of local deformations revealed 
that, during the early stages of plastic flow in the three-
layer bimetal, a single front in the form of the Cher-
nov–Lueders band (CLB) first appears at the interface 
of the composite in the main layer of low carbon St3sp 
steel, subsequently initiating the formation of the CLB 
front in the 12H18N9T steel cladding layer. A single 
localization front propagates throughout the entire flow 
region, encompassing both the main and cladding layer.

During the stage of parabolic deformation harde-
ning, a system of stationary areas of plastic deforma-
tion localization εxx with a spatial period of λ = 4 ± 1 mm 
is observed in the main layer of low carbon steel St3sp 
bimetal (Fig. 1, a). It is worth noting that a change in 
the increments of local strains εxx(x, t) in the main St3sp 
layer was observed during the transition from the stage 
of parabolic strain hardening to the stage of pre-fracture 
of the bimetal (Fig. 1, b). 

Subsequently, during the pre-fracture stage of the 
bimetal, the previously immobile centers of plastic 
deformation localization εxx in the main St3sp layer 
begin to move coordinately, converging towards a high-
amplitude maximum of local deformations. Simi-
lar to a monolithic sample of St3sp low carbon steel, 
the presence of a high-amplitude maximum in the form 
of localized elongation distributions indicates the forma-
tion of a macro scopic neck and future ductile fracture 
within the main layer of the St3sp bimetal. 

To conduct a comprehensive analysis of the evo-
lution of localized elongation distributions εxx during 
the transition from the parabolic stage of strain harde-
ning to the pre-fracture stage of the bimetal, we exami-
ned the changes in the overall values of the εxx compo-
nent at various points along the tension axis. Specifically, 
we focused on the main layer of the St3sp steel bimetal 
(Fig. 2, a, points 1 – 4) and the vicinity of the material 
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junction zone (Fig. 2, a, points 1′ – 4′) within the time 
interval of t = 1400 ÷ 3850 s, corresponding to a total 
deformation of εtot = 0.12 ÷ 0.33.

The investigation has revealed that the average total 
value of localized elongations, εxx remains relatively 
constant during the parabolic deformation harde ning 
stage. However, it begins to deviate from this constant 
level at a total strain of εtot = 0.19 ÷ 0.25, marking 
the transition from the parabolic strain hardening stage 
to the pre-fracture stage (Fig. 2, b, curves 1 and 2). In 
the region of plastic deformation localization (Fig. 2, a, 
points 4 and 4′) both in the main layer of low carbon steel 
St3sp (Fig. 2, b, curve 2) and near the cladding layer 
of stainless steel 12Kh18N9T (Fig. 2, b, curve 1) a signi-
ficant increase in the total values of localized elongations, 
εxx is observed. This increase corresponds to the transi-
tion from the parabolic strain hardening stage to the pre-
fracture stage of the bimetal.

By taking the logarithm of the εxx (ε/δ) dependen-
cies (Fig. 2, b, curves 1 and 2), it was possible to iden-
tify linear segments with different slopes. The first 
point of intersection of these straight lines represents 
the start of the parabolic deformation hardening stage, 
while the second point indicates its end and the transi-
tion to the pre-fracture stage.

Mathematical analysis of the εxx (ε/δ) dependences 
(Fig. 2, b, curves 1 and 2), which correspond increase 
in localized elongations in the localization zone 
of the main and cladding layers of the bimetal during 
the pre-fracture stage, was performed using the double 
t-criterion method [23]. Statistical analysis revealed 
that the difference in the slope of curves 1 and 2 
(Fig. 2, b) for the base and cladding metals is signifi-
cant, as the double t-criterion | t | = 17.5 > 2.3, indicating 
| t | > tα, f  , where the reference value of the Student’s coef-
ficient tα, f  = 2.3 [23].

Fig. 2. Areas for analysis of local elongations total values 
during transition to prefracture in the fracture center in the base 
and cladding layers of 12Kh18N9T + St3sp bimetal with total 

deformation εtot = 0.28 (a); dependence of distributions 
of total local elongations εxx (1 – cladding layer 12Kh18N9T; 

2 – base layer St.3sp) and damage parameter D (1′ – cladding layer 
12Kh18N9T; 2′ – base layer St3sp) on the bimetal normalized 

plasticity ε/δ (b) 

Рис. 2. Области для анализа суммарных значений локальных 
удлинений при переходе к стадии предразрушения 

в очаге разрушения в основном и плакирующем слоях биметалла 
12Х18Н9T + Ст3сп при общей деформации εtot = 0,28 (а); 

зависимости распределений суммарных локальных удлинений εxx 
(1 – плакирующий слой 12Х18Н9Т; 2 – основной слой Ст3сп) 

и параметра поврежденности D (1′– плакирующий слой 12Х18Н9Т; 
2′– основной слой Ст3сп) от нормированной пластичности ε/δ 

биметалла (b)

Fig. 1. Kinetic diagrams X(t) of the positions of localized strain 
maxima εxx along the tension axis with time t in the base layer 

of 12Kh18N9T + St3sp bimetal at parabolic mechanical hardening (a) 
and distribution of local elongations εxx (x, t) during transition 

from parabolic mechanical hardening to prefracture (b) 

Рис. 1. Кинетические диаграммы X(t) положений максимумов 
локализованной деформации εxx вдоль оси растяжения с течением 

времени t в основном слое биметалла 12Х18Н9T + Ст3сп 
на стадии параболического деформационного упрочнения (а) 

и распределение приростов локальных удлинений εxx (x, t) 
при переходе от стадии параболического деформационного 

упрочнения к предразрушению (b)
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The results indicate that during the transition from 
the parabolic stage to the pre-fracture stage of the bimetal, 
the increment of localized elongations εxx in the localiza-
tion center (Fig. 2, a, points 4 and 4′) is greater in the clad-
ding layer of stainless steel 12Kh18N9T (Fig. 2, b, 
curve 1) compared to the main layer of low carbon steel 
St3sp (Fig. 2, b, curve 2). This difference is likely associ-
ated with the nature of damage accumulation in the dif-
ferent layers of the bimetal during stretching. 

The damage parameter D was calculated using Equa-
tion (1) during the uniaxial tension mechanical tests in 
the load-unload mode. Analysis of the data revealed 
an exponential relationship between the damage parameter 
and the total tensile strain in both individual components 
and the bimetal specimens. Considering the significant 
differences in the mechanical properties of the mate-
rials in different layers of the bimetal, it is more reaso-
nable to examine the dependence of the da mage para-
meter D on the normalized total tensile strain ε, relative 
to the elongation at fracture δ for each material. From 
the combined dependencies of total localized elongations 
εxx and the damage parameter D on the normalized plas-
ticity ε/δ (Fig. 2, b), it can be observed that the accumu-
lation of damage and the increase in localized elonga-
tions at the same level of total deformation occur more 
rapidly in the cladding layer of austenitic stainless steel 
12Kh18N9T (curves 1 – 1′) compared to the main layer 
of low carbon steel St3sp (curves 2 – 2′) in the bimetal.

It has been determined that the fracture of the bimetal 
initiates at a total deformation of εtot = 0.33, where 
a crack forms in the cladding layer of stainless steel. Sub-
sequently, the crack propagates into the main layer of low 
carbon steel and divides into several microcracks during 
its propagation. The primary crack in the main layer fol-
lows a stepwise zigzag trajectory. Once the crack traverses 
the entire cross-section of the samples at a total deforma-
tion of εtot = 33.5, the bimetal experiences complete frac-
ture. The fracture behavior of low carbon steel St3sp and 
austenitic stainless steel 12Kh18N9T differs significantly. 
The main component of the bimetal, St3sp steel, exhibits 
a viscous fracture mechanism, while the cladding layer 
composed of 12Kh18N9T steel undergoes brittle frac-
ture [24]. These findings substantiate the distinct nature 
of the damage parameter dependencies in different layers 
of the bimetal during loading (Fig. 2, b). 

During uniaxial tension of the bimetal beyond the yield 
point, the occurrence of microcracks at the interface between 
the two layers is observed, particularly on the cladding side. 
This phenomenon can be attributed to the presence of a stress 
gradient in the junction zone, which arises due to chemical 
and structural heterogenei ties [16; 17]. Although stainless 
steel 12Kh18N9T possesses high strength and ductility in 
its monolithic state, the joint deformation of the bimetal, 
rolled to a thickness of 8 mm, leads to more intense plastic 
deformation locali zation and the accumulation of micro-

cracks in the cladding layer compared to the low-strength 
main layer of low carbon steel. 

 Conclusions

During the analysis of localized deformation patterns 
in the 12Kh18N9T + St3sp bimetal at advanced stages 
of plastic flow using speckle image correlation, the fol-
lowing regularities were observed. 

In the main layer of low carbon steel (St3sp) bimetal, 
during the parabolic deformation hardening stage, a sta-
tionary system of equidistant areas of deformation locali-
zation is formed with a spatial period of approximately 
4 ± 1 mm. At the prefracture stage, the fixed centers 
of plastic deformation localization within the main layer 
initiate coordinated movement towards the center charac-
terized by high amplitudes of the εxx component of local 
elongation. This movement eventually leads to the for-
mation of a neck region and subsequent ductile fracture 
of the specimen. 

A significant exponential growth in the cumulative 
value of localized elongations εxx was observed during 
the transition from the parabolic deformation hardening 
stage to the prefracture stage in the region where the neck 
of the bimetal forms. This growth in elongations was 
observed in both the main layer of low carbon steel and 
the cladding layer of stainless steel.
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свойств, дислокационной субструктуры и фазового состава рельсов повышенной износостойкости и контактной выносливости категории 
ДТ 400 ИК после пропущенного тоннажа 187 млн т брутто на экспериментальном кольце РЖД. Экстремально длительная эксплуатация 
рельсов сопровождается уменьшением параметра износа поверхности катания (в 3,1 раза), увеличением микротвердости (в 1,4 раза), 
скалярной плотности дислокаций (в 1,5 раза) и содержания карбида Fe3C (в 1,24 раза). Эксплуатация рельсов привела к уменьшению 
параметра кристаллической решетки, что коррелирует с ростом содержания карбида железа. Высказаны предположения о физических 
причинах изменения параметров. 

Ключевые слова: рельсы специального назначения, структура, микротвердость, фазовый состав, трибологические свойства
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Abstract. The methods of modern physical materials science were used to analyze the evolution of microhardness, tribological properties, dislocation 

substructure and phase composition of the rails with increased wear resistance and contact endurance of DT 400 IR category after missed tonnage 
of 187 million gross tons on the experimental ring of Russian Railways. It is shown that extremely long-term operation of the rails is accompanied 
by a decrease (3.1 times) in wear parameter of the rolling surface and an increase (1.4 times) in microhardness, scalar dislocation density (1.5 times) 
and Fe3C carbide content (1.24 times). Operation of the rails led to a decrease in the crystal lattice parameter, which correlates with an increase in the 
content of iron carbide. We made the assumptions about physical causes of the change in parameters. 

Keywords: special purpose rails, structure, microhardness, phase composition, tribological properties
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 Introduction

The continuous rise in the demand for rail reliability under 
high axle loads and high speeds necessitates ensuring their 
operational stability and analyzing potential causes of rail 
withdrawals [1]. Understanding the patterns in the formation 
of structural-phase states and the properties of specialized 
rail types is essential for enhancing production techniques 
and predicting their performance during operation.

In Russia, the production of differentially hardened 
special purpose rails with enhanced wear resistance and 
contact endurance has been ongoing for over three years. 
These rails, categorized as DT 400 IK, are designed for 
use on straight track sections with speeds up to 200 km/h 
and on curved sections without traffic density limitations. 
The significance of information on the structural-phase 
state, strength, and tribological properties of these new 
rail types arises from the profound challenges in physical 
materials science, as well as the practical importance of the 
issue [2 – 4]. As per the development program of Russian 
Railways, there are plans to increase the service life of rails 
up to 2.0 billion tons of passed tonnage. According to Rus-
sian Railways, up to 75 % of rail withdrawals in 2020 were 
attributed to reaching the limit state for wear and contact 
fatigue defects.

The objective of this study is to analyze the change in 
phase composition, dislocation substructure, and properties 
of special-purpose rails following long-term operation.

 Experimental

Samples of hypereutectoid steel E90KhAF, which com-
ply with the properties and elemental composition regulated 
by State Standard GOST 51685–2013 and Specifications 
TU 24.10.75111-298-05757676.2017 RZhD, were utilized 
as the material for this study. The analysis was conducted 
on the rails after undergoing differential hardening and sub-
sequent operation on the experimental track of the Russian 
Railways, with a total tonnage was 187 million gross tons).

The microhardness of the steel was determined using 
a PMT-3 instrument, employing the Vickers method with 
an indenter load of 0.5 N. The tribological properties were 
evaluated by measuring the wear parameter and friction 
coefficient. Dry friction conditions were maintained during 
the tests, employing the Pin-on-Disc and Oscillating layout, 
with a TRIBOtester tribometer (TRIBOtechnic, France). 
The test parameters included a VK8 hard alloy 6 mm ball, 
a wear track radius of 2 mm, a 50 m path traveled by the 
counterbody, a sample rotation speed of 25 mm/s, a 2 N load 
on the indenter, and ambient temperature. The wear groove 
profile and its parameters were examined using a contact 
nanoprofilometer (refer to the figure provided)). The wear 
parameter κ was calculated using the following equation:

where R represents the track radius, mm; А denotes the 
surface area of the transversal cross-section of the wear 
tread, mm2; F signifies the applied load, N; L represents 
the path passed by the ball counterbody, m [5]. 

The dislocation substructure was analyzed using trans-
mission electron microscopy (JEOLJEM 2100 F) [6; 7]. 
The investigation of the phase composition and struc-
tural parameters was carried out using an XRD-600 dif-
fractometer with CuKα radiation. The RDK 4+ databases 
and the POWDERCELL 2/4 full-profile analysis program 
were utilized for the analysis.

 Results and discussion

After the operation of DT 400 IK rail, the microhard-
ness of the tread surface increased by 1.4 times, from 5.5 
to 7.7 GPa, while the scalar dislocation density increased 
by 1.5 times, from 5.0·1010 to 7.5·1010 cm–2. These changes 
in parameters are attributed to the development of a complex 
stress-strain state of the rail tread surface during long-term 
operation [1]. These factors likely contribute to the more 
than threefold increase in the wear resistance of the tread sur-
face. Initially, the wear parameter was 7.7·10–6 mn3/(N·m),  
which reduced to 2.5·10–6 mn3/(N·m) after operation. The 
friction coefficient exhibited a slight decrease from 0.43 
to 0.35. However, these results do not provide sufficient 
grounds for extrapolation wear behavior during subsequent 
operation. To obtain a comprehensive understanding, addi-
tional values of this parameter at different carried tonnage 
levels, as presented in [1], are required.

X-ray phase analysis of DT 400 IK rails revealed 
that the primary phases present in the steel are α-Fe and 
iron carbide Fe3C. In the initial state, the phase content 

Dependence of friction coefficient (1) and friction force (2) on time 
of tribological testing of DT 400 IR rails after missed tonnage 

of 187 million tons (а) and profile of friction track (b) 

Зависимость коэффициента трения (1) и силы трения (2) от времени 
трибологических испытаний рельсов ДТ 400 ИК после 

пропущенного тоннажа 187 млн т (а) и профиль дорожки трения (b)
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is 95.83 wt. % and 4.17 wt. %, respectively. The crystal 
lattice constants: for α-Fe a = 2.8736 Å, for Fe3C carbide 
a = 4.7313 Å, b = 4.3299 Å, c = 2.8330 Å. 

After the rails have undergone cargo operation, the con-
tent of α-Fe and Fe3C phases changes to 94.84 wt. % and 
5.16 wt. %, respectively. Additionally, the crystal lattice 
constants become: for α-Fe a = 2.8713 Å; for iron carbide 
a = 4.3057 Å, b = 4.3057 Å, c = 2.8342 Å. These find-
ings indicate that the rails operation resulted in a 1.24-fold 
increase in the content of Fe3C carbide, by a factor of, accom-
panied by changes in its crystal lattice constants, suggesting 
a potential presence of structural defects. Furthermore, the 
crystal lattice constant of α-Fe decreased, which corresponds 
to the increased content of iron carbide and indicates the 
release of carbon from the α-Fe crystal lattice during opera-
tion, leading to the formation of a carbide phase.

 Conclusions

Overall, the operation of DT 400 IK rails contributes 
to an enhancement in wear resistance, microhardness, 
scalar dislocation density, and Fe3C carbide content.
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Аннотация. Предложена простая теория термодинамических свойств жидких растворов азота в сплавах систем Fe – Ni – Cr и Fe – Ni – Mo, 

которая аналогична теории для жидких растворов азота в бинарных сплавах систем Fe – Cr и Fe – Ni, представленной авторами ранее 
(2019 – 2021). Теория основана на решеточной модели трехкомпонентных жидких растворов Fe – Ni – Cr и Fe – Ni – Mo. Предполагается 
модельная решетка типа ГЦК. В узлах этой решетки располагаются атомы железа, хрома, никеля и молибдена. Атомы азота располагаются 
в октаэдрических междоузлиях. Атом азота взаимодействует лишь с атомами металлов, находящимися в соседних с этим атомом 
узлах решетки. Это взаимодействие парное. Предполагается, что энергия этого взаимодействия не зависит ни от состава сплавов, ни 
от температуры, и что жидкие растворы систем Fe – Ni – Cr и Fe – Ni – Mo являются совершенными. В рамках предложенной теории 
представлено выражение для вагнеровского параметра взаимодействия азота с хромом в жидких сплавах на основе никеля (Ni). 
Правая часть соответствующей формулы является функцией вагнеровских параметров взаимодействия азота с хромом (Fe) и азота 
с никелем (Fe) в жидких сплавах на основе железа. Аналогичное выражение получено для вагнеровского параметра взаимодействия 
азота с молибденом в жидких сплавах на основе никеля (Ni). По первой из этих формул рассчитано значение (Ni) = –21,9 при 
температуре 1873 К. Этому соответствует значение лангенберговского параметра взаимодействия (Ni) = –0,108, что совпадает 
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Abstract. The authors propose a simple theory of thermodynamic properties of liquid nitrogen solutions in alloys of the Fe – Ni – Cr and Fe – Ni – Mo 

systems. This theory is analogous to the theory for liquid nitrogen solutions in binary alloys of the Fe – Cr and Fe – Ni systems proposed previously 
by the authors in 2019 and 2021. The theory is based on lattice model of ternary liquid solutions of the Fe – Ni – Cr and Fe – Ni – Mo systems. 
The model assumes a FCC lattice. Atoms of Fe, Ni, Cr and Mo are deposed in the sites of the lattice. Nitrogen atoms are located in octahedral 
interstices. The nitrogen atom interacts only with the metal atoms located in the lattice sites neighboring to it. This interaction is pairwise. It is assumed 
that the energy of this interaction depends neither on composition nor on temperature. It is supposed that the liquid solutions in the Fe – Ni – Cr 
and Fe – Ni – Mo systems are perfect. Within the framework of the proposed theory, the relation is obtained that expresses the Wagner interaction 
coefficient between nitrogen and chromium in liquid nickel-based alloys (Ni). The right-hand part of the appropriate formula is a function of the 
Wagner interaction coefficients between nitrogen and chromium (Fe) and between nitrogen and nickel (Fe) in liquid iron-based alloys. A similar 
relation is obtained for the Wagner interaction coefficient between nitrogen and molybdenum in liquid nickel-based alloys (Ni). According to the 
first of these formulas, the value (Ni) = –21,9 at a temperature of 1873 K is calculated. This corresponds to the value of the Langenberg interaction 
coefficient (Ni) = –0,108, which coincides with experimental estimate. According to the second formula, the value (Ni) = –14,3 is calculated 
at a temperature 1873 K. This corresponds to the value of the Langenberg interaction coefficient (Ni) = –0,036, which is in satisfactory agreement 
with the experimental estimate (Ni) = –15,1; (Ni) = –0,038. 

Keywords: thermodynamics, solutions, nitrogen, iron, nickel, chromium, molybdenum, activity coefficient, Wagner interaction coefficient, Langenberg 
interaction coefficient
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Nichrome, the heat-resistant alloy, and chromium stain-
less steel were invented at the beginning of the 20th century, 
signifying that the addition of chromium as an alloying ele-
ment in substantial concentrations to iron and nickel pas-
sivates the surface of the resulting alloy at normal and high 
temperatures. Industrial-scale production of nickel-based 
heat-resistant alloys commenced in the mid-20th century. 
These alloys are composed of several alloying elements, 
with chromium being the primary one. Additionally, these 
alloys typically have a molybdenum content of a few per-
cent.

Molybdenum plays a vital role in the production of 
corrosion-resistant, nickel-based alloys. Roughly a cen-
tury ago, corrosion-resistant alloys like Hastelloy А 
(Ni – 20 % Mo) and Hastelloy В (Ni – 30 % Mo) were 
developed, with modern grades of Hastelloy featuring up 
to 30 % Mo. The nitrogen content has a significant impact 
on the properties of heat-resistant and corrosion-resistant 
nickel-based alloys. 

More than 60 years ago, Schenck H. et al. [1] and 
Humbert J. et al. [2] conducted experiments to examine 
the solubility of nitrogen in liquid nickel and its alloys. 
Ongoing research [3] continues to explore similar studies, 
necessitating a theoretical explanation based on thermody-
namic theory. Such an explanation is vital for estimating 
the solubility of nitrogen in liquid nickel-based alloys and 
assessing the potential formation of nitrides in these alloys. 
This study specifically focuses on the thermodynamics 
of nitrogen solutions in Fe – Ni – Cr and Fe – Ni – Mo liquid 
alloys, aiming to determine Wagner interaction coefficients 
between nitrogen and chromium and nitrogen and molyb-
denum in nickel-based liquid alloys based on these coef-
ficients in iron-based liquid alloys.

A. Stomakhin was among the pioneering Soviet 
researchers who investigated the solubility of nitrogen in 
liquid nickel and nickel-based alloys. This paper is dedi-
cated to honoring the memory of this exeptional researcher 
and educator.

We start with the Fe – Ni – Cr alloy and denote the con-
centrations of the solution components Fe – Ni – Cr – N, as 
cFe , cNi , cCr and cN , respectively, using mole fractions. The 
fundamental concept explored in this study is the thermo-
dynamic activity of nitrogen within the solution, denoted as 
aN . The notion of thermodynamic activity was first intro-

duced by Lewis in 1907. In the context of nitrogen solu-
tions, the Lewis definition implies the following equation:

where T represents the absolute temperature, R is the univer-
sal gas constant, μN signifies the chemical potential of nitro-
gen in the solution,  denotes the chemical potential of 
nitrogen at the standard state and temperature T. The stan-
dard state chosen to align with the unit of measurement 
(UoM) employed for expressing the nitrogen concentra-
tion in the solution. For this study, the  value is assumed 
to be constant. The simplest approach is to assume  = 0, 
leading to the following definition:

          (1)

This definition, introduced by Guggenheim in the 
1930s [4], represent the absolute activity (1). The abso-
lute activity, when T = const, is a dimensionless function 
depending on the composition of the solution. Its accuracy 
extends to a certain number of decimal places, determined 
by an arbitrary constant. Importantly, it remains unaffected 
by the representation of solution component concentrations 
and the choice of the standard state. In this study, the acti-
vity of nitrogen is determined according to equation (1).

The activity coefficient of nitrogen is determined 
using the standard equation  These coefficients  
 

were referred to as “rational activity coefficients” by Robin-
son R. et al. [5]. Considering that γN →  at cN → 0,  rep-
resents the rational activity coefficient of nitrogen in an 
infinitely dilute solution. For Fe – Ni – Cr – N alloys, where 
cFe → 1 and T = const, it is more convenient to express the 
coefficient  as a function of cNi and cCr :  =  (cNi , cCr ). 
Let us determine the Wagner interaction coefficients [6] that 
describe the interaction between nitrogen and alloying ele-
ments in iron-based liquid alloys:

 at cFe → 1;

 at cFe → 1.

с экспериментальной оценкой. По второй из формул рассчитано значение (Ni) = –14,3 при температуре 1873 К. Этому соответствует 
значение лангенберговского параметра взаимодействия (Ni) = –0,036, что удовлетворительно согласуется с экспериментальной 
оценкой (Ni) = –15,1; (Ni) = –0,038. 

Ключевые слова: термодинамика, растворы, азот, железо, никель, хром, молибден, коэффициент активности, вагнеровские параметры взаимо-
действия, лангенберговские параметры взаимодействия
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Fe – Ni – Cr – N alloys at cNi → 1 and T = const it is 
more convenient to express the coefficient  as a func-
tion of cFe and cCr :  =  (cFe , cCr ). Then the Ni – Cr 
Wagner interaction coefficient in nickel-based liquid 
alloys is defined as

 at cNi → 1

or

  at cNi → 1.   (2)

In practical metallurgical production, the concentra-
tions of solution components are commonly expressed 
as wt. %. Therefore, we denote the concentrations of the 
Fe – Ni – Cr – N solution components as [% Fe], [% Ni], 
[% Cr] and [% N], respectively. In this context, we will 
refer to the activity coefficient of nitrogen in the liquid  
 

solution  “the wt. % activity coefficient”. Let  
 
γN →  at [% N] → 0.  is the wt. % the activity coef-
ficient of nitrogen in an infinitely dilute nitrogen solution. 
Our objective now is to determine the Langenberg inter-
action coefficient for the nitrogen and alloying elements 
interaction in iron-based liquid alloys [7]:

 at [% Fe] → 100;

 at [% Fe] → 100.

For Fe – Ni – Cr – N alloys at [% N] → 100 and T  = const, 
it is more convenient to express the coefficient  as a 
function of [% Fe] and [% Cr]:   = ([% Fe], [% Cr]).  
The N – Cr Langenberg interaction coefficient in nickel-
based liquid alloys is defined as follows:

 at [% Ni] → 100.

We will examine the relationship between the Wag-
ner (k) and Langenberg (k) interaction coefficients 
in alloys based on the k component, where i, j represent 
the dissolved components. Lupis C. et al. [8] derived 
the exact ratio, considering the differential invariance of 
the logarithm of the solution component activity concern-
ing different representations of the concentrations. The 
ratio is given by:

 

         (3)

where Aj represents the atomic mass of the alloying com-
ponent j and Ak represents the atomic mass of the base 
metal. 

In the context of this study, component i refers to nitro-
gen, component j represents chromium or molybdenum, 
and component k pertains to iron or nickel. The inverse 
relationship to relation (3) is expressed as [9]:

       (4)

The primary objective of this study is to establish ana-
lytical relationships between the interaction coefficient  

(Ni) and the (Fe) and (Fe) coefficients and 
between the interaction coefficient (Ni) with the  

(Fe) and (Fe) interaction coefficients. To achieve 
this, we propose a straightforward model for nitrogen 
solutions in Fe – Ni – Cr and Fe – Ni – Mo liquid alloys, 
which serves as a generalization of the model for nitro-
gen solutions in binary Fe – Cr alloys presented in [10]. 
The theoretical framework employed in this study utilizes 
the lattice model of Fe – Ni – Cr and Fe – Ni – Mo solu-
tions, where the lattice structure adheres to the face-cen-
tered cubic (FCC) arrangement. Iron, nickel, chromium, 
and molybdenum atoms are situated at the lattice sites, 
while nitrogen atoms occupy the octahedral interstices. 
The interaction between nitrogen and metal atoms occurs 
exclusively with the neighboring lattice sites, constitu-
ting a pair interaction. It is assumed that this interac-
tion energy remains invariant with respect to alloy com-
position or temperature. Furthermore, the Fe – Ni – Cr 
and Fe – Ni – Mo liquid solutions are considered to be 
ideal ternary solutions. We assume that the contribution 
of positional entropy to the partial entropy of the solution 
does not rely on the alloy composition or temperature.

A similar model, based on classical statistical mechan-
ics principles, is presented in [11; 12]. The model as 
applied to the Fe – Cr – Ni – N system is reduced to

where δ represents the number of FCC lattice sites adja-
cent to the octahedral interstices (δ = 6);  is the nitrogen 
activity coefficient in an infinitely diluted nitrogen solu-
tion normalized as follows:  = 1 at cFe → 1. Therefore 

   (5)

It follows from (2) and (5): 
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The final equation is:

            (6)

The definitions and models for the Fe – Ni – Mo – N 
system are similar, leading to a final equation that is also 
similar to equation (6):

           (7)

To utilize equation (6), we also require the Wag-
ner interaction coeffcients (Fe) and  (Fe) in iron-
based alloys. We have considered the most reliable 
experimental studies on nitrogen solubility in Fe – Cr 
li quid alloys that estimate of the Langenberg interac-
tion coefficient at T = 1873 K:  (Fe) = –0.045 [13] 
and  (Fe) = –0.047 [14]. Another recommended value 
is  (Fe) = –0.046 as suggested by Linchevsky B. 
et al. [15]. According to equation (3), this corresponds 
to the Wagner interaction coefficient  (Fe) = –9.8.

Papers [14; 16] report the Langenberg interaction 
coefficient  (Fe) = 0.011. According to equation (3), 
this value corresponds to  (Fe) = 2.6. 

By substituting  (Fe) = –9.8 and  (Fe) = 2.6, into 
the right-hand side of equation (6), we can obtain the ana-
lytical value of the N – Cr Wagner interaction coefficient in 
liquid nickel-based alloys  (Ni) = –21.9 at T = 1873 K. 
According to equation (4), this value corresponds to the 
Langenberg interaction coefficient  (Ni) = –0.108. This 
result is consistent with the experimental values reported 
by Surovoy Yu. et al. [16].

Estimating the true interaction coefficient  (Ni) 
poses significant challenges. Here are some experimen-
tal values of this coefficient at T = 1873 K obtained 
from nitrogen solubility measurements in Ni – Cr melts: 
–0.13 [2]; –0.11 (at T = 1823 K) [17]; –0.098 [18]; 
–0.108 [16]; –0.093 [19]; –0.0766 [20]; –0.0952 (at 
T = 1823 K) [21]. The arithmetic mean of these val-
ues is  (Ni) = –0.102. Monographs [15; 22] suggest 

 (Ni) = –0.1 at T = 1873 K.
Previously, we presented an alternative theory [9] to 

estimate the  (Ni) Wagner interaction coefficient. Let us 
express Sievert’s law [23] for the solubility of nitrogen in 
Fe – Cr liquid alloys as follows: 

where PN2
 represents the partial pressure of the nitrogen gas 

phase; P0 is the standard pressure (P0 = 1 atm ≈ 0.101 MPa);  
 is Sievert’s law constant for the solubility of nitro-

gen in Ni – Cr liquid alloys. Let  (Ni) at cNi = 1  

and  =  (Cr) at cCr = 1. According to the theory pre-
sented in [9]

          (8)

As mentioned in [9], equations (8) and (4) yield 
the following N – Cr Langenberg interaction coefficient 
in liquid nickel alloys  (Ni) = –0.105 at T = 1873 K.

Therefore, according to [9], the interaction coef-
ficient  (Ni) at T = 1873 K is –0.105, and according 
to the theory proposed in this paper,  (Ni) = –0.108. 
These values are very close, considering the experimental 
uncertainty. A similar conclusion is reached when com-
paring this result with the averaged experimental value 

 (Ni) = –0.102.
It should be noted that theory [9] and equation (8) can-

not estimate the N – Mo Wagner interaction coefficients in 
liquid nickel-based alloys due to the high melting point 
of molybdenum (approximately 2888 K [24]).

To use equation (7) for estimating the  (Ni) coeffi-
cient, we need to know the Wagner interaction coefficient 

 (Fe) in iron-based alloys. Here are the Langenberg 
interaction coefficient values at T = 1873 K, reported in 
reputable studies on nitrogen solubility in Fe – Mo liquid 
alloys:  (Fe) = –0.011 [13] and  (Fe) = –0.013 [25]. 
The arithmetic mean of these values is  (Fe) = –0.012. 
According to equation (3), this value corresponds to the 
Wagner interaction coefficient  (Fe) = –5.5.

Let us substitute  (Fe) = –5.5 and  (Fe) = 2.6 in 
equation (7). Then we obtain the analytical N – Mo inter-
action Wagner interaction coefficient in liquid nickel-
based alloys at T = 1873 K:  (Ni) = –14.3. Equation (4) 
yields the theoretical value of the Langenberg interaction 
coefficient  (Ni) = –0.036. 

Let us consider the  (Ni) and  (Ni) interac-
tion coefficients at T = 1873 K. Stomakhin A. et al. [17] 
applied the Sievert method [23] to study the solubility 
of nitrogen in Ni – Mo liquid alloys at T = 1823 K. They 
reported the experimental value of the Langenberg inter-
action coefficient  (Ni) = –0.04. According to equation 
(3), the Wagner interaction coefficient  (Ni) = –15.9 
at T = 1823 K. 

In the study [9], we proposed an analytical equation to 
convert the Wagner interaction coefficient for the interac-
tion between nitrogen and alloying metal from tempera-
ture T0 to temperature T. For the   interaction coeffi-
cient and δ = 6, this equation can be expressed as:

 

        (9)
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By substituting the values T0 = 1823 K, T = 1873 K, 
 (1823) = –15.9 into equation (9), we obtain 
 (Ni) = –15.1 at T = 1873 K. It corresponds to the 

N – Mo Langenberg interaction coefficient in nickel-based 
liquid alloys  (Ni) = –0.038 (equation (4)). The theo-
retical value  (Ni) = –0.036, (equation (7)) agrees well 
with the experimental value [17].

With these analytical results, we can verify the experi-
ments. The most plausible N – Cr interaction coeffi-
cient in liquid nickel-based alloys is  (Ni) = –0.108 
at T = 1873 K. This value was obtained by Surovoy Yu. 
et al. [16] who measured the nitrogen solubility using the 
Sievers method. This coincides with the conclusions pre-
sented in [9]. 

The most plausible N – Mo interaction coefficient in 
liquid nickel-based alloys is  (Ni) = 0.04 at T = 1823 K. 
It was obtained by Stomakhin A. et al. [17] who mea-
sured the nitrogen solubility using the Sievers method. 
If we convert this value by equation (9) to T = 1873 K, 
the result is  (Ni) = –0.038. 

The most plausible experimental values of the 
Wagner interaction coefficients for nitrogen in li quid 
nickel at T = 1873 K seem to be  (Ni) = –21.9; 

 (Ni) = –15.1. The analytical values of these param-
eters are  (Ni) = –21.9;  (Ni) = –14.3. 

It is indeed noteworthy that both chromium and molyb-
denum belong to the same group in the Periodic Table, 
specifically group VI (chromium subgroup). Molybde-
num serves as the closest chemical analog to chromium. 
This helps explain the applicability of the theoretical 
model to both Fe – Ni – Cr – N and Fe – Ni – Mo – N sys-
tems.

Furthermore, it is important to highlight the continued 
interest and research in the thermodynamics of nitrogen 
solutions in pure Cr, Mn, Fe, and Ni metals and alloys 
(refer to [3; 20; 21; 26 – 30].

 Conclusions

In our proposed analytical model of the structure 
and interatomic interaction for nitrogen solutions in 
Fe – Ni – Cr and Fe – Ni – Mo liquid alloys, we have 
developed equations (6) and (7) to calculate the Wagner 
interaction coefficients  (Ni) and  (Ni) for nitrogen 
in nickel-based liquid alloys based on the correspond-
ing  (Fe) and  (Fe) coefficients in iron-based liquid 
alloys. 

We obtained analytical values for the nitrogen 
interaction coefficients in liquid nickel-based alloys 
at T = 1873 K:  (Ni) = –21.9;  (Ni) = –14.3; 

 (Ni) = –0.108;  (Ni) = –0.036. 
The most plausible experimental values for the nitro-

gen interaction coefficients in liquid nickel-based alloys 

at T = 1873 K are:  (Ni) = –0.108;  (Ni) = –0.038; 
 (Ni) = –21.9;  (Ni) = –15.1. 
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Аннотация. Алюминий является одним из наиболее распространенных раскислителей, при его использовании в расплаве образуются 

тугоплавкие включения глинозема. Присутствие данных неметаллических включений негативно влияет на чистоту жидкой стали, 
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Abstract. Aluminum is one of the most common deoxidizers; when it is used in the melt, refractory inclusions of alumina are formed. The presence 

of these non-metallic inclusions negatively affects the purity of liquid steel, mechanical properties, makes casting difficult due to tightening 
of the steel-pouring fittings. The modification of alumina inclusions with calcium promotes the formation of liquid calcium aluminates, which leads 
to an acceleration of their removal from the metal due to a higher ascent rate. Having a high affinity for sulfur, calcium reduces its harmful effect by 
binding it with the formation of calcium sulfides, reducing the anisotropy of steel properties during further rolling. For steel treatment with calcium, 
injection wires with a calcium-containing filler are used. As a filler can be used: electrolytic calcium, silicocalcium, aluminum-tremic calcium, or 
ferrocalcium. The paper describes results of the tests carried out on a calcium-containing wire filled with electrolytic calcium and silicocalcium. It is 
shown that the consumption of calcium when using silicocalcium wire is on average 35 % higher in comparison with calcium injection wire filled with 
electrolytic calcium. The calcium recovery rate for different steel grades was evaluated using calcium-containing wires of different designs and filler. 
In this work, the steel pourability was analyzed. As a determining parameter, dependence of change in position of the tundish stopper rod on calcium 
content in the metal was considered in the sample from CCM. It was established that a wire filled with electrolytic calcium shows a more effective 
result in comparison with a silicocalcium wire. 
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 Introduction

The properties of rolled steel products largely are sig-
nificantly influenced by the presence of impurities such 
as sulfur, phosphorus, nitrogen, hydrogen, and others, 
as well as the content of non-metallic inclusions (NMI) 
that enter the metal during melting process. The chemical 
composition, quantity, distribution pattern, and morphol-
ogy of MNIs have a profound inpact on the quality and 
properties of steel.

In contemporary practice, aluminum is commonly 
added to steel for the purpose of final deoxidation. How-
ever, the deoxidation product (Al2O3), known as alumina, 
can form irregular shaped inclusions that tend to cluster 
together, as reported by Wasai K. et al. [1]. These inclu-
sions have the potential to cause surface defects in rolled 
steel (Zaitsev A. et al. [2]) and adhere to casting equip-
ment [3 – 5].

In order to mitigate these negative effects, the com-
position of NMI can be efficiently modified. Calcium 
is extensively employed as an additive through the use 
of calcium-containing cored wires [6 – 9]. The addi-
tion of calcium to steel enables control over the chemi-
cal and phase composition of NMI, making the steel 
more suitable for deep drawing operations and reducing 
the occurrence of hydrogen-induced cracking [10 – 13].

When calcium is added to the liquid metal, it dis-
solves throughout the entire volume. This leads to a reac-
tion with Al2O3 inclusions [14; 15], resulting in their con-
vertion to a liquid phase [16]. As a result, the refining rate 
is accelerated, with the liquid inclusions rising to the sur-
face more rapidly. Lind M. [17] and Yang J. et al. [18] 
have documented the reaction responsible for the forma-
tion of calcium aluminates

Calcium, known for its strong affinity for sulfur, 
forms sulfide and oxysulfide NMI (also at the crystalliza-
tion front). Insufficient level of calcium accumulation along 
the centerline of the continuous casting billet can result in 
the elongated manganese sulfide inclusions. This center-
line region may contain NMI and micro-discontinuities, 
leading to the rejection of rolled sheets during ultrasonic 
inspection or an increased susceptibi lity to hydrogen-
induced cracking in corrosive environments [19].

The modification of NMI with calcium is a complex pro-
cess. One key challenge involves maintaining the optimal 
range of calcium concentration within the melt, as well as 
ensuring the stable assimilation of calcium. Calcium has 
a high vapor pressure and its addition can induce intense 
boiling, which may cause liquid metal ejection from 
the ladle. Therefore, the method by which calcium is 
added to the liquid metal is crucial. Calcium should be 
introduced to the depth of the melt, where the ferrostatic 
pressure balances the pressure of the calcium vapor [20]. 
The effectiveness of a calcium-containing wire depends 
on multiple factors, including the steel and slag composi-
tion, steel temperature [21] weight, wire insertion rate, as 
well as wire design and a filler composition.

The filler is enclosed in a steel outer layer [22; 23], 
which serves the following functions:

– protecting the filler during shipping and storage 
by preventing contact with air and moisture;

– preventing the filler oxidation by acting as a barrier 
as the wire passes through the slag layer on the metal’s 
surface;

– providing rigidity to the wire, enabling it to pass 
the slag layer;

– facilitating controlled wire introduction depth 
by preventing direct contact between the core and liquid 
metal; this can be achieved by adjusting the wire feed rate 
and the thickness of the outer layer;

механические свойства, затрудняет разливку вследствие затягивания сталеразливочной фурнитуры. Модифицирование включений оксида 
алюминия кальцием способствует образованию жидких алюминатов кальция, что приводит к ускорению их удаления из металла ввиду 
более высокой скорости всплытия. Обладая высоким сродством к сере, кальций связывает ее, образуя сульфиды, тем самым уменьшая 
вредное влияние серы и снижая анизотропию свойств стали при дальнейшей прокатке. Для обработки стали кальцием используют 
инжекционные проволоки с кальцийсодержащим наполнителем. В качестве наполнителя могут быть использованы электролитический 
кальций, силикокальций, алюмотермический кальций, феррокальций. В данной работе описаны результаты проведенных испытаний 
кальцийсодержащей проволоки с наполнителем из электролитического кальция и силикокальция. Показано, что расход кальция 
при использовании силикокальциевой проволоки в среднем на 35 % выше в сравнении с кальциевой инжекционной проволокой с 
наполнителем из электролитического кальция. Проведена оценка коэффициента усвоения кальция для различных сортаментов сталей 
при использовании кальцийсодержащих проволок разных дизайнов и наполнителя. Выполнен анализ разливаемости стали, где в качестве 
определяющего параметра рассмотрена зависимость изменения положения штока стопора промежуточного ковша от содержания кальция 
в металле по пробе с установки непрерывной разливки стали. Установлено, что проволока с наполнителем из электролитического кальция 
показывает более эффективный результат в сравнении с силикокальциевой проволокой. 

Ключевые слова: внепечная обработка стали, кальцийсодержащая инжекционная проволока, кальций, электролитический кальций, силико-
кальций

Для цитирования: Хорошилов А.Д., Сомов С.А., Католиков В.Д., Мурысев В.А., Бочериков Р.Е., Ярмухаметов М.Р. Опыт применения 
кальцийсодержащей инжекционной проволоки с наполнителем из электролитического кальция на этапе внепечной обработки стали. 
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– the key design features of the wire include the outer 
diameter, calcium-containing filler diameter, steel outer 
layer thickness, outer layer joint type.

In current practice, calcium can be used as a filler 
material in both powdered and solid forms. The different 
types of calcium fillers include:

– electrolytic calcium;
– aluminothermic calcium;
– ferrocalcium;
– silicocalcium.
Each of these fillers possesses distinct characte-

ristics, such as variations in the content of metallic cal-
cium, impurity elements, and consequently, the assimila-
tion rate. These differences in wire properties contribute 
to inconsistencies in the calcium addition process.

The objective of this study is to compare the perfor-
mance of different calcium-containing wires using pure 
electrolytic calcium filler and silicocalcium filler. 

 Materials and Methods

We conducted tests on a ladle-furnace line using cal-
cium-containing wires. The filler material used was pure 
electrolytic calcium. The wire designs were as follows:

– outer diameter: 10 mm; outer layer thickness: 0.8 mm 
(10×0.8);

– outer diameter: 11 mm; outer layer thickness: 0.8 mm 
(11×0.8);

– outer diameter: 10 mm; outer layer thickness: 1.0 mm 
(10×1.0).

For each wire design, the wire feed rate was adjusted 
accordingly, ranging from 120 to 180 m/min.

The composition of the wire filler is listed below 
(in %):

Ca Al Si Mg K + Na
99.300 <0.001 <0.010 0.010 <0.010

The table presents the physical characteristics 
of the calcium-containing wire.

The wire was utilized in 43 melts, comprising 51 % 
medium-carbon (0.14 to 0.22 % carbon content), 37 % 
low-carbon (carbon content <0.14 %) and 12 % low-car-
bon, low-silicon steel products. A wire-feeding machine 
introduces the wire into the ladle with the molten metal. 
No instance of wire breakage were observed. We con-
ducted a comparative analusis of the results obtained 
from this wire and the CK40 powder-cored wire.

 Results and Discussion

Initially, we compared the average consumption per 
melt and the calcium consumption (Fig. 1, 2). It is evident 
that the CK40 wire demonstrate a higher average con-
sumption compared to the calcium-containing wire with 
an electrolytic calcium filler, ranging from 30 to 45 %. 
The calcium consumption is higher by 30 to 40 %. 

In addition, we conducted an analysis of the steel 
pourability to evaluate the impact of introducing cal-
cium wire on pourability, while avoiding any obstruc-
tion to the casting equipment with with NMI). In order 
to achieve this, we recorded the positions of the interme-
diate tundish stopper rod during the steel casting process 
(Fig. 3). Positive values of this property may indicate 
the initiation of the NMI deposition, while negative val-
ues suggest erosion of refractory steel components. Our 
findings revealed that the stopper rod positions for cal-
cium-containing wire sizes 10×1.0 and 11×0.8 are nega-
tive. This implies that the consumption of these wire sizes 
can be reduced in comparison to wires sizes 10×0.8 and 
CK40.

Fig. 4 illustrates the relationship between steel pour-
ability and calcium content for the calcium-containing 
wire designs tested. It is evident that wire grades 10×1.0 
and 11×0.8 exhibit the following trend: as the calcium 
content increases, the displacement of the intermedi-
ate tundish stopper rod shifts towards negative values. 
The obtained result aligns perfectly with Fig. 3. Howe-
ver, it is important to acknowledge that the variance in 
the displacement of the stopper rod is relatively high, 
indicating the presence of additional factors. 

Physical characteristics of the wire

Физические характеристики 
используемой проволоки

Property
Wire design, mm

10×0.8 11×0.8 10×1.0
Weight of the filler, kg 675 666 598
Fill factor, % 25 27 21
Rated filler content per 1 m of 
wire, g 74 94 67

Rated weight of 1 m of wire, g 295 342 323
Calcium consumption, g/ton 95 99 113

Fig. 1. Consumption of calcium-containing wire for melting

Рис. 1. Расход кальцийсодержащей проволоки на плавку
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We thoroughly examined Fig. 3 and 4 and deter-
mined the optimal calcium content in the liquid metal 
that ensures consistent steel pourability for the tested 
wire grades. The results are depicted in Fig. 5. 

Fig. 6 displays the estimated calcium assimila-
tion factors for each wire size tested, categorized by steel 
grade. The findings indicate that the 11×0.8 wire exhib-
its the highest assimilation factor for low-carbon and 
carbon steel grades, whereas the 10×1.0 wire yields 
the best results for low-silicon steel grades. On aver-
age, wires with electrolytic calcium cores demonstrate 
assimilation factors that are 35 to 45 % higher compared 
to the CK40 wire. 

Furthermore, it is important to emphasize that the pri-
mary objective of adding calcium to steel is to enhance 
the pourability and quality of rolled products. The cal-
cium assimilation factor serves as a valuable tool for 

estimating the process variables required to achieve 
the desired calcium content in the melt under specific 
casting conditions.

 Conclusions

We conducted a performance comparison between 
calcium injection wire filled with electrolytic calcium and 
the calcium-containing CK40 wire. Our findings reveal 
that, on average, the former wire exhibits a 30 to 45 % 
lower consumption (depending on the wire design) com-
pared to the CK40 wire. To assess the steel pourability, we 
measured the position of the intermediate tundish stopper 
rod. Through our analysis, we determined that a minimum 
calcium content of 10 to 12 ppm in the metal guarantees 
consistent steel pourability. It is evident that expressing 
steel pourability in terms of the position of the interme-

Fig. 2. Calcium consumption for melting

Рис. 2. Расход кальция на плавку

Fig. 3. Changing the tundish stopper position

Рис. 3. Изменение положения штока стопора промежуточного ковша

Fig. 4. Dependence of the tundish stopper rod from calcium according to the certification piece:
а – all calcium injection wires (CIW); b – 11.5×0.8; c – 10×0.8; d – 10×1.0;  – Δ ram, mm;  – data, %

Рис. 4. Зависимость положения штока стопора промежуточного ковша от содержания кальция по данным аттестационной пробы:
а – все КИП; b – 11,5×0,8; c – 10×0,8; d – 10×1,0;  – Δ штока, мм;  – данные, %
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diate tundish stopper rod serves as a convenient metric 
for evaluating the calcium-containing wire performance.
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 Introduction

The accumulation of electric arc furnace (EAF) dust 
in the dumps of metallurgical companies contains sig-
nificant amounts of zinc (typically 15 – 25 %) and lead 
(up to 3 %). Given the limited reserves of zinc and 
lead ores1, as well as the low content of these metals in 
the dust, it has become crucial to develop technologies 
for the selective extraction of non-ferrous metals from 
EAF dust. Reprocessing this dust would not only allow 
for the recovery of zinc, lead, and iron for metallurgical 
production but also address the issue of toxic waste occu-
pying substantial areas [1]. 

In general, zinc and lead in the EAF dust are pre sent in 
the form of oxides due to the oxidizing nature of the steel-
making process. However, in the gas flow, there is a high 
probability of the formation of complex oxides, such as 
zinc ferrite ZnFe2O4 [2 – 4]. Moreover, the diverse chem-
ical composition of materials processed in the EAF leads 
to variations in both the chemical and phase compositions 
of the EAF dust. This necessitates continuous monitor-
ing when disposing of metallurgical dust and complicates 
EAF dust disposal procedure [5]. 

Currently, selective extraction of lead and zinc from 
the EAF dust is primarily carried out using hydrometal-
lurgical methods [6; 7] or integrated pyro-hydrometallur-
gical methods [4; 8; 9]. However, the hydrometallurgical 
process is highly complex and involves multiple tech-
nological stages that require large amounts of chemical 
reagents, overheated vapor, hot water, and energy-inten-
sive equipment. This poses environmental risks as numer-
ous production sites are associated with poorly regulated 
or unregulated emissions of spent reagents, heat, energy 
carriers, production wastes and by-products [10; 11]. 
Therefore, it appears advisable to explore pyrometallur-
gical methods for the reprocessing of EAF dust to achieve 
selective extraction of lead and zinc. 

An overview of studies on the disposal of toxic EAF 
dust reveals that the majority of efforts are focused on con-

ventional approaches that utilize excessive amounts 
of reducing agents, such as carbon, to lower the starting 
temperature of zinc and other metals recovery. However, 
this hampers the selective extraction of these metals dur-
ing the recovery process. 

Furthermore, the reduction of industrial carbon con-
sumption to mitigate CO2 emissions has become a key 
objective for BRICS countries [12].  In Russia, specifi-
cally, government measures have been planned to address 
greenhouse gas emissions according to sources2, 3. These 
measures include: 

– implementation of mandatory carbon accounting; 
– establishment of performance targets for companies; 
– implementation of fees or fines for excessive emis-

sions; 
– introduction of carbon emission trading; 
– technological upgrades in production process. 
These governmental actions impose restrictions 

on metallurgical technologies that are associated with 
significant greenhouse gas emissions. As a result, there 
is a need to develop methods for the selective extrac-
tion of lead and zinc from the EAF dust that do not rely 
on the use of additional reducing agent. 

 Object of research

The research focuses on the EAF dust from PJSC 
Severstal, which exhibits the following element compo-
sition (wt. %): 41.4 Fe; 14.5 Zn; 6.2 Ca; 2.5 Mn; 1.7 Cl; 
1.74 C; 1.3 Si; 1.0 K; 1.0 Pb; 0.74 S; 0.2 Cr; 0.2 Cu; 
0.1 Ti; with the remaining portion likely being oxygen. 
The determination of element content ranging from Na 
to U was performed using the MAX-GVM wave-dis-
persion X-ray fluorescent spectroscan specimen (MAX-
GVM). This method involves exposing the samp le to pri-

1 Governmental report "On conditions and usage of raw mineral 
resources in the Russian Federation in 2020". URL: https://www.mnr.gov.
ru/upload/iblock/74a/GD_msb-2020.pdf (access date 11.05.2023).

2 Federal Law dated 02.07.2021 No. 296-ФЗ "On restriction of 
emissions of greenhouse gases". URL: http://publication.pravo.gov.ru/
Document/View/0001202107020031 (access date 11.05.2023).

3 Governmental decree of the Russian Federation dated October 29, 
2021 No. № 3052-р. URL: http://publication.pravo.gov.ru/Document/
View/0001202111010022 (access date 11.05.2023).

Эксперименты в вакуумной печи сопротивления с линейным нагревом показали, что удаление свинца и цинка из образца протекало 
в интервале температур 800 – 1200 °С. При этом скорость удаления свинца была выше. Интенсивное удаление свинца наблюдали при 
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mary radiation from an X-ray tube, measuring the intensity 
of secondary fluorescent irradiation at wavelengths 
corresponding to the elements of interest, and subse-
quently calculating the weight fraction of these elements 
using fundamental parameter methods. Samp le prepara-
tion involved milling and averaging loose samples, mix-
ing them with a binder (polyacrylamide) at a concentra-
tion of 0.2 wt. % above the sample, wetting, forming 
the mixture into moderate-height cylinders (D = 7 mm, 
h = 2 – 3 mm), and drying. For solid samples, polished 
cross-sections were prepared. 

The carbon and sulfur content was determined using 
a Leco CS 600 instrument through high temperature 
extraction in a carrier gas. The determination of car-
bon and sulfur involved combusting the sample in an oxy-
gen flow (99.998 %) in the presence of special fluxes, fol-
lowed by the measurement of the formed carbon dioxide 
(CO2 ) and sulfur dioxide (SO2 ). 

The phase composition of the EAF dust was deter-
mined using X-ray diffraction (XRD). The phase con-
tent (wt. %) was found to be as follows: 78.2 Fe3O4 ; 
4.4 (Zn, Mn, Fe)3O4 ; 6.0 ZnO; 4.5 Ca2Fe2O5 ; 3.0 MnO2 ; 
2.7 Pb2O3 ; 1.2 SiO2 . It should be noted that since 
the structures of magnetite and spinel are essentially 
identical, they can be considered as a combined phase. 

 Theoretical objectives

Previous studies have suggested that selective reduc-
tion of lead from the EAF dust can be achieved with 
an insufficient amount of reducing agent. For example, it 
was demonstrated in [13] that during the reducing melting 
of lead agglomerate, selective reduction of lead can be 
achieved with a limited amount of carbon monoxide as 
a reducing agent (CO content not exceeding 60 %). Simi-
lar effects of solid carbon on the reduction of lead-con-
taining industrial wastes were also considered in [14; 15]. 
It was observed that when the carbon content exceeded 
3 %, combined reduction of lead and zinc from EAF dust 
occurred. Furthermore, when the carbon content exceeded 
3.7 %, the selectivity of lead reduction from copper melt-
ing dust became more complex.

In order to determine the conditions necessary for 
the selective extraction of zinc and lead from EAF dust, 
it is crucial to identify the temperatures at which the zinc 
and lead compounds in the dust transition into the gas 
phase. 

According to [16], HSC Chemistry 6 software has been 
successfully utilized to evaluate thermodynamic param-
eters, and the simulated results have shown good com-
parability with experimental data. The software employs 
calculating modules that rely on a comprehensive ther-
mochemical database encompassing enthalpy (H), entro-
pies (S), and reaction heat capacitances (Cp ). By cal-
culating changes in Gibbs energies, thermodynamic 

temperatures of reactions (ΔG < 0) can be determined. 
The thermodynamic simulation considered reactions 
involving the reduction, thermal dissociation, and evapo-
ration of detected lead and zinc-containing phases, as 
well as the reduction of iron and manganese oxides.

Table 1 summarizes the reduction of lead oxide (III) 
and the subsequent transition of lead and its com-
pounds into the gas phase. The thermodynamic simula-
tion assumed a carbon monoxide pressure of 1 atm. 

From Table 1, it can be observed that the reduc-
tion of lead oxide (III) and the transition of lead into the gas 
phase begin at temperature not exceeding 877 °C. 

Table 2 summarizes the reduction of zinc oxide and 
the accompanying transition of zinc into the gas phase. 

According to Table 2, the reduction of zinc oxide with 
consideration for thermodynamics starts from the tempera-
ture exceeding 958 °C. However, it has been demonstrated 
in [17 – 19] that zinc reduction from EAF dust can occur 
successfully in the temperature range of 925 – 1300 °C 
with an excessive amount of reducing agent. 

Reduction of complex spinel (Zn, Mn, Fe)3O4 , speci-
fically zinc ferrite ZnFe2O4 (franklinite), by carbon and 
carbon monoxide upon heating is investigated. The reac-
tions of franklinite reduction which begin in the tempera-
ture range of 0 – 1326 °C are shown in Table 3. 

Reactions 4 – 7, 10 – 12 in Table 3 exhibit simi-
lar starting temperatures for the reduction of lead and 
zinc-containing phases, emphasizing the need for accu-
rate selection of temperature and composition of the gas 
phase to enable selective extraction of lead and zinc from 
EAF dust. 

Since the spinel (Zn, Mn, Fe)3O4 , detected in the EAF 
dust is not included in the HSC Chemistry 6 database, 

T a b l e  1

Lead (III) oxide reduction chemical reactions 
with their course temperatures, resulting in lead  
and its compounds transition into the gas phase

Таблица 1. Химические реакции восстановления 
оксида свинца (III), сопровождающиеся переходом 

свинца и его соединений в газовую фазу, 
и температуры их протекания

No. Reaction
Reaction 

temperature, 
°С

1 Pb2O3 + 3C = 2Pb(g) + 3CO(g) >449
2 Pb2O3 + 1.5C = 2Pb(g) + 1.5CO2(g) >295
3 Pb2O3 + 3CO(g) = 2Pb(g) + 3CO2(g) 0 – 2000
4 Pb2O3 + C = 2PbO(g) + CO(g) >809
5 2Pb2O3 + C = 4PbO(g) + CO2(g) >835
6 Pb2O3 + CO(g) = 2PbO(g) + CO2(g) >877
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possible reduction reactions were considered for the com-
pounds iron or manganese oxides (Fe3O4 and Mn3O4 ). 
The reactions, which occur in the temperature range 
of 295 – 1400 °C, are summarized in Table 4.

In accordance with Table 4, reactions 15 – 25 can occur 
simultaneously with the reduction of lead oxide (III). 

Since the transition of zinc-containing phases into gas 
phase will occur after the reduction of lead (and possibly 
other components of EAF dust), it is likely that the car-
bon present in the dust will be fully consumed for other 
components. Therefore, without an additional reduc-
ing agent, the mechanism for the transition of zinc 
into the gas phase will be the thermal dissociation of zinc 
oxide (as shown in Table 5). 

The temperature required for reaction 26 is too high 
for industrial conditions. The starting temperature of ther-
mal dissociation can be reduced by decreasing the par-
tial pressure of the resulting gases through the addi-
tion of argon. In order to confirm this, a thermodynamical 
simulation of the equilibrium composition was performed 
for the reaction of thermal decomposition of zinc oxide 

using Terra software [20]. The temperature of reac-
tion ZnO = Zn(g) + O2(g) as a function of the partial pres-
sure of Zn(g) is illustrated in Fig. 1. 

From Fig. 1, it can be observed that a decrease in 
the partial pressure of Zn(g) (by argon addition) would 
allow for a reduction in the temperature range of thermal 
decomposition of zinc oxide from 1970 to 1300 °C.

Theoretically, a similar approach can be applied 
to reduce the starting temperature of the reduction of lead 
oxide (III) in order to expand the range of selective extrac-
tion of lead and zinc-containing phases. 

It has been determined that selective extraction of lead 
and zinc from EAF dust is possible using two methods 
(temperatures provided without considering the addi-
tion of inert gas to the system):

– consecutive reduction of lead containing phases 
(295 – 877 °C) and zinc containing phases (794 – 1326 °C) 
by carbon or carbon monoxide;

– reduction of lead-containing phases (295 – 877 °C) 
by carbon or carbon monoxide, followed by the thermal 
dissociation of zinc-containing phases (1970 °C).

The need to investigate the mechanism of consecutive 
reduction of lead-containing phases and zinc-containing 
phases from EAF dust is driven by the preference for 
operating the process at lower temperatures. This would 
result in reduced energy consumption and the ability 
to carry out the process without the formation of a melt. 

However, the temperatures in the actual process may 
deviate significantly from the calculated values. In order 
to determine the actual temperatures for the selective 
extraction of lead and zinc from EAF dust, an experimen-
tal study was conducted. 

 Experimental

The experimental study involved heating EAF dust in 
the temperature range of 20 – 1300 °C using a vacuum 

T a b l e  3

Franklinite reduction chemical reactions and their course temperatures

Таблица 3. Химические реакции восстановления франклинита и температуры их протекания

No. Reaction Reaction 
temperature, °С

10 ZnFe2O4 + CO(g) = ZnO + 2FeO + CO2(g) >838
11 ZnFe2O4 + 4C = Zn(g) + 2Fe + 4CO(g) >794
12 ZnFe2O4 + 2C = Zn(g) + 2Fe + 2CO2(g) >863

13
ZnFe2O4 + 3CO(g) = ZnO + 2Fe + 3CO2(g) + ZnO + CO(g) = Zn(g)+ CO2(g) = 

=  ZnFe2O4 + 2CO(g) = Zn(g) + 2FeO + 2CO2(g)

>1126

14
ZnFe2O4 + CO(g) = ZnO + 2FeO + CO2(g) + ZnO + C = Zn(g) + CO(g) = 

=  ZnFe2O4 + C = Zn(g) + 2FeO + CO2(g)

>905

T a b l e  2

Zinc oxide reduction chemical reactions 
with their course temperatures, resulting  

in zinc transition into the gas phase

Таблица 2. Химические реакции восстановления  
оксида цинка, сопровождающиеся переходом цинка  

в газовую фазу, и температуры их протекания

No. Reaction
Reaction 

temperature, 
°С

7 ZnO + C = Zn(g) + CO(g) >958
8 2ZnO + C = 2Zn(g) + CO2(g) >1064
9 ZnO + CO(g) = Zn(g) + CO2(g) >1326
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resistance furnace with constant heating rate and a Tam-
man furnace under isothermal conditions with argon flow. 
Prior to the study, a blank test was conducted to ensure 
that the weight loss of the crucible did not affect the mea-
surements of the sample weight. 

The temperature in the furnace was monitored using 
BP(A) 5/20 thermocouple placed in the isothermal area 
of the furnace, inside an empty crucible. 

After the samples were cooled, they were weighed and 
subjected to chemical composition analysis. 

The carbon and sulfur content in the samples was deter-
mined using a Leco CS 600 instrument through high tem-
perature extraction in a gas carrier. The element content 
from Na to U was determined using a MAX-GVM wave-
dispersion X-ray fluorescent spectroscan (MAX-GVM). 

 Experiments in a vacuum resistance furnace

EAF dust from bag filters was subjected to process-
ing in a vacuum resistance furnace (Fig. 2) equipped with 
a graphite heater (D = 65 mm, L = 300 mm) in the tem-
perature range of 20 – 1300 °C. The furnace specifica-
tion are as follows: P = 20 kW; U = 10 V; I = 2000 A; 
f = 50 Hz. The furnace is equipped with a water cooling 
system. 

A total of 3 g of the dust was placed in a thin-walled 
alundum crucible (D = 19 mm, d = 18 mm, H = 40 mm, 
h = 38.5 mm). The layer height was maintained 
at 1.25 – 1.5 cm. Seven crucibles, weighting a dust total 
of 21 g, were placed in the isothermal area of the fur-
nace. From the furnace chamber was evacuated air using 
a vacu um pump to reach a residual pressure of 10–1 Pa, 
after which it was filled with high-purity argon. 

Subsequently, the gas was discharged into the atmo-
sphere and the argon flow rate was set to 0.5 l/min. The fur-
nace was heated at a rate of 15 °C/min, with the temperature 
reaching 100 °C in ~7 min. Once the desired temperature 
(800, 1000, 1100, 1200, 1300 °C) was reached, one to two 
crucibles containing the melted products were removed 
from the furnace and cooled in ambient air. 

The appearance of the samples before and after pro-
cessing in the furnace is depicted in Fig. 3. After heat-
ing, the samples exhibited a darkened color, likely due 
to partial reduction of magnetite. The samples processed 
at 800 and 1000 °C crumbled under light pressure, while 
those processed at 1100 and 1200 °C were easily milled 
in mortar. Heating to 1300 °C resulted in the forma-
tion of a melt. 

After cooling, the samples were analyzed to deter-
mine their chemical composition. The actual weight loss 
of the samples after heating is presented in Table 6, show-
ing a significant increase in weight loss at 1200 °C and 
higher temperatures. 

The contents of lead, zinc (determined using a MAX-GVM 
wave-dispersion X-ray fluorescent spectroscan), and car-

T a b l e  4

Fe3O4 and Mn3O4 reduction chemical reactions 
and their course temperatures

Таблица 4. Химические реакции восстановления 
оксидов Fe3O4 и Mn3O4 и температуры 

их протекания

No. Reaction
Reaction 

temperature, 
°С

15 Fe3O4 + C = 3FeO + CO(g) >700

16 2Fe3O4 + C = 6FeO + CO2(g) >694

17 Fe3O4 + CO(g) = 3FeO + CO2(g) >514

18 FeO + C = Fe + CO(g) >725

19 2FeO + C = 2Fe + CO2(g) >751

20 FeO + CO(g) = Fe + CO2(g) <579

21 Fe3O4 + C = Fe2O3 + Fe + CO(g) >941

22 Mn3O4 + C = 3MnO + CO(g) >277

23 2Mn3O4 + C = 6MnO + CO2(g) 0 – 2000

24 Mn3O4 + CO(g) = 3MnO + CO2(g) 0 – 2000

25 MnO + C = Mn + CO(g) >1397

T a b l e  5

Zinc oxide thermal dissociation chemical reaction and its 
course temperature

Таблица 5. Химическая реакция термической 
диссоциации оксида цинка и температура 

ее протекания

No. Reaction
Reaction 

temperature, 
°С

26 2ZnO = 2Zn(g) + O2(g) >2118

Fig. 1. Dependence of ZnO = Zn(g) + O2(g) reaction temperature 
on Zn(g) partial pressure

Рис. 1. Зависимость температуры протекания реакции 
ZnO = Zn(г) + O2(г) от парциального давления Zn(г)
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bon (determined using a Leco CS 600 instrument by high 
temperature extraction in a carrier gas) in the EAF dust 
after heating in vacuum resistance furnace in argon flow 
are summarized in Table 7. The extraction rate of ele-
ments as a function of processing temperature of EAF dust 
in the vacuum resistance furnace is illustrated in Fig. 4. 

According to Fig. 4, heating the EAF dust with a con-
stant rate at flowing argon resulted in a significant decrease 
in carbon, zinc, and lead content. The removal of lead and 

zinc from the sample occurred in the temperature range 
of 800 – 1200 °C, with a higher extraction rate observed 
for lead. The intensive removal of lead occurred at tem-
peratures above 1000 °C, while the intensive removal 
of zinc started at the temperatures above 1100 °C. To fur-
ther investigate the possibility of selectively removing 
lead and zinc from EAF dust, their behavior in the tem-
perature range of 800 – 1200 °C needs to be studied 
under isothermal conditions using the Tamman furnace, 
allowing for similar experiments to be conducted. 

 Experiments in a Tamman furnace

EAF dust from bag filters of the gas scrubbing system 
was subjected to processing in a Tamman furnace with 
a graphite heater (D = 80 mm, L = 400 mm) in the tem-

Fig. 2. Scheme of vacuum resistance furnace: 
1 – furnace body; 2 – furnace lid; 3 – observation hole; 

4 – graphite heater; 5 – working alund crucibles; 6 – BP 5/20 
thermocouple; 7 – monometer; 8 – vacuum system valve; 

9 – vacuum pump; 10 – rotameter

Рис. 2. Схема вакуумной печи сопротивления:
1 – корпус печи; 2 – крышка печи; 3 – смотровое окно; 

4 – графитовый нагреватель; 5 – рабочие алундовые тигли; 
6 – термопара ВР 5/20; 7 – манометр; 8 – вентиль вакуумной систе-

мы; 9 – вакуумный насос; 10 – ротаметр

T a b l e  6

Actual EAF dust mass decrease after heating 
in the vacuum resistance furnace with flowing argon

Таблица 6. Фактическая убыль массы навески  
пыли ДСП после нагрева в вакуумной печи 

сопротивления в токе аргона

Holding 
temperature, °С

Actual mass decrease, 
rel. %

800 2.32
1000 3.64
1100 4.28

1200 10.04*

1300 21.49*

* Averaged by two samples.

Fig. 3. Appearance of the samples before and after treatment 
in the vacuum resistance furnace

Рис. 3. Внешний вид образцов до и после обработки 
в вакуумной печи сопротивления
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perature range of 800 – 1200 °C, with holding time: 3, 
6, 9, 12 min. The furnace specifications are as follows: 
P = 40 kW; f = 50 Hz. The flowing argon rate (high 
purity) was set to 1 l/min. The furnace is equipped with 
a water cooling system.

A total of 3 g of EAF dust was placed in a thin-walled 
alund crucible (D = 19 mm, d = 18 mm, H = 40 mm, 
h = 38.5 mm), with a layer height of 1.25 – 1.50 cm. 

Once the preset temperature in the furnace cham-
ber was reached (800, 900, 1000, 1100, 1200 °C), four 
samples arranged in a cartridge were simultaneously 
placed into the furnace. The time of sample placement 
into the furnace was considered as the starting time 
of the experiment. The samples at each temperature were 
held for 3, 6, 9, 12 min.

As the furnace temperature and holding time increased, 
the color of samples varies from brown, dark brown and 
dark grey to black, which is likely attributed to the par-
tial reduction of magnetite. The samples held at 800, 
900, 1000 and 1100 °C (for no longer than for three 
minutes) retained their shapes but crumbled under light 
pressure. The samples held at 1100 °C for three minutes, 

upon extraction from the crucible, retained their shape 
under pressure, but could be easily milled in a mortar. 
The samples held at 1200 °C required considerable force 
to be milled in a mortar. Meanwhile, the samples held 
at 1200 °C for more than 6 min were difficult to extract 
from the crucible. 

After cooling in ambient air, the samples were 
weighed, and their chemical composition was analyzed 
by the aforementioned methods. The actual weight loss 
of the samples after heating in the amman furnace with 
flowing argon is presented in Table 8, with a significantly 
higher weight loss observed at 1200 °C. 

The contents of lead, zinc (determined using a MAX-GVM 
wave-dispersion X-ray fluorescent spectroscan), and car-
bon (determined using a Leco CS 600 instrument by 
high temperature extraction in a carrier gas) in the EAF 
dust after heating in the Tamman furnace with flowing 
argon are summarized in Table 9. 

The extraction rates of carbon, zinc, and lead from 
EAF dust as a function of holding time during heating 
in the Tamman furnace (800 – 200 °C) with flowing 
argon are illustrated in Figs. 5 – 7. 

T a b l e  7

Lead, zinc and carbon content in EAF dust before and after heating  
in the vacuum resistance furnace with flowing argon

Таблица 7. Содержание свинца, цинка и углерода в пыли ДСП до и после нагрева  
в вакуумной печи сопротивления в токе аргона

Element Initial 
composition

Content of elements (wt. %) at the temperature of treatment, °С
800 1000 1100 1200 1300

С 1.74 1.29 0.92 0.40 0.06 0.06 n.a. n.a.
Zn 14.50 14.70 14.80 14.70 9.40 9.70 7.90 8.40
Pb 1.00 1.00 0.70 0.60 0 0 0 0
R e m a r k: n.a. – not available.

Fig. 4. Dependence of the element extraction rate on the temperature 
of EAF dust treatment in vacuum resistance furnace:

1 – С; 2 – Zn; 3 – Pb

Рис. 4. Зависимость степени извлечения элемента от температуры 
обработки пыли ДСП в вакуумной печи сопротивления:

1 – С; 2 – Zn; 3 – Pb

T a b l e  8

Actual EAF dust mass decrease after heating and holding in 
the Tamman furnace with flowing argon

Таблица 8. Фактическая убыль массы навески 
пыли ДСП после нагрева и выдержки в печи Таммана 

в токе аргона 

Holding temperature 
of samples, °С

Actual mass decrease, rel. %, 
at holding time, min

3 6 9 12
800 0.67 1.67 2.67 4.00
900 1.00 2.33 3.33 4.33
1000 1.67 2.67 4.00 5.33
1100 2.33 3.67 5.67 6.67
1200 8.67 10.33 12.33 14.00
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According to Figs. 5 – 7, during the isothermal heat-
ing of EAF dust in an inert environment, the concentra-
tions of lead, zinc and carbon underwent changes. 

Complete transition of lead into the gas phase during 
the experiments was achieved at 1100 °С (holding time: 
12 min) and at 1200 °C (holding time: 6 min and higher). 
However, at 900 and 1000 °C, increasing the holding time 
from 9 to 12 min did not result in an increased extrac-
tion rate of lead when carbon was present in the samples. 
This suggests that there may be a combined process 
involving multiple reactions of Pb2O3 reduction within 
the temperature range of 800 – 1200 °C. 

Simultaneously with the transition of lead into the gas 
phase, there was an extraction of zinc, amounting of 14.4 % 
(relative) (t = 1100 °C, holding time: 12 min) and 32.2 % 
(relative) (t = 1200 °C, holding time: 6 min and longer), 
respectively. This indicates a failure to achieve selective 

extraction of lead during the heating of EAF dust under 
the experimental conditions. Further heating of the EAF 
dust would likely lead to selective extraction of zinc, as it 
appears that lead was completely removed from the EAF 
dust during the experiment. It is possible to achieve higher 
selectivity in the extraction of zinc and lead by adjusting 
the process temperatures for specific dust compositions. 
At 1200 °C, the extraction rate of zinc reaches a pla-
teau, while the carbon content in the EAF dust decreases 
to zero. This suggests that the reduction reactions of zinc-
containing phases ceased due to an insufficient amount 
of reducing agent. 

Comparison of the experimental data with the results 
of thermodynamical simulation in HSC Chemistry 6 
software confirmed that the transition of lead-containing 
phases of EAF dust into the gas state can occur according 
to reactions 1 – 6 (see Table 1). Furthermore, the transi-
tion of zinc-containing phases of EAF dust into the gas 
state most likely occurs through reactions 7 – 8 (see 
Table 2) and 12 – 14 (see Table 3). 

The carbon content present in the EAF dust was not 
sufficient for the complete recovery of zinc from its com-
pounds, particularly due to the presence of manganese and 
iron in the complex spinel composition (Zn, Mn, Fe)3O4 . 
In order to achieve the full recovery of zinc-containing 
phases in the dust sample, the addition of a reducing 
agent in the form of carbon or CO is required. Since 
an additional reducing agent is needed after the recovery 
of the lead-containing phase, the most effective approach 
appears to be the intensification of zinc recovery from 
the electric arc furnace dust by CO purging. Increasing 
the flow rate of the reducing agent allows for a reduc-
tion in the recovery temperature of zinc [21]. For exam-
ple, increasing the CO concentration from 75 to 85 % 
at 1200 °C results in four-five times increase in the inten-
sity of zinc removal to the gas phase [13]. 

Fig. 5. Dependence of the extraction rate of carbon from EAF dust 
on the holding time during heating in the Tamman furnace 

with flowing argon at, °С:
1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200

Рис. 5. Зависимость степени извлечения углерода из пыли ДСП от 
времени выдержки при нагреве в печи Таммана в токе аргона, °С:

1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200

Fig. 7. Dependence of the extraction rate of zinc from EAF dust 
on the holding time during heating in the Tamman furnace 

with flowing argon at, °С:
1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200

Рис. 7. Зависимость степени извлечения цинка из пыли ДСП от 
времени выдержки при нагреве в печи Таммана в токе аргона, °С:

1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200

Fig. 6. Dependence of the extraction rate of lead from EAF dust 
on the holding time during heating in the Tamman furnace 

with flowing argon at, °С:
1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200

Рис. 6. Зависимость степени извлечения свинца из пыли ДСП от 
времени выдержки при нагреве в печи Таммана в токе аргона, °С:

1 – 800; 2 – 900; 3 – 1000; 4 – 1100; 5 – 1200
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Researchers [22] have conducted studies on the reco-
very of zinc and iron from EAF dust using carbon mon-
oxide as a reducing agent at various temperatures within 
the pyrometallurgical process. The optimal working tem-
perature was found to be 950 °C. However, they also 
observed the negative influence of other impurities such 
as alkali-metal chlorides (NaCl, KCl) and lead com-
pounds. The impact of these impurities can be mitigated 
by implementing a selective extraction process for lead 
and zinc from the EAF dust. 

 Conclusions

Thermodynamic simulation was performed to inves-
tigate the selective extraction of zinc and lead from EAF 
dust. Two methods were determined to achieve selective 
extraction (the temperatures are given without account-
ing for addition of an inert gas into the system):

– consecutive recovery of lead-containing (295 – 877 °C) 
and zinc-containing (794 – 1326 °C) phases using car-
bon or carbon monoxide;

– recovery of lead-containing phases (295 – 877 °C) 
using carbon or carbon monoxide, followed by thermal 
dissociation of zinc-containing phases (1970 °C).

Experimental studies conducted in the vacuum resis-
tance furnace with linear heating revealed that the removal 
of lead and zinc occurred within the temperature range 

of 800 – 1200 °C. The rate of lead removal was higher, 
with intensive removal observed at temperature above 
1000 °C, while zinc removal was more pronounced 
at temperature above 1200 °C. 

Additional corrective isothermal experiments carried 
out in the Tamman furnace showed that complete transfer 
of lead into the gas phase was achieved at 1100 °C (hold-
ing time: 12 min) and at 1200 °C (holding time: 6 min 
and longer). However, during this transition, the extrac-
tion of lead was only 14.4 and 32.2 rel. %, respectively, 
indicating a failure to achieve selective lead extrac-
tion during the heating of EAF dust in the experiments. 
It is expected that further heating of the EAF dust would 
lead to selective zinc extraction, as the lead has been 
completely removed. 

A comparison between the experimental data and 
the results of thermodynamic simulation allowed 
the identification of the most probable reactions involved 
in the recovery of lead and zinc containing phases. 
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Аннотация. В российских атомных реакторах нового поколения предусмотрено специальное устройство локализации расплава (кориума), 

предназначенное для минимизации последствий тяжелой запроектной аварии на атомной электростанции с разрушением корпуса 
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Abstract. The Russian new nuclear reactors are provided with a special core catcher vessel device (cc-vessel) designed to minimize the consequences 

of a severe beyond design basis accident at a nuclear power plant, when the reactor pressure vessel collapses and the core melts. For manufacture 
of the cc-vessel structural elements, low-carbon unalloyed or low-alloyed steels are used. When a severe beyond design basis accident develops, 
the cc-vessel’s body is subjected to extreme temperature and force loads, which can lead to degradation of the structure, loss of strength and failure 
of the entire cc-vessel. To calculate the strength characteristics of the cc-vessel, which ensure its safe and reliable operation, the detailed data 
are required on the structure and mechanical properties of low-carbon steels at high temperatures and after extreme thermal actions simulating 
the development of a severe beyond design basis accident. The paper analyzes data on the structure and mechanical properties (tensile strength, 
crack resistance, toughness and cyclic strength) of a number of low-carbon steels under extreme temperature and force actions, including conditions 
simulating the development of a severe beyond design basis accident at a nuclear power plant, in order to select the material for the design of cc-
vessel of nuclear reactor. New data on the structure, mechanical properties, and thermal diffusivity in a wide temperature range of a Cr – Mo 
steel (Russian Standard – 15KhM) as a candidate structural material for the manufacture of the cc-vessel body are presented. The low content 
of manganese and alloying with molybdenum and vanadium in 15KhM steel provides a finer grained structure and eliminates the steel’s tendency 
to temper brittleness. 

Keywords: low carbon steel, core catcher vessel, strength, impact strength, thermal diffusivity, microstructure, austenite, high temperature exposure
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 Introduction

In order to minimize consequences of beyond 
the design accident (BDB) at NPS, involving destruc-
tion of reactor vessel, Russian new generation WWER 
reactors are equipped with special core catcher vessels 
(cc-vessel) [1; 2]. This device is a large structure with 
diameters up to 6 m and the height up to 12 m, and a ves-
sel thickness of up to 60 mm. Low carbon non-alloy and 
low alloy steels are used for manufacture of cc-vessel 
structural elements [3]. At present only Russian NPS with 
new generation reactors are equipped with a cc-vessel. 
Their structural elements, vessel and support plate, are 
manufactured from 22K and 09G2S steels, respectively.

In the course of BDB, the cc-vessel is exposed 
simulta neously to long-term thermal impact, as well 
as high static and impact loads [4 – 6]. The tempera-
ture of corium entering cc-vessel during BDB exceeds 
several thousand degrees. According to calculations 
the cc-vessel during localization and cooling of mol-
ten corium is heated to 1200 °C. Corium cooling takes 
up to 10 – 12 months [7]. Long term thermal impact 
can significantly change the structural state and, as 
a consequence, induce degradation of the mechanical 
properties of the vessel material. This leads to strength 
loss and increase in destruction of cc-vessel [8; 9]. Cal-
culations of the strength properties of the cc-vessel, 
providing for its safe and reliable operation, require for 
detailed data on the structure and mechanical proper-
ties of low carbon steels at high temperatures and after 
extreme thermal impacts. It is important to account for 
the possible heterogeneity of the structure and mechani-
cal properties of the material [10]. For the reliable opera-
tion of the cc-ves sel, it is also important to retain high 
impact strength and resistance against the low cycle 

fatigue of vessel material after corium cooling, mostly 
for NPS in areas with higher seismic hazard.

The issue of selecting the optimum material for 
the manufacture of cc-vessel structural elements, capable 
of providing the required level of strength and impact 
strength under BDB conditions, has not been discussed. 
This is partially due to insufficient data on the mechani-
cal properties and resistance against destruction of low 
carbon steels under extreme temperature and load condi-
tions.

In the past decade, studies have been carried out 
aimed at detailed analysis of changes in structure and 
mechanical properties of low carbon steels under extreme 
temperature and load conditions, including those simulat-
ing BDB [11 – 22]. In particular, the changes in structural 
state were studied. The mechanical properties were estab-
lished, and the mechanical behavior of 22K and 09G2S 
steels was analyzed at the temperatures from ambient 
to 1200 °C. Resistance against destruction before and 
after extreme impact peculiar for BDB [11; 12] was also 
analyzed. Embrittlement was studied upon temperature 
impacts in the range of temper brittleness of 22K and 
09G2S steels under BDB conditions [14 – 16]. The influ-
ence of thermal impact on low cycle fatigue of 22K steel 
was determined [17]. The advantages and disadvan-
tages of 22K and 09G2S steels are described for their 
use in the cc-vessel. It was demonstrated that 22K and 
09G2S steels are characterized by the following disad-
vantages: a tendency to increase in austenite grain and 
decrease in strength at high temperatures due to rela-
tively high manganese content; absence of carbide form-
ing elements in the steels, as well as tendence to temper 
brittleness in certain temperature range and occurrence 
of brittle intergranular failure (for 22K steel). In order 
to eliminate the existing uncertainties in the cc-vessel 

реактора и расплавлением активной зоны. Для изготовления конструктивных элементов устройства локализации расплава используются 
низкоуглеродистые нелегированные и низколегированные стали. При развитии тяжелой запроектной аварии корпус устройства локализации 
расплава подвергается экстремальным температурно-силовым нагрузкам, что может привести к деградации структуры, потере прочности 
и разрушению всей конструкции. Для расчета характеристик прочности конструкции устройства локализации расплава, обеспечивающих 
его безопасную и надежную работу, необходимы детальные данные о структуре и механических свойствах низкоуглеродистых сталей 
при высоких температурах и после экстремальных термических воздействий, имитирующих условия развития тяжелой запроектной 
аварии. В статье анализируются данные по структуре и механическим свойствам (статическому растяжению, трещиностойкости, ударной 
вязкости и циклической прочности) ряда низкоуглеродистых сталей при экстремальных температурно-силовых воздействиях. В том 
числе рассматриваются условия, имитирующие развитие тяжелой запроектной аварии на атомной электростанции с целью определения 
материала для конструкции устройства локализации расплава атомных реакторов. Представлены новые данные по структуре, 
механическим свойствам и температуропроводности в широком диапазоне температур стали 15ХМ, как конструкционного материала 
для изготовления корпуса устройства локализации расплава. Пониженное содержание марганца, легирование молибденом и ванадием 
стали 15ХМ обеспечивают более мелкозернистую структуру и устраняют склонность стали к отпускной хрупкости. 

Ключевые слова: низкоуглеродистая сталь, устройство локализации расплава, прочность, ударная вязкость, температуропроводность, микро-
структура, аустенит, высокотемпературное воздействие
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and to improve competitiveness of Russian NPS at global 
market new material for cc-vessels based on modifica-
tion of the alloying system needs to be selected. Studies 
of its high temperature properties under BDB conditions 
also need to be carried out.

This work analyzes previously available and new data 
on the structure and mechanical properties of some low 
carbon steels under conditions simulating BDB at NPS, 
aimed at selecting optimum material of cc-vessel for 
nuclear reactors.

 Structure and mechanical properties
 

of 22K, 09G2S and SA533-B1 low carbon
 развитие тяжелой запроектной аварии

steels under conditions simulating beyond
the design basis accident

Low carbon steels, such as 22K and 09G2S (foreign 
analogs: 20Mn5 in Germany or AISI 1022 in USA and 
13Mn6 in Germany, respectively) are usually applied 
as structural materials for items operating at moder-
ate mechanical loads and temperatures not higher 
than 350 – 450 °C. This is related with a significant 
decrease in their strength properties (especially yield 
stress) upon heating to higher temperatures [23 – 25]. 
An important advantage of low carbon steels is their 
weldability and high thermal diffusivity [26 – 28]. Little 
research has been done on the high-temperature mechani-
cal properties of such steels. Published results are as 
yet unavailable. As of the present moment, the behavior 
of low carbon steels under BDB conditions were not car-
ried out. Only few foreign studies of high temperature 
properties are available (including creeping) of low car-
bon steel with the addition of molybdenum and nickel 
SA533-B1 [18; 19] to be used in cc-vessel [3]. Table 1 
presents the chemical composition of SA533-B1 steel in 
comparison with 22K and 09G2S steels. The work [18] 
presents only ultimate strength of SA533-B1 steel as 
a function of temperature, determined in tensile tests 
(according to ASTM). According to this data, sharp 
drop of ultimate strength from 380 to 150 MPa occurs in 
the temperature range from 527 to 727 °C (Fig. 1). In addi-
tion, interest is attracted to data on thermal diffusivity 

of SA533-B1 steel. The thermal diffusivity of SA533-B1 
steel in the range from 77 to 907 °C decreases from 12.1 
to 4.7 mm2/s, and with temperature increase to 1340 °C, 
it increases to 5.5 mm2/s [18].

Other experimental results of the high tempera-
ture mechanical properties of SA533-B1 steel were 
limited by analysis of the influence of strain rate 
(0.050 – 0.007 min–1) on the strength and plasticity in 
the temperature range from 650 to 1200 °С [18].

Numerous recent works devoted to studies 
of the behavior of low carbon steels under extreme tem-
perature and load conditions have been carried out for 
22K and 09G2S steels [11 – 17; 30]. Three modes of ther-
mal impact simulating BDB conditions were used in these 
works [7].

Mode 1: heating to 1000 °C at the rate of 225 °C/h; 
cooling to 900 °C at the rate of 6 °C/h; cooling to 840 °C 
at the rate of 1 °C/h; holding at 840 °C in 39.2 h; cool-
ing to 750 °C at the rate of 2 °C/h; cooling to 700 °C 
at the rate of 2 °C/h; cooling in furnace to ambient tem-
perature.

Mode 2: heating to 650 °C at the rate of 200 °C/h; 
cooling to 480 °C at the rate of 1 °C/h; cooling in furnace 
to ambient temperature.

T a b l e  1

Chemical composition of low­carbon steels, wt. %

Таблица 1. Химический состав низкоуглеродистых сталей, % (по массе)
 

Steel Fe C Si Mn P S Cr Mo Ni Al Cu
22K [13] basis 0.24 0.26 0.75 0.013 0.001 0.04 – 0.03 – 0.05

09G2S [12] basis 0.13 0.58 1.54 0.014 0.003 0.04 – 0.04 0.04 0.09
SA533-B1 [29] basis 0.21 0.22 1.28 <0.020 0.006 – 0.52 0.61 0.01 0.03

Fig. 1. Temperature dependence of tensile strength of SA533-B1 steel [18]:
 – literary data;  – INL laboratory

Рис. 1. Температурная зависимость предела прочности стали 
SA533-B1 [18]:

 – литературные данные;  – лаборатория INL
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Mode 3: heating to 1200 °C at the rate of 225 °C/h; 
holding in 3.7 h; cooling in furnace to ambient tempera-
ture.

The following main procedures were applied 
by the authors to establish the mechanical properties 
of steels.

• Tensile tests in the temperature range from 23 to 
1050 °C were pursuant to State standards GOST 1497–84  
and GOST 9651–84 using a Zwick/Roell machine, 
and at 1200°C in the chamber of Gleeble 3800 testing 
machine. The temperature maintenance accuracy was 
±5 °C and ±1 °C, respectively, and the deformation rate: 
0.004 s–1. The tests were performed in a vacuum. Three 
samples in each state were tested.

• Impact bending tests of samples with the size 
of 10×10×55 mm with V-notch were carried out 
at temperatures ranging from 200 to –50 °C using 
an Instron SI-1M impact tester with maximum impact 
work of 300 J at the pendulum speed upon impact equa-
ling to 5 ± 0.5 m/s. The samples were heated to the test 
temperature in an electric furnace, and cooled in 
a LAUDA Proline RP890 climatic chamber. 18 samples 
were tested, in order to plot each serial curve.

• Static crack resistance tests of rectangular samples 
with notch were carried out at ambient temperature 
according to three-point bending using an Instron 5569 
machine. The parameter of non-linear fracture mecha-
nics was used as the property of crack resistance: critical 
J-integral (JC). This in the physical sense is the energy 
in the region of crack apex normalized per unit displace-
ment of crack dl. The J-integral was determined using 
the experimental Begley–Landes method [31].

The strength properties of 22K (in normalized state) 
and 09G2S (after quenching and tempering) steels were 
determined in the range of test temperatures from 23 
to 1200 °C [11; 12]. It was demonstrated that the most 
significant decrease of strength of 22K steel is observed 
in the range of 400 – 650 °C, and of 09G2S steel 
in the range of 600 – 750 °C. Upon a further decrease 
in the temperature, the unstrengthening rate decreases. 
At 1200 °C, the yield stress and ultimate strength of both 
steels are the same equaling to 12 and 21 – 22 MPa, 
respectively. The strain curves of 22K and 09G2S steels 
at the temperatures above 600 and 800 °C, respectively, 
have a wavelike nature. This can be attributed to streng-
thening–unstrengthening due to dynamic recrystalliza-
tion. Thermal impact according to mode 1 decreases 
the yield stress of 22K steel by 7 – 22 % in the range 
of tests temperatures from 23 to 300 °C. This also 
increases the yield stress and ultimate strength by 12 – 50 
and 10 – 32 %, respectively, in the temperature range 
from 400 to 700 °C. At higher temperatures, the effect 
of thermal impact on 22K steel is less pronounced in 
the form of moderate decrease in yield stress.

Metallographic studies have demonstrated that in 
both steels, 22K and 09G2S, in the case of a tempera-
ture dwell time above 1000 °C, intensive grain growth 
is observed. Grain size non-homogeneity becomes more 
pronounced. It was demonstrated that 09G2S steel is 
more prone to grain growth upon heating to such high 
temperature than 22K steel [11; 12].

22K steel in initial state is characterized by a high 
resistance against low cycle bending fatigue: limited 
fatigue endurance at lifetime of N = 3.5·104 cycles was 
360 MPa [17]. Thermal impact according to modes 2 
or 3 leads to insignificant decrease in the resistance 
to low cycle fatigue: limited fatigue endurance decreases 
by 9 %.

Static crack resistance tests demonstrated that in 
the initial state, the parameter JC equals to 118 ± 8 kJ/m2, 
Thermal impact according to modes 1 and 2 decreases 
JC by 23 and 30 %, respectively, in comparison with 
the initial state [30].

The highest negative influence of thermal impact 
is on impact strength of 22K steel [14; 15]. Consecu-
tive thermal impact according to modes 1 and 2 leads 
to an increase in the temperature of viscous brittle transi-
tion by ~100 °C (from 23 to 125 °C). The impact strength 
KCV decreases from 180 – 208 to 150 J/cm2 already 
at the test temperature of 75 °C, and the fractures con-
tain about 40 % of brittle constituent. On the contrary, 
for 09G2S steel even long-term overheating according 
to mode 3 exerts weak influence of impact strength [16]. 
Viscous brittle transition in 09G2S steel both in initial 
state and after heating occurs in the region of low tem-
peratures (–40 and –30 °C, respectively) at an impact 
strength of 285 – 300 J/cm2, which is several times 
higher than for 22K steel.

 Experimental

Low carbon low alloyed 15KhM steel can be consi-
dered as an alternative to 22K and 09G2S steels. Alloy-
ing with carbide forming elements (Mo and V) and lower 
manganese content suppress the tendency of the steel 
to grain growth and temper brittleness.

10 kg ingots were exposed to hot rolling with a reduc-
tion rate of 25 % and subsequent air cooling from the roll-
ing temperature. The chemical composition of steel 
determined by optical emission method is summarized in 
Table 2.

The modes of thermal impact simulating BDB con-
ditions were the same as in [11 – 17; 30] (see previous 
section).

The tension tests were carried out according to pre-
viously described procedure [11; 12].
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The impact bending tests were carried out according 
to the procedure described in [14 – 16]. The macrogeo-
metry of fractures after tests was determined according 
to [32].

The metallographic analysis was carried out using 
a NIM-100 microscope at magnifications of 100 – 500×. 
In order to reveal grain structure, 5 % aqueous solu-
tion of nitric acid was used. In order to identify former 
austenitic grain, a warm solution of picritic acid was used.

Thermal diffusivity was measured by laser flash using 
a NETZSCH LFA 457 MicroFlash (Germany). The instru-
ment is equipped with IR sensor on the basis of InSb. 
The following instrument settings were used: 

– laser voltage varied in the range of 1730 – 2114 V;
– threshold stability of basic line: 1.0 V/10 s.
The measurements are comprised of two stages: 
– recording of the temperature increase of the rear 

side of a plane-parallel sample as a function of time after 
irradiation of its front side by short pulse of infrared laser 
radiation 1.064 μm using a precision infrared sensor; 

– calculation of thermal diffusivity using the selected 
mathematical model. 

The measurements were carried out in argon 6.0, 
at a purge rate of 60 ml/min. The samples were coated 
with thin graphite layer («GRAPHITE 33» spray, Kon-
takt Chemie). The thermal diffusivity was calculated 
using mathematical model “Cape-Lehmann + pulse cor-
rection”. This model takes into account frontal and radial 
heat losses and is usually suitable for most materials.

 Results and discussion

In initial state, 15KhM had hypopearlitic struc-
ture with the recrystallization degree of about 85 % 
(Fig. 2). Predominant ferrite and pearlite grain size 
was 15 – 25 μm. This is slightly lower than in 22K 
steel [17]. After thermal impact according to mode 1 
the austenite grain grows by 55 %: from 23.5 ± 9.1 μm 
to 36.5 ± 14.9 μm (Fig. 3). The hypopearlitic structure is 
enlarged and grain size nonhomogeneity becomes more 
pronounced (Fig. 4). After thermal impact according 
to mode 2, the predominant grain size of hypopearlitic 
structure is the same, and the recrystallization degree 
increases to 99 % (Fig. 5).

The mechanical properties of 15KhM steel are sum-
marized in Table 3, and the stress–strain curves in Fig. 6. 
In the temperature range of 700 – 900 °C, the yield 
stress σ0.2 in initial state changes in average from 
161 to 37 MPa, and the ultimate strength σu from 180 
to 70 MPa. Thermal impact according to mode 1 results 
in a decrease in the yield stress by 27 %, and the ultimate 
strength by 7 % at the test temperature of 700 °C without 
significant statistical influence on the strength at 900 °C. 
After the thermal impact according to mode 1, the yield 
stress and ultimate strength at 23 °C equaled in ave-
rage 222 and 436 MPa, and at 1200 °C, 15 and 25 MPa, 
respectively.

Therefore, at 700 °C the strength of 15KhM steel in 
initial state is 2 – 4 times higher in comparison with 22K 
steel [13]. After thermal impact, the strength of 15KhM 
steel at all considered temperatures in the range from 
23 to 1200 °C is higher when compared to 22K steel. 
In addition, at 700 °C the strength of 15KhM steel in ini-
tial state is by 1.5 times higher when compared to 09G2S 
steel and is comparable with that of SA533-B1 steel. 
At 900 °C the strength of 15KhM steel in initial state 
is comparable to that of SA533-B1 steel, and higher in 
comparison to 09G2S steel.

According to the results of impact bending test 
(Table 4, Fig. 7), in the fractures of steel in initial state, 

T a b l e  2

Chemical composition of 15KhM steel, wt. %

Таблица 2. Химический состав стали 15ХМ, % (по массе)

Fe C Si Mn P S Cr Mo Ni Al
basis 0.14 0.41 0.61 0.01 0.01 0.64 0.50 0.01 0.01

Fig. 2. Microstructure (а) and ferrite (b) and pearlite (c) grain distribution histograms for 15KhM steel in initial state

Рис. 2. Микроструктура (а) и гистограммы распределения зерен феррита (b) и перлита (c) в стали 15ХМ в исходном состоянии
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Fig. 5. Microstructure (а) and ferrite (b) and pearlite (c) grain distribution histograms for 15KhM steel 
after thermal exposure according to mode 2

Рис. 5. Микроструктура (а) и гистограммы распределения зерен феррита (b) и перлита (c) в стали 15ХМ 
после термического воздействия по режиму 2

Fig. 4. Microstructure of 15KhM steel after thermal exposure according to mode 1

Рис. 4. Микроструктура стали 15ХМ после термического воздействия по режиму 1

Fig. 3. Microstructure and former austenite grain distribution histograms for 15KhM steel before (а) and after (b) 
thermal exposure according to mode 1

Рис. 3. Микроструктура и гистограммы распределения зерен бывшего аустенита в стали 15ХМ до (а) и после (b)  
термического воздействия по режиму 1
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the brittle constituent (X) to an amount of 30 – 90 % 
occurs at ambient temperature. At the temperatures 
from 60 to 0 °C, the impact strength KCV drops sharply 
from 171 to 43 J/cm2. During a further temperature 
increase to minus 20 °C, the impact strength consistently 
decreases to 20 J/cm2.

After thermal impact according to mode 2, the brittle 
constituent in the fracture surface in amount of 30 % 
occurs at 0 °C. The impact strength does not decrease 
significantly remaining at the level of 216 J/cm2. Total 
brittle fracture is observed at 0 °C for steel in initial state, 
and after thermal impact at –50 °C. Therefore, as a con-
sequence of thermal impact, the starting temperature 

T a b l e  3

Mechanical properties of 15KhM steel before 
and after thermal exposure according to mode 1

Таблица 3. Механические свойства стали 15ХМ 
до и после термического воздействия по режиму 1

Test 
temperature, °С

σ0.2 , 
MPa

σu ,
MPa

δ, %

in initial state
700 161 ± 2 180 ± 2 66.7 ± 1.8
900 37 ± 1 70 ± 2 82.9 ± 2.4

after thermal exposure
23 222 ± 2 436 ± 3 30.8 ± 0.7
700 118 ± 2 167 ± 2 51.4 ± 2.2
900 34 ± 1 69 ± 2 88.0 ± 2.8
1200 15 ± 1 25 ± 1 35.0 ± 2.5

T a b l e  4

Results of impact bending tests of 15KhM steel before  
and after thermal exposure according to mode 2

Таблица 4. Результаты испытаний на ударный изгиб  
стали 15ХМ до и после термического воздействия  

по режиму 2

Temperature, °С
KCV, J/cm2 X, %

before after before after
200 184 ± 3 245 ± 2 0 0
150 186 ± 4 237 ± 3 0 0
125 181 ± 3 – 0 –
60 171 ± 4 – 0 –
23 116 ± 25 214 ± 3 30 – 90 0
0 43 ± 5 216 ± 4 100 30

–20 27 ± 2 146 ± 6 100 80
–30 20 ± 2 176 ± 7 100 50
–50 – 22 ± 2 – 100

Fig. 6. Stress-strain curves of 15KhM steel at different temperatures in 
initial state and after thermal exposure according to mode 1: 

1 – 23 °С, after thermal exposure; 2 – 700 °С, after thermal exposure; 
3 – 700 °С, initial state; 4 – 900 °С, initial state; 5 – 900 °С, after 

thermal exposure; 6 – 1200 °С, after thermal exposure

Рис. 6. Кривые растяжения стали 15ХМ при различных темпера-
турах в исходном состоянии и после термического воздействия по 

режиму 1:
1 – 23 °С, после термического воздействия; 2 – 700 °С, после терми-

ческого воздействия; 3 – 700 °С, исходное состояние; 
4 – 900 °С, исходное состояние; 5 – 900 °С, после термического 

воздействия; 6 – 1200 °С, после термического воздействия

Fig. 7. Impact strength curves of 15KhM steel samples (a) 
in initial state and (b) after thermal exposure 

(% X – fraction of brittle component in the fracture) 

Рис. 7. Сериальные кривые ударной вязкости образцов 
из стали 15ХМ в исходном состоянии (а) и после термического 
воздействия (b) (% X – доля хрупкой составляющей в изломе)
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of viscous brittle transition of 15KhM steel decreases 
by 20 – 30 °C. The range of viscous brittle transition is 
expanded by 25 °C. Increase in the properties of impact 
strength is related to an increase in the degree of structure 
recrystallization as well as decrease in residual stresses 
after hot rolling as a consequence of thermal impact.

According to the measurements of geometry of sam-
ples from 15KhM steel after impact tests, it was deter-
mined that the samples after thermal impact according 
to mode 2 were destroyed in a more viscous pattern. They 
also demonstrated a higher tightening than the samples in 
initial state in overall range of test temperature (Fig. 8).

The fracture surface of impact samples at tempera-
tures below the start of viscous brittle transition in 
the region under notch is presented by cleavage fa cets 
with river line. The facet size is 10 – 80 μm, and the frac-
ture relief is characterized by a highly non-uniform 
height of individual elements (Fig. 9).

Thus, the impact strength of 15KhM steel in ini-
tial state is inferior to that of 22K and 09G2S steels. 
However, after thermal impact according to mode 2, 
the impact strength of 15KhM steel increases and is 
comparable with that of 22K steel.

The thermal diffusivity of 15KhM steel as a func-
tion of temperature in comparison with 22K and 09G2S 
steels is illustrated in Fig. 10. In addition, the data for 
SA533-B1 steel are also presented [18]. As can be seen 
in the plot, the thermal diffusivity for 22K, 09G2S and 
15KhM steels as a function of temperature, is characte-
rized by inflection at the temperature above 700 °C. This 
is related to α → γ transformation occurring in steels 
at these temperatures. At ambient temperature, the ther-

Fig. 8. Dependence of reduction of 15KhM steel samples 
on the impact test temperature: 

1 – initial state; 2 – after thermal exposure according to mode 2

Рис. 8. Зависимость утяжки образцов из стали 15ХМ 
от температуры ударных испытаний: 

1 – исходное состояние; 2 – после термического воздействия 
по режиму 2

Fig. 9. Fracture surfaces of impact samples 
at room temperature in initial state (a) and at –30 °С 

after thermal exposure according to mode 2 (b) 

Рис. 9. Изломы ударных образцов при комнатной температуре 
в исходном состоянии (а) и при –30 °С после термического 

воздействия по режиму 2 (b)

Fig. 10. Temperature dependence of thermal diffusivity 
of low-carbon steels: 

 – 09G2S;  – 22К;  – 15KhМ; solid line – SA533-B1 steel [18] 

Рис. 10. Температурная зависимость температуропроводности 
низкоуглеродистых сталей: 

 – 09Г2С;  – 22К;  – 15ХМ; сплошная линия – данные для 
стали SA533-B1 [18]
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mal diffusivity of 15KhM and 09G2S steels is the equal 
to 11.0 – 11.2 mm2/s, while that of 22K is slightly 
higher: 13.7 mm2/s. At 500 °C the lowest thermal diffusi-
vity is demonstrated by 15KhM steel: 6.3 mm2/s, while 
the highest by 22K steel: 7.4 mm2/s. At 600 °C lowest 
thermal diffusivity is demonstrated by 09G2S steel: 
4.3 mm2/s, while the highest by 22K and 15KhM steels: 
5.3 mm2/s. In the range from 700 to 100 °C the thermal 
diffusivity of steel slightly increases, while the tempera-
ture dependence of thermal diffusivity for all three steels 
in this range does not differ statistically. This data differs 
from that of SA533-B1 steel, for which the inflection in 
the curve was recorded at a higher temperature: 900 °C.

 Conclusions

It was demonstrated that low carbon low alloy 15KhM 
steel is an alternative material to 22K and 09G2S steels as 
structural material for cc-vessels in nuclear reactors. This 
steel is characterized by a relatively high level of thermal 
diffusivity and good weldability. Alloying with molyb-
denum and vanadium, as well as low manganese con-
tent, provides finer grain structure in comparison with 
22K and 09G2S steels and eliminates tendency to tem-
per brittleness. This has a positive influence on strength 
and impact strength of cc-vessel in overall temperature 
range in the event of BDB. Integrated studies under BDB 
simulating conditions are required for the experimental 
establishment of an overall set of physicochemical pro-
perties of 15KhM steel and its application as a material 
of cc-vessel.
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Аннотация. Для безаварийного функционирования и без потерь упругих и неупругих свойств особо ответственных элементов преобразователей 

электрических колебаний в механические в течение длительного периода циклической наработки необходимо, кроме исследования 
усталостных характеристик материалов, применяемых для их изготовления, исследовать эти сплавы и на частотную стабильность. 
Это связано с тем, что незначительные отклонения частоты собственных колебаний приводят к недопустимым погрешностям в работе 
такого рода высокоточных изделий. Для проведения  исследований разработана и сконструирована оригинальная установка, работающая 
в режиме автоколебаний, в которой осуществлено синусоидальное нагружение плоских образцов по «мягкой» схеме консольного изгиба. 
Частота циклического нагружения в установке генерируется импульсами тока, которые являются откликом на частоту собственных 
колебаний испытываемого образца, преобразованных с помощью электроники. В результате достигается частотное равенство в процессе 

  mrmylnikov@mail.ru
Abstract. For trouble-free operation without loss of elastic and inelastic properties of particularly critical elements of electrical-to-mechanical vibration 

converters during a long period of cyclic operation, it is necessary, in addition to studying the fatigue characteristics of materials used for their 
manufacture, to study these alloys for frequency stability, since minor deviations in the frequency of natural oscillations lead to unacceptable errors 
in the operation of such high-precision products. To carry out such studies, we developed and constructed an original installation, in which sinusoidal 
loading is carried out according to the “soft” scheme of flat samples cantilever bending operating in self-oscillation mode. The frequency of cyclic 
loading in this installation is generated by current pulses, which are a response to the frequency of the test sample natural oscillations converted using 
electronics.  As a result, frequency equality is achieved in the test process. An algorithm for calculating stresses depending on the loading amplitude 
of steel samples of different geometric shapes was developed. It is shown that the stress on the sample calculated by the deformation amplitude in 
all cases is 8 – 10 % higher than the stress calculated by the force, regardless of the shape of the proposed samples. To verify the proposed research 
method, martensitic-aging steel was tested at loads close to the fatigue limit, since frequency stability in this range is of great interest. We obtained the 
frequency characteristics in the multi-cycle test area. It was determined that with an operating time of 50 million loading cycles, the frequency change 
was 0.75 Hz. The dynamics of frequency stability was revealed: the frequency changed most intensively during the first 10 million loading cycles, 
during this time the frequency changed by 0.54 Hz.

Keywords: steel, fatigue, strain amplitude, loading frequency, durability, natural oscillation frequency, cyclic strength, frequency stability

For citation: Myl’nikov V.V., Dmitriev E.A. A method for studying the frequency stability of materials during tests for multi-cycle fatigue of steel. 
Izvestiya. Ferrous Metallurgy. 2023;66(3):367–375. https://doi.org/10.17073/0368-0797-2023-3-367-375

A method for studying the frequency stability 
of materials during tests for multi-cycle fatigue of steel

V. V. Myl’nikov 1 , E. A. Dmitriev 2

1 Нижегородский государственный архитектурно­строительный университет (Россия, 603950, Нижний Новгород, 
ул. Ильинская, 65)
2 Комсомольский­на­Амуре государственный университет (Россия, 681013, Хабаровский край, Комсомольск-на-Амуре, 
пр. Ленина, 27)

1 Nizhny Novgorod State University of Architecture, Building and Civil Engineering (65 Il’inskaya Str., Nizhny Novgorod 
603950, Russian Federation)
2 Komsomolsk­on­Amur State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian 
Federation)

Original article 
Оригинальная статья

Метод изучения частотной стабильности материалов 
при испытаниях на многоцикловую усталость стали

В. В. Мыльников 1 , Э. А. Дмитриев 2

©  V. V. Myl’nikov, E. A. Dmitriev, 2023

Innovation in metallurgical 
industrial and laboratory equipment, 

technologies and materials

Инновации в металлургическом
промышленном и лабораторном 
оборудовании, технологиях и материалах

https://doi.org/10.17073/0368-0797-2023-3-367-375
mailto:mrmylnikov@mail.ru
mailto:mrmylnikov@mail.ru
https://fermet.misis.ru/index.php/jour/search/?subject=steel
https://fermet.misis.ru/index.php/jour/search/?subject=fatigue
https://fermet.misis.ru/index.php/jour/search/?subject=strain amplitude
https://fermet.misis.ru/index.php/jour/search/?subject=loading frequency
https://fermet.misis.ru/index.php/jour/search/?subject=durability
https://fermet.misis.ru/index.php/jour/search/?subject=natural oscillation frequency
https://fermet.misis.ru/index.php/jour/search/?subject=cyclic strength
https://fermet.misis.ru/index.php/jour/search/?subject=frequency stability
https://doi.org/10.17073/0368-0797-2023-3-367-375
mailto:mrmylnikov%40mail.ru?subject=
mailto:mrmylnikov%40mail.ru?subject=


Известия вузов. Черная металлургия. 2023;66(3):367–375.
Мыльников В.В., Дмитриев Э.А. Метод изучения частотной стабильности материалов при испытаниях на многоцикловую ...

368

 Introduction

Standard fatigue tests serve the purpose of determin-
ing the mechanical properties of a material [1]. Engineers 
rely on these test results for  material selection and struc-
tural analysis [2].

Several cyclic test procedures exist [3 – 6]. The essen-
tial fatigue test properties to accurately simulate the part’s 
operating stress and strain [7 – 10] are as follows:

– loading program determined by the cycle amplitude 
form (Fig. 1);

– load scheme (Fig. 2);
– testing to a specified stress (σ, MPa) (Fig. 2, a) or 

strain (ε, mm) (Fig. 2, d).
Mission-critical components undergo validation using 

dedicated testing machines and specialized testing pro-
cedures. For example, materials with low inelastic pro-

Fig. 1. Varieties of cycle amplitude forms: 
a – sinusoidal cycle form (harmonic) with constant amplitude values; b – biharmonic; c – with variable frequency; d – programmed block cycle;  

e – with reproduction of the operational spectrum with time variable σa , with or without truncation of low σa ; f – harmonic cycle with single overloads

Рис. 1. Разновидности форм амплитуд циклов: 
а – синусоидальная форма цикла (гармоническая) с постоянными амплитудными значениями; b – бигармоническая; 

c – с переменной частотой; d – программированный блочный цикл; e – с воспроизведением эксплуатационного спектра 
с переменной во времени σа с усечением низких σа или без их усечения; f – гармонический цикл с одиночными перегрузками

Fig. 2. Loading schemes during fatigue tests: 
a – pure bending of a rotating cylindrical sample; b – pure bending in one plane; c – cantilever bending of a rotating cylindrical sample; 

d – cantilever cyclic transverse bending of a flat sample; e – transverse bending during rotation of the force plane; 
f – axial stretching along a pulsating cycle; g – alternating torsion

Рис. 2. Схемы нагружения при испытаниях на усталость: 
а – чистый изгиб вращающегося цилиндрического образца; b – чистый изгиб в одной плоскости; c – консольный изгиб вращающегося 

цилиндрического образца; d – консольный циклический поперечный изгиб плоского образца; e – поперечный изгиб при вращении 
силовой плоскости; f – осевое растяжение по пульсирующему циклу; g – знакопеременное кручение

испытаний. Разработан алгоритм расчета напряжений в зависимости от амплитуды нагружения образцов из стали разной геометрической 
формы. Показано, что напряжение на образце, рассчитанное по амплитуде деформации, во всех случаях на 8 – 10 % выше напряжения, 
рассчитанного по силе вне зависимости от формы образцов. Для верификации предложенного метода исследований проведены испытания 
мартенситно-стареющей стали на нагрузках, близких к пределу усталости, так как наибольший интерес представляет стабильность 
частоты в этом диапазоне. Получены частотные характеристики в многоцикловой области испытаний. Определено, что при наработке 
в 50 млн циклов нагружения изменение частоты составило 0,75 Гц. Выявлена динамика частотной стабильности: наиболее интенсивно 
частота менялась при первых 10 млн циклов нагружения, за это время она изменилась на 0,54 Гц. 

Ключевые слова: сталь, усталость, амплитуда деформации, частота нагружения, долговечность, частота собственных колебаний, циклическая 
прочность, стабильность частоты
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perties are required to make parts exposed to complex 
cyclic loading and dimensionally stable components. 
The inelastic properties exhibited during cyclic loading 
can be described as “internal friction”, “imperfect elas-
ticity”, “damping", “mechanical hysteresis”, or “energy 
dissipation” [11]. It is commonly assumed in most stu-
dies that microplastic deformations under cyclic loading 
are localized and unevenly distributed due to the hetero-
geneity of the material‘s micro-properties. Another test 
involves measuring the mechanical properties at different 
temperatures to determine the elastic limit and activation 
energy of the micro deformations [12 – 15]. 

The objective of this study is to develop a testing pro-
cedure for estimating the frequency stability in elastic 
elements used in high-precision oscillators that convert 
electrical vibrations into mechanical oscillations. Even 
slight changes in frequency of natural oscillations (eigen-
frequencies) caused by variations in the elastic modulus, 
material inelasticity, and of atomic and lattices vibrations 
can result in unacceptable errors in electric-to-mechan-
ical oscillation conversion and premature fatigue fail-
ure [16 – 19].

 Materials and Methods

A frequency stability testing installation was deve-
loped as shown in Fig. 3, designed specifically for con-
ducting tests under unique stress conditions. This testing 
apparatus involved the application of isothermal cyclic 
loading to a flat cantilever sample, referred to as the “soft 

test” [20]. It employed an electromechanical oscillator 
with mechanical vibration frequency precisely aligned to 
the sample’s eigenfrequency, facilitating resonance oscil-
lations.

The installation comprised three distinct components 
arranged separately: 

– bed: this component supported both the sample and 
the electromagnetic exciter; 

– power supply and automation unit: responsible 
for powering the electromagnetic exciter coil, this unit 
adjusted the amperage and frequency as needed; 

– measurement system for monitoring oscillatory 
parameters. 

The bed, a robust L-shaped metal structure, was 
installed on vibration isolators. It facilitated the transfer 
of sample oscillations to the piezoelectric accelerometer. 
The operation of the installation proceeded as follows: 
the sensor’s signal was transmitted to the power supply 
and automation unit, which then supplied the electromag-
netic exciter coil with a frequency matching the sample’s 
eigenfrequency. To prevent the overlap of vibrational 
waves and enhance oscillation transfer, the bed and the 
coil (assembled with the stator at one end of the electro-
magnetic exciter armature) were isolated from each other 
using vibration isolators (antivibration pads).

The electromagnetic exciter coil is energized by cur-
rent pulses supplied from the power supply (Fig. 3, a). 
These pulses induce an electromagnetic force that causes 

Fig. 3. Diagrams:
a – frequency stability testing installations: 1 – bed; 2 – sample; 3 – electromagnetic exciter; 4 – power supply and automation unit; 

5 – coil of electromagnetic exciter; 6 – means of measuring parameters of the oscillatory process; 7 – ferromagnetic armature of electromagnetic 
exciter; 8 – electromagnetic stator exciter; 9 – vibration isolators; 10 – vibration acceleration sensor; 11 – U-shaped ribbon core; 

b – loads during cantilever cyclic transverse bending of a flat sample; c – matching current pulses, electromagnetic force and elastic force 
with movement of the console of the test sample in this installation

Рис. 3. Схемы: 
а – установки для испытаний на частотную стабильность: 1 – станина; 2 – образец; 3 – электромагнитный возбудитель; 

4 – блок питания и автоматики; 5 – катушка электромагнитного возбудителя; 6 – средство измерения параметров колебательного процесса; 
7 – ферромагнитный якорь электромагнитного возбудителя; 8 – статор электромагнитного возбудителя; 9 – виброизоляторы; 

10 – датчик виброускорения; 11 – П-образный ленточный сердечник; b – нагрузки при консольном циклическом поперечном изгибе 
плоского образца; c – согласования импульсов тока, электромагнитной силы и силы упругости с перемещением консоли исследуемого 

образца в данной установке
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the armature, along with the sample, to move downward. 
the When the current is interrupted, the elastic force rein-
states the sample to its original position, subjecting it to 
cyclic loading. The displacement curve of the sample’s 
end is illustrated in Fig. 3, c. As fatigue advances, the 
eigenfrequency of the sample undergoes changes, conse-
quently modifying the frequency of cyclic loading.

Through a series of comprehensive tests, we estimated 
the fatigue properties, frequency characteristics under 
cyclic loading, and determined the endurance limit. The 
frequency characteristics also serve as an indicator of the 
sample’s rate of damage and enables estimation of its 
remaining lifespan [21].

The following variables were measured in our experi-
ments: 

– frequency; 
– number of load cycles; 
– amplitude of oscillations (measured through an opti-

cal sensor); 
– amplitude of oscillations (measured via a photoelec-

tric sensor); 
– amplitude of oscillations (measured using a piezo-

electric accelerometer); 
– average current within the exciter coil circuit; 
– the waveforms were visualized using an oscillo-

scope.
The samples illustrated in Fig. 4 were composed of the 

03N18K9M5T-EL steel grade. The corresponding Table 
presents the dimensions of the samples. 

We derived the stress within the sample’s cross-sec-
tion from the amplitude of oscillations. In order to gauge 
the stress, we established a correlation between the force 
applied to the sample and the displacement of the sample 
at the point of force application. Subsequently, the stress 
was calculated based on the force value. We also deduced 
the analytical relationship between force and displace-
ment for the steady mode. It is assumed that during oscil-
lations, the forces applied to the sample (external force, 
inertia, elastic force) generate the same maximum stress 
and maximum displacement (vibration amplitude) as the 
static force equivalent to the resultant dynamic force. 

For the curved axis of a variable cross-section beam, 
we employed an approximate differential equation:

       (1)

where J(x) represents the second area moment; E stands 
for Young’s modulus; M(x) denotes the bending moment; 
y is the coordinate in the force direction; x is the coordi-
nate along the beam axis.

 Stress vs. Vibration Amplitude in Flat Samples
 

The eference point is located at the sample’s restraint 
point. The bending moment at a distance x from the restraint 
point is givem by:

      M = F (l + a – x). (2)

The displacement of the sample segment with a height 

h:  where 

Initial conditions are: x = 0; y1 = 0; 

A solution for the specified initial conditions is:

Dimensions of fatigue test samples, mm

Размеры образцов для испытания на усталость, мм

Sample a b l h H R
а 10 22 43 5 13 –
b1 9 20 56 5 13 100
b2 24 20 56 5 13 100

Fig. 4. Sketches of the samples: 
a – flat samples; b – corset samples

Рис. 4. Эскизы образцов: 
а – плоские образцы; b – корсетные образцы
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   (3)

An equation for the displacement of the sample segment 

with height H:  where 

The solution is:

      (4)

Initial conditions are: x = l; 

By substituting the values of x = l into (3) and (4), and 
solving the equations, we obtain:

Using the constants the C1 and C2 , along with the equa-
tion for y2 derived from (4), we are able to determine the 
maximum displacement at the point of force application for 
x = l + a:

Given the provided values of h and H, where J2  J1 
(J1 = 208.3 mm4; J2 = 3662 mm4), taking into account this 
inequality and disregarding the inherent bending of the 
heightened sample segment with height H, we arrive at a 
more straightforward expression:

   (5)

The stress at the reference cross-section (the restraint  
 

point) is: 

By expressing F from (5) and taking into account that  
 

 we obtain the final expression:

               (6)

For the sample dimensions indicated in Fig. 4, a, we get: 
σ = 26.9·10–5EAm.

For the average Young’s modulus E = 2·105 MPa: 
σ = 53.8Am, where σ is measured in MPa, Am in mm.

 Stress vs. Vibration Amplitude in Сorset Samples
 

We approached the analysis of displacements separately 
for the curved and thickened segments. 

To estimate the displacement of the curved segment, we 
positioned the origin in the midpoint of this segment (at l/2 
from the restraint point). Consequently, the height of the 
cross-section at a distance x from the origin is given by:

              (7)

The bending moment at x is:  

The equation for the displacement is derived from  
 

equation (1) by substituting  This is further  
 

supplemented by h(x) from equation (7).
The resultant equation is:

      (8)

The value of x is in the range: 

A computer-generated solution of differential equa-
tion (8) for x = 0.5l: produces the displacement y1m and  
 

angle 

For the estimation of the displacement of the thickened 
segment, we positioned the origin at a distance l from the 
sample’s restraint point. 

The equation describing the displacement of this seg- 
 

ment is:  where 

The solution for this equation is:

         (9)

where 0 ≤ x ≤ a.

Initial conditions are: x = 0;  y2 = y1m .

Resulting in C1 = θ1m ; C2 = y1m .
By substituting x = a into (9), we find y2 at the point of 

force application, which is the amplitude of oscillations: 
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Due to the substantial value of J2 , the first term of this 
expression is significantly smaller compared to the other 
two and can be disregarded.

Let us denote  and  the values derived from equa- 
 

tion (9) for 

Then 

The amplitude of oscillations is:

    (10)

The stress in the sample cross-section at the center  
 

of the curved segment: 

By expressing F from equation (10) and considering  
 
 

 we arrive the final expression:

   (11)

The problem was addressed through numerical solu-
tions. Computer calculations for the b1 and b2 samples 
(with dimensions provided in the table and Fig. 4) 
yielded:

– sample b1:  = 59.84;  = 1853.2;

– sample b2:  = 84.1;  = 2532.4.

From equation (11), we obtain:

– sample (b1): σ = 24.75·10–3EAm, MPa;

– sample (b2): σ = 18.3·10–3EAm, MPa.

Considering the average Young’s modulus E = 2·105 MPa:

– σ = 49.5Am for sample b1;

– σ = 36.6Am for sample b2.

Here, σ is measured in MPa and Am in mm.

 Error Estimation of the Stress Value
 

in the Reference Cross-Section

If direct measurement errors for variations in Young’s 
modulus and the geometric dimensions of the sample are 
available, we can estimate the error of the indirectly mea-
sured σ as stated in equation (6)

        (12)

where  is the relative error of Young’s modulus;  
 

 is the relative error of the amplitude;

     (13)

 is the relative error of the sample’s dimensions.
The relative error of the amplitude of oscillations has 

been previously determined as: δA = 0.01 (1 %).
The relative error of the sample’s linear dimensions is 

estimated as (13): 

     δe = 0.0123 (1.23 %). (14)

There is inherent uncertainty in the value of Young’s 
modulus. Available sources specify that for high elastic 
steels, this value varies from 1.9∙105 to 2.1∙105 MPa. In 
this context ΔE = ±104 MPa should be considered as the 
error  in Young’s modulus: 

        δE = 0.05 (5 %). (15)

The total error of the estimated stress in the reference 
section is given by:

     0.0723 (7.23 %). (16)

For validation purposes, we employed static calibra-
tion to estimate the stress in the sample. This involved 
applying static loading to the sample with the force F, 
measured using a reference dynamometer. The stress in 
the sample is then estimated from the force value using 
equation

            (17)

We simultaneously recorded readings from the refe-
rence dynamometer and the linear displacement gauge 
(which measured strain under load).

The following values were obtained:

 

This reveals that stress values estimated from strain 
and measured by the reference dynamometer differ by 
no more than 10 %.
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To assess this outcome, let us calculate the error of 
the stress value derived  from equation (17). It is the sum  
 

of the force measurement error  and the sample’s  
 

linear dimension error 

            (18)

Given that we measured the sample with a pre-
cise micrometer, Δa = Δl = Δb = Δh = 0.01 mm and 
δe = 0.00075 (0.075 %), which is a very low error. The 
primary contributor to the total error is the force measure-
ment by the reference dynamometer, which is approxi-
mately 1 % and corresponds to the instrument’s calibra-
tion error.

The stress calculated from strain σA is 8 – 10 % higher 
than the stress calculated from the force σF for both sam-
ples depicted in Fig. 4, a and b. This divergence can be 
attributed to several factors: the error in Young’s modulus 
value; the assumptions made when deriving the equations 
for σA and systematic error overlooked during instrument 
calibration.

 Results and Discussion

We employed the proposed procedure to conduct a 
test a sample composed of 03H18K9M5T-EL steel grade 
(Fig. 4, a). The focal point of our investigation lies in 
the frequency stability when subjected to loads near the 
fatigue limit. We scrutinized the frequency characteris-
tics of a sample under 670 MPa load applied at ~200 Hz. 
Notably, the frequency deviation from the initial value 
displayed an upward trend denoted by positive values 
and a downward trend with negative values. The sample 
underwent a total of 50 million loading cycles. The maxi-
mum frequency deviation recorded was 0.75 Hz, ma king 
it the most stable frequency among all the samples. Inter-
estingly, a significant frequency shift was observed within 
the initial 10 million load cycles, amounting to 0.54 Hz. 
The sample underwent continuous testing, with a load 
cycle of 10 million cycles per day. The frequency of the 
sample exhibited changes following overnight interrup-
tions. Specifically, after a 10-hour pause, the morning 
frequency surpassed the frequency recorded the night 
before.

In Fig. 5, a, two envelope curves are depicted. Curve 1 
portrays the frequency when the testing installation is 
operational, while Curve 2 represents the frequency 
once the testing installation is halted after daily opera-
tion. Curve 1 delineates the alteration in the initial fre-
quency (“on” frequency), whereas Curve 2 showcases the 
modification in the final frequency (“off” frequency). The 
daily fluctuations in frequency during the cyclic testing 
period fall within the range delineated by the two curves. 

Another frequency response is illustrated in Fig. 5, b, 
represented by a discontinuous line. The vertical steps 
correspond to frequency shifts following overnight inter-
ruptions. The sloped lines indicate daily frequency varia-
tions as the number of load cycles increases.

 Conclusions

We proposed a procedure along with equations to esti-
mate stresses on steel samples of various shapes. This 
estimation allows us to assess the frequency characteristic 
alterations during cyclic loading, following the “soft” can-
tilever bending scheme applied to flat samples with sinu-
soidal loading. This approach proves to be an effective tool 
for analyzing the frequency stability and variations in non-
continuous fatigue tests. Moreover, it can be employed to 
gauge material internal friction and energy dissipation, 
facilitating the determination of damping capacity.
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Аннотация. В статье рассмотрены основные конструктивные особенности мини-станов радиально-сдвиговой прокатки (РСП), их наиболее 

распространенные типоразмеры. Описан обобщенный алгоритм проектирования таких станов с применением современных CAD систем. 
Перечислены основные подходы к методологии программного адаптивного проектирования моделей в инжиниринге, приведены их 
особенности и различия. В частности, рассмотрены методологии горизонтального моделирования, моделирования с явными ссылками 
и устойчивого моделирования. Описана методика виртуальных пережимов, приведена основная геометрическая схема пространственного 
положения валков продольного профиля. Полученные в результате расчетов данные закодированы и сведены в таблицы. Приведенные 
формулы использованы при параметрическом проектировании валкового узла трехвалкового стана РСП на примере типоразмера «30-70» 
в программной среде Autodesk Inventor. Полученная параметрическая модель, используя классические формулы методики виртуальных 
пережимов, позволяет автоматически перестраивать очаг деформации для новых исходных параметров. Разработанная модель применима 
для трехвалковых станов, имеющих углы раскатки рабочих валков δ = 5 – 15° и углы подачи β = 18 – 22°. Приведены эскизы и эпюры 
построенной модели для различных углов раскатки – 5, 10 и 15°. При увеличении угла раскатки заметно значительное увеличение конусности 
валка. Обозначен вектор будущих исследований по доработке и совершенствованию полученной программной модели. Дальнейшие 
исследования по доработке параметрической модели будут включать в себя расширение набора имеющихся параметров для добавления 
в компьютерную модель станины и валковых узлов, включая опоры, подушки, крышки, нажимное и уравновешивающее устройство и т. д. 

Ключевые слова: винтовая прокатка, радиально-сдвиговая прокатка (РСП), мини-станы, технологический пережим, угол подачи, угол раскат-
ки, угол скрещивания, эксцентриситет, очаг деформации

  d.v.troitskiy@gmail.com
Abstract. The article discusses the main structural features of radial-shear rolling mini-mills and their most common sizes. A generalized algorithm for 

designing such mills using modern CAD systems is described. The main approaches to the methodology of software adaptive design of models in 
engineering are listed with their features and differences. In particular, the methodology of horizontal modeling, explicit modeling methodology, and 
resilient modeling strategy are considered. The article describes the method of virtual squeezes and presents the main geometric scheme of the spatial 
position of the rollers of the longitudinal profile. The data obtained as a result of the calculations were encoded and summarized in tables. The formulas 
presented were used in the parametric design of the roller unit of the three-roller mill 30-70 using Autodesk Inventor software. The obtained parametric 
model, using classical formulas of the virtual squeezes method, allows for automatic reconstruction of the deformation zone for new initial parameters. 
The developed model is applicable for three-roller mills with working roll angles δ = 5 – 15° and feed angles β = 18 – 22°. The article presents sketches 
and diagrams of the constructed model for different rolling angles – 5, 10, and 15°. As the rolling angle increases, a noticeable increase in the conicity 
of the roller is observed. The vector of future research on improving the obtained software model was indicated. Further research on improving 
the parametric model will include expanding the set of existing parameters to include the frame and full set of roller connections – neck, cover, 
pressing device, etc. 

Keywords: helical rolling, radial-shear rolling (RSR), mini-mills, technological squeeze, feed angle, rolling-off, crossing, eccentricity, deformation zone
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 Introduction

Modern radial shear rolling (RSR) mini-mills are 
characterized by a simple design, utilizing optimal feed 
angles (18 – 22°) and rolling angles (not exceeding 
10 – 12°) [1]. Typically, these mills are specifically assem-
bled for the production of particular products, determined 
by the mill’s dimensions and structural features. Despite 
their compactness and high mobility, these mills offer 
a wide range of full-scale capabilities. Helical rolling 
mini-mills align with the requirements of lean produc-
tion [2] and facilitate the application of innovative RSR 
methods, which enhance the material properties of long 
products through intensive plastic deformation [3; 4]. 
For examp le, pure magnesium has shown significant 
improvement in its mechanical properties through three 
roller helical rolling, attributed to changes in its micro-
structure [5]. Resear chers in [6; 7] have documented 
the formation of a gradient structure and the improved 
properties of austenite stainless steel AISI 321. The tech-
nological capabilities of RSR mini-mills have been suc-
cessfully tested using titanium rods in accordance with 
specific requirements [8].

For example, the «30-80» three-roller piercing mini-
mill is specifically designed for hot piercing of ingots 
into shell with a bottom [9 – 11]. It utilized a wedge lock 
device as a screw-down mechanism, and the rollers are 
characterized by pre-feed and rolling angles according 
to the design. The mini-mill stands out for its mobility, 
compactness, and the absence of the need for assembly 
on a power basement. 

Furthermore, numerous industrial and research entities 
have successfully implemented the «14-40» three-roller 
helical mini-mills [1; 12]. A comprehensive overview 
of the main designs and specifications of RSR mini-mills 
can be found in [1]. These new-generation mini-mills 
exhibit lower metal intensity, reduced energy consump-
tion, and offer simplified operation compared to small 
section mills using longitudinal rolling techniques. This 
makes them particularly attractive to small and medium-
sized companies operating in the metallurgy and mechan-
ical engineering sectors.

Previously, researchers [13 – 15] developed a syste-
matic approach to the design of mill stand based on the uni-
fied “metal deformation–mill design” system, enabling 
the production of items with predetermined properties.

The new mill stand designs are based on several key 
principles: the use of a close-top roll housing, position-
ing the working rollers at consistent angles of feed and 
rolling, and separation the actuating mechanism of roller 

positioning from direct action of the rolling force. These 
design principles have not only simplified the mini-mill 
design but also improved its operational conditions.

Typically, the design process for such mills begins 
with the deformation zone and the predetermined main 
geometrical profiles of the rollers and rolled ingots. 
Given the wide range of dimensions for RSR mills and 
the need to design custom equipment to meet specific cus-
tomer demands, it is advisable to utilize the parametriza-
tion capabilities available in most modern CAD systems 
during the design process. These capabilities significantly 
reduce the time required for developing computer models 
and facilitate subsequent refinement and error elimination.

Modern CAD systems offer parameterization capabi-
lities, allowing for the creation of a wide range of para-
meters. These parameters can be static (representing 
a fixed value), calculated (expressed through mathemati-
cal equations based on static parameters), or reference 
(referring to the actual value of existing geometry for 
use in other geometrical units). CAD systems enable 
the establishment of semantic connections between 
const ructed geometry and developed parameters of any 
type, thereby creating associative bonds between diffe-
rent components of the designed equipment. 

The choice and implementation of an appropriate design 
methodology play a crucial role in the design process. 
A well-defined methodology allows for the deve lopment 
of a unified approach to constructing associative bonds 
and establishing parametric dependencies between indi-
vidual units [16]. This formalization of parametric simula-
tion methods brings the design process closer to the origi-
nal intent of the engineer [17], promotes standardization and 
internal consistency within the simulated model, reduces 
development time, and maximizes the potential for reus-
ing previously deve loped parts and units. Employing 
an appropriate and well-designed metho dology enables 
faster modifications of models compared to an informal 
approach [18; 19]. The deve lopment of design methods is 
closely tied to the advancement of CAD systems and their 
application in engineering design tasks. Ultimately, these 
me thods represent the accumulated engineering expe-
rience of researchers aimed at enhancing the flexibility 
and validity of the designed mo dels [20]. An incorrect or 
non-formalized methodology can have a negative impact 
on the overall quality of the model and the time required 
for the design process [21]. There are documented cases 
where the correct selection of a methodology, particularly 
in the context of MDO (Multidisciplinary design optimi-
zation) tasks, has led to significant achievements in air-
craft production [22]. 

Для цитирования: Троицкий Д.В., Гамин Ю.В., Галкин С.П., Будников А.С. Параметрическая модель трехвалкового узла мини-стана 
радиаль но-сдвиговой прокатки. Известия вузов. Черная металлургия. 2023;66(3):377–386.
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There are three formalized methodologies known for 
developing computer models, aimed at enhancing model 
flexibility, reduction development and modification time, 
and improving overall model stability. 

Horizontal Modeling methodology: This simula-
tion strategy, patented by Delphi Technologies [23], focuses 
on reducing critical errors that may arise during model 
modification by elimination of dependences in the existing 
geometry and parameters. Traditional CAD systems typi-
cally employ a vertical tree structure for elements, which 
can lead to errors when modifications are made. The Hori-
zontal Modeling Methodology proposes minimizing such 
dependencies and instead referring to unaffected initial ele-
ments, such as basic planes and the center of coordinates. 
This transforms the vertical tree structure into a horizontal 
one, reducing the occurrence of errors.

Explicit Reference Modelling methodology (ERM): 
Proposed in [18], ERM aims to minimize the number 
of dependencies and restrictions related to the current 
geometry in the model, as it tends to vary with changes in 
the model. Instead, references are used, which can refer 
to auxiliary geometric objects. Unlike the Horizontal 
Modeling Methodology, ERM is focused on maintaining 
the global concept of parametrical approach.

Resilient Modeling methodology [24] was intro-
duced in [25]. This methodology emphasizes the crea-
tion of robust models with extensive possibilities for 
reusing units and elements. It involves optimizing parent-
child dependencies and organizing the structure of ele-
ments in a more comprehensible manner.

Each of these methodologies has its advantages and 
disadvantages depending on the pattern of the developed 
model. The key criterion for the operability of a paramet-
ric model is its ability to adapt to changes made to its ele-
ments. The operability of these methodologies has been 
demonstrated in various optimization scenarios, includ-
ing the automatic generation of numerous geometrical 
variations and units [26].

This work focuses on the parametric simulation of a 
roller unit using generalized algorithm for design-
ing of deformation zone of a three-roller RSR mill in 
Autodesk Inventor software. The model is developed fol-
lowing the recommendations of the Explicit Reference 
Modelling.

 Formulation of the problem
 

and experimental methods

 Geometry of the spatial position of longitudinal
 

profile rolls

In order to construct and calculate the geometry 
of the spatial position of longitudinal profile rollers, 
a procedure known as virtual squeezes is utilized, which 

was developed and proposed for calculations of RSR 
mini-mills [13]. This procedure is based on invariant 
geometry relations of RSR mills, taking into account 
changes in virtual angles of feed and rolling along 
the axis of the deformation zone. It allows for efficient 
parametrization of roller dimensions and the deforma-
tion zone [14]. The procedure is based on the layout 
depicted in Fig. 1, a, where:

– З represents the considered cross section of the ingot 
with radius rP and center at О; 

– В represents the cross section of the roller with 
radius RP and center at ОВ , in contact with the ingot cross 
section З at point F; 

– Ol and CL are the rolling axes for the ingot and 
the deformation area, respectively; 

– GGB is the common perpendicular (eccentricate) with 
length Е to the roller and rolling axes, meaning OGGB =  
= CGBG = 90°; 

– ОС is the line perpendicular to the rolling axis 
with length Р, intersecting the roller axis, denoted as  

СOG = 90°. In drum type mills, it is positioned 
on the drum axis; 

– β, δ, γ represent the angles of feed, rolling and cross-
ing, respectively. 

The set of notions used, such as technological squeeze, 
geometrical squeeze, and design layout, were introduces 
in [27; 28]. According to the procedure, the determi-
nation of the roller profile is simplified to calculating 
the radius of the roller’s cross section that will come 
into contact with the ingot’s cross section of a known 
radius ri . This contact point is located at a known dis-
tance Δli along the rolling axis from the technological 
squeeze (from point О) (Fig. 1, b).

 Calculation of roll calibration using
 

the deformation center

Now, let us illustrate the calculations based on the pro-
cedure by determining the roller radius in extreme cross 
section of the deformation zone using the initial data for 
«30-70» mill (Table 1). The roller diameter in the squeeze 
is chosen to ensure the minimum pass without the roller 
surface crossing. The maximum feasible roller diameter 
in the squeeze, taking into account the feed and rolling 
angles, as well as the gap between rollers, is determined 
by the equation [29] 

      (1)

where  is the maximum possible diameter in the 
squeeze, mm;  is the minimum roller pass diameter 
in the squeeze, mm; Δ is the gap between adjacent rollers, 
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mm; φ is the inclination angle of the generator of the input 
roller cone, deg; k is the coefficient that relates the roller 
diameter to the pass diameter. 

The coefficient k incorporates parameters such as 
the feed angle β, rolling angle δ and the number of opera-
ting rollers, and can be determined using the equation:

         (2)

These conditions are subsequently verified by analy-
zing interference in the CAD system.

Fig. 1. Diagram of the relative position of the axes of roll CL and rolling Ol (a); designations of geometric dimensions 
of deformation focus and roll (b):

thick red line – deformation focus, double – roll; 1, 2 – sections of input and output, respectively; P – section of technological squeeze

Рис. 1. Схема взаимного расположения осей валка CL и прокатки Оl (a) и обозначения геометрических размеров 
очага деформации и валка (b): 

красная толстая линия – очаг деформации; двойная – валок; 1, 2 – сечения входа и выхода соответственно; 
Р – сечение технологического пережима

T a b l e  1

Source data for the calculation example

Таблица 1. Исходные данные для примера расчета

Parameter Notation Units of 
measurement Value

Feed angle β deg 20
Rolling angle δ deg 5
Roller radius in squeeze RP mm 80
Ingot radius in squeeze rp mm 15
Input cross section of deformation zone:

– radius
– distance to squeeze
– roller cross section radius
– distance from roller cross section center to roller 
cross section center in technological squeeze

r1
Δl1
R1

XR1

mm
mm
mm

mm

25
80
?

?
Output cross section of deformation zone:

– radius
– distance to squeeze
– roller radius
– distance from roller cross section center to roller 
cross section center in technological squeeze

r2
Δl2
R2

XR2

mm
mm
mm

mm

16.5
–80

?

?
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The calculated data obtained are sufficient for plotting 
the roller calibration for three cross sections The calcu-
lated results are summarized in Table 2.

Similar calculations for roller unit calibration can be 
based on a higher number of cross sections to achieve 
greater precision. The calculation process for each cross 
section is similar to the aforementioned procedure. 
By using the described algorithm, it is possible to create 
a table of roller calibration with required step for produc-
tion using a numerically controlled machine.

 Key experimental findings

The Explicit Reference Modeling methodology was 
chosen as the foundation for this work. All calculated 
parameters from Tables 1 and 2 were incorporated as user 
parameters into the Autodesk Inventor models. These 
parameters are directly calculated and determined within 
the Autodesk Inventor software. 

To simplify the calculations within Autodesk Inventor, 
all the parameters are encoded as two-symbol variables 
(consisting of a Latin letter and a digit). The parameters 
are categorized as follows: 

– parameters X: these serve as the main initial data for 
the model calculation; 

– parameters A: these are used to determine the para-
meters of technological and geometrical squeezes;

– parameters B: these are used to determine the para-
meters of the virtual squeeze in cross section 1 of the defor-
mation zone input; 

– parameters C: these are used to determine the para-
meters of the virtual squeeze in cross section 2 of the defor-
mation zone output.

A comprehensive list of the parameters is provided in 
Table 3. The accuracy of the constructed model is veri-
fied using the parameters X1, X2, A2, B5, B6, C5 and C7. 
The following relationship holds true for these parameters:

cosX1 cosX2 = cosB5 cosB6 =

              = cosC5 cosC7 = cosA2. (3)

The deformation zone in the model is created using 
a 3D sketch. The explicit parameters of this sketch are 
linked to the user-defined parameters. When the depen-
dencies and initial data (X) are correctly established, 
the 3D sketch of the model will have zero degrees 
of freedom. This means that the constructed geometry 
variant is the only possible one given the preset param-
eters. Removing any initial parameter (X) will introduce 
degrees of freedom to the deformation zone model.

The layout of the mutual position of the roller and 
rolling axes is depicted in Fig. 2.

Fig. 3 illustrates the parameters A, B and C, which are 
used to construct the geometrical and technological roller 
squeezes.

The deformation zone is constructed starting from 
the technological squeeze on the rolling axis, which 
serves as the common coordinate center of the model O. 
The rolling axis is plotted passing through the coordi-
nate center. The distance l between technological and 

T a b l e  2

Results of calculation of calibration parameters  
for three sections

Таблица 2. Результаты расчета параметров калибровки  
по трем сечениям

Cross section
Deformation 

zone, mm Roller, mm

Δli ri ХRi Ri

Input 1 80 25 78.001 80.512
Technological 
squeeze, Р 0 10 0 80

Output 2 –80 16.5 –80.320 76.034

T a b l e  3

Parameter coding table

Таблица 3. Таблица кодирования параметров

Nota-
tion Parameter Equation in Autodesk Inventor Equation

Initial (main) parameters
X1 Feed angle β, deg Explicit value (20) Explicit value (20)
X2 Rolling angle δ, deg Explicit value (5) Explicit value (5)
X3 Roller radius in squeeze RP , mm Explicit value (80) Explicit value (80)
X4 Ingot radius in squeeze rP , mm Explicit value (15) Explicit value (15)
X5 Radius r1 , mm Explicit value (25) Explicit value (25)
X6 Radius r2 , mm Explicit value (16.5) Explicit value (16.5)
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T a b l e  3 (Continuation)

Parameter coding table

Таблица 3 (продолжение). Таблица кодирования параметров

Nota-
tion P arameter Equation in Autodesk Inventor Equation

Parameters of technological and geometrical squeezes

A1 Distance P between rolling axis and roller axis in 
squeeze, mm x4 + x3 / cos(x2)

A2 Crossing angle γ, deg acos(cos(x1) * cos(x2)) cosA2 = cosX1 cosX2

A3 Length of common perpendicular E, mm a1 * sin(x1) * cos(x2) / sin(a2)

A4 Distance L between technological and geometrical 
squeezes along the rolling axis, mm a1 * sin(x2) / (sin(a2) * sin(a2))

A5 Distance l between technological squeezes along
rolling axis, mm a4 * cos(a2) A5 = A4 cosA2

A6 Distance LR from roller cross section center to
geometrical squeeze, mm a4 – x3 * tan(x2) A6 = A4 – X3 tanX2

Parameters of virtual squeeze in cross section 1 of deformation zone input

B1 Distance l1 to geometrical squeeze along rolling axis, 
mm a5 + x3 B1 = A5 + X3

B2 Distance L1 to geometrical squeeze along roller axis, mm b1 / cos(a2)

B3 Distance P1 between rolling axis and roller axis in 
perpendicular to rolling axis, mm

sqrt((b1 * tan(a2)) ^ 2 бр + (a3) 
^ 2 бр)

B4 Distance PN1 between rolling axis and roller axis in 
perpendicular to roller axis, mm

sqrt((b1 * sin(a2)) ^ 2 бр + (a3) 
^ 2 бр)

B5 Rolling angle δ1, deg acos(b4 / b3)

B6 Feed angle β1, deg atan(a3 * tan(a2) / b3)

B7 Roller radius R1, mm cos(b5) * (b3 – x5) B7 = cosB5 (B3 – X5)

B8 Distance LR1 from roller cross section center to
geometrical squeeze, mm b2 – b7 * tan(b5) B8 = B2 – B7 tanB5

B9 Distance XR1 from roller cross section center to roller
cross section center of technological squeeze, mm b8 – a6 B9 = B8 – A6

Parameters of virtual squeeze in cross section 2 of deformation zone output

С1 Distance l2 to geometrical squeeze along rolling axis, 
mm a5 – x3 C1 = A5 – X3

С2 Distance L2 to geometrical squeeze along roller axis, mm c1 / cos(a2)

С3 Distance P2 between rolling axis and roller axis 
perpendicular to rolling axis, mm

sqrt((c1 * tan(a2)) ^ 2 бр + (a3) 
^ 2 бр)

С4 Distance PN2 between rolling axis and roller axis in 
perpendicular to roller axis, mm

sqrt((c1 * sin(a2)) ^ 2 бр + (a3) 
^ 2 бр)

С5 Rolling angle δ2, deg acos(c4 / c3)

С6 Feed angle β2, deg atan(a3 * tan(a2) / c3)

С7 Roller radius R2, mm cos(c5) * (c3 – x6 ) C7 = cosC5 (C3 – X6)

С8 Distance XR2 from roller cross section center to roller
center of technological squeeze, mm c2 – c7 * tan(c5) C8 = C2 – C7 tanC5

С9 Distance XR2 from roller cross section center to roller
center of technological squeeze, mm c8 – a6 C9 = C8 – A6
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geometrical squeezes along the rolling axis (parameter 
A5) is determined to obtain segment OG. An auxiliary 
line is drawn from the point O, perpendicular to seg-
ment OG. Along this line, the rod radius in the squeeze rP 
and the roller radius in the squeeze RP are consecutively 
plotted (parameters X4 and X3, respectively) to obtain 
the point C. The segment CGB (А4) coincides with 
the roller axis. Perpendiculars from segment OG are used 
to construct the feed angle β (parameter X1). Another 
auxiliary line is drawn from the top of angle β, paral-
lel to segment ОС. Point GB is obtained by intersecting 
this auxiliary line with the perpendicular. The eccentri-
cate E (parameter A3) is plotted from point G to intersect 
the auxiliary line. The construction of the other virtual 
squeezes follows a similar procedure.

Figures 4–6 depict the parametric models of con-
structed roller–body assemblies for various mill dimen-
sions.

These models can be used to simulate the deforma-
tion zone and design roller parts for three-roller mini-
mills. The developed parametric model is suitable for 
three-roller mills with rolling angles of working rollers 
δ ranging from 5 to 15° and feed angles δ ranging from 
18 to 22°.

Notable features of these models include fast con-
struction and reconstruction of roller joints using parame-
trization. By employing universal modular joints between 
individual parameters of each model and mini-mill units, 
the design time for mills can be significantly reduced. 

Fig. 2. Adaptive scheme of relative position of the axes of roll and rolling (β = 20°, δ = 5°) 

Рис. 2. Адаптивная схема взаимного положения осей валка и прокатки (β = 20°, δ = 5°)

Fig. 3. Parameters used to construct geometric sections: A (a), B (b), C (с) 

Рис. 3. Параметры, используемые для построения геометрических пережимов: А (а); В (b); С (с)
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Fig. 4. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle δ = 5°:
axonometry (а); side view (b) 

Рис. 4. Адаптивная модель построенного валка-бочки типоразмера «30-70» с углом раскатки δ = 5°:
аксонометрия (а); вид сбоку (b)

Fig. 5. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle δ = 10°:
axonometry (а); side view (b) 

Рис. 5. Адаптивная модель построенного валка-бочки типоразмера «30-70» с углом раскатки δ = 10°:
аксонометрия (а); вид сбоку (b)

Fig. 6. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle δ = 15°:
axonometry (а); side view (b) 

Рис. 6. Адаптивная модель построенного валка-бочки типоразмера «30-70» с углом раскатки δ = 15°:
аксонометрия (а); вид сбоку (b)
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Additionally, the constructed model ensures the produc-
tion of high-quality items based on the specified initial 
model parameters (X).

Fig. 7 illustrates the deformation zone consisting 
of three rollers. The deformation zone can be obtained 
by utilizing a circular array or creating an assembly by 
positioning the rollers around the sketch at a 120° angle, 
in accordance with the preset rolling and feed angles.

The parametrization method greatly facilitates 
the design process of roller joints and rolling mills, 
reducing the manual effort required for adjusting parts 
and angle ratios.

 Conclusions

By applying a parameterizable design algorithm, engi-
neers can efficiently develop a computer model. Specifi-
cally, the method for plotting the deformation zone, based 
on the radii of the rolled ingot, roller, feed angle, and 
rolling angle, enables the rapid creation of a 3D model for 
roller calibration and the deformation zone. This model 
serves as a foundation for selecting other structural units 
of the mill. 

The algorithm for designing the deformation zone was 
developed as a function of adjustable parameters, which 
are utilized for parametrization within a CAD system. 
The algorithm is based on the concept of virtual squeezes, 
which leverage the invariant relationships of RSR roller 
geometry in relation to the desired parameters of the tech-
nological squeeze. These parameters include the diameters 
of the roller and rod, as well as the feed and rolling angles 
along the rolling axis and/or roller axis. In the develop-
ment of the computer model for the roll joint of the “30-70” 
mill, an explicit reference simulation methodology was 
employed, incorporating parameterizable properties that 

can be varied based on the mill’s objectives and specific 
design requirements. The resulting model is adaptive, 
allowing for the easy determination of dimensions and 
spatial positions of rollers and the deformation zone in 
the mini-mill.

Further research efforts will focus on the develop-
ment of an adaptive parametric model, encompassing 
the assembly of component units such as the shaft and 
body of working roller, bearing supports, pads, screw-
down mechanism, and stands.
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