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DEGREE AND DEPTH OF HARDENING UNDER PENDULUM
SURFACE PLASTIC DEFORMATION OF CARBON STEEL
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| Irkutsk National Research Technical University (83 Lermontova Str., Irkutsk 664074, Russian Federation)
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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 = 0.15 — 0.2 mm; longitudinal feed s =0.07 — 0.11 mm/rev; billet rotation frequency n, = 160 — 200 min™'; frequency of the working
tool pendulum movement 7, = 110 — 130 strokes/min; angular amplitude of the working tool o = 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.

Keywords: carbon steel, hardening degree, hardening depth, surface plastic deformation, hardness, microhardness, processing mode, surface layer, statistical
calculation
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CTENEHb YNPOYHEHUA U TNYBUHA HAKNENA
nPU MAATHUKOBOM NMOBEPXHOCTHOM NNACTUYECKOM
AEGOPMUPOBAHUU YINEPOLUCTON CTANU
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| UpkyTtckuii HaMoOHANBLHBII Hccle 0BaTebcKHil TexHnYecknii yauBepeuret (Pocenst, 664074, UpkyTck, yn. JlepmonTosa, 83)
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AnHomayus. B cratbe paccMarpuBaeTCsl BIUSHHE OCHOBHBIX TEXHOJOTHUECKHMX [apaMeTpPOB MasTHUKOBOTO MOBEPXHOCTHOIO ILIACTHYECKOTO
nedopmupoBanust (ITI1/]) Ha MexaHHUecKHMe CBOWCTBAa IMOBEPXHOCTHOTO CJIOSI IHJIMHAPUYECKUX JeTaledl W3 YIIEepPOJUCTON CTalu.
C ucnons3osanuem tBepromepa HBRV-187,5 n mukporsepnromepa HMV-G21 onpezenensl TBEpIOCTb TOBEPXHOCTHOTO CI0sI, MUKPOTBEPAOCTh U
DTyOMHA HAKJICTIAHHOTO CJI0sl YIPOYHEHHbIX Jetanei. [IpencraBieHsl pe3yabTarsl [0 pacuyeTy CTENeHH YIPOUHEHHs, KOTOPBIE SBIISIOTCS BAYKHOM
nHpopManueit 1 oreHkn dpdextuBHOCTH criocoba IMI1]] ¢ ToUKy 3peHns YIydIIeHHs MCXaHHISCKUX CBOICTB MeTalIa. DKCIEPUMCHTAIbHbIC
HCCIIe0BaHMs TTOKa3au, 4To rnocie MastaukoBoro IITJ] (mpu pasHbIX peskrMax 00pabGOTKH) TBEPAOCT MOBEPXHOCTHOTO CJI0sI HOBBIILIACTCS HA
9 — 12 % 1o cpaBHEHHIO C TBEPAOCTIO UCXOAHON TOBEPXHOCTH, & MUKPOTBEPAOCTb Bo3pacTaer B 1,5 — 1,7 pa3, 4To NPUBOAUT K 3HAUUTEIILHOMY
YIPOYHEHHIO TIOBEPXHOCTHOTO CJIOSI IIMJIMHAPHYECKO# 3aroToBKH. [TTyOrHa yrpoueHHOTo ciiosi BapbupyeTcst B uHTepsaie 0,9 — 1,1 mm, npu 3Tom
CTEIIeHb YIPOYHCHUS cocTaBisieT 45 — 65 %. C momomnisio mporpaMMHOro nakera Statistica 10.1, mo3BOJISIONIETO pelaTh 3a{a4d ONTHMH3ALIH
Ha OCHOBE CTaTHCTHUYECKOTO aHaJN3a, IOCTPOEHa MOJIEIb ONTUMH3ALNHU U ONPEIeICHbI ONTUMAIbHbIC PEKUMbI YIIPOUHEHHS ITPU MasTHUKOBOM
I, o6ecneynBaronue 0AHOBPEMEHHO 1 MAKCUMAJIbHYIO INIyOUHY YIIPOYHEHHOTI'O €105, U HAUOOJIBIIIYI0 CTENEHb YIIPOYHEHHUS TOBEPXHOCTHOIO
ciost. ONTUManbHBIE PEXKHUMBI YIPOUHEHUsT (OPMHUPYIOTCS MPH CIEAYIONMX peXuMax o0paboTku: panuaneHbiii Hatsar = 0,15+ 0,2 mm;
npozonbHas nopaya s = 0,07 + 0,11 MM/06; 4acToTa BpaluleHus 3aroToBku 7, = 160 + 200 MHH !} 4acTOTa MasTHUKOBOTO JBHXKEHHsSI pabodyero
unctpymenta n, = 110 + 130 1B.xon/MuH; yrioBas amILIMTYaa pabodero MHCTpymMeHTa o =35+ 40°. Ilo pesyabraTaMm 3KCIEPUMEHTANIbHbIX
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JAHHBIX M YUCJICHHBIX PACYETOB YCTAHOBIICHO, YTO CPEAHU pazmep 3epeH npu mastHukoBoM IITJ] ymenbmaercs Ha 30 — 40 % 1o cpaBHEHHIO
C UCXOIHBIM Pa3MepOM, a INIOTHOCTb JHUCIOKALUH BO3pacTaeT B 2,5 pasa.

Kniouesvle cao08a: yrnepoaucras CTaib, CTEHEHb YHPOYHEHHs, DIyOMHA HAkKJeNa, MOBEPXHOCTHOE IIACTHYeCKoe JIe(OpMHUpOBAaHHE, TBEPAOCTD,
MHKPOTBEP/IOCTh, PEIKUMbI 00PAOOTKH, MOBEPXHOCTHBII CIION, CTATUCTHYECKUIT pacyeT

/s yumupoeanus: 3aiinec C.A., Xo Munp Kyan. CreneHp ynpodHeHust U ITyOWHA HaKIena MpH MasTHUKOBOM MOBEPXHOCTHOM ILIACTHYECKOM
e OpMHUPOBAHNH YIIICPOANCTON CTalH. M3eecmus 8y308. Yeprnas memannypeus. 2023;66(3):272-282.
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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,
witnessing 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 1.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.

]l 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 / is rotated about
its centerline. The tool is pressed onto the surface and
moved with a radial interference ¢. 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 a angle range.

For the experiments, we utilized a 1K62 Ilathe.
The upper carriage was replaced with the sector-shaped
tool drive (Fig. 2). The tool’s specifications include a sec-
tor radius R, = 65 mm; an edge fillet radius r_ | = 3 mm;
and it’s made of R18 HSS material. The lubricant used
was [-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
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Fig. 1. Scheme of pendulum surface plastic deformation («a):
1 - billet; 2 — deforming element; 3 — working sector of the tool;
b —rolling scheme; ¢ — sliding scheme in the contact zone

Puc. 1. Cxema MasTHUKOBOTO ITOBEPXHOCTHOT'O IIIACTHYECKOTO
nedopmupoBanus (a):
1 —3aroToBKa; 2 — 1e(OpMUPYIOLIHIL HIEMEHT;
3 — pabouwmii CeKTOp HHCTPYMEHTA;
b — cxema KaueHUsl; ¢ — CXeMa CKOJILKEHHs B 30HE KOHTaKTa

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
variables were determined as follows: radial interference
t=0.07 mm; longitudinal feed s=0.07 mm/rev; billet
rotation frequency n, = 100 rpm; tool angular amplitude
a =+20°; and tool frequency n, , = 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 (HNO;) 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. 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

Puc. 2. O6uwmii Bux ycrpoiictsa st MasitTHukoBoro [1I1/] Hapy»KHBIX TOBEPXHOCTEH IITHHAPHUCCKHIX [IeTaICH:
1 — ocHOBaHUeE; 2 — 33IHUH LEHTP; 3 — MOTOP-PEAYKTOP; 4 — CEKTOPUAIIBHBIN Paboumii HHCTPYMEHT C PAJNyCOM CKPYIJICHHUS;
5 — oOpabateIBaeMblit 00paselr; 6 — TPEeXKyIauyKOBBIi ATPOH; 7 — MaHENb YIPaBICHHUS MapaMeTpaMi JIBIKCHUsI pab0uero HHCTPYMEHTA
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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 HV , 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 x500
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 HV ,. Subsequent to the pendulum tool treatment,
microhardness at a depth of 50 um beneath the surface
surged to 320 HV .

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, 7, n,,

n,.) 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

Table 1

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

Tabnuya 1. TBepAOCTH MOBEPXHOCTHOIO CJI0S IIUJIHHAPUYECKHUX AeTaseil npu magTHukoBom ITTIJT
(ucxonnas Teepaocts HRB, = 84,8)

Longitudinal feed, mm/rev 0.07 | 0.11 | 0.13 | 0.17 | 0.23
Hardness, HRB 94.1 937 | 935 | 932 | 93.0
Radial interference, mm 0.05 | 0.07 | 0.10 | 0.15 | 0.20
Hardness, HRB 937 | 94.1 943 | 946 | 948
Billet rotation frequenc, rpm 80 100 125 160 | 200
Hardness, HRB 938 | 94.1 942 | 948 | 95.6

Pendulum tool frequency, double strokes/min | 40 55 80 100 120

Hardness, HRB 93.6 | 94.1 943 | 946 | 94.7
Range of the angular tool movement, deg +15 | £20 | £25 | £30 | £37
Hardness, HRB 93.8 | 94.1 943 | 945 | 948
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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

Puc. 3. Pacnpenenenne MUKpOTBEPAOCTH 110 ITyOMHE TOBEPXHOCTHOTO
ciost ipu MasitHukoBoM ITIT/] (B 6a30BBIX pexxuMax 00pabOTKM):
1 — o MIIII/; 2 — mocie MITIIT/L

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:

_HV, - HY,

CH 100 %; (1)

1

where HV | represents the initial microhardness of the sur-
face layer; HV, 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 varied

within the range 0f 45 to 65 %. Fig. 5 illustrates the curves
depicting the relationship between hardening rate and key
process variables (s, ¢, n,, n,_ ).

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:

7.3s> +3s+2.1;

691 +17t+7.8;
h= ) (2
0.051%,, + 1.6, +6.6;

0.87n; +0.4n, +0.9;

9.3s% + 55 + 25;

9.9/ +1.7t+5;
CH = 5 (3)
0.7n,5+ 0.5, 6;

7.9n¢ +0.3n, + 4.

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-

Table 2

Microhardness (HV,) on the surface and hardening depth (%) under pendulum SPD

Tabnuya 2. Muxporsepaocts (HV ) ,) Ha moBepxHocTH 1 IilyOuHa Hak/iena (k) npu MasTHuKoBbIM T

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
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Fig. 4. Dependence of microhardness and hardening depth

Puc. 4. 3aBUCUMOCTH MUKPOTBEPIOCTH U ITyOUHBI YIIPOUHEHUS
OT OCHOBHBIX MapaMeTpoB MasTHukoBoro ITITJ1:
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Puc. 5. 3aBUCHMOCTb CTENEHH YIIPOUYHEHUs

OT OCHOBHBIX IapaMeTpoB MasTHUKoBoro ITIT/T:

s(a); 1(6);n, (8);m,, (2)

Influence of the main parameters of pendulum SPD on hardening degree

Tabnuya 3. BnusiHue 0CHOBHBIX NapaMeTpoB MasiTHUKOBOTO [T/l Ha cTeneHs ynpoyHeHuUst

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

Table 3
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able. For instance, the parameters # and HR exhibit
a direct proportionality with a, t, n,, n, , 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.
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1.2 []<0.975
AA | [ <0.850
28 40
s
S< 0f
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=g 0%
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0 e,
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.
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B 1025
Bl <1.025
] <0.925
I <0.825

Hardening
depth, mm

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 um. 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 pm for fer-
rite and 30 um for pearlite, while the average lengths are
35 pm for ferrite and 40 pm for pearlite.

M >1.275
B <1.275
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B <0.925

Hardening
depth, mm

Il >0.91
B <091
[]<0.85
B <0.79

Hardening

Fig. 6. Depth response surfaces of the hardened layer of cylindrical surfaces under pendulum SPD depending on:
tand s (a); t and n, (6); n,and n, (6); 0. and s (2)

Puc. 6. TToBepXHOCTH OTKJIMKA TIYOUHBI YIIPOUHEHHOTO CJIOSI [IMIMHAPHYECKOM TOBEPXHOCTH TpH MasiTHHKOBOM [1I1/] B 3aBUCHMOCTH OT:
tus(a);tun (6);n, un (6);aus(2)
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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

Table 4
Parameters and modes of pendulum SPD providing an increase
in physical and mechanical properties of the surface layer
Tabnuya 4. TlapameTpsl 1 pexxumsbl MasiTHHKOBOro ITT1/1, o6ecneunBalomme nopsileHue
MeXaHHYeCKHX CBOICTB MOBEPXHOCTHOIO CJIOSI
. Process variables Optimized variables
Layer properties ;

t, mm s, mm/rev | o,deg |n_, double strokes/min | 7, 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
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Table 5

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

Tabnuya 5. MEUKPOCTPYKTYpa YIPOUHEHHOT0 cj10s (cTaab 45) nocie masTHukosoro ITITJT

Microstructure of a hardened sample, 45 steel grade (x500)

Section -
Cross section

Longitudinal section

Surface area

Core areca

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

0.27(HV, — HV;) Y’
p= + Py 4)
amGb

where HV, represents the initial surface microhardness;
HYV, is the surface microhardness post plastic deforma-
tion; p,=10% cm™ is the initial dislocation density for
carbon steels. Works [22; 23] present an inter-disloca-
tion interaction parameter for ferritic steel as o = 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"% cm.

With the given values, we calculated the disloca-
tion density 50 um beneath the surface following pen-
dulum tool treatment in the baseline mode, resulting in
a value 0f 2.28-10% cm™.

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-
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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 (n, =160 +200 min™"; n_ =110+ 130 double
strokes/min; t=0.15+ 0.2 mm; s =0.07 =~ 0.11 mm/rev;
o = 35 + 40°), we have successfully determined the set-
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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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INVESTIGATION OF THERMAL MODE OF HOT-ROLLING MILL
WORKING ROLLS IN ORDER TO IMPROVE THE ACCURACY
OF CALCULATING THE THERMAL PROFILE OF THEIR BARRELS’ SURFACE
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I Cherepovets State University (5 Lunacharskogo Ave., Cherepovets, Vologda Region 162600, Russian Federation)
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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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MUCCNEQOBAHUE TENJIOBOIO PEXXUMA PABOUYUX BAJIKOB
CTAHA FTOPSIYNEN NMPOKATKM C LUENDbIO NOBbILWEHNUA TOYHOCTU PACHETA
TEMMEPATYP MOBEPXHOCTEM UX BOYEK

J. J1. IlllaraeBckumii ©

| Yepenosenxkwuii rocynapcrennsiii yausepeuteT (Poccust, 162600, Bonoronckas 06:1., Yepenoseu, np. JlyHauapckoro, 5)

& shal-dmitrij@yandex.ru

AHHomayus. TeroBoii pexum 004KH pabovero Bajika HEIPEPHIBHOTO CTaHA FOPsiYCH MPOKATKH — 3HAYMMBII (JaKTOP TEXHOJIOTHHU, KOTOPbIH BIHSET
Ha Ka4ecTBO (POPMBI CTAIBHOM MOJIOCHI, €€ MONEPEYHOE CeUeHHEe, CTOMKOCTh pPabounX BankoB. J[0CTOBEpHBIi pacyeT napaMeTpoB TEMIIEpaTypHOTo
PeKHMa MO3BOJISIET ONPEACIUTH (GOPMY TEIIIOBOTO MPOGHIIS ¥ HAMITYUIIYIO MPOGUINPOBKY HOBEPXHOCTH OOYKHU BaJIKa, TOOUTHCS yMCHBIICHUS
ne(eKTOB IIAHIIETHOCTH TOTOBOrO npokara. Hanbomnee pacnpocTpaHeHHO# siBiisieTcst OanaHCHas MOJIEIb TEIUIOBOTO PeXXKMMa Ballka, TOYHOCTh
KOTOPOH B 3HAYUTENBHOI CTENCHU ONpeNelsieTcs TeII0(pU3NISCKIMH TOCTOSHHBIMU, B YACTHOCTH KO3()(HLIUEHTaMH TEIMJIO00MEHA BaJIKOB:
KOHTAaKTHOTO — C IOJIOCOM M KOHBEKTHMBHOIO — C OXJaxKJIarouied Bomoi. VIMEIoTcsl pa3nuuHble CBEACHMS O 3HAYCHMSIX M METoJax pacdera
9THX KOA(PUIHUEHTOB, HO OOJBLIMHCTBO M3 HUX HE YUUTHIBAIOT HAJIMYKE Iay3 B PUTME NMPOKATKH YUCTOBOW TPYIIbI KIETEH, AIUTEIbHOCTD
KOTOPBIX 3HauuTe bHA. OTCYTCTBHE ydeTa 3TOro (akTopa BiIe4eT 3a co00ii CyIeCTBEHHbIE OIIMOKH B pacyeTax TeIIOBOr0 pexrMa O0YKH BaJiKa.
IIpoBesieH MacCUBHBIN SKCIIEPUMEHT, B X0JI¢ KOTOPOTO C ITOMOILBIO TepPMONApbl K3MEPEHbI TEMIIEPaTypPhl OBEPXHOCTEH O0ueKk pabounx BajIKOB
B HECKOJIBKHX TOYKaX IO MX JJIMHE CPa3y Ke MOCie BBIBAIKU. TakiKe ONMpe/eeHbl MapaMeTpbl MPOKATKU CTABHBIX MOJOC MEPE MepPEeBaIKOM:
KOO UIMEHTHI PUTMA MPOKATKH, 00XKATHsI MOJIOCHI B KIETSIX, PACXO/bl BOABI HA OXJIAXICHHE BAJIKOB M HEKOTOPBIC APYTHE MapaMeTphl.
B pesysbrare nmoay4eHo IMIUPUYECKOE YpaBHEHHKE [UIs pacyeTa KO3 (HUIMeHTa KOHTAKTHOTO TEMI000MEHa, yUYUTHIBAOIIEE OCHOBHBIC (DAaKTOPBI
TEXHOJIOTUH, B TOM YHCIE JUIMTEIBLHOCTD Iay3 B PUTME MPOKATKU. VICIONb30BaHHE YTOYHEHHBIX KOA(POUIIMEHTOB IJIsl pacdyera TeMIeparyp
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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
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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/(m?-°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:

Qwr Qcool wr Q((:):(zl.wr - Qbr = 0’ (1)
— for the backup roll:
Qbr Qcool br Qbrenv = ‘ (2)

In these equations, the heat amounts are defined as
follows: Q= represents the heat supplied to the WR
from the strip through contact and partially radiant
heat exchange; Q" and Q%  denote the amounts
of heat removed from the WR by the cooling water
at the inlet and outlet of the stand; Q, represents
the heat transferred from the WR to BR through con-
tact heat exchange; O, . represents the heat removed
by the cooling water from the backup roll; O, 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 (¢ )and BR (¢

avg.wr.i avg.br.i)'

Altwr+Bltbr :Dl;
Altwr +B2tbr :DZ'

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

Al = acont4ht4wrlsi + %D lwrt +

t— s D, ;):vlrl + Olgone e brDori'

Ay =By = = U Dinis

B, = %Dbrialbr + O gonenor Dori (20— @s) %abnenv;
Dy = 0 lsils +¥ Dwrla‘lwrl cooll T

+TE (PZD outt

lwrt cooll ;

Dbri

brenv“env *

¢
D2 = ?Dbrialbr tcooll + (2TC - (p5)

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

‘
Qbr
_A
s
] 1
ancool
in (p3
B vr.cool ou r
Q“ 1 Qwr.‘cool
Qwr
¢
! 0, ¢,
2 2
O
Qv‘vr:.cool Q\;:.cool
sum
Qcool

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

Puc. 1. Cxema TEIIOBBIX ITOTOKOB B KJIETH «KBapTO»:
1 — KOJIEKTOP ¢ (HOPCYHKAMH CHCTEMBI OXJIAXKICHHUS BAJIKOB;
2 — IPOBOJIKU-OTCEKATEIH BOJIbI OT MPOKATHIBAEMON MOJIOCHI
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—contact heat transfer coefficients: o
to WR; a WR to BR;

— convective heat transfer coefficients: a" ., o WR
to cooling water at the stand inlet and outlet; o, BR
to the cooling water; a, . BR to the air (all the heat trans-

fer coefficients are in W/(m?-°C));

strip

cont.ht.wr

cont.ht.br

— @, to ¢4 are the WR and BR circumference angles
in radians which define sectors with different heat transfer
coefficients (refer Fig. 1);

— other values: D__, D, - mid-body diameters of the /"
stand WR and BR, m; /_ length deformation area for the it
stand, m (pre-estimated using the rolling force model);
b, width of the elastic contact area between the WR
and BR, m (estimated using the Hertzian equations from
elasticity theory); 7, temperature of the cooling water
supplied to the rolls, °C; ¢ . strip temperature as it leaves
the deformation area of the i stand (pre-estimated with
the partial strip temperature model); 7, ambient (air) tem-
perature, °C.

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

_ Ble _B1D2 .

" Ale _A2BI ’ (3)
_ AIDZ - A2D1

" Ale _AzB1 '

The reliability of roll temperature estimation depends
on the contact and convective heat transfer coefficients:
o

in out

U'cont.ht.wr’ 0'cont.ht.br’ Opwrio Qpwris 1br> a’br.env'

Garber E. et al. [16; 17] presented equations for

i out .

the Olpnris Opris Opprs ey coefficients. The convec-
tive heat transfer coefficients between BR and cooling
water, and BR and environment (air) in these papers
are: ., = 1500 W/(m*-°C); o, . =400 W/(m*°C),
the contact heat transfer coefficient between WR and BR

acont,ht.br =40 kW/(mZ OC)‘

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

0'lwr.in ~ alwr.out =21 Vll + 21’000pco01 - 004[/;21 -

—71pk, — 14,590, W/(m?-°C), 4)

where V|, is the water spraying intensity over the roll

body width[ = , m%/(s'm?), V is the total volume
3 s

of water supplied to the WRs of the i stand, m%/s; b_is

the strip width, m); p_ . is the WR cooling water pressure,

atm.

The roll-to-strip contact heat transfer coefficient

o depends on:

cont.ht.wr
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— the length of the deformation area, which in turn is
determined by the contact stress;

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

) ) T
the downtime ratio: K, =—"

(1, is the lead time, s;
It dr

T, 1s 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
f)f the o ..., contact heat transfer coefficient will gre.atly
influence the accuracy of work roll temperature estima-
tion and other temperature-dependent process properties.

The determination of o, . 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 o .., coeflicient 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.

2 80
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2% 60
= %
5 %0
=5 .0
£= 40
o
S5 30
£2
8
5® 20
& 10
5
n 0

1 2 3 4 5 6 7

Finishing stand number

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

Puc. 2. Temneparypbl oBepxHOCTEIl O0ueK pabo4nX BaJIKOB
B KJIETSIX YMCTOBOM IPYTIIIbI
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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 o and validated its performance.

cont.ht.wr

[ 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:

Coninior = 06 Py T 10%(70.7K 48.2K2 —
—22.75), W/(m*-°C),
where p represents the average contact pressure

avgi

at the center of deformation; K, denotes the downtime
ratio.

The ranges of the values used to establish the expres-
sion for o, . are as follows: K, =0.46—0.90;
Paygi = 200 — 600 MPa.

The equation includes significant factors which were
determined based on the results of Student’s ¢-test with
an o significance level.

To validate the equation for the heat transfer coeffi-
cient, Fisher’s criterion was employed. Both the heat ba-
lance model and the o, . equation were validated
using a statistically significant dataset. The average Lvgwi
(discrepancy between the estimated and measured value)
was 8.01 %. The maximum discrepancy was 16.7 %,
the minimum was 1.53 %, and R = 0.87.

Consequently, the expression for the contact heat trans-
fer coefficient can be considered reliable. The heat balance

-
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Volume of the cooling water
supplied to the WD bodies, m’/h
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Fig. 3. Water consumption for cooling the working rolls barrels’
surfaces in the stands of finishing group

Puc. 3. Pacxonbl BO/IbI Ha OXJIaXK/I€HHUE TIOBEPXHOCTEH O04eK
pabouKX BaJKOB B KJIETSIX YUCTOBOH IPYIIIIbI

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

Puc. 4. Biisinue (pakTopoB MPOKAaTKU Ha KOI(QGHUIMEHT
KOHTAaKTHOT'O TeII000MeHa
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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 others, 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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Short report
Kpamkoe coo6ujeHue

RESERVES FOR REDUCING ENERGY CONSUMPTION
WHEN ROLLING SECTION BARS ON MODERN ROLLING MILLS

A. R. Fastykovskii©, M. I. Glukhov, V. A. Vakhrolomeev

I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

X fastikovsky@mail.ru

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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PE3EPBbI CHUXXEHUA SHEPTOMNOTPEBNEHUA NPU NPOKATKE
COPTOBbIX MPOPUNEN HA COBPEMEHHbIX MPOKATHbIX CTAHAX

A. P. ®acTeikoBckuii ©, M. U. [yxoB, B. A. BaxpoJiomeeB

Cubupckuii rocyiapcTBeHHbI HHAYCTpUaabHbI yHuBepeuTeT (Poccus, 654007, Kemeposckas obnacts — Kys6acce, HoBokys-
Helk, yin. Kuposa, 42)

&) fastikovsky@mail.ru

AHHOmMayus. Merautypruieckoe Npou3BOACTBO SBIISIETCS BBICOKOIHEPTOEMKUM TPOLIECCOM, ITOITOMY IOUCK PEIICHUH M0 CHIKEHUIO SHEepro3arpar
OCTaeTcsl aKTyalbHOW 3ajadell 11 BceX IepeleNnoB. B 3TOM IlaHe MPOM3BOACTBO TOTOBOH IMPOKATHOHM MPOXYKIHM PAacCMaTpPHBAETCS KAk
HauOosee NepcrneKTUBHOE HANPABJICHUE JUIS PEasIM3alMi SHEProcOeperaoIx TeXHOIO0rui. BO3MOXKHBI [1Ba MyTH CHUXKEHHS 9HEPro3arpar npu
ropsiueil MpoKaTKe COPTOBBIX MPOGHICH: SKOHOMHUS SHEPTHN HA HATPEB U YIy4LIEHUE UCHOIb30BAHHSA OCHOBHOIO 0OOPYHIOBAHHS IS CHIYKCHHS
IPOMEXYTOUHBIX 3aTpaT YHEPrUu. BBUIY pasHOCTH CHJIOBBIX YCIOBMH B MOMEHT 3aXBaTa W Ha YCTQHOBMBILEWCS CTaaMH Ipolecca MPOKATKN
BO3HUKACT PE3ePB BTATHBAIOIINX CHJI TPEHHUs, KOTOPBI MOXHO HCIOJIB30BaTh JUIS JOIONHUTEIBHOTO (OPMOM3MEHEHHsS B HEHPHBOIHBIX
YCTPOHCTBAX M TEM CaMbIM IMOBBICHTH 3()(EKTHBHOCTH OCHOBHOrO OOOPYIOBAaHMS M CHHM3MTH 00LIMe dHeprosarparbl. JIs NpakTHYECKOH
peal3aliy IPeIoKCeHHON KOHIIETIMY ObLIa IOTy4eHa 3aBHCHMOCTb, O3BOJIIONIAS OLICHUTH ITIOTEHI[HAI MOLIIHOCTH, KOTOPBIH HE HCIIONb3YeTCs
Ha yCTaHOBMBIIEHCS cTaguu mnpouecca npokarku. C mpuMeHeHHeM MOJIy4eHHON 3aBUCHUMOCTH ObUIO YCTAHOBIICHO, YTO MPHU MPOKATKE B IVIAJIKUX
BaJIKaX IOTEHIUA CHJI TPEHHS HCIIOIb3yeTcs TONbKO Ha 50 — 60 %, a mpu npokarke B kKanubpax —Ha 35 — 40 %. DKCriepuMeHTaIbHO YCTaHOBIICHO,
4TO IpH Npokarke GacoHHbIX npoduieit B mpomyckax ¢ kodpduunentom BeITsDKKH Menee 1,10 — 1,15 Gonee 50 % sHeprum 3arpaunBaercs Ha
xonoctoit xo1. OHaKO 3aMEHUB B 3THX IIPOIYCKaX MPUBOAHbIE KJIETH HA HENPUBOIHbBIE KACCEThI (B HEMPEPHIBHBIX I'PYIAX), MOXKHO HOBBICUTD
KO3 (UIMEHT MOJIE3HOTO JISHCTBHS PSIOM CTOSILMX KieTel Ha 4 — 5 % M CHU3UTb YHEpPro3arparsl.

Katoueswle cno8a: suepronorpediieHne, cCopToBbie PO, HEMPUBOHAS KIIETh, XOIOCTOH X0/1, KOA()(HULIHEHT MOJIE3HOr0 ACHCTBHS

Jlns yumupoeanus: dacreikosckuii A.P., ['myxoB M.U., Baxponomees B.A. Pe3epBbl CHIDKCHUs SHEPTONOTPEOICHHS TP MTPOKATKE COPTOBBIX MPO-
(buiteit Ha COBpeMEHHBIX ITPOKATHBIX CTaHaX. M3secmus 6y306. Yepnaa memannypeus. 2023;66(3):290-293.
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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 (AN) by considering the
disparity in friction coefficients between the gripping
phase (ug) and the steady stage (p,) of hot rolling, where
pg/us ~1.2+1.4 [10]. This can be determined using
the equation:

AN=N_-N,,

where N represents the power that can be generated
by friction forces during the steady stage of hot rolling;
N, 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 l“stawgldv’

where Puve denotes the average normal pressure; bavg rep-
resents the average strip width; /, 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:
Ah = havg In h—o ,
hl

where Ah is the absolute reduction; 4 is the average
strip height; &, and &, refer to the strip helght before and
after rolling in the drlven 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
ug/ u, ratio, we obtain:

AN=p b

v anv(1.54ugld—Ah).

The obtained AN 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 illustrating 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

291



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):290-293.
Pacmuikosckutl A.P, [iyxoe M.H., Baxposomeeg B.A. PesepBbl CHUKeHH S S3HEPTroNoTpebIeHNs IPU TPOKATKE COPTOBBIX NPOPUIIEH ...

580.6
<
< 3006 -
2
g
=
e
j=3
© 1003 |
| | | |
02:54 02:55 02:56 02:57 02:58
Recording time
a
Idle power Deformation
67.9 % power
321 %

b

Fig. 1. Energy costs during rolling in the second stand
of the middle-grade mill with drawing coefficient 1.03:
a — current diagram of the main motor;

b — energy balance in the considered stand

Puc. 1. DHepro3arparsl mpu IpoOKaTke BO BTOPOI KIIETH CPETHECOPTHOTO
cTaHa ¢ ko3 duienTom BoITsKKH 1,03:
@ — TOKOBasl JHarpaMmMa INIaBHOTO JIBUTaTeIIs;
b — sHeprerTuueckuii 6anaHc B paccMaTpUBaeMOil KieTu

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
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Fig. 2. Change in efficiency of / and 3 stands when replacing
the second stand with a non-drive stand — cassette

Puc. 2. 3meHenue koadduipeHTa mone3Horo AeicTus [ u 3 Kierei
MIPU 3aMEHE BTOPOH KJICTH HETIPUBOHOMN KIIETHIO — KACCETOM

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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STRUCTURE FORMATION OF Np-30KhGSA ALLOY
IN WIRE AND ARC ADDITIVE MANUFACTURING
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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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CTPYKTYPOOBPA3OBAHME CNNABA HN-30XITCA
nPU AAANTUBHOM 3NEKTPOAYIOBOM BbIPALLUBAHUMN

M. C. AHocos, [. A. lllataruy, M. A. YepHurus,

10. C. Mopaosuna “, E. C. AHocoBa
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yi. MuHuHa, 24)
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Annomayus. VicnonszoBanue 3D-nevatn u3fenuit n3 MeTaJNIMYECKUX MAaTEpHAlIOB SBIISIETCS COBPEMEHHOM IEPCIEKTUBHON TEXHOIOTHUEH,
CHOCOOCTBYIOLIEH MOBBILIEHUIO TPOU3BOACTBEHHOH 3 pekTuBHOCTH. ONHAKO MPUMEHEHHE JaHHOW TEXHOJIOIMU CONPSDKEHO C PAAoM mpobieMm,
HaIpUMep, C IIOBBIICHHOH MHKPOCTPYKTYPHOH HEOTHOPOTHOCTBIO M AC(EKTHOCTBIO MeTala. B cBA3M ¢ 3THM TpebyeTcst IpoBEACHHE
HCCIIeJOBAHUHN, HATIPABJICHHBIX HA BBISBJICHUE TAKUX PEKUMOB 3D-11euaru, KoTopble Obl 00ecreyniy nosryyeHue Haubosnee oJHOPOIHOM, CTaOMIIbHON
n OesnedexTHON cTpyKTYyphl. B padore m3ydeHo crpykrypoobOpaszoBanue ctain mapku 30XI'CA B mporecce aaJuTHBHON AJIEKTPOLYrOBOM
HAIUIABKU TIPH PA3IMYHBIX PEKUMAX redyary. Jis OleHKH KauyecTBa MOJy4EHHBIX 3ar0TOBOK NMPUMEHSIIMCh MUKPOCTPYKTYPHBIH M (h)paKTasbHbIN
AQHAIIM3Bl, a TAKKe H3MEPEHHEe MUKPOTBEpPHOCTH. [IpM BceX pexXmMMax HAIUIABKU BBISBICHA 3HAYUTENbHAS CTPYKTYpHAs HEOXHOPOTHOCTH
HAIUIABJICHHON 3arOTOBKH, KOTOpas OOBACHACTCS TEPMUUSCKUM BO3EHCTBHEM HAIUIABISIEMOTO CJIOSl Ha yXKe 3aKPUCTAIIM30BABLIMICS METaLI.
TeM He MeHee, yCTaHOBIICH PEXKUM, KOTOPBIH JaeT Hauboee OIarompHATHYIO MUKPOCTPYKTYPY C TOUKH 3PSHHS €€ OAHOPOJHOCTH H PABHOOCHOCTH
3epeH. Ilpu yBeJMUeHUM 3HAYEHUI NMOTOHHOM SHEPruUM Ipolecca aJJUTHBHOIO 3JIEKTPOAYTOBOIO BBIPALIMBAHMS HAOIIONACTCS yBEIUUCHHUE
IPOM3BOIUTENFHOCTH IIpoLiecca U (PUKCHPYETCsl yMEHBIICHUE KOIHYeCTBa II0p B MaTepraiie. OIHAKO U 3HAYCHUSIX IOTOHHOH SHEPrHu IIporecca
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HarutaBky cBalire 1000 [Ix/MM yBeInuuBaeTcs CTPYKTypHast HEOJHOPOJHOCTh MaTepHalla U 3HAYUTENILHO CHHYKAETCsI €10 MUKPOTBEepAoCTh. Mcxons
M3 MPOBEJCHHBIX MCCIICNOBAHMUIl, B KadecTBe pexknma 3D-meuarn snekrpomyroBoi HarumaBkoil st crutaBa Hn-30XI'CA moxer ObITh BBIOpaH
pexuM ¢ ToroHHo# sHeprueid nopsaka 920 /bx/mMm. OH oOecrieyrBaeT HAaMMEHBIIYIO CTPYKTYPHYIO HEOJHOPOIHOCTh M JIOCTATOYHO BBICOKYIO
IIPOM3BOAUTEIFHOCTD TIPOLECCa BEIPAIIUBAHUS C OTCYTCTBHEM AC(EKTOB B BUJIE IIOP U AIEMEHTOB HEPACILIABUBIICHCS IIPOBOJIOKH.

Knaloyesvle c/108a: 3nexTponyroBas HAIUIaBKa, IIOTOHHAS SHEPTHs HAILIABKH, TEPMHUUCCKHII MUK, MUKPOCTPYKTYpa, MUKPOTBEPIOCTh, (hpaKTaIbHBIN

anamms, 30XI'CA, 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,
causing 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 (/, A),
voltage (U, V), arc gap (z, mm), wire feed rate (¥, 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.

Table 1

Chemical composition of surfacing wire 30KhGSA

Tabnuya 1. Xumu4eckuii cocTaB HAILIAaBO4HOIi npoBoJoku 30XT'CA

Element C Mn

P S Cr Ni

Content, % 0.296 | 1.050

0.950

<0.025 | <0.025 | 1.000 | 0.030
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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 o = 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) S, ., and the heat input Q at different voltages
values 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 /, 5 and 9,
taken at cross-sections along the height of the deposited
wall.

The microstructure of the sample / wall near the sub-
strate is predominantly composed of tempered bainite
(Fig. 2, @). 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-

Table 2
WAAM modes
Tabauya 2. PesxuMbl HAIUIABKH
Sample No. 1 2 3 4 5 6 7 8 9
LA 120 160 200 120 160 200 120 160 200
U,V 18 18 18 24 24 24 27 27 27
0, J/mm 5184 | 691.2 | 864.0 | 691.2 | 921.6 | 1152.0 | 777.6 | 1036.8 | 1296.0

Table 3

Geometric parameters of the billets obtained by 3D-printing

Tabnuya 3. TeoMmeTpuyecKue napamMeTpsl 00pa3noB, NOJYYeHHbIX Tpu nomoinu 3D-neyarun

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, mm? 172.20 | 238.00 | 375.00 | 150.00 | 213.58 | 294.30 | 145.80 | 206.15 | 257.76
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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:
1-18V;2-24V;3-27V

Puc. 1. 3aBucuMOCTb MI0MIAAN IONEPEUHOTO CEUEHHs B IIEpECUETe
Ha OJIMH HaIlIaBJICHHbINA BaJIMK OT BEIMYMHBI IOTOHHOM SHEprun
MpolEecca HAIUIABKY NIPU PA3IMYHBIX YPOBHSIX HAIPSIKEHHS:
1-18B;2-24B;3-27B

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.

e 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, ¢). 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 I, 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, ¢).

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 / and 3, 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. 2. Microstructure of the deposited wall near the substrate (), in the center of the sample (b) and at its apex (c)
(steel 30KhGSA, sample /, Q = 518.4 J/mm)

Puc. 2. MukpocTpyKTypa HarjiaBJIeHHON CTCHKU BOJIM3H MOATIOXKKY (@), B IeHTpe oOpasua (b) u B ero BepimHe (¢)
(cranb 30XI'CA, obpazen 1, Q = 518,4 Jlx/mm)
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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, O =921.6 J/mm)

Puc. 3. MUKpOCTPYKTYypa HAIUIaBICHHOH CTeHKU BOIN3H MOUIOKKH (&), B IIeHTpe o0pasia (b) u B ero BepiuHe (c)
(cranb 30XT'CA, obpasen 5, Q = 921,6 Jx/mMmm)

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

Puc. 4. MukpocTpyKTypa HarIaBiIeHHOI CTEHKM BOIM3H NOMLIOKKY (a), B ieHTpe obOpasua (b) u B ero Bepiunte (¢)
(cranmb 30XT'CA, obpasert 9, Q = 1296 Tc/mm)

Through the microstructure analysis of the samples
produced under different surfacing modes, it was deter-
mined that sample 5 (/=160 A, U=24V, O =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 D, 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 AD,. 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.
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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,

1.80

1.75

170 Il Il Il Il
0 01 02 03 04 05 06 07 08 09 L

wall

Fig. 5. Dependence of the microstructural image fractal dimension
on the fraction of the deposited wall height L
at different values of surfacing input energy of:
sample / — QO =518.4 J/mm (a); sample 5 — Q = 921.6 J/mm (b);
sample 9 — O = 1296 J/mm (c)

Puc. 5. 3aBucumocTb (paKTaabHOR pasMEPHOCTH H300pasKeHUSL
MHKPOCTPYKTYp CTIIaBOB OT J0JTH BBICOTHI HaMIaBIeHHOH CTenkH L
IPH Pa3INYHBIX 3HAYCHUSAX IOTOHHOI SHEPIUH HAILIABKH:
obpazer; / — Q = 518,4 Jlxx/mum (a); odpazer 5 — Q = 921,6 x/mwm (b);
obpaszer; 9 — O = 1296 JIx/mum (c)
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Fig. 6. Spread of the fractal dimension values AD,. of microstructural
images from the values of surfacing input energy

Puc. 6. Bennunna pa3dpoca 3uauennii ppaxranbuoi pasmepuoctu AD,.
1300paXKeHNs: MUKPOCTPYKTYpBI OT HOTOHHOM
9HEPIUH HAIUIABKU

leading to microstructural changes such as phase recrys-
tallization, hardening, and tempering. These changes
cause the metal structure along the wall cross-sec-
tion to become highly heterogeneous.

In order to assess the effects of surfacing modes
on the material properties, microhardness measurements
were conducted. Fig. 7 depicts the relationship between
microhardness and heat input during the surfacing process.

As shown in Fig. 7, heat input has a notable impact
on microhardness. With increasing heat input, the average
microhardness decreases monotonically along the height
of the sample. This phenomenon is primarily attributed
to the elevated temperature in the fusion zone resulting
from higher heat input. The increased temperature leads
to the burning out of certain chemical elements, particu-
larly carbon, and a subsequent loss of strength. The grain
size experiences minimal changes, which is confirmed
by the chemical analysis of the samples. For instance, as
the heat input surpasses 900 J/mm, the carbon content in
the alloy decreases from 0.3 % to 0.2 %, silicon decreases

HV

340

320

300 -

280

260

240 : : '
500 700 900 1100

0, JJmm

Fig. 7. Dependence of 30KhGSA alloy microhardness
on the values of surfacing input energy

Puc. 7. 3aBucumocts Mukporsepaocty cruasa 30XI'CA
OT [OTOHHOMW YHEPTHHU MPoIecca HalIaBKU

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 % CO,, delivered at a flow rate
of 15 I/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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ELECTROSPARK DEPOSITION
OF METALLOCERAMIC Fe—Al/HfC COATING ON STEEL 1035

A. A. Burkov, M. A. Kulik®

Institute of Materials Science of the Khabarovsk Federal Research Center, Far-Eastern Branch of the Russian Academy
of Sciences (153 Tikhookeanskaya Str., Khabarovsk 680000, Russian Federation)

&) marijka80@mail.ru

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 Fey,Al, 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—~AI/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. %.

Keywords: electrospark deposition, intermetallic compound FeAl, coating, hafnium carbide, steel 1035, wear, oxidation resistance
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INEKTPOUCKPOBOE OCAXAEHUE
METANNTOKEPAMUYECKOTO Fe—Al/HfC NOKPbITUA HA CTANDb 35

A. A. Bypkog, M. A. Kyiuk ®

HHcTuTyT MaTepuasioBeleHus Xadaposckoro denepaibHOr0 HCCIEI0BATEIHCKOTO EeHTPa [ajJbHEBOCTOYHOTO OT/IeeHHUsI
PAH (Poccus, 680000, Xabaposck, yi. TuxookeaHckas, 153)

&) marijka80@mail.ru

AnHomayus. Jlnst ynaydiieHus TPUOOTEXHMYECKOTO ITOBEICHHUS M IKAPOCTOMKOCTH CTald 35 ObLIM MPHUIOTOBICHBI METOJOM SIEKTPOHCKPOBOTO
JIETMPOBAHUsI KOMIIO3ULMOHHBIE Mera/uiokepamuueckne Fe—Al/HfC nokpeitus. B kauecTtBe aeKkTpozja MCIONIb30BaJICS HENOKAIN30BAHHBII
aHOJI, COCTOSIILIMI U3 CMECHU HKEJIE3HBIX U AIFOMHHHUEBBIX IPAHYJ C MOJISIPHBIM COOTHOIICHUEM 3:2, ¥ ¢ JoOaBJIeHHEeM MOpOLIKa KapOuaa radHusl.
[IpuBec karoa UM MOJIOKUTENILHBIC 3HAYEHUS, CBUJICTEIILCTBYIOIIME O TOM, YTO IOPOLIOK KapOuaa radHust MOXKET OCaXAaTbCs Ha CTalb 35
C HCIOJIL30BAaHUEM AHOIHON CMECH F660A140. IIpuBec xaToma MOHOTOHHO YBEJIHYHBAICS ¢ pocToM jaoOaBku nopoika HfC B aHomHyio cmecs.
CTpyKTypa IOKPBITHI NpecTaBIeHa MaTpuLei u3 uarepmeranaa FeAl, apmupoBanHoi 3epHaMu kapOua radHUs, YTO COOTBETCTBYET CTPYKTYpe
METaJUIOKePaMHUIECKoro kommo3uTa. KoHueHrpauus kapouaa raHust B IOKPHITHH YBEIMYMBAIach ¢ poctoM JobaBku noporika HfC B aHomHy0
cmech. Ocaxaenne Fe—Al/HfC nokpeiTuii no npeuioxkeHHOH MeToMKe NPUBOAUT K CHIKEHHUIO koddduumenta Tpenus cranu 35 ot 6 10 40 %.
B 3aBucuMocTH OT KOHIEHTpanuu KapOuma raQHUS B aHOMAHOW cMecH, n3HOCOcTONKOCTh Fe—Al/HfC mokpeiTuii M3MeHsu1ach HEMOHOTOHHO
¢ MakcuMymoM 1ipu 8 % (00.). Ilpumenenune Fe—Al/HfC noxpbITuii no3BossieT MOBBICUT M3HOCOCTOMKOCTh MOBepXHOCTH cTanu 35 no 10 pas.
CpaBHeHne UTOroBoro npuseca o6pasnos nocie 100 4 ucnpITaHuid Ha sxapocToiikocTs npu Temneparype 700 °C maeT BO3MOXXHOCTD 3aKIIFOUHTH,
410 31eKTporcKpoBble Fe—Al/HfC nokpsITust criocoOCTBYIOT HMOBBILIEHUIO >KapocToiikocT cTanmu 35 ot 1,7 1o 2,2 pa3a. AHanu3 pesyiabTaToB
MPOBEJICHHOTO MCCIIEIOBAHMS MO3BOJLSIET CIeNaTh 3akiIioueHue o ciaboit aaresun Fe—Al xommosurnmu k kxapOuay radHus. ITO OTpasHiIoch
B CHIDKEHUH TBEPAOCTH, U3HOCOCTOMKOCTHU U KAPOCTOMKOCTU MOKPBITHI NpH noBbieHny KoHuentpanun HfC B anonHo# cMecn Boiie 8 % (00.).

Katouesvle c108a: 3nekTporcKpoBoe JiernpoBaHue, nHTepMetaming FeAl, nokpeitue, kapous radHus, cTaib 35, H3HOC, )KapOCTOHKOCTh
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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]. Yiirektiirk 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],
HfC with high heat resistance is used in solar absorber
coatings. Zang K. et al. [1] indicated that hatnium 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 Fe, Al 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 Fe Al 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 FegAl,,
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 um 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 us duration and a 1000 ps period. The substrate
was connected to the negative lead of a pulse generator.
A container with Fe  Al,  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 1/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, CuK band.
We used PDWin software to identify the XRD pat-

Table 1

Composition of non-localized electrode

Tabnuya 1. CocTaB HeJIOKAJIN30BAHHOIO YJIEKTPOAA

Pellets ratio, at. % HAC fraction
Samples o
Fe Al vol. %
Hf4 4
Hf8 60 40 8
Hf12 12
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Fig. 1. X-ray diffraction pattern of HfC powder

Puc. 1. PentrenoBckas qudpakTorpamMma nopolka kapouna ragHus

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

Am
pPI

El

where Am is the mass loss due to abrasion; p is the coating
density assumed to be equal to the density of steel 1035;
P is the load; / 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-

304

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/cm?. 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 Cr,C,, 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 um 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, ¢ 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 um. Figs. 3, @ and ¢ 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].



I1ZVESTIYA. FERROUS METALLURGY. 2023;66(3):302-310.
Burkov A.A., Kulik M.A. Electrospark deposition of metalloceramic Fe-Al/HfC coating on steel 1035

30 ,
° e — HfC
25 = —FeAl
g 01 E
2 L £ .
: e o
S 10f R s i
=i °
5 ] ° °
| | | | 3 | . K; A;\ L

0 2 4 6 8 10 20
Deposition time, min

a

30 40 50 60 70 80 90
20, deg
b

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

Puc. 2. TIpusec karona B npouecce DUJIHD (a) u peHTreHOBCKHE TU(PPAKTOrpaMMbl OCAXICHHBIX MOKPHITHI (b):
1—Hf4; 2 — Hf8; 3 — Hf12

The coatings are porous. The pore formation during ESD
is usually attributed to the evaporation of the electrode 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

Substrate

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 R,
roughness values are similar for all the coatings and fall in
a narrow range from 5.1 to 5.28 um (Table 2).

100

80

X 60
=

U 40

20

0

100
°
=
G

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

Puc. 3. Tunu4Hbie 2IEKTPOHHBIE W300paKEHNUS MTONEepedHoro ceueHus nokpoituid: Hf4 (a), Hf12 (¢) u pacnipenesnenue 31eMEHTOB B CEYCHUN
COOTBETCTBYIOLIMX MOKpbITHii cornacHo DJC ananusy (b, d). [lyHKTUpHAS JTMHHS yKa3bIBACT HAIIPABICHHE CKAHUPOBAHUS
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Table 2

Characteristics of the coatings

Tabnuya 2. XapaKkTepUCTUKU NOKPBITHIA

Samples | Thickness, pm Roughness (R, ), pm
Hf4 30.5+8.3 5.28 £0.65
Hf8 384+9.7 5.26+0.63
Hf12 43.5+10.6 5.10+0.88
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 um. 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

120

Hf

> 100

[}

=

» 80

2

é 60

£

=

a 40 +

5

= Hf

= 206 Hf

TFe Fe Hf

LT _ ) T LT
0 2 4 6 8 10 12

Electron energy, keV

Fig. 4. EDS spectrum of section / at Fig. 3, a

Puc. 4. OJIC criextp yuactka / K puc. 3, a
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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)107 to
(0.95 —2.53)-107 mm?3/(Nm) 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]:

il

H
where V, is the volume of wear debris produced; H is
the material hardness; & is the wear factor; P is normal
load; / 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
thanthatofsteel 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].

16
14
s 12
o
s 10
8
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£
e 6
2
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2
0
Steel 1035  Hf4 Hf8 Hf12
Samples

Fig. 5. Microhardness of the coatings and steel 1035

Puc. 5. MukpoTBeprocTb HOKpbITHil U cTanu 35
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Puc. 6. Koadduuuent tpenust (a, b) u u3HoC () MOKPHITHH
npu Harpy3kax 25 u 50 H no cpaBHeHuro co cranbio 35:
1 —Hf4; 2 — Hf8; 3 — Hf12; 4 — crans 35

Fig. 7, a shows the results of cyclic heat resistance
tests of the steel 1035 samples with Fe—Al/HfC coatings
at 700 °C. After 100 h, the weight gain of the coated
samples ranges from 123 to 164 g/m?. The weight gain
is caused by oxygen fixation as iron oxide Fe,O, as
the hematite and hafnium dioxide HfO, 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 °C. 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 HfO, 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
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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; M —Fe,0,; A —HfO,

Puc. 7. XKapocroiikocts 06pa3nos mpu remneparype 700 °C
Ha Bo3ayxe (a): 1 — FeAl; 2 — Hf4; 3 — Hf8; 4 — Hf12; 5 — cranb 35
U PEHTTEHOBCKUE AUPPAKTOrPaMMBI HX TIOBEPXHOCTH TTOCIIE HCIIBITAHMUS
HAa YKapOCTOMKOCTH 110 CPABHEHHUIO €O CTalbio 35 (b):
@ — HfC; M —Fe,0,; A —HfO,
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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—
AI/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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BNAUAHUE YCKOPEHHOTO OXNAXAEHUA
NOCNE NONEPEYHO-BUHTOBOM NPOKATKU HA ®OPMUPOBAHMUE
CTPYKTYPbl U HUSKOTEMMNEPATYPHYIO BA3KOCTb PA3SPYLUEHUA
HU3KOYINEPOAUCTOMN CTANMU

A. U. Topauenko %, U. B. Baacos, 10. U. [lounBanos

HHeTuTyT GU3MKU NPOYHOCTH M MaTepuasioBeneHus Cudupckoro oraenenust PAH (Poccus, 634055, Tomck, np. Akagemudec-
Kuit 2/4)

&) mirantil@ispms.ru

AnHomayus. Viccnenyercs BIUSIHUE YCKOPEHHOTO OXJIAXKICHHS TTOCIIE MOEePEeYHO-BHHTOBOM MTPOKATKH HU3KOYIVIEPOANCTOM CTAIIN KJlacca IPOYHOCTH
K60 Ha hopMupoBaHue CTPYKTYpbI 1 MEXaHUYECKHE CBOWCTBA IIPH CTATHUECKOM PACTsHKEHHHU M yaapHoM m3rude. [TokaszaHo, 4To MCIoIbp30BaHNE
MPEPBaHHOTO YCKOPEHHOTO OXJIAXKICHUSI CTAJIH TOCIIE MPOKATKH ¢ Bbiiep kot mpu 530 °C (pexum /) U HEMPEepHIBHOTO YCKOPEHHOTO OXJIAXKICHUS
(pexxum /I) npuBOIMT K (POPMUPOBAHHIO PA3HOTO TUIIA U COOTHOIICHHUS KOJMYECTBA CTPYKTYp B cTayu. [locie nmpokaTku 1o pexumy / cTpyKTypa
XapaKTEPU3YeTCs MPUCYTCTBUEM (EppHUTa, TPOOCTHTA, IpaHyspHOro Geiinura m MmenkomucrnepcHbix kapobunos Fe,C. Ilocne mnpokarku mo
pexumy /I cTpyKTypa OTIMYAeTCsl HAIWYHMEM PEEYHOro OCHHMWTA M KPYIHBIX y4YacTKOB MapTEHCUTHO-aycTeHHTHOH (MA) cocrapisroniei
pa3mepamu 10 | —2 MKkM. YMeHbIIICHHE AUCTIEPCHOCTH (DEPPUTHBIX 3ePCH B CTAIHM MOCIe MPOKaTtku 1mo pexumam [ u Il ¢ 12 1o 4,6 — 4,3 Mkm,
(hopmupoBaHre OEHHUTHON (as3bl M yIIPOUHEHHE MATPHIBI KapOUJaMy TIPHBOUT K MOBBIMICHUIO TPEENIoB TeKydecTH ctanu 10 440 n 490 Mlla
u npenenoB npounoctu 10 760 u 880 MIla. [IpoBenenune momnepedHO-BHHTOBON MPOKATKH MO PEKUMY / TIO3BOJISET CYIIECTBEHHO YBEIHUUTH
HU3KOTEMIIEPATYPHYIO BA3KOCTh paspyuienus cramu (160 Jx/cM?) 1o cpaBHeHHIO ¢ ropsuekatanbiM coctosuuem (11 Jx/cM?) M CHU3UTDH
XJIQJIHOJIOMKOCTh CTaju B 00acTh Temreparyp Hinke —50 °C. [IpuMeHeHe HEeMpephIBHOTO YCKOPEHHOTO OXJIaxaeHus (pekuM /1) He T03BOIsIeT
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EFFECT OF ACCELERATED COOLING AFTER CROSS-HELICAL ROLLING
ON FORMATION OF STRUCTURE AND LOW-TEMPERATURE
FRACTURE TOUGHNESS OF LOW-CARBON STEEL
A. L. Gordienko %, I. V. Vlasov, Yu. I. Pochivalov

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

&) mirantil@ispms.ru

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 /) and continuous accelerated cooling (mode //) leads to the formation of different types and ratios of structures in steel. After
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rolling according to mode /, the structure is characterized by the presence of ferrite, troostite, granular bainite, and fine Fe,C carbides. After rolling
according to mode /7, the structure is characterized by the formation of lath bainite and large sections of the martensitic-austenitic (MA) component
up to 1 —2 pm in size. It is shown that a decrease in the fineness of ferrite grains in steel after cross-helical rolling in modes / and // from 12
to 4.6 —4.3 um, 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 / makes it possible to significantly
increase the low-temperature fracture toughness of steel (KCV7°"C = 160 J/cm?) compared to the hot-rolled state (KCV~7°°C = 11 J/cm?) and reduce
the cold brittleness of steel to the temperatures below —50 °C. The use of continuous accelerated cooling (mode /) 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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- INTRODUCTION

Low-carbon low alloy steels are extensively utilized
in various industries. The enhancement of mechanical
properties 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 V_ , 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 accelerated
cooling, cooling rates, and holding time, different types
of bainite structures can be formed, achieving varying
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.
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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; A10.03; P0.013; S0.01. 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 (y + o) 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 /). In the second
case, the ingot was cooled at a rate of 6 °C/s to 200 °C

S
(mode /I). Cumulative degree of deformation ¢ = ln{—oj
f
(where S and S, 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 samples were polished on cloth using diamond paste.
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In order to reveal grain boundaries, the polished sur-
faces were etched in a 3 % alcohol solution of HNO,.
Vickers 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 15x3x1 mm were used. Impact tests were carried out
on samples with dimensions of 10x10x55 mm, which
featured a V-notch. An INSTRON MPX 450 impact
machine was used for these tests within a temperature
range T, from +20 to —70 °C. By measuring the sur-
face arcas under the load-deflection curves, the work
of crack nucleation (the surface area under the loa-
ding curve until reaching the maximum load F_ ) and
crack propagation (the surface area under the loading
curve after reaching F_ ) 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 sample
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,
T, (or FATT, [12]), was determined based on the frac-
tion of the brittle region observed on the fracture sur-
face. T, corresponded to the temperature at which 50 %
of the fracture surface exhibited brittle fracture.

[ Resutts

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

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 /, 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 according
to mode /, in addition to ferrite, there are regions
of bainite with a granular morphology (Fig. 1, b), troos-
tite (Fig. 1,c¢) and dispersed Fe,C carbide particles
(a’Fe3C =50 + 250 nm) located within and at the bounda-
ries of ferrite and bainite grains (Fig. 1, ¢). Coarser
carbide particles up to 1 pm in size are also present.

The average grain size of ferrite d; decreased to 4.6 um,

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

In the steel samples processed according to mode /7,
the structure consists of regions of ferrite, troostite, granu-
lated and lath bainite, as well as the segments of the MA
constituent and Fe,C carbide particles (Fig. 1,d - f).
The average size of ferrite grains decreased to 4.3 pm,
and the sizes of the MA constituent ranges from 1 to 2 pm.
The structure also contains coarse particles of Fe,C car-
bide (up to 1 pum), although the fraction of finely dis-
persed carbides is lower compared to processing accord-
ing to mode /. The fraction of troostite grains decreased
to 7.5 %. In the case of processing according to mode /7,
the fraction of the bainite phase is higher.

The microhardness of the ferrite matrix increased
to 205 HV,, after steel cooling according to mode / and
to 225 HV, after steel cooling according to mode //. Simi-
larly, the microhardness of the bainite regions increased
to 320 HV,, and 335 HV, respectively (refer to Table,
where HV_ is the microhardness of ferrite; HV is
the microhardness of bainite; o, is the yield stress; o is
the ultimate tensile strength; € 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 / and /J,
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 // 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 cleavage, 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 A in Fig. 3, d), which are
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Fig. 1. SEM images of steel structures in hot-rolled state (a), after cross-helical rolling using mode 7 (b, ¢) and mode /7 (d — f)
(F — ferrite; GB — granular bainite; LB — lath bainite; T — troostite; MA — MA component)

Puc. 1. POM-u300paxkeHHS CTPYKTYP CTAIIH B TOPAYCKATAHOM COCTOSHUH (a), OCIIE IIOIEPEYHO-BUHTOBOI IpoKaTKy 110 pexumaM [ (b, ¢) u Il (d —f)
(F — depput; GB — rpanynspusiit 6eiinut; LB — peeunsrii 6eitnut; T — Tpooctut; MA — MA cocrasnsitorast)

20

Load, kN

15

20 25
Deflection, mm Deflection, mm

30
Deflection, mm

Fig. 2. Curves of impact loading of steel in the hot-rolled state (a), after treatments using mode / (b) and mode / (¢):
1-T,, =+20°C;2-T, =-40°C;3-T,_ =-70°C

test

Puc. 2. KpuBble yaapHOro Harpy>KeHusi CTaJld B TopsiueKaTaHOM COCTOSIHUH (a), Tociie 00padoTok mo pexumam / (b) u 11 (c):
1-T,,=+20°C;2-T,,=-40°C;3-T, , =-70°C
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Mechanical properties of X70 steel

Mexanunyeckue cBoiicTBa cTajau Kareropuu npounoctu K60

State HV,, 6,,»MPa | 6,MPa | &% | KCV*?, Jiem*> | KCV, J/em?> | KCV, J/em?

Hot rolled HV, =165 360 650 23.0 250 23 11

; ; HV._. =205
Processing according  to £ 440 760 20.5 245 185 160
mode / HV, =320

i i HV_ =225
Processing according to E 490 280 20.0 160 85 45
mode 7 HV, =335

After cross-helical rolling of steel according to mode /,
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 samples

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 T, is =30 °C.

Fig. 3. Fracture surfaces of the impacted samples of steel in hot-rolled state at 7, =40 °C (a, b),

after treatment using mode / at 7, = +20 °C (¢) and 7, , = —40 °C (d, e) and using mode /7 at T, =40 °C (f—h)

Puc. 3. [ToBepXHOCTH pa3pyIleHus ylapHbIX 00pasIoB CTalu B ropsuekaranom coctosuuu npu 7, =40 °C (a, b),
nocsie o6padorku no pexkumy / pu T, = +20 °C (¢) u T, =40 °C (d, ) u no pexumy Il npu T, =40 °C (f—h)

est
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Fig. 4. Bar graphs of the area fractions of brittle fracture zones
Ly (a) and shear lips (b) on steel fractures after hot rolling ()
and after treatment using modes / and // (Il and ()

Puc. 4. I'mcrorpammsl j1071€# IIIOIA/ M 30H XPYIKOTO pa3pyIeHus
Ly (@) n y6 cpesa (b) Ha U3JI0Max CTajK MOCJIE TOPSYEH MPOKATKK ()
1 nocie o6padorkn mo pesxumanm [ u 11 (Il u M)

does not exhibit linear segments of load drop (Fig. 2, b,
curve /). 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, ¢). 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, ). 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
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to mode /. The temperature of the viscous brittle transi-

tion, T, decreases to —55 °C.

In the case of continuous accelerated cooling after
cross-helical rolling (mode /), 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 / (Fig. 2, ¢).
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, /)
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 /1.
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, & —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, 7, for the steel after processing

50°
according to mode /7 is —35 °C.

- DISCUSSION

The application of cross-helical rolling according
to mode / 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 um), 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 /, 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 I/ restricts the release of carbides. As a result,
the fraction of finely dispersed carbides in the ferrite matrix
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after cooling according to mode /I is lower compared
to processing according to mode /. 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 /I is lower than after processing according
to mode /. 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 (y + a) 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 HV ). However,
the more strained structure of lath bainite does not allow
for sufficient fracture toughness to be achieved after pro-
cessing according to mode /1.

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 /7, 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, /), 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 /) enables the refinement
of the granular structure of X70 steel from 12 to 4.6 pm.
The resulting structure consists of ferrite, troostite, granu-
lar bainite and finely dispersed carbides Fe,C. Continuous
accelerated cooling after cross-helical rolling (mode /7)
leads to the presence of grains of ferrite, troostite, granular
and lath bainite, as well as segments of the martensite-aus-
tenite phase and Fe,C particles. Compared to the hot rolled
state, both modes / and /7 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 HV,, in modes /
and /I, respectively, compared to the hot rolled state. In
the bainite regions, the microhardness reaches 320 and
335 HV,,. The yield stress of the steel increases to 440
and 490 MPa, and the ultimate strength increases to 760
and 880 MPa in modes / and /1, respectively.

After cross-helical rolling according to mode /,
the fracture toughness at negative temperatures sig-
nificantly increases (KCV~7°°C =160 J/cm?) compared
to the hot rolled state (KCV-7°°C =11 J/cm?). 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, 7., decreased to —55 °C

50°
for the steel after rolling according to mode /.
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PATTERNS OF LOCALIZED DEFORMATION
AT PRE-FRACTURE STAGE IN CARBON STEEL — STAINLESS STEEL BIMETAL

S. A. Barannikova®, Yu. V. Li

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

&) 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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KAPTUHbI NOKANU3ALUU AESGOPMALUU
HA CTAAUU NPEAPA3SPYWIEHUA B BUMETANNE
YINEPOAUCTAA CTA/Ib — HEPXXABEIOWAA CTANDb

C. A. bBapannukosa®, 10. B. /lu

HuerutyT dusuku npoyHocTy U marepuajosenenuss Cudupckoro oraenenuss PAH (Poccust, 634055, Tomck, np. Akagemudec-
Kuit 2/4)

&) bsa@ispms.ru

AHHomayus. B pabore NpoBeICHO HCCIEIOBaHHME JOKaNM3aluu JedopMalyyd Ha MaKpOMAcCIITaOHOM YpPOBHE Ha CTaausiX HapaboInvecKoro
J1epOpMaLIMOHHOTO YIPOYHEHUSI M NPEApa3pyLICHHUs] B YCIOBHSX KBa3HCTATHYECKOrO HArpyXKEHHs OMMeTaia ymIepoJucTast CTalb — Hep-
JkaBeromiasi cranb. [IpoOiema oLeHKH MaciiTaboOB SIBICHHH, ONPENSSIIOMINX IUIACTUYHOCTD, SIBJISETCS PeLIalolield mpH pa3paboTKe TI00BIX
TEOpUH IIacTHYeckod nedopMaliy, B YaCTHOCTH, JMCIOKAUMOHHBIX. OCHOBHOH CIIOKHOCTBIO HPH HMOCTPOSHHM TAKUX TEOPHH SBISETCS
TPYAHOCTH COIVIACOBAHMS JMCJIOKAMOHHBIX MacIiTabOB, XapaKTepPHBIX Ul OOJIBIIMHCTBA MEXaHU3MOB JedopManuu U aehopMalnOHHOTO
YIPOYHEHHs], ¢ MaKpPOCKOIMYECKMMH IapaMeTpamu Je(OpMalOHHBIX MpOLeccoB. B pamkax aBTOBOJHOBOW MOJEIM JIOKAJIN30BAHHOM
[UIACTHYECKOH aedopMaluu dTa 3ajada MOXKET ObITh CBEeHAa K BO3SMOXKHOCTH IOJYYEHHs apaMeTPOB M3 PE3ylIbTaTOB MaKpOHAOIIONCHUMH
Pa3BUTHS JOKAJIM30BAHHOIO IJIACTHYECKOTO TeUeHHs. B Xoae SKCepruMEeHTOB MOATBEPKIASTCS, YTO B OMMeTauie Ha JII000H craauu mpouecca
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(hOpPMOM3MEHEHUS CaMOIIPOU3BOJILHO I'eHepupyeTcst crieluduyeckast KapTHHa paclpe/ieeHHs] 04aroB JOKaJIM3aluK — MaTTePH JOKAIU30BaHHOTO
IUIACTUYECKOro TedeHHs. PopMa TakMX IATTEPHOB ONpENEIACTCS ACHCTBYIOIIMM B Marepuale 3aKOHOM Ae(POPMAIMOHHOTO YIPOYHEHHS.
HaGnronaemble maTTepHBbI JIOKAJIM3alMUH MOTYT ObITh MCIIOJIb30BAaHBl B KaueCcTBE MH(OPMATUBHOTrO IPU3HAKA IIPU MPOrHO3MPOBAHMH 3amaca
IUIACTUYHOCTH. B mpormecce 0THOOCHOrO pacTSKEHUS Ha CTaAUH HMapaboMIecKoro Ae(opMalMOHHOTO YHPOYHECHHs OMMeTallla pealn3yeTrcs
pexuM JieopMUpOBaHHs ¢ 0OpPa30BAHMEM HECKOJIBKHX MMOTECHIMAIBHBIX OYaroB pa3pylIeHHs. YCTAHOBJICHO, YTO HA CTaJUU INPEApa3pyIICHUs
B XOJI€ BPEMEHHOM 9BOIIOINH BOIHOBOH KapTHHBI JIOKAIU3ANH Ae()OpMaliy 30Ha aKTHBHON IIaCTHYECKOH 1ehOpMalUH CyKaeTcsl, HO KOIHIECTBO
04aroB B Hel COXpaHseTcs PH YMEHBIICHUH PACCTOSIHUSI MEXK/Ly HUMH MM IaXke Bo3pacTaeT. Pe3ysibTaToM 3Toro nporecca sBisieTcst o0pazoBaHue
MaKpOCKOITYECKOH mIeiiku, a 3aTeM paspymreHue. Ha craguu mpenpaspyIieHus TOYKa KOJIIalca yKa3bBaeT Ha MECTO OyIyIIero paspyLIeHUs U
CUTHAJIM3UPYET O HEOOXOAMMOCTH OCTAaHOBKHM IIpolecca JeGopMUpOBaHUs BO M30exkaHHe pa3pyllIeHHs OMMeTauIMYecKoro Marepuana. Takum
00pa3oM, OOIIEU3BECTHOE MPOSBICHHE MAKPOCKOIMYECKOW JoKanm3amuu Aedopmanuu — oOpa3oBaHHE IIEHKH — HPEABAPACTCS CIOKHBIMU
SIBJICHUSIMU B3aMMOCOIVIACOBAHHOTO JBHKEHHS OYaroB JIOKAJIN30BaHHOM IJIACTUYHOCTH Ha CTA/IUM TIPEAPa3pyLICHUs] B OUMeTaIax.

Kawuesvle caoea: nnactiuyeckas aedopmariiist, JOKaau3aiys, OMMeTalibl, HU3KOYIIEPOANCTAasl CTallb, HEP)KaBEIOIIas CTallb

BaazodapHocmu: Pabota BbITIONIHEHA B paMKaX rocy1apcTBEHHOTo 3a1anHus MHcTHTyTa (DM3MKK NPOYHOCTH U MatepuanoBeiennss CHOMPCKOro oTiene-

uus PAH, tema Ne FWRW-2021-0011.

Jaa yumuposanus: bapannukosa C.A., Jlu }0.B. Kapruns! nokann3auuu gedopManny Ha CTaIMU Npeapa3pylieHus B OUMeTanie yriepoaucTas
CTallb — HepyKaBeroasi cranb. Mzsecmus 8y308. Yepnas memannypeus. 2023;66(3):320-326.
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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 macroscopic 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 failure
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 subsequent-
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
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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 12Kh18NOT. Flat samples, measuring
42x8x2 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 extensively 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 12Kh18NO9T is characteristic of stainless steels, con-
sisting of elongated austenite grains aligned along the roll-
ing axis. The formation of o' 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 CuK 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 (y phase) with a lattice parameter of @ = 3.5999 A.
Upon tensile deformation of the bimetal samples, a defor-
mation-induced y— o' phase transformation occurred
in the surface layers of stainless steel 12Kh18H9T [9],
resulting in a two-phase structure with varying ratios
of a and y phases. With a total deformation ¢_ = 15 %,
the content of o’ martensite (a = 2.8873 A) was approxi-
mately 52 + 4 %, while the remaining phase was austen-
ite (y phase) with a lattice parameter of @ = 3.5999 A.

The samples were subjected to stretching using
a Walter + Bai LFM125 testing machine at an ambient
temperature, with a deformation rate of 6.67-107 s7'.
To analyze the stages of deformation hardening described
by the Ludwik—Hollomon empirical equation o = K&”"
(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
In(s —s,) = f(Ine).

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

1, (E
D——Eh'I[E—Oj, (1)

where E|; is the elasticity modulus (Young’s modulus); El.
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
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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
12H18NI9T, 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 12H18NOT 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 € with a spatial period of A =4 + 1 mm
is observed in the main layer of low carbon steel St3sp
bimetal (Fig. 1, @). It is worth noting that a change in
the increments of local strains € _(x, #) 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 ¢ 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 macroscopic 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 & 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 €  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 I —4) and the vicinity of the material
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Fig. 1. Kinetic diagrams X() of the positions of localized strain
maxima ¢_along the tension axis with time ¢ in the base layer
of 12Kh18NIT + St3sp bimetal at parabolic mechanical hardening (a)
and distribution of local elongations € _ (x, f) during transition
from parabolic mechanical hardening to prefracture (b)

Puc. 1. Kunernueckue auarpaMmbl X(¢) MOIOKEHUH MAKCUMYMOB
JIOKaJIM30BaHHOMN Je(hopMaluK € BJIOJIb OCH PACTSHKEHHS C TEUCHUEM
BpeMeHH / B OCHOBHOM ciioe Oumeramuia 12X18HIT + Ct3cn
Ha CcTaJIuK napaboIn4eckoro ae(opMaioHHOrO YIpOYHEeHNUs (@)

U PacCIpe/eNieHue TIPUPOCTOB JIOKAIBHBIX YTMHEHUH € (X, 1)
IpH Iepexojie OT CTaAuK NapadoIndecKkoro AehopMaMOHHOTO
YIPOYHEHHUS K mpeapas3pyiieHuto (b)

junction zone (Fig. 2, a, points /' —4") within the time
interval of #= 1400 + 3850 s, corresponding to a total
deformation of g = 0.12 + 0.33.

The investigation has revealed that the average total
value of localized elongations, ¢ remains relatively
constant during the parabolic deformation hardening
stage. However, it begins to deviate from this constant
level at a total strain of g  =0.19+0.25, marking
the transition from the parabolic strain hardening stage
to the pre-fracture stage (Fig. 2, b, curves / 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 /) a signi-
ficant increase in the total values of localized elongations,
¢ . 1s 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 ¢ (¢/3) dependen-
cies (Fig. 2, b, curves I 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 ¢ (&/6) dependences
(Fig. 2, b, curves I 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 / and 2
(Fig. 2, b) for the base and cladding metals is signifi-
cant, as the double #-criterion |¢| = 17.5 > 2.3, indicating
|t] > ly > where the reference value of the Student’s coef-
ficient 7, .= 2.3 [23].
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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 ¢, = 0.28 (a); dependence of distributions
of total local elongations € _(/ — cladding layer 12Kh18N9T;

2 —base layer St.3sp) and damage parameter D (/' — cladding layer
12Kh18NOIT; 2’ — base layer St3sp) on the bimetal normalized
plasticity €/ (b)

Puc. 2. O6nactu [1s aHaIM3a CyMMAapHBIX 3HAUYCHUH JTOKAIbHBIX
YAJIMHEHHH [P [IePEeX0/ie K CTAINH TPEAPa3pyICHUsT
B Ovare paspylleHusi B OCHOBHOM M IUIAKUPYIOIIEM CIIOIX OnmeTasia
12X18HI9T + Cr3cn npu obweii nedopmannu g = 0,28 (a);

3aBHCUMOCTH PACTIPE/IETIEHUH CYMMAapHBIX JIOKAJIbHBIX Y/UIMHEHUH €

(1 — nnakupytowuii cinoit 12X18HIT; 2 — ocxosHoit cioit Cr3c)
U TlapameTpa moBpexaeHHoctu D (/'— mnakupyrommii cioit 12X 18HIT;
2'— ocHoBHOH cioit CT3cm) OT HOPMUPOBAHHOM TUIACTUYHOCTH €/0
oumerana (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 ¢ _ in the localiza-
tion center (Fig. 2, a, points 4 and 4') is greater in the clad-
ding layer of stainless steel 12Kh18NO9T (Fig. 2, b,
curve /) 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 damage para-
meter D on the normalized total tensile strain ¢, relative
to the elongation at fracture & for each material. From
the combined dependencies of total localized elongations
¢ . and the damage parameter D on the normalized plas-
ticity €/6 (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
12Kh18NI9T (curves / — 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 ¢ = 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 ¢ = 33.5, the bimetal experiences complete frac-
ture. The fracture behavior of low carbon steel St3sp and
austenitic stainless steel 12Kh18NI9T differs significantly.
The main component of the bimetal, St3sp steel, exhibits
a viscous fracture mechanism, while the cladding layer
composed of 12Kh18NIT 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 heterogeneities [16; 17]. Although stainless
steel 12Kh18NOIT 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 localization and the accumulation of micro-
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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 exx 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 ¢ = 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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Short report

I_E Kpamkoe coo6ujeHue
EVOLUTION OF STRUCTURAL-PHASE STATE AND PROPERTIES
OF HYPEREUTECTOID STEEL RAILS AT LONG-TERM OPERATION

M. A. Porfir’ev, V. E. Gromov <, R. E. Kryukov
| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 gromov@physics.sibsiu.ru

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 Fe,C 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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AHHOmMayusa. MeTtogaMu COBPEMEHHOTO (DM3HMYECKOrO MAaTepHaOBE/ICHHs BBIOIHEH AHAJIN3 JBOJIOLHMH MHKPOTBEPIOCTH, TPUOOIOTHYECKHX
CBOMCTB, AMCIOKALMOHHOM CyOCTPYKTYpbI M (Pa30BOIr0 COCTAaBa PEILCOB MOBBIILIEHHOH H3HOCOCTOMKOCTH M KOHTAKTHON BBIHOCIMBOCTH KaTETOPHU
AT 400 UK nocne npomyiieHHOro ToHHaxa 187 MitH T OpyTTO Ha dKcriepuMeHTanibHOM Konble PXK/I. DkcTpemanbHO AuTenbHast SKCILUTyaTalus
PEIbCOB CONPOBOXK/IAETCS YMEHBIIEHHEM MapaMeTpa M3HOCA MOBEPXHOCTH KaraHus (B 3,1 pa3a), yBenuueHHeM MHUKpoTBepaoctu (B 1,4 pasa),
CKaJISIPHON TIOTHOCTH Jiuciokauuii (B 1,5 pasa) u conepxanus kapouna Fe,C (B 1,24 paza). Dxcrutyarauus penbcoB NPUBENA K YMEHbLICHHUIO
napameTpa KpUCTAUINYECKON PEeLIeTKH, YTO KOPPEIUPYET C POCTOM COAEpKaHMs KapOunia skene3a. Bricka3aHbI MPEATIONOKEHUS O (U3HIECKHX
NPUYUHAX U3MEHEHHUS TapaMeTpPOB.

Kniouesvle c/108a: penbebl CENNAIbHOTO Ha3HAYCHUS, CTPYKTYPa, MUKPOTBEPAOCTD, (ha30BbIil COCTaB, TPHOOIOrHIECKHE CBOHCTBA

BaazodapHocmu: Asropsl paboThl BeipakatoT Onaromaprocts E.B. TToneBomy 3a npemocrasiernsie 00pasisl penbco u H0.D. MBaHoBy 3a momoris
B [IPOBECHUH SKCIIEPUMEHTOB M 00CYKICHUH PE3YJIBTATOB.

Jas yumuposaHnus: Iopouprses M.A., I'pomos B.E., Kprokos P.E. DBomntorust cTpykTypHO-()a30BOr0 COCTOSIHUS U CBOMCTB PEIILCOB U3 3a9BTEKTOM/I-
HOW CTaJy NPH AIUTENIBHON KCIUTyaTanuu. M3zeecmus 6y306. Yepnas memannypeus. 2023;66(3):327-329.

https://doi.org/10.17073/0368-0797-2023-3-327-329

© M. A. Porfir'ev, V. E. Gromov, R. E. Kryukov, 2023 327


https://doi.org/10.17073/0368-0797-2023-3-327-329
mailto:gromov@physics.sibsiu.ru
https://fermet.misis.ru/index.php/jour/search/?subject=рельсы специального назначения
https://fermet.misis.ru/index.php/jour/search/?subject=структура
https://fermet.misis.ru/index.php/jour/search/?subject=микротвердость
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=трибологические свойства
https://doi.org/10.17073/0368-0797-2023-3-327-329
mailto:gromov@physics.sibsiu.ru
https://fermet.misis.ru/index.php/jour/search/?subject=special purpose rails
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=microhardness
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=tribological properties
https://doi.org/10.17073/0368-0797-2023-3-327-329
mailto:gromov%40physics.sibsiu.ru?subject=
mailto:gromov%40physics.sibsiu.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):327-329.
Iopgupves M.A., ['pomos B.E., Kptokos PE. IBosto11s CTPYKTYPHO-(Pa30BOro COCTOSIHUS ¥ CBOMCTB PEJIbCOB M3 3a3BTEKTOUJHOMU CTAJH ...

- 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 E9OKhAF, 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, a2 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 k was calculated using the following equation:

26RA
K=
FL

El
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where R represents the track radius, mm; A denotes the
surface area of the transversal cross-section of the wear
tread, mm?; 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 CuK 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 5.0-10'* to 7.5-10'° cm2. 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 7.7-107° mn3/(N-m),
which reduced to 2.5-10° mn’/(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 a-Fe and
iron carbide Fe,C. In the initial state, the phase content
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Dependence of friction coefficient (/) and friction force (2) on time
of tribological testing of DT 400 IR rails after missed tonnage
of 187 million tons («) and profile of friction track (b)
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is 95.83 wt. % and 4.17 wt. %, respectively. The crystal
lattice constants: for o-Fe a = 2.8736 A, for F ¢,C carbide
a=4.7313 A, b=4.3299 A, c =2.8330 A.

After the rails have undergone cargo operation, the con-
tent of a-Fe and Fe,C phases changes to 94.84 wt. % and
5.16 wt. %, respectively. Additionally, the crystal lattice
constants become: for a-Fe a = 2.8713 A; for iron carbide
a=43057A, b=43057 A, ¢=2.8342 A. These find-
ings indicate that the rails operation resulted in a 1.24-fold
increase in the content of Fe,C 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 a-Fe decreased, which corresponds
to the increased content of iron carbide and indicates the
release of carbon from the a-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 Fe,C carbide content.
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WAGNER INTERACTION COEFFICIENTS OF NITROGEN
WITH CHROMIUM AND MOLIBDENUM IN LIQUID NICKEL-BASED ALLOYS

L. A. Bol’shov, S. K. Korneichuk©, E. L. Bol’'shova
I Vologda State University (15 Lenina Str., Vologda 16000, Russian Federation)

&) korn62@mail.ru

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 en(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 e{{(Ni) =—21,9 at a temperature of 1873 K is calculated. This corresponds to the value of the Langenberg interaction
coefficient e{'(Ni) = —0,108, which coincides with experimental estimate. According to the second formula, the value eM°(Ni) = —14,3 is calculated
at a temperature 1873 K. This corresponds to the value of the Langenberg interaction coefficient e (Ni) =—0,036, which is in satisfactory agreement
with the experimental estimate e}°(Ni) = —15,1; eS'(Ni) =—0,038.

Keywords: thermodynamics, solutions, nitrogen, iron, nickel, chromium, molybdenum, activity coefficient, Wagner interaction coefficient, Langenberg
interaction coefficient

For citation: Bol’shov L.A., Korneichuk S.K., Bol’shova E.L. Wagner interaction coefficients of nitrogen with chromium and molibdenum in liquid
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BArHEPOBCKUE MAPAMETPbl B3AUMOLENCTBUSA
A30TA C XPOMOM U MOJIUBAEHOM B XXUOKUX CNNTABAX
HA OCHOBE HUKENA

JI. A. Boasmos, C. K. Kopueituyk “, 3. JI. BosiboBa
| Bouoroackuii rocynapcrBensslii yuusepeuret (Poccus, 160000, Bonoraa, yin. Jlenuna, 15)

&) korn62@mail.ru

AHHomayus. TlpeanoxeHa nMpocTas TEOpUsi TEPMOTUHAMHUYECKIX CBOMCTB JKHIKUX PacTBOPOB a3ora B ciuiaBax cucteM Fe—Ni—Cr u Fe—Ni—Mo,
KOTOpasi aHAJIOTMYHa TEOPUH JJIsl )KUJIKUX PacTBOPOB a30Ta B OMHApHBIX crutaBax cucteM Fe—Cr u Fe—Ni, npeacraBnenHoil aBropamu paHee
(2019 —2021). Teopust ocHOBaHa Ha PELICTOYHON MOJEIN TPEXKOMIIOHEHTHBIX XUAKUX pacTBopoB Fe—Ni—Cr u Fe—Ni—Mo. IIpeamnonaraercst
MopenbHast pererka tuna LK. B y3max 91oii pemeTku pacnonaraloTcst aToMbl jKelle3a, XpoMa, HUKEIsl K MOJIHO/IeHa. ATOMBI 230Ta PacIoararoTcs
B OKTadIPHYECKUX MEKIOY3IMAX. ATOM a30Ta B3aMMOJCHCTBYET JIMIIb C aTOMaMH METAJUIOB, HAXOISIIMMHCS B COCETHUX C OTUM aTOMOM
y351ax peuieTku. JT1o B3auMozeiicTBue naprHoe. [Ipemoaraetcst, 4To YHEPTUsl TOrO B3AaMMOJCHCTBHUSI HE 3aBUCHT HH OT COCTaBa CIUIABOB, HU
OT Temrepatypsl, U 4to xujakue pactBopel cucteM Fe—Ni—Cr u Fe—Ni—Mo sBIsOTCS COBEpLICHHBIMH. B pamMkax MpeioKeHHONH Teopuu
IPE/ICTABIICHO BBIPAKCHHE JUTSl BATHEPOBCKOTO TApaMeTpa B3aMMONCHCTBHS a30Ta C XPOMOM B JKHIKHX CIUTABaX HA OCHOBE HHKeNs &w(Ni).
[IpaBast yacTh COOTBETCTBYIOILEH (HOpMYIbI siBiIsIeTCs (QYHKIMEH BarHEPOBCKUX APaMETPOB B3aUMOJCHUCTBHS a30Ta C XPOMOM 8%’(Fe) U azoTa
¢ mukeneM ey (Fe) B JKHIKHX CIUIABaX HA OCHOBE JKeme3a. AHANOTHIHOE BBIPAKEHHE MOMyIEHO [T BATHEPOBCKOTO TAPAMETPA B3aHMOICHCTRISA
a30Ta ¢ MONMOJIEHOM B JKHIKHX CIIaBax Ha ocHobe Hukens gn°(Ni). ITo mepBoil u3 >TMX (OPMyJ PACCUMTAHO 3HAYEHUE eJ(Ni) =-21,9 mpu
temneparype 1873 K. DToMy COOTBETCTBYyeT 3HA4CHHE JIAHTCHOEPrOBCKOTO MapaMeTpa B3aUMOICHCTBHSA eﬁ’(Ni) =-0,108, 4ro coBmamgaer
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C DKCHEPHMEHTAJIBHON olleHKOW. [1o BTopoit 3 opMys pacCyMTaHO 3HAYCHHE S%O(Ni) =-14,3 npu temneparype 1873 K. Dtomy coorBeTcTBYET
3HAUCHUE JIAHTCHOEPTOBCKOTO IMapamMeTpa B3auMOJICHCTBHS eﬁ‘(Ni) =-0,036, 9TO YIOBIETBOPUTENHHO COMIACYETCS C DKCIEPUMEHTAIBHOMN

onenkoit eM°(Ni) = —15,1; e (Ni) = —0,038.

Kawouesvle ca06a: TepmoiHaMuKa, pacTBOPEI, a30T, JKeJ1e30, HUKENb, XPOM, MOJIHOIEH, KOO (HUIIMEHT aKTHBHOCTH, BArHEPOBCKHE MTapaMeTPhbl B3aUMO-

HCﬁCTBHX, J'IaHFeH6CpI‘0BCKI/I€ TmapaMmeTpbl BSaHMOHCﬁCTBHH

Aas yumupoeanus: bormsmos JLA., Kopreituyk C.K., borsmosa 3.J1. BarHepoBckue mapaMeTphl B3aUMOIESHCTBHS a30Ta ¢ XPOMOM H MOJIHOIEHOM
B JKHJIKHX CIJIaBaX Ha OCHOBE HUKeIsl. M3secmus 8y306. Yepras memannypeus. 2023;66(3):331-336.
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Nichrome, the heat-resistant alloy, and chromium stain-
less steel were invented at the beginning of the 20™ 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-20" 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 A4
(Ni—20 % Mo) and Hastelloy B (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
Cres Cni» Coy and ¢y, respectively, using mole fractions. The
fundamental concept explored in this study is the thermo-
dynamic activity of nitrogen within the solution, denoted as

ay.. 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:

ay = exp[HNR_THN J,

where 7' represents the absolute temperature, R is the univer-
sal gas constant, sigPiﬁes the chemical potential of nitro-
gen in the solution, [y denotes the chemical potential of
nitrogen at the standard state and temperature 7. 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 py value is assumed
to be constant. The simplest approach is to assume iy = 0,
leading to the following definition:

ay :exp(%j. (1)

This definition, introduced by Guggenheim in the
1930s [4], represent the absolute activity (1). The abso-
lute activity, when 7'= 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 yy = N These coefficients

N

were referred to as “rational activity coefficients” by Robin-
sonR. etal. [5]. Considering that y,, — y;, atcy — 0, y; rep-
resents the rational activity coefficient of nitrogen in an
infinitely dilute solution. For Fe—Ni—Cr—N alloys, where
Cre— 1 andoT = const, it is more convenierolt to express the
coefficient yy as a function of ¢, and ¢ : vy = Yn(Cys Ccp)-
Let us determine the Wagner interaction coefficients [6] that
describe the interaction between nitrogen and alloying ele-
ments in iron-based liquid alloys:

Oln Y;\I (cNi; CCr)

sgi(Fe) = "
Ni

at ¢, — 1;
31111(;\1 (cNi; CCr)

ey (Fe) = ~
Cr

atcp, — 1.
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Fe—Ni—Cr—N alloys at ¢; — 1 and T = const it is
more convenient to express the coefficient yy as a func-
tion of ¢, and ¢ : vy = vy (Cg» ¢¢,)- Then the Ni—Cr
Wagner interaction coefficient in nickel-based liquid
alloys is defined as

a 11'1 ’Y;\I (cFe 5 CCr)

Cr :
ex (Ni) =
N oce,

atey, — 1
or

Olnyy (1= ep —Cois i)

oce,

ex (Fe) =

atey, — 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

’. Let

solution f = “the wt. % activity coefficient’

[%0 NI
Yy — S at [% N] — 0. fy 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]:

dlg /x (1% Nil; [% Cr])

- at [% Fe] — 100;
0[% Ni]

ey (Fe) =

alng([% NiJ; [% Cr])
0[% Cr]

e’ (Fe) = at [% Fe] — 100.

For Fe—Ni—Cr—N alloys at [% N] — 100 and 7' = const,
it is more convenient to express the coefficient f, as a
function of [% Fe] and [% Cr]: fN fN( % Fel, [% Cr)).
The N—Cr Langenberg interaction coefficient in nickel-
based liquid alloys is defined as follows:

01g fu (1% Fel: [% Cr])

Cr N
v (N = 0% Cr]

at [% Ni] — 100.

We will examine the relationship between the Wag-
ner &/(k) and Langenberg ¢/(k) interaction coefficients
in alloys based on the & 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:

A . A .
Ll (k) + ——L, 3)

&/ (k) =230,3
Ak Ak
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where 4, represents the atomic mass of the alloying com-
ponent j and 4, 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]:

_ A — A
A el (k) + ——L|. (4)
2303A 4,

¢/ (k) =

The primary objective of this study is to establish ana-
lytical relationships between the interaction coefficient
ev(Ni) and the e(Fe) and eY(Fe) coefficients and
between the interaction coefficient ey°(Ni) with the
eM°(Fe) and eN'(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

-5
o 1 ; .
T~ = {1 _g[gz (Fe)ey; + Sg (Fe)CCr:I} >

where O represents the number of FCC lattice sites adja-
cent to the octahedral interstices (8 = 6); yy is the nitrogen
activity coefficient in an infinitely diluted nitrogen solu-
tion normalized as follows: y, = 1 at cg. — 1. Therefore

1nyoN (1_cFe _cCr’ cCr) =

:—Sln{l—g[ {(Fe) (1 cFe—cCr)+8§f(Fe)ccr:|}. (5)

It follows from (2) and (5):

e\ (Fe) — &) (Fe)

Cr :
ex (Ni) =9 -
n (N 5 —eN'(Fe)
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The final equation is:

Cr gy Cr(Fe) eN (Fe)
ey (N1) =6 &Y (Fe) (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):

Mo nri SMO(Fe)—s (Fe)
ey (Ni) =6 &N (Fo) (7)

To utilize equation (6), we also requlre the Wag-
ner interaction coeffcients SN ‘(Fe) and sN '(Fe) in iron-
based alloys. We have considered the most reliable
experimental studies on nitrogen solubility in Fe—Cr
liquid alloys that estimate of the Langenberg interac-
tion coefﬁment at 7=1873 K: e "(Fe) =-0.045 [13]
and e "(Fe) =-0.047 [14]. Another recommended value
is e{(Fe) =—0.046 as suggested by Linchevsky B.
et al. [15]. According to equation (3), this corresponds
to the Wagner interaction coefficient e (Fe) = —9.8.

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

By substituting £y (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 e5 (Ni) =—21.9 at 7= 1873 K.
According to equation (4), this Value corresponds to the
Langenberg interaction coefficient g (Ni) = —0.108. This
result is consistent with the experimental values reported
by Surovoy Yu. et al. [16].

Estimating the true interaction coefficient e "(Ni)
poses significant challenges. Here are some experimen-
tal values of this coefficient at 7= 1873 K obtained
from nitrogen solubility measurements in Ni—Cr melts:
-0.13 [2]; —0.11 (at T=1823K) [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 el (Ni)=-0.102. Monographs [15;22] suggest
eV(Ni)=—0.1at T=1873 K.

Previously, we presented an alternative theory [9] to
estimate the af,r (Ni) Wagner interaction coefficient. Let us
express Sievert’s law [23] for the solubility of nitrogen in
Fe—Cr liquid alloys as follows:

. P,
(%N =Ky [ =2
R

where P represents the partial pressure of the nitrogen gas
phase; P 1sthestandardpressure(P =1atm~0.101 MPa);
K is Slevert s law constant for the solubility of nitro-
gen in Ni—Cr liquid alloys. Let K (Ni) at ¢, =1

and Ky = K{(Cr) at ¢, = 1. According to the theory pre-
sented in [9]
. K\ (C
£CF(Ni) = 6| 1 - ¢ Hor Kn(CT) )
ANI K (Nl)

As mentioned in [9], equations (8) and (4) yield
the following N—-Cr Langenberg interaction coefficient
in liquid nickel alloys e{'(Ni) =—0.105 at 7= 1873 K.

Therefore according to [9], the interaction coef-
ficient e "(Ni) at T=1873 K is —0.105, and according
to the theory proposed in this paper, eN "(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
e (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 e °(Ni) coeffi-
cient, we need to know the Wagner interaction coefficient
N°(Fe) in iron-based alloys. Here are the Langenberg
interaction coefficient values at 7= 1873 K, reported in
reputable studies on nitrogen solubility in Fe—Mo liquid
alloys: en°(Fe) =—0.011 [13] and ey°(Fe) =—0.013 [25].
The arithmetic mean of these values is eTZAO(Fe) =-0.012.
According to equation (3), this value corresponds to the
Wagner interaction coefficient sg"(Fe) =-5.5.

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

Let us consider the ey°(Ni) and eN°(Ni) interac-
tion coefficients at 7= 1873 K. Stomakhin A. et al. [17]
applied the Sievert method [23] to study the solubility
of nitrogen in Ni—Mo liquid alloys at 7= 1823 K. They
reported the experimental value of the Langenberg inter-
action coefficient ey °(Ni) = —0.04. According to equation
(3), the Wagner interaction coefficient 8¥°(Ni) =-15.9
at 7=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 7, to temperature 7. For the en’ interaction coeffi-
cient and 6 = 6, this equation can be expressed as:

Ty
e (1) =6 1—[l—és¥"(%)y : ©)
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By substituting the values 7, = 1823 K, 7= 1873 K,
eN°(1823)=—15.9 into equation (9), we obtain
eN°(Ni)=—15.1 at T=1873 K. It corresponds to the
N—Mo Langenberg interaction coefficient in nickel-based
liquid alloys ey °(Ni) =—0.038 (equation (4)). The theo-
retical value ey °(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 ey (Ni)=-0.108
at 7= 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 e} °(Ni) = 0.04 at 7= 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 7= 1873 K,
the result is e °(Ni) = —0.038.

The most plausible experimental values of the
Wagner interaction coefficients for nitrogen in liquid
nickel at 7=1873 K seem to be & (Ni)=-21.9;
eM°(Ni) =—15.1. The analytical values of these param-
eters are ey (Ni) = —21.9; eN°(Ni) = —14.3.

Itis 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].

[ ConcLusiOoNs

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 af,r(Ni) and g%”(Ni) for nitrogen
in nickel-based liquid alloys based on the correspond-
ing £\ (Fe) and eY°(Fe) coefficients in iron-based liquid
alloys.

We obtained analytical values for the nitrogen
interaction coefficients in liquid nickel-based alloys
at  T=1873K: e{(Ni)=-21.9; eN°(Ni)=-14.3;
e (Ni) = —0.108; ey °(Ni) = —0.036.

The most plausible experimental values for the nitro-
gen interaction coefficients in liquid nickel-based alloys
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at T=1873 K are: el (Ni)=-0.108; ey °(Ni) =—-0.038;
eV (Ni) =-21.9; eM°(Ni) = —15.1.
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USING CALCIUM-CONTAINING INJECTION WIRE FILLED
WITH ELECTROLYTIC CALCIUM IN STEEL LADLE TREATMENT
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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.

Keywords: steel ladle treatment, calcium-containing injection wire calcium, electrolytic calcium, silicocalcium
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AHHOmMayus. ANIOMUHHI SIBIISIETCSl OZHMM M3 HanOojee pacrpOCTPAaHEHHBIX PACKUCIUTENEH, IPU ero UCIONB30BAaHUM B paciuiaBe o0pasyroTcs
TYTOIIABKHE BKJIFOYCHUS TIIMHO3eMa. [IpHCyTCTBHE NaHHBIX HEMETAJUIMYECKUX BKIFOYCHUH HEraTHBHO BIIMSET HA YHCTOTY JKHJIKOHM cTanu,
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Xopowusnos A./].,, Comos C.A. u dp. OnbIT NpUMEHEHNs KalbLUHCO/iepKallell MHXXEKLHOHHON MPOBOJIOKH C HATIOJHUTEJIEM ...

MEXaHMYeCKHEe CBOWCTBA, 3aTPy/AHSIET Pa3IMBKY BCIEACTBHE 3aTATBAHMS CTAIEPa3IMBOYHON GypHUTYpbL. MonuduinpoBanue BKIIOUCHUH OKCHIA
AIIIOMHHHS KaJIbIIEM CIIOCOOCTBYET 00PA30BAHMIO KUAKUX AIIOMHHATOB KaJIbIUs, YTO IPHBOIUT K YCKOPEHUIO UX YAAJICHHS U3 METajlla BBULY
Oosiee BBICOKOH cKopocTH BeruibiThs. OOaiasi BBICOKUM CPOZICTBOM K Cepe, KallbLUil CBSI3bIBACT ee, 00pasys CyJIb(QH/Ibl, TEM CaMbIM YMEHbILAs!
BPCIHOC BIMSHUE CEPHl U CHIDKAs aHM30TPOIMIO CBOMCTB CTalW IPH AailbHelmeil mpokarke. [ oOpaOOTKH CTallM KaJbIHEM UCIOIB3YIOT
UHKEKI[MOHHBIEC IIPOBOJIOKH C KalbLIUHCOAEP)KAIIUM HATIONHUTENEM. B KadecTBe HAIOIHHUTENA MOTYT OBITh HCIOIb30BAHbI MEKTPOIUTUYESCKUH
KaJIbLIMH, CHIMKOKAJIbLMH, alloMOTepMUUECKUil Kanblui, Geppokansuuil. B nanHoit pabore omnmcaHbl pe3ynbTaTbl MPOBEJEHHBIX MCIBITAHUH
Kaspliuiicoiepkaliell POBOJOKK C HANOJHUTENEM M3 DJIEKTPOJIMTHYECKOro Kajiblusd M cuiukokaneius. IlokasaHo, 4to pacxon Kaiablus
IIPH UCIOJIB30BAHMN CHIIMKOKAJIbLIMEBON MPOBOJIOKU B cpeaHeM Ha 35 % BbllIe B CPAaBHEHHMH C KaJIbLIUEBOH HMHXKEKIIMOHHOH IPOBOJIOKOH ¢
HAIOJIHHUTEIEM M3 IEKTPOIUTUYECKOro Kanpius. [IpoBenena oneHka koabduuuenTa ycBOGHU Kanblus UL Pa3IMYHBIX COPTAMEHTOB CTalel
P MCIOJIb30BaHUH KaJIbLMHCOAEPKAIIUX HPOBOJIOK PA3HBIX AM3aHHOB U HATIOIHUTEIS. BHINONHEH aHAIN3 pa3IMBaeMOCTH CTAIH, I/Ie B KaUuecTBe
OIIpeIENSIOIEr0 NapaMeTpa pacCMOTPEHA 3aBUCUMOCTb U3MEHEHHUS IOJI0KEHH S IITOKA CTONOPA IPOMEKYTOUHOTO KOBIIA OT COAEPKAHMS KabIHs
B MeTaJUIe 110 po0e ¢ yCTAHOBKH HENPEPHIBHOM PAa3IMBKH CTAIN. YCTAHOBJIEHO, YTO POBOJIOKA C HAIOJIHUTEIIEM U3 AIEKTPOIUTHIECKOTO KabIHs

HOKa3bIBaeT Ooree 3()(pEeKTUBHBIN Pe3yIbTaT B CPABHCHHUN C CHIIMKOKAIBIHEBON IPOBOIOKOI.

Kawueswle cno06a: BHeneUHas 06pa60TKa CTaliu, Kanbunﬁconepmamasl MHXCKIMOHHAs IIPOBOJIOKA, KaHLHHﬁ, 3JI€KTp0HI/ITI/I‘ICCKHﬁ KaJII:I.IPIfI, CHUIIUKO-

KaJbLHH

Jna yumupoeanus: XopommnoB A.Jl., ComoB C.A., Karonukos B.Jl., MypsiceB B.A., bouepukoB P.E., SlpmyxameroB M.P. OmbIT nmpuMeHeHHst
KaJbLIUicoaeprKaliell NHXEKIIMOHHON IPOBOJIOKM C HAIOJHUTEIEM W3 DJICKTPOJIUTUYECKOTrO KajbLUs Ha dTare BHENEYHOH 0OpadOTKH cTaiu.
Hzeecmus 8y306. Yepnas memannypeus. 2023;66(3):337-343. https://doi.org/10.17073/0368-0797-2023-3-337-343

[ 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 (Al,O,), 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 A1 O, 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

(x + gyjAlz(%(S) +y[Ca] = (ALO;)_ (Cao)y * %y[Al].

338

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 susceptibility to hydrogen-
induced cracking in corrosive environments [19].

Themodification of NMI with calciumis acomplex 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;
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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.

[l 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
(10x0.8);

— outer diameter: 11 mm; outer layer thickness: 0.8 mm
(11x0.8);

— outer diameter: 10 mm; outer layer thickness: 1.0 mm
(10x1.0).

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.

Physical characteristics of the wire

Du3nyecKue XapaKTepUuCTUKU
HCMOJIb3YeMOii MPOBOJIOKH

Property Wire design, mm
10x0.8 | 11x0.8 | 10x1.0
Weight of the filler, kg 675 666 598
Fill factor, % 25 27 21
‘l)lveil;[z’dgﬁller content per 1 m of 74 04 67
Rated weight of 1 m of wire, g 295 342 323
Calcium consumption, g/ton 95 99 113

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 10x1.0 and 11x0.8 are nega-
tive. This implies that the consumption of these wire sizes
can be reduced in comparison to wires sizes 10x0.8 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 10x1.0
and 11x0.8 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.

CK40
10%1.0 size
11x0.8 size
10x0.8 size

All wire sizes

60 70 80 90 100 110 120 130

Wire consumption, kg/melt

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

Puc. 1. Pacxon xanbuiiconepskaiieil NpoBOJIOKH Ha IIABKY
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CK40
10x1.0 size
11x0.8 size
10x0.8 size

All wire sizes

60 80 100 120 140 160 180 200

Calcium consumption, g/ton

Fig. 2. Calcium consumption for melting

Puc. 2. Pacxon Kayblys Ha TUIABKY

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 11x0.8 wire exhib-
its the highest assimilation factor for low-carbon and
carbon steel grades, whereas the 10x1.0 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

5 80
a4 70
160
- 50
40
- 30
-4 20
410
0

60
- 50
440
30
420
- 10
0

A stopper rod, mm
Calcium content, %

A stopper rod, mm
Calcium content, %

<10 [10; 15) [15;20) [20;25) [25;30)
[Ca] CCM, ppm

CK40

10x1.0 size

11x0.8 size

10x0.8 size

All wire sizes

—4.0 -2.0 0 2.0 4.0 6.0

A stopper rod, mm

Fig. 3. Changing the tundish stopper position

Puc. 3. VI3ameHeHue MMOJIOKEHHMS IITOKA CTOIIopa IMPOMENKYTOYHOI'O KOBIIA

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-

60
£ 50 =~
£ =l
=) 40 2
e g
5 30 o
& 20 5
2 S
<4 10 8

0

70
g 60 =X
g 50 &
< 2
<] 40 €
5 o
g 20 2
< 10 O

0

<10 [10;15) [15;20) [20;25) [25;30)
[Ca] CCM, ppm

Fig. 4. Dependence of the tundish stopper rod from calcium according to the certification piece:

a — all calcium injection wires (CIW); b — 11.5%0.8; ¢ — 10x0.8; d — 10x1.0; [l — A ram, mm;

— data, %

Puc. 4. 3aBUCUMOCTbD TOJIOKEHHMSI IITOKA CTOIIOpa MPOMEKYTOUHOI'O KOBIIA OT COACPIKAHUS KaJIbIUs 110 JaHHBIM aTrTecTalMOHHON HpO6LIZ

a —Bce KUIT; b — 11,5%0,8; ¢ — 10%x0,8; d — 10x1,0; [l — A mrToka, MM;
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A stopper rod, mm

[Ca] CCM, ppm

250

5 10 15 20 25
[Ca] CCM, ppm

Fig. 5. Optimal calcium content in the metal:
- CIW 10%0.8, ¢ — CIW 10x1.0, A — CIW 11x0.8 (a); @ — all CIWs (b)

Puc. 5. OnrumansHoe COZICpIKaHUEC KaJIbLlMs B METaJlJIC:
W KUIT 10x0,8, 4 — KUIIT 10x1,0, A — KHII 11x0,8 (a); @ — Bee KU (b)

30

25

20

15

K, Ca, %

10

Low-carbon steel

Carbon steel

Low-silicon steel

Fig. 6. Calcium recovery rate for various calcium-containing wires:
- 10x0.8; - 11x0.8; |l — 10x1.0; [l — SK40

Puc. 6. KoaddunmeHt ycBOCHHS KaIbIys T PA3TUYHBIX KaJIbIUICOACPKAIIMX TPOBOJIOK:

- 10x0,8; [l — 11x0,8; [l — 10x1,0; [l — CK40

diate tundish stopper rod serves as a convenient metric
for evaluating the calcium-containing wire performance.
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LEAD AND ZINC SELECTIVE EXTRACTION FROM
EAF DUST WHILE HEATING IN RESISTANCE FURNACE
WITH FLOWING ARGON
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Abstract. The elemental and phase compositions of electric arc furnace (EAF) dust from PJSC Severstal were studied. We carried out the thermodynamic
modeling of zinc and lead selective extraction process and determined its possible mechanisms. EAF dust was heated in the temperature range
0f 20— 1300 °C in vacuum resistance furnace and the Tamman furnace with flowing argon. Experiments in the vacuum resistance furnace with linear
heating showed that lead and zinc removal from the sample occurs in the temperature range of 800 — 1200 °C, with higher lead removal rate. Intensive
lead removal was observed at temperature above 1000 °C, while intensive zinc removal occurs at temperature above 1200 °C. Clarifying isothermal
experiments performed in the Tamman furnace showed that lead complete transition to the gas phase was achieved at a temperature of 1100 °C
(holding time — 12 min) and at a temperature of 1200 °C (holding time — 6 min or more). At the same time, zinc removal was observed in the amount
of 14.4 % ratio and 32.2 % ratio, respectively, which allows us to conclude that it is possible to consistently obtain two products: lead and zinc mixture
and zinc not contaminated with lead. When comparing experimental and thermodynamic modeling data, the reactions that are most likely to occur
during the carbon reduction of lead- and zinc-containing phases were determined.

Keywords: ferrous metallurgy, non-ferrous metals, steel dust, electric-arc furnace dust, EAF-dust, carbon-free process, selective extraction, evaporation,
zinc, lead, iron, secondary resources, resource saving
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OKCHEepUMEHTHl B BAKyyMHOW IEYH CONPOTHUBICHHS C JIMHEHHBIM HArpeBOM I10Ka3ajd, YTO yHAJICHHE CBMHLA M LIMHKA M3 o0paslia MpoTeKao
B uHTepBaie temneparyp 800 — 1200 °C. IIpu 9ToM CKOpPOCTh ynaneHHs CBHHIIA Obuia Bbilie. VIHTEHCHBHOE yHaleHHE CBUHIA HAOIOANN MPH
temneparypax cbiie 1000 °C, a MHTEHCHBHOE y/laJIeHHe IMHKa ITpH Temrieparypax csbiiie 1200 °C. Y TouHsIo#e H30TepPMUIECKHE IKCIEPUMEHTHI,
BBITIOJTHEHHBIC B ITeun TaMMaHa, oKa3au, 4To MOJHbINA Mepexo/] CBUHIIA B Ta30BYI0 (asy nocruraics npu remneparype 1100 °C (Bpems BbIICPKKH
12 mun) u npu Temneparype 1200 °C (Bpemst Bbiaepxku 6 MUH 1 Ooiee). [lapamiensHo ¢ 9TUM HaONIOAAIN yaleHne IMHKa B koinuectse 14,4
1 32,2 % (OTH.) COOTBETCTBEHHO, YTO TTO3BOJIMIIO CIENAaTh BBIBOJ O BO3MOKHOCTH I1OC/IEI0BATENBLHOTO MOyYeHHUs! ABYX IIPOIYKTOB: CMECH CBUHIA
C LIMHKOM U LIMHKA, HE 3arpsI3HEHHOT0 CBUHIIOM. [1pH conocTaBieHHH SKCIIEPUMEHTATbHBIX JAHHBIX M JAHHBIX TEPMOJIHMHAMHYECKOT0 MOJIEITUPOBAHUS
OIpeJieICHbI PEAKIUH, IPOTEKaHHEe KOTOPBIX HaHOoIee BEPOATHO IPH BOCCTAHOBIICHHHU CBUHEI- M ITHKCOIEPIKAIINX (pa3 yIIepOLOM.

Kaiouesvle c/108a: uepHas MeTaluTyprus, BETHbIE METAJLIbI, CTANICIUIABUIIbHAS ITbUTH, IBLUTH JICI, Ge3yriepoaHblii polece, CENeKTHBHOE H3BIICUCHHUE,
HCTapeHne, INHK, CBUHELL, JKeNe30, BTOPHYHBIC PECYPCHI, peCcypcocOepekeH e

Jna yumuposanus: Ionycosckas H.B., Komonosa O.A., I'puroposuu K.B., [TaBnoB A.B., Akcenosa B.B., Pymsnues b.A., XKenesusiit M.B. Uzy-
YCHUEC CCJIICKTUBHOI'O M3BJICHCHWS CBUHIIA U TUHKA U3 IIBIJIN ﬂCH IIpU Harpese B I1€4ax CONPOTUBJICHUS B TOKE aproHa. Hzeecmus 6)3086. ’{epnaﬂ
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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 ores', 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 present 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 ZnFe,O, [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-

! 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).

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 CO, 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 sources® 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 CI,
1.74C; 1.3Si; 1.0K; 1.0Pb; 0.74S; 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 sample to pri-

2 Federal Law dated 02.07.2021 No. 296-®3 "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. Ne 3052-p. URL: http://publication.pravo.gov.ru/Document/
View/0001202111010022 (access date 11.05.2023).
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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. Sample 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
(CO,) and sulfur dioxide (SO,).

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 Fe,O,;
4.4 (Zn, Mn, Fe),0,; 6.0 ZnO; 4.5 Ca,Fe,O,; 3.0 MnO,;
2.7Pb,0,; 1.28i0,. 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
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temperatures of reactions (AG < 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 (I11) 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),0,, speci-
fically zinc ferrite ZnFe,O, (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),0,, detected in the EAF
dust is not included in the HSC Chemistry 6 database,

Table 1
Lead (IIT) oxide reduction chemical reactions

with their course temperatures, resulting in lead
and its compounds transition into the gas phase

Tabnuya 1. XuMuyeckne peakiiui BOCCTAHOBJIEHHS
okcnaa ceunna (II1), conpoBoskaaromuecs: nepexoaom
CBHMHIIA M €ro cOelMHEeHUIl B ra3oByio (¢a3sy,

U TeMIepaTypbl HX NPOTeKAHUS

Reaction
No. Reaction temperature,
“C
1 Pb,0,+3C= 2Pb< +3CO >449
2 (g

2 Pb,0,+1.5C= 2Pb(g)+ 1.5C02(g) >295
3 Pb,0, + 3CO0, = 2Pb(g)+ 3C0O,, 0-2000
4 Pb,0,+C= 2Pb0(g) + CO(g) >809
5 2Pb,0,+C= 4Pb0(g)+ CO,y, >835
6 Pb,0, + CO(g): 2Pb0(g)+ COz(g) >877
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Table 2

Zinc oxide reduction chemical reactions
with their course temperatures, resulting
in zinc transition into the gas phase

Tabnuya 2. XuMu4ecKue peakuii BOCCTAHOBJIEHHUS
OKCH/Ia IMHKA, COMPOBOKAAIONINECS MePeXoqoM IUHKA
B ra3oByio (pa3y, u TeMneparypbl X NPOTeKAHUS

Reaction
No. Reaction temperature,
“C
7 Zn0+C="Zn ,+CO >958
2) (g)
2Zn0 +C= 2Zn(g) + COz(g) >1064
9 Zn0 +CO, =Zn, + CO >1326
2) () 2(2)

possible reduction reactions were considered for the com-
pounds iron or manganese oxides (Fe,O, and Mn,0,).
The reactions, which occur in the temperature range
0f 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,, +0,, asa function of the partial pres-
sure of Zn,, is illustrated in Fig. 1.

From Fig. 1, it can be observed that a decrease in
the partial pressure of Zn, (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 (IIT) 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

Table 3

Franklinite reduction chemical reactions and their course temperatures

Tabiuya 3. XuMu4ecKne peakiuy BOCCTAHOBIeHHsI GPAHKIMHUATA U TEMIIEPATYPbI UX NPOTEKAHUS

. Reaction
No. Reaction T
10 ZnFe,0, + CO(g) =7Zn0 + 2FeO + COz(g) >838
11 ZnFe0, +4C = Zn( +2Fe +4CO >794
2) (9]
12 ZnFe,0, +2C = Zn, +2Fe + 2CO, | >863
ZnFe,0, + 3CO( =7Zn0O + 2Fe +3CO,, . +ZnO + CO, . =7Zn_+ CO, =
13 2) (€3] (2 2(g) >1126
= ZZnFeZO .t 2C0(g) = Zn(g) +2FeO + 2C02(g)
ZnFe,0, + CO , =ZnO + 2FeO + CO,, +ZnO+C=Zn_, +CO , =
14 (2 2(g) (2 (2) >905
=Y ZnFe,0,+C= Zn, +2Fe0 + CO,
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Table 4

Fe,0, and Mn,0, reduction chemical reactions
and their course temperatures

Tabnuya 4. XuMu4yecKue peakiu BOCCTAHOBJIEHHUSI
oxcuaoB Fe,O, n Mn, 0, n Temneparypbi
HX NMPOTEeKAHUSA

Reaction
No. Reaction temperature,
°C

15 Fe,0,+C=3FeO+CO, >700

16 2Fe,0,+ C=6FeO + CO,, >694

17 Fe,0, + CO, = 3FeO + CO,, >514

18 FeO+C=Fe+CO >725

19 2Fe0 + C =2Fe + CO, >751

20 FeO +CO, =Fe + CO,,, <579

21 Fe,0,+C=Fe,0, +Fe+CO, >941

22 Mn,0, + C=3MnO + CO, >277

23 2Mn,0, + C=6MnO + CO, 0-2000
24 Mn,0, + CO, =3MnO + CO, 0-2000
25 MnO +C=Mn +CO >1397

Table 5

Zinc oxide thermal dissociation chemical reaction and its
course temperature

Tabnuya 5. XuMudeckasi peakinusi TEpMHUYECKOM
AUCCONMALMH OKCH/IA IMHKA U TeMIlepaTypa
ee NMpoTeKaHUs

Reaction
No. Reaction temperature,
°C
26 2Zn0=27Zn,+0 >2118
g 2(2)

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).
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Fig. 1. Dependence of ZnO = Zn, *+ Oy reaction temperature
onZn, partial pressure

Puc. 1. 3aBucUMOCTb TeMIIepaTyphbl IPOTEKAHUS PEaAKIIUH

/n0 = Zn(r) + Oz(r) OT MapUUaJIbHOTO JaBICHUS Zn(r)

- 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=20kW; U=10V; I1=2000A;
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=38.5mm). 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 vacuum pump to reach a residual pressure of 107! 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 I/min. The fur-
nace was heated atarate 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-
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10 ’

=

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; § — vacuum system valve;
9 — vacuum pump; /0 — rotameter

Puc. 2. Cxema BakyyMHO# IIe4H COIPOTUBIICHUS:
1 — xopmyc meun; 2 — KpbIIIKa 1e4y; 3 — CMOTPOBOE OKHO;
4 — rpaduTOBBII HarpeBaTelns; 5 — pabouue amyHJOBbIE TUIIIH;
6 — tepmorniapa BP 5/20; 7 — maHomeTp; 8§ — BEeHTHJIb BAKyyMHOM CHCTe-
Mbl; 9 — BaKyyMHBIH Hacoc; /() — porameTp

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

Table 6

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

Tabnuya 6. ®akTHveckas yobLIIb MACCHI HABECKHU
nbl JICII noc/ie Harpepa B BAKYyMHOIi neuu
COIIPOTHBJ/ICHHS] B TOKE aproHa

Holding Actual mass decrease,
temperature, °C rel. %
800 2.32
1000 3.64
1100 4.28
1200 10.04"
1300 21.49"

* Averaged by two samples.

- SR “ ;
T=800°C

W/o treatment

T=1000°C

T=1200°C

L

T=1300°C

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

Puc. 3. Baemnnii Bu 06pasios 10 1 nocie 0opaboTKu
B BaKyyMHOM T1€YH COTPOTUBIICHHS

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

Tabnuya 7. Cofep:kaHue CBHHIA, HUHKA U yriiepoaa B nbLiu JICII 10 u nocJie HarpeBa

B BaKyyMHOﬁ nmevYu CONpPOTUBJICHUA B TOKE aproHa

Element Initigl. Content of elements (wt. %) at the temperature of treatment, °C
composition 800 1000 1100 1200 1300
C 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

Table 7

Remark: n.a. — not available.

perature range of 800 — 1200 °C, with holding time: 3,
6, 9, 12 min. The furnace specifications are as follows:
P=40kW; f=50Hz. The flowing argon rate (high
purity) was set to 1 I/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,

100
g
8 o
£ 60
58
24 4
g e
[}
= 20

600

800 1000 1200 1400

Temperature, °C
Fig. 4. Dependence of the element extraction rate on the temperature

of EAF dust treatment in vacuum resistance furnace:
1-C;2-7Zn;3-Pb

Puc. 4. 3aBUCHMOCTD CTENEHU U3BJICUCHUS dJIEMEHTA OT TeMIIepaTyphbl
o6paborku nbutr J{CII B BakyyMHOH 11€4U CONPOTUBIICHHS:
1-C;2-7Zn;3-Pb
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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.

Table 8

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

Tabnuya 8. ®akTHYeckas yObLIb MACCHI HABECKHU
nbln JICII nociie HarpeBa M BblIep:KKH B eun TamMaHa
B TOKE aproHa

. Actual mass decrease, rel. %,
Holding temperature at holding time, min
of samples, °C
3 6 9 12
800 0.67 1.67 2.67 4.00
900 1.00 2.33 3.33 433
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 °C (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 Pb,O, 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) (¢ = 1100 °C, holding time: 12 min) and 32.2 %
(relative) (¢ = 1200 °C, holding time: 6 min and longer),
respectively. This indicates a failure to achieve selective

100

80

60

40

rate, rel. %

20

Carbon extraction

0 2 4 6 8 10 12

Holding time, min

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, °C:

1-2800; 2—-900; 3 —1000; 4 - 1100; 5 — 1200

Puc. 5. 3aBucumocTs crenenu uzBiedenus ymiepoaa u3 nsumm JCII ot
BpPEMECHHM BBIACPIKKH ITPU HArpeBe B Ieun TaMMmaHa B TOKe aprosa, °C:
1-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200
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20
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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, °C:

1—-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200

Puc. 6. 3aBucumocTb crenenu ui3piedeHus ceunna u3 meumu J{CII ot
BPEMEHH BBIJIEP)KKHU TPU HAarpeBe B reun Tammana B TOke aprona, °C:
1—-3800; 2—900; 3 —1000; 4 —1100; 5 — 1200
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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, °C:

1-2800; 2-900; 3 —-1000; 4 —1100; 5 — 1200

Puc. 7. 3aBucumocTs crenenn u3snedenust nuaka u3 nsum JICII ot
BpPEMEHH BBIJCPKKH NP HArpeBe B Meun Tammana B TOKe aprosa, °C:
1-2800; 2-900; 3 —-1000; 4—1100; 5 — 1200

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),0,.
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].
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Table 9

Lead, zinc and carbon content change in EAF dust after heating and holding
in the Tamman furnace with flowing argon

Tabnuya 9. U3meHeHnune coaep:kaHusi CBUHIA, IMHKA U yriiepoaa B nbliu {CII moc/ie narpesa
M BbIIEPKKH B eyd TaMmana B ToKe aprosa

Temperature of Initigl. Chemical comppsitipn of dpst, wt. %
Element treatment, °C composoltlon, at holding time, min
wt. % 3 6 9 12
C 1.74 1.59 1.31 1.13 1.00
Zn 800 14.50 14.60 14.70 14.90 15.00
Pb 1.00 1.00 1.00 0.90 0.90
C 1.74 1.41 0.87 0.86 0.81
Zn 900 14.50 14.60 14.70 14.20 13.80
Pb 1.00 1.00 0.90 0.70 0.70
C 1.74 1.06 0.71 0.47 0.41
Zn 1000 14.50 14.70 14.60 14.10 13.80
Pb 1.00 0.90 0.60 0.60 0.60
C 1.74 0.88 0.30 0.15 0.10
Zn 1100 14.50 14.10 14.30 14.30 13.30
Pb 1.00 0.70 0.60 0.30 0
C 1.74 0.29 0.04 0.02 0.01
Zn 1200 14.50 13.60 11.60 11.20 11.40
Pb 1.00 0.80 0 0 0

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, KCI) 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
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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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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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MpeIHA3HAYCHHOE JUTSl MHHMMH3AINN TIOCIEICTBUN TSHKETION 3aMpOCKTHOI aBapiy HA aTOMHOM SIEKTPOCTAHINH C Pa3pylIeHHEM KOpITyca
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peakTopa U paculaBIeHHeM aKTUBHON 30HBI. /ISl U3rOTOBJICHUS] KOHCTPYKTUBHBIX AJIEMEHTOB YCTPOMCTBA JIOKAIN3ALUH PACIIaBa UCTIONB3YIOTCS
HHU3KOYIIEPOIUCThIE HEJIETHPOBAHHBIE M HU3KOJIETUPOBAaHHbIE cTanu. [Ipu pa3BUTHH TsKeI0H 3aIIpOEKTHOM aBapHu KOPITyC yCTPONHCTBA TOKAIU3all UK
pacruiaBa oJBepraeTcst 3KCTpeMaIbHbIM TeMIIEPATypPHO-CHIIOBBIM HArpy3KaM, YTO MOXKET HPHBECTH K JAETPaJalluy CTPYKTYPbI, IOTEPe NPOYHOCTH
1 paspyIIeHnto Beeil KoHCTpyKiuu. JIist pacueTa XxapakKTepHCTUK IPOYHOCTH KOHCTPYKIUH yCTPONCTBA JOKAIN3alluK PaciljiaBa, 00eCIeunBatonux
ero 6e30MacHyIo U HaJekKHYI0 paboTy, HEOOXOIUMBI JIETAJILHBIE JAHHBIE O CTPYKTYpE M MEXaHMYECKHUX CBOMCTBAX HM3KOYIIEPOIMCTBIX CTaleh
IIPU BBICOKMX TEMIIEPATypax U IOCIe HKCTPEMANIBHBIX TEPMUUECKUX BO3AEHCTBMIN, MMUTHPYIOIIUX YCIIOBHS Pa3BUTHUS TSKEIOH 3alpOEKTHOM
aBapuu. B cTaTbe aHamM3MpPyIOTCS JaHHBIE 110 CTPYKTYPE U MEXaHWYECKUM CBOMCTBAM (CTATHYECKOMY PACTSHKEHUIO, TPEIIMHOCTONKOCTH, yIapHOH
BA3KOCTH M LUKIMYECKOH NPOYHOCTH) psijia HU3KOYIIEPOAUCTBIX CTajel MpH HKCTPEMANIbHBIX TEMIEPAaTypHO-CUIIOBBIX BO3JIEHCTBHAX. B ToM
YHCJIE PACCMATPUBAIOTCS yCIIOBUS, IMHUTHPYIOLIME Pa3BUTHE TSDKEJION 3alpOEKTHON aBapuu HA aTOMHOMN JIEKTPOCTAHIMHU C LIENIbIO ONPEIeICHUs
Marepuana s KOHCTPYKIMH YCTpOICTBa JIOKaaM3alluM paciulaBa aTOMHBIX peakTopoB. lIpencTaBiieHbl HOBBIE [aHHBIE 110 CTPYKTYpE,
MEXaHHYECKHM CBOICTBAM M TEMIEpaTypolpoOBOJHOCTH B LIMPOKOM JAuana3oHe temneparyp cranu 15XM, kak KOHCTPYKIHOHHOTO Marepuasia
IUIsL H3TOTOBIICHHS KOPITyca YCTPOICTBA JIOKaIU3aUH paciiiaBa. [loHIKEHHOE colepKaHHe MapraHIla, JIeTHPOBaHUE MOMHOACHOM H BaHAJHEM

cramu 15XM obecneunBator 6osee MEIKO3EpHUCTYIO CTPYKTYPY U YCTPAHSIOT CKJIOHHOCTB CTaIM K OTITYCKHON XPYIKOCTH.

Kaloyesbvle c/108a: HU3KOYITIEPOANCTASI CTANIb, YCTPONHCTBO JOKAIN3ALNH PACIUIaBa, IPOYHOCTD, YAAPHAs BSI3KOCTh, TEMIICPATYPOINPOBOAHOCTD, MUKPO-

CTPYKTypa, ayCTCHHUT, BBICOKOTEMIIEPATYPHOC BOSHCﬁCTBHe

BbaazodapHocmu: ViccrnenoBanue CTPyKTYpbI BBIITIOJIHEHO ¢ HCToNb3oBanueM obopynosanus LIKIT «MarepralioBeieHHe U METaJUTyprisy MpH (UHAH-
COBO# mozepkke MUHUCTEPCTBA HAYKU U Bbiciero oopaszoBanuss PO (cornmamenue Ne 075-15-2021-696). bnaronapum umxenepa A.A. Tokapsi,
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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
simultaneously 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-vessel, 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
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Table 1
Chemical composition of low-carbon steels, wt. %
Tabnuya 1. XuMu4ecKuii coCTaB HU3KOYIJIEPOAUCTHIX cTadjeii, % (1o macce)
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

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
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
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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 mm?/s, and with temperature increase to 1340 °C,
it increases to 5.5 mm?/s [18].

Other experimental results of the high tempera-
ture mechanical properties of SA533-Bl steel were
limited by analysis of the influence of strain rate
(0.050 — 0.007 min') on the strength and plasticity in
the temperature range from 650 to 1200 °C [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 7: 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.
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Fig. 1. Temperature dependence of tensile strength of SA533-B1 steel [18]:
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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'. The tests were performed in a vacuum. Three
samples in each state were tested.

» Impact bending tests of samples with the size
of 10x10x55 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 / 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 =3.5-10* 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/m?,
Thermal impact according to modes / 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 / 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/cm? 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/cm?, 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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Table 2

Chemical composition of 15KhM steel, wt. %

Tabnuya 2. Xumuveckuii coctas craiau 15XM, % (mo macce)

HE C | Si
0.14 | 0.41

Mn | P S
0.61]0.010.01

Al
0.01

Cr
0.64

Mo
0.50

Ni
0.01

basis

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 pm 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.

[l 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 um. This is slightly lower than in 22K
steel [17]. After thermal impact according to mode /
the austenite grain grows by 55 %: from 23.5+ 9.1 um
to 36.5 = 14.9 um (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 6., in initial state changes in average from
161 to 37 MPa, and the ultimate strength ¢ from 180
to 70 MPa. Thermal impact according to mode / 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 /, 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,
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Fig. 2. Microstructure (@) and ferrite (b) and pearlite (¢) grain distribution histograms for 15KhM steel in initial state
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TEPMUYECKOT0 BO3EHCTBUSA 110 pexumy /

Fig. 4. Microstructure of 15KhM steel after thermal exposure according to mode /
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Fig. 5. Microstructure (@) and ferrite (b) and pearlite (c) grain distribution histograms for 15KhM steel
after thermal exposure according to mode 2
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Table 3

Mechanical properties of 15 KhM steel before
and after thermal exposure according to mode 7

Tabnuya 3. Mexanu4deckue cBoiictBa craau 15XM
J0 ¥ 10CJIe TEPMUYECKOI0 BO3/1elCTBUS 10 pexxnumy [

Test G G, 5. %
temperature, °C | MPa MPa
in initial state
700 161+2 | 180+2 | 66.7+1.8
900 3741 | 70+2 | 829+24
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+25

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/cm?. During a further temperature
increase to minus 20 °C, the impact strength consistently
decreases to 20 J/cm?.

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/cm?. 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

Table 4

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

Tabnuya 4. Pe3yabTaTbl HCNBITAHUI HA YIAPHBII H3rH0
cragu 15XM 10 1 nmocjie TepMHYECKOro Bo3AelicTBUS
1o pe:xumy 2

KCV, J/em? X, %
Temperature, °C

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 | 1767 100 50
=50 - 2242 - 100
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Fig. 6. Stress-strain curves of 15KhM steel at different temperatures in
initial state and after thermal exposure according to mode /:
123 °C, after thermal exposure; 2 — 700 °C, after thermal exposure;
3 —700 °C, initial state; 4 — 900 °C, initial state; 5 — 900 °C, after
thermal exposure; 6 — 1200 °C, after thermal exposure

Puc. 6. Kpussle pactspxenust cramu 15XM npu pa3inn4HbIX TeMIepa-
Typax B UCXOJJHOM COCTOSIHUH U ITOCJIE TEPMUYECKOT0 BO3JCUCTBHUS 110
pexumy /:

1 —23 °C, nocne tepmuyeckoro Bozaeiicteust; 2 — 700 °C, mocie Tepmu-
yeckoro BozzaeiictBust; 3 — 700 °C, uCX0IHOE COCTOSHIE;
4—900 °C, ucxonHoe cocrosinue; 5 — 900 °C, mocie TepMUUECKOro
Bo3xeicTBus; 6 — 1200 °C, mocie TepMU4ecKoro BO3AEHCTBHS
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Fig. 7. Impact strength curves of 15KhM steel samples (a)
in initial state and () after thermal exposure
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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 facets
with river line. The facet size is 10 — 80 pum, 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
SAS533-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 o — y transformation occurring in steels
at these temperatures. At ambient temperature, the ther-
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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

Puc. 8. 3aBrcuMOCTb yTSKKH 00pa3noB u3 cranm 15XM
OT TEeMIIePaTyphl yIapHBIX UCIIBITAHUIL:
1 — NCXOHOE COCTOSHKE; 2 — TT0CIIe TEPMUUECKOr0 BO3ACHCTBHS
0 peKuMy 2

Fig. 9. Fracture surfaces of impact samples
at room temperature in initial state («) and at -30 °C
after thermal exposure according to mode 2 (b)

Puc. 9. 3nomsl yaapHbiX 00pa3ioB Npy KOMHATHON TeMIepaType
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Bo3zeicTBHs 110 pexxumy 2 (b)

14 &

-
N
T

-
S
T

Thermal
diffusivity, mm’/s
o ©
T T

BN
T

2 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Temperature, °C

Fig. 10. Temperature dependence of thermal diffusivity
of low-carbon steels:
@ — 09G2S; W - 22K; A — 15KhM,; solid line — SA533-B1 steel [18]

Puc. 10. TemmneparypHasi 3aBHCHMOCTb TEMIIEPATyPOIIPOBOAHOCTH
HU3KOYDJICPOIUCTBIX CTaJIeit:
@ - 09T°2C; W — 22K; A — 15XM; criioniHas JIMHUS — JaHHbBIC IS
cramu SA533-B1 [18]
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mal diffusivity of 15KhM and 09G2S steels is the equal
to 11.0 —11.2 mm?/s, while that of 22K is slightly
higher: 13.7 mm?/s. At 500 °C the lowest thermal diffusi-
vity is demonstrated by 15KhM steel: 6.3 mm?/s, while
the highest by 22K steel: 7.4 mm?/s. At 600 °C lowest
thermal diffusivity is demonstrated by 09G2S steel:
4.3 mm?/s, while the highest by 22K and 15KhM steels:
5.3 mm?/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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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?

! Nizhny Novgorod State University of Architecture, Building and Civil Engineering (65 I1’inskaya Str., Nizhny Novgorod
603950, Russian Federation)

2 Komsomolsk-on-Amur State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian
Federation)

&3 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
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METOA U3YYEHUA YACTOTHOMU CTABUNBHOCTU MATEPUANOB
NMPU UCNBITAHUAX HA MHOTOUUKNOBYIO YCTANTOCTb CTANTU

B. B. Mbu1bHHKOB ! ©, 3. A. /IMUTpHEB?

! Huzxeropoackuii rocyaapcTBeHHbIH apXUTEKTyPHO-CTPOUTeIbHbI yauBepenTeT (Poccus, 603950, Huxnmit Hosropon,

yi1. UnbuHCKas, 65)

2 KoMcoMOJIbCKHIi-HA-AMype rocylapcTBeHnbli yausepeutet (Poccus, 681013, Xabaposckuii kpaii, KoMcomonbck-Ha-AMmype,
np. Jlenuna, 27)

&3 mrmylnikov@mail.ru

Annomayus. Jlis 6e3aBapuitHOro (yHKIIMOHUPOBaHMS U O€3 II0Teph YIPYTHX U HEYTIPYTHX CBOMCTB 0CO00 OTBETCTBEHHBIX IEMEHTOB IpeoOpaszoBareneii
JNEKTPUYECKUX KOJIeOaHUH B MEXaHHMYECKHE B TCUCHHE IIUTENIBHOTO MEPUOJa LHUKINYECKOH HapaOOTKUM HEOoOXOAMMO, KPOME HCCIICIOBaHHSA
YCTAJIOCTHBIX XapaKTEPUCTHK MaTe€pUasoB, NMPUMEHSIEMbIX [UIsI UX W3TOTOBIEHMS, HUCCIIENOBATh 3TH CIUIABbI U HA YACTOTHYIO CTAOMIIBHOCTb.
DTO CBA3aHO € TEM, YTO HE3HAUUTENIbHBIC OTKJIOHEHHUS YaCTOThI COOCTBEHHBIX KONeOaHMT MPHBOAAT K HEAOMYCTUMBIM IOTPEIIHOCTAM B paboTe
TaKOT'0 POJia BEICOKOTOUHBIX M3Jeauil. it mpoBeneHus HucciaenoBaHnii pa3paboTaHa U CKOHCTPYHPOBaHA OpUTHHAIbHAS YCTaHOBKa, paboTaromas
B pEeKIME aBTOKOJIeOaHHH, B KOTOPOIi OCYIIECTBICHO CHHYCOUIaIbHOE HArPYKEHUE IIIOCKHX 00Pa3IoB 110 «MATKOW» cXeMe KOHCOIbHOTO H3ruba.
YacToTa LUKIMYECKOTO HArpy:KeHHs B YCTAHOBKE I'€HEPUPYETCsl MMITYIbCAMH TOKA, KOTOpPBIE SIBISIIOTCS OTKIMKOM Ha YacTOTY COOCTBEHHBIX
KoNeOaHUI NCIIBITBIBAEMOT0 00pasiia, IpeoOpa3oBaHHAIX C IOMOIIBIO MEKTPOHUKHU. B pesynbrare qocTHraeTcs 4acToTHOE PaBEHCTBO B IIpoliecce
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ucnbITaHui. Pa3zpaboTaH aJiropuT™ pacueTa HalpsDKeHUH B 3aBUCHMOCTH OT aMILTUTY/IbI HATPY)KEHHsT 00pa3LoB U3 CTAIN Pa3HOH reoMeTpUIeCcKoit
¢dopwmsbl. [TokazaHo, 4TO HanpspKeHHE Ha 00pasle, pacCUMTaHHOE 10 aMILTUTY/E Ae(opMalliy, BO Beex cirydasx Ha 8 — 10 % Bbliie HanpsukeHusl,
PaccUYUTaHHOTO IO CHJIE BHE 3aBUCHMOCTH OT (hopMbI 00pa3noB. J{ist BepuuKanum npeayioKeHHOro METO/1a HCCIIEI0BAaHHI MPOBEICHBI HCITBITAHUS
MapTeHCHTHO-CTAperoLIeil CTalli Ha Harpy3kax, OJM3KHUX K INpeielly yCTaJOCTH, TaK KaK HauOOJNBIIMH MHTEpeC MpencTaBisieT CTaOMIBHOCTD
4acTOTHI B 9TOM Jiuarna3oHe. [1oy4eHbl 4acTOTHBIE XapaKTePUCTUKU B MHOTOIMKIIOBON oOyiacTh ucnbiTaHuid. OnpeneneHo, 4To npu HapaboTke
B 50 MJIH IIMKJIOB HAarpy>KeHHsI U3MEHEHHe 4acToThl coctaBmiio 0,75 ', BrisiBieHa AuHaMMKa 4acTOTHOM CTaOMIBHOCTH: HanOoJIee HHTEHCUBHO
4acTOTa MEHSUIACh IIPH MepBbIX 10 MIIH IIUKIIOB HArpY)KEHHMs, 32 ATO BpeMsi OHa u3MeHmIack Ha 0,54 .

Kniouesule ci08a: crainb, ycTaloCTh, aMIUIUTY/IA Ae(OpMALIUHU, YACTOTA HATPYIKEHUS], OITOBEYHOCTh, YACTOTA COOCTBEHHBIX KOJIEOAHUI, IMKINYeCcKast

TIIPOYHOCTD, CTa0MIILHOCTD YaCTOTBI

Aas yumupoeanus: Mouibaukos B.B., JImurpres .A. MeTon n3ydeHus] 9aCTOTHON CTaOWIBHOCTH MATepUaioB MPH MCIBITAHUSIX Ha MHOTOI[H-
KJIOBYIO YCTAIIOCTh cTaiu. Mzeecmus 6y306. Yepnas memannypeus. 2023;66(3):367-375. https.//doi.org/10.17073/0368-0797-2023-3-367-375

[ 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 (o, MPa) (Fig. 2, a) or
strain (¢, 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-

APy P WA G55 Pl bl

Fig. 1. Varieties of cycle amplitude forms:
a — sinusoidal cycle form (harmonic) with constant amplitude values; » — biharmonic; ¢ — with variable frequency; d — programmed block cycle;
e — with reproduction of the operational spectrum with time variable o, with or without truncation of low c,; f—harmonic cycle with single overloads

Puc. 1. PazHOBHAHOCTH (DOPM aMILIATY]] [IUKJIOB:
a — cUHycoHaNbHas opma K (TapMOHHYECKAst) C TIOCTOSTHHBIMU aMIUTUTYAHBIMHU 3HAUYCHUSIMH; b — OUTapMOHHYECKas;
¢ — C TIEPEMEHHOIT 4acTOTOMH; ¢ — IPOrpaMMHPOBAHHBIH OJIOUHBIH LUK, € — C BOCIPOU3BEACHUEM SKCILTYaTal[HOHHOTO CIIEKTpa
C IIepeMEHHOM BO BPEMEHHM G, C yCEUEHHEM HU3KHX G, MIIM O€3 MX yCedeHMs; f — rapMOHMYECKUI UK C OJMHOYHBIMH Neperpy3KaMu
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Fig. 2. Loading schemes during fatigue tests:
a — pure bending of a rotating cylindrical sample; b — pure bending in one plane; ¢ — 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

Puc. 2. Cxembl Harpy>keHust IpY UCTIBITAHUSAX HA YCTAJIOCTb:
@ — YUCTBIH U3rHO BPAIAIOLIETroCs IJIMHIPUYECKOro 00pasia; b — YUCThIA N3ru0 B OAHOI MIIOCKOCTH; ¢ — KOHCOJIBHBIN H3rH0 BPAIIAIONIErocs
LHUITHHPUYECKOTO 00pasiia; d — KOHCOJIBbHBIN UKINYECKU MOMepeyHbIi H3rub MI0CKOro 00pasiia; e — MonepeyuHblil H3rud Mpu BpaleHUH
CHJIOBO# INIOCKOCTH; f — 0CEBOE PACTSHKEHHE 10 YJIbCHPYIOIIEMY [HKITY; g — 3HAKOIIEPEMEHHOE KpyUeHHe
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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].

[l 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

[N

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

Reference
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Fig. 3. Diagrams:
a — frequency stability testing installations: / — 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; § — electromagnetic stator exciter; 9 — vibration isolators; /0 — vibration acceleration sensor; // — U-shaped ribbon core;
b —loads during cantilever cyclic transverse bending of a flat sample; ¢ — matching current pulses, electromagnetic force and elastic force
with movement of the console of the test sample in this installation

Puc. 3. Cxemsr:
a — yCTAHOBKH JUISl HCTIBITAHUI HA YaCTOTHYIO CTaOMIIBHOCTh: [ — cTaHuHa; 2 — 0Opaselr; 3 — 3IeKTPOMarHUTHbII BO30YIUTENb;
4 — OJIOK IUTAaHMSl MU ABTOMATHKH; 5 — KaTyLIKa I€KTPOMArHUTHOTO BO30YAUTENS; 6 — CPEICTBO U3MEPEHHUS [TapaMETPOB KoJeOaTebHOro ImpoLecca;
7 — heppOMArHUTHBIH SKOPb IEKTPOMATHUTHOTO BO3OYAUTENS; 8§ — CTATOP 3NEKTPOMAaTHUTHOTO BO3OYAUTENs; 9 — BUOPOU3OIATOPSI;
10 — narunk BuOGpoyckopenusi; // — [1-o6pa3Hblil 1€HTOUHBIN CepAEUHUK; b — HATPY3KH IPU KOHCOIBHOM LUKIMYECKOM MONEPEUHOM H3rude
IIIOCKOTO 00pasIia; ¢ — COIIACOBAHMS MMITYJIbCOB TOKA, YIEKTPOMATHUTHON CHIIBI U CHJIBI YIIPYTOCTH € HEpeMeeHueM KOHCOIN UCCIIETyeMOro
oOpas3La B JaHHOH yCTaHOBKe
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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
03N18K9MST-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:
2

dy
EJ(x)—=2 =
()dx2

M(x), 6]
where J(x) represents the second area moment; £ 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.
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Fig. 4. Sketches of the samples:
a — flat samples; b — corset samples

Puc. 4. Dckusbl 00pasioB:
a — TIocKKe 00pasiibl; b — KOpCceTHbIE 00pasIbl

Dimensions of fatigue test samples, mm

Pa3Mepbl 06[)331103 JJIsl HCTIBITAHUA HA YCTAJI0CTh, MM

Sample a b / h H R
a 10 22 43 5 13 -
bl 9 20 56 5 13 | 100
b2 24 20 56 5 13 100

- 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(+a-x). )

The displacement of the sample segment with a height
d*y F(+a-x) 3
h: = ,where J, = —.
dx* EJ, 12
dy,

Initial conditions are: x = 0; y, = 0; n =0.
x

A solution for the specified initial conditions is:
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©)

An equation for the displacement of the sample segment

2 3
with height H: d };2 = Fl+a-x) , where J, = bi
dx EJ, 1

The solution is:
gﬁcvf;x@+a—gj+q;

dx EJ,
F oy (4)
Y, :—x—(n —fj+c1X+cz.
EJ, 2
. . dy, d
Initial conditions are: x = I; D ﬁ; M=),
dx  dx

By substituting the values of x = into (3) and (4), and
solving the equations, we obtain:
J 11
al|l———1|
']1 JZ

2
E \2 J, J, E2\3

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

3
Am:iM+£l(l+a)(i+aj L_i _
El, 3 E

Given the provided values of 4 and H, where J, > J,
(J, =208.3 mm*; J, = 3662 mm*), 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:

2
Am=il 2 gD, (5)
EJ, 3

The stress at the reference cross-section (the restraint
S F(l+a)

point) is:c = ——.

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

J . .
Wl = g, we obtain the final expression:

o L,5h(/ +a) Ed. ©)
1(3»512 +3la+ez)

For the sample dimensions indicated in Fig. 4, a, we get:
6=269-10"E4, .

For the average Young’s modulus E=2-10°MPa:
o =53.84, , where ¢ is measured in MPa, 4 in mm.

- STRESS VS. VIBRATION AMPLITUDE IN CORSET 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 /2
from the restraint point). Consequently, the height of the
cross-section at a distance x from the origin is given by:

h(x):h+(R—\/R2—x2). %)

The bending moment at x is: M (x) = F(é +a- xj.
The equation for the displacement is derived from
3
b }; 2(x). This is further

equation (1) by substituting J, =
supplemented by 4(x) from equation (7).
The resultant equation is:

d*y, 1,5F 0,5/ +a—x
L= : ®)

2 3
d” bE (0,5h+R— Rz—xz)

The value of x is in the range: —é <x<1,.

A computer-generated solution of differential equa-
tion (8) for x = 0.5/: produces the displacement y, and
a
angle 6, = Ly
For the estimation of the displacement of the thickened
segment, we positioned the origin at a distance / from the
sample’s restraint point.

The equation describing the displacement of this seg-

. dz)’z F(a—-x) bH?
ment is: PR EJ, »where J, =
The solution for this equation is:
d
%:gx[ag}q;
e
, ©)
F x x
Vy=———|a——|+Cx+C,,
Es, 2\ 3 |
where 0 <x <a.
.. .. dy,
Initial conditions are: x = 0; 0,,, = d—;y2 =Vim:
s

Resultingin C, =0, ;C,=y, .

By substituting x = a into (9), we find y, at the point of
force appli%ation, which is the amplitude of oscillations:

F a
m _+91ma+ylm'
EJ, 2
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Due to the substantial value of J,, the first term of this
expression is significantly smaller compared to the other
two and can be disregarded.

Let us denote 6], and ¥, the values derived from equa-

tion (9) for L5F =1.
bE

C15F L5F
Thenelm:elmﬁ;ylm:ylmﬁ‘

The amplitude of oscillations is:

1,5F
A == 0 a+y ). 10
m bE ( 1m ylm) ( )
The stress in the sample cross-section at the center
F(0,5]+ a)
of the curved segment: 6 = Y

By expressing F' from equation (10) and considering
n . .
W = P we arrive the final expression:

oo 2U+2a) .

11
PO, i) o

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: 0], =59.84; y/, = 1853.2;

—sample b2: 0], = 84.1; |, =2532.4.

From equation (11), we obtain:

—sample (b1): 6 =24.75-10°EA4, , MPa;

—sample (b2): 6 = 18.3-10°EA, , MPa.

Considering the average Young’s modulus £ = 2-10° MPa:
—0=49.54, for sample bl;

— 0 =36.64, for sample b2.

Here, ¢ is measured in MPa and 4, 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 o as stated in equation (6)

A
205,45, +9,,
(¢)

(12)

AE . .
where &, 7z is the relative error of Young’s modulus;

S5, = % is the relative error of the amplitude;
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SQ:A—h+ ! +1+ 2/ +3a Al +
h a+l [ 5 /2
3la”+ab+—
3
1 [+2a
+ > |Aa— (13)

atl a’ +al +—
3

is the relative error of the sample’s dimensions.
The relative error of the amplitude of oscillations has
been previously determined as: 6, = 0.01 (1 %).
The relative error of the sample’s linear dimensions is
estimated as (13):
6,=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 1.9-10° to 2.1:10° MPa. In
this context AE = +10* MPa should be considered as the
error in Young’s modulus:
0, =0.05 (5 %). (15)
The total error of the estimated stress in the reference
section is given by:

Ac
—=0.0723 (7.23 %). (16)
e}

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

6F (I +
o= M

e (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:

c,=5014,-10°, Pa,
_6(l+a)

- — F=0.596-10°F, Pa;
bh

for sample a
c,=4854,-107°, Pa,
_6(2+a)

Gp= — F=0.444-10"F, Pa.
bh

for sample b

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 6 = 3 and the sample’s

. . . Al+Aa  Ab zAh
linear dimension error 6, = +— :
l+a b h
Ao _5, +5,. (18)
o

Given that we measured the sample with a pre-
cise micrometer, Aa=Al=Ab=Ah=0.01l mm and
8,=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 6, is 8 — 10 % higher
than the stress calculated from the force o, 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 6, and systematic error overlooked during instrument
calibration.

[ RESULTS AND DISCUSSION

We employed the proposed procedure to conduct a
test a sample composed of 03H18KIMST-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, making
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 /
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 / 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.

Aw

0.6 -

0.4

Aw

04 |

0 1-10" 210" 310 410 N

Fig. 5. Frequency characteristics during cyclic loading
with interruptions in tests:
1 — frequency at the moment of switching on;
2 — frequency at the moment of shutdown

Puc. 5. YacToTHBIE XapaKTEPUCTHKH TP HUKIMYECKOM HATPYKSHUU
C TIepepbIBaMU B MCITBITAHUSIX:
1 —9acToTa B MOMEHT BKJIOYEHHST; 2 — 4YaCTOTa B MOMEHT OTKJIFOUSHUS

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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PARAMETRIC MODEL OF A THREE-ROLL UNIT
OF RADIAL-SHEAR ROLLING MINI-MILL

D. V. Troitskii©, Yu. V. Gamin, S. P. Galkin, A. S. Budnikov
| National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

B3 d.vtroitskiy@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 d =5 — 15° and feed angles 3 = 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

For citation: Troitskii D.V., Gamin Yu.V., Galkin S.P., Budnikov A.S. Parametric model of a three-roll unit of radial-shear rolling mini-mill. Izvestiya.
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NMAPAMETPUYECKASl MOAE/Nb TPEXBAZIKOBOIO Y3/1A MUHU-CTAHA
PAAVUANBHO-CABUIOBOI MPOKATKM

A. B. Tpounxkwuii %, 10. B. FTamuH, C. I1. TankuH, A. C. BygHUKOB
| HanuoHnauabHbIi nccjaegoBaTeabekuii TexHoornyeckuii yausepeuter « MUCHC» (Poccus, 119049, Mocksa, JIeHuHckuit 11p., 4)

B3 d.vtroitskiy@gmail.com

AHHOmayus. B crarbe paccMOTPEHbl OCHOBHBIE KOHCTPYKTHUBHBIE OCOOCHHOCTH MUHH-CTAHOB paanaibHO-cBUroBoii npokarku (PCII), ux naudomnee
pacnpocTpaHeHHble TUropazMepsl. Onucan 0000IEHHBIH alIrOPUTM IIPOEKTUPOBAHUS TAKMX CTAHOB C NMpUMEHeHneM coBpeMeHHbIX CAD cucrem.
INepeunciienbl OCHOBHbBIE TOIXOABI K METOMOJIOTMH NPOIPAMMHOIO aJalTHBHOTO NPOSKTUPOBAHMS MOAENICH B MHXKMHMPUHIE, NMPHBEICHBI MX
0COOCHHOCTH M Pa3iuyusl. B 4acTHOCTH, PacCMOTPEHBI METOAOIOIMH T'OPU30HTAIBHOIO MOJEIUPOBAHUS, MOJCIUPOBAHUS C SIBHBIMU CCHUIKAMM
1 ycTOH4MBOro MojenupoBanus. OnucaHa MeToMKa BUPTYaIbHbBIX EPEKUMOB, IPUBEIEHa OCHOBHASI F€OMETPUUECKas CXeMa IPOCTPAHCTBEHHOTO
MOJIOKEHHST BAJIKOB MPOJOJILHOTO Tpoduuist. TlomyueHHble B pe3ysbrare pacyeToB JAHHbIC 3aKOIMPOBAHbI M CBEAEHBI B TaOmuIpbl. [IpuBeneHHbIe
(hopMyJIBI HCHOJIB30BaHBI TIPU TTAPAaMETPUUECKOM IPOSKTUPOBAHUH BAJIKOBOIO y3i1a TpexpayikoBoro crana PCII na npumepe tunopasmepa «30-70»
B nporpammHoOii cpezne Autodesk Inventor. ITosyuennas napamerpudeckast Mojesb, UCIONb3Ys Kiaccuueckne GopMysbl METOAUKH BUPTYaJIbHBIX
MEePEKUMOB, MO3BOJISICT ABTOMATHUECKH [IEPECTPanBaTh ovar Ae()opMaly st HOBBIX HCXOAHBIX MapameTpoB. PazpaboTaHHas Mozielb IpUMEHHMa
JUISL TPEXBAJIKOBBIX CTAHOB, MMEIOIIMX YIIIbI PACKaTKU pabodnx BaiKoB & = 5 — 15° u yrsl nomauun B = 18 — 22°. TIpuBeneHbl 3CKU3bI U ITIOPbI
MOCTPOESHHON MOJIEIH JUISl PA3JIMYHBIX YIIOB packatk — 5, 10 u 15°. [Ipu yBennueHun yria packaTku 3aMEeTHO 3HAYUTENIbHOE YBEJIMYEHUE KOHYCHOCTH
Bajka. O003HaYeH BEKTOp OyAylIMX HCCIIEIOBAaHMI MO JOpabOTKe M COBEPLICHCTBOBAHMIO MOIy4YEeHHOH mporpamMMHoit moienu. JanbHeifmue
HCCIIeI0BaHus 110 J10paboTKe MapaMeTpuyeckoi Mosienn OylyT BKIodarh B ceOs paciiupeHre Habopa MMEIONIMXCs apaMeTpoB Ul 100aBIeHHs
B KOMITBIOTEPHYIO MOJIE/Ib CTAHWHBI M BAJIKOBBIX Y3JIOB, BKJIIOYAs ONOPBI, MOAYILIKH, KPBIIIKH, HAXXUMHOE U yPaBHOBEIIHMBAIOIEE YCTPOHCTBO U T. II.

Kawuessle c108a: BUHTOBAs IIpOKaTKa, pajuajIbHO-CABUTOBAas IIPOKATKA (PCH), MHWHH-CTAHBI, TEXHOJIOTUYECKHUI TNIEpEKNM, yroJi moaavdu, yroji packar-
KU, yroJl CKpeluBaHusl, SKCHUCHTPUCUTET, odar L[e(l)OpMaI_[I/II/I
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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 example, pure magnesium has shown significant
improvement in its mechanical properties through three
roller helical rolling, attributed to changes in its micro-
structure [5]. Researchers 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
constructed 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 development
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-
nalintentofthe engineer [17], promotes standardizationand
internal consistency within the simulated model, reduces
development time, and maximizes the potential for reus-
ing previously developed parts and units. Employing
an appropriate and well-designed methodology enables
faster modifications of models compared to an informal
approach [18; 19]. The development of design methods is
closely tied to the advancement of CAD systems and their
application in engineering design tasks. Ultimately, these
methods represent the accumulated engineering expe-
rience of researchers aimed at enhancing the flexibility
and validity of the designed models [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].
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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

378

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:

— 3 represents the considered cross section of the ingot
with radius 7, and center at O,

— B represents the cross section of the roller with
radius R, and center at O, in contact with the ingot cross
section 3 at point F;

— Ol and CL are the rolling axes for the ingot and
the deformation area, respectively;

— GGy is the common perpendicular (eccentricate) with
length £ to the roller and rolling axes, meaning ZOGG, =
= ZLCG,G =90°%

— OC is the line perpendicular to the rolling axis
with length P, intersecting the roller axis, denoted as
ZCOG =90°. In drum type mills, it is positioned
on the drum axis;

— B, 9, y 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 r,. This contact point is located at a known dis-
tance A/, along the rolling axis from the technological
squeeze (from point O) (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]

d:ﬁﬂ A

D = —— =2, (M
k

where D™ is the maximum possible diameter in the

squeeze, mm; d™" is the minimum roller pass diameter

in the squeeze, mm; A is the gap between adjacent rollers,
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b

Fig. 1. Diagram of the relative position of the axes of roll CL and rolling O/ (a); designations of geometric dimensions
of deformation focus and roll (b):
thick red line — deformation focus, double — roll; 7, 2 — sections of input and output, respectively; P — section of technological squeeze

Puc. 1. Cxema B3anmHOTO pacnonoxenus ocei Banka CL u npokarku O/ (a) u 0003HaYEHUSI TEOMETPHYECKUX Pa3MEPOB
ouara aedopmaryu 1 Basika (b):
KpacHast TOJICTast JINHUS — odar aedopMaruu; 1BoiHas — BaJIOK; /, 2 — CEYEHHs BXO/Ia M BBIXO/Ia COOTBETCTBEHHO;
P — ceyenne TeXHOIOTMUECKOTO MepeKuMa

mm; ¢ 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 B, rolling angle 6 and the number of opera-

i = cos6—0. 87\/0. 75c0s8° +0.25cos B’

)

cos 5\/0. 57cosd? +0.19cosp?

These conditions are subsequently verified by analy-

ting rollers, and can be determined using the equation: zing interference in the CAD system.

Table 1

Source data for the calculation example

Tabnuya 1. McxoaHble JaHHbIE /I IPUMepa pacyeTa

. Units of
Parameter Notation Value
measurement

Feed angle B deg 20
Rolling angle o deg 5
Roller radius in squeeze R, mm 80
Ingot radius in squeeze r, mm 15
Input cross section of deformation zone:

—radius 7 mm 25

— distance to squeeze Al mm 80

— roller cross section radius R, mm ?

— distance from roller cross section center to roller

cross section center in technological squeeze Xy mm ?
Output cross section of deformation zone:

—radius 7, mm 16.5

— distance to squeeze Al mm -80

— roller radius R, mm ?

— distance from roller cross section center to roller

cross section center in technological squeeze Xeo mm ?
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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 / 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, 42, B5, B6, C5 and C7.
The following relationship holds true for these parameters:

Table 2

Results of calculation of calibration parameters
for three sections

Tabnuya 2. Pe3yjabraThl pacuera NapaMeTpoB KaJIMOPOBKH
10 TPeM CeYyeHUusIM

Deformation
. Roller, mm
Cross section zone, mm
Al 7 XR, R,
Input / 80 25 78.001 | 80.512
Technological 0 10 0 30
squeeze, P
Output 2 -80 16.5 | —-80.320 | 76.034
cosX1cosX2 = cosB5cosB6 =
=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 4, 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 / between technological and

Table 3
Parameter coding table
Tabnuya 3. Tabauna KOIHPOBAHHUSI IAPAMETPOB
Nota- . .
tion Parameter Equation in Autodesk Inventor Equation
Initial (main) parameters

X1 Feed angle 3, deg Explicit value (20) Explicit value (20)
X2 Rolling angle 9, deg Explicit value (5) Explicit value (5)
X3 Roller radius in squeeze R,, mm Explicit value (80) Explicit value (80)
X4 Ingot radius in squeeze r,, mm Explicit value (15) Explicit value (15)
X5 Radius 7,, mm Explicit value (25) Explicit value (25)
X6 Radius 7, mm Explicit value (16.5) Explicit value (16.5)
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Parameter coding table

Tabnuya 3 (npoooncenue). Tabauna KOTUPOBAHUS NAPaAMETPOB

Table 3 (Continuation)

I\tliootz— Parameter Equation in Autodesk Inventor Equation
Parameters of technological and geometrical squeezes
. . . . X3
A1 Distance P between rolling axis and roller axis in x4 +x3 / cos(x2) A= X4+
squeeze, mm cos X2
A2 Crossing angle v, deg acos(cos(x1) * cos(x2)) cosA2 = cosX1cosX2
. . . sin X1cos X2
A3 | Length of common perpendicular £, mm al * sin(x1) * cos(x2) / sin(a2) A3= Alv
i i i sin X2
44 Distance L between teghnolo_glcal and geometrical al * sin(x2) / (sin(a2) * sin(a2)) A4 =20
squeezes along the rolling axis, mm sin® A2
45 DlsFance l between technological squeezes along a4 * cos(a2) 45 = Adcosd2
rolling axis, mm
46 D1stance. LR from roller cross section center to a4 — X3 * tan(x2) 46 = A4 — Y3 tanX2
geometrical squeeze, mm
Parameters of virtual squeeze in cross section / of deformation zone input
B1 Distance /1 to geometrical squeeze along rolling axis, 45+ 13 Bl=45+ X3
mm
. . . Bl
B2 Distance L1 to geometrical squeeze along roller axis, mm b1/ cos(a2) B2= e
cos
Distance P1 between rolling axis and roller axis in sqrt((h1 * tan(a2)) ~ 2 6p + (a3) \/ﬁ
B3 perpendicular to rolling axis, mm "2 6p) B3=y/(Bltan 42)" + 43
Distance PN1 between rolling axis and roller axis in sqrt((b1 * sin(a2)) ~ 2 6p + (a3) - P 5
B4 perpendicular to roller axis, mm A2 6p) B4 =/(Blsin 42)" + 43
B4
B5 | Rolling angle 81, deg acos(h4 / b3) CosBS = 5
A3tan A2
B6 Feed angle B1, deg atan(a3 * tan(a2) / b3) tan B6 = s
B7 Roller radius R1, mm cos(b5) * (b3 —x5) B7 = cosB5(B3 — X5)
B3 D1stanc§ LR1 from roller cross section center to b2 — b7 * tan(bs) BS = B2 — BTtanB5
geometrical squeeze, mm
B9 Distance XRI from roller cross S(?CthIl center to roller b8 — a6 B9 = BR — 46
cross section center of technological squeeze, mm
Parameters of virtual squeeze in cross section 2 of deformation zone output
cl Distance /2 to geometrical squeeze along rolling axis, 4513 Cl=45-X3
mm
. . . C1
2 Distance L2 to geometrical squeeze along roller axis, mm cl /cos(a2) C2= m
cos
Distance P2 between rolling axis and roller axis sqrt((cl * tan(a2)) ~ 2 6p + (a3) \/ﬁ
3 perpendicular to rolling axis, mm A2 0p) C3=y(Cltan 42)" + 43
Distance PN2 between rolling axis and roller axis in sqrt((cl * sin(a2)) ~ 2 6p + (a3) \/ﬁ
4 perpendicular to roller axis, mm ~20p) C4=4(Clsin42)" + 43
. C4
C5 | Rolling angle 52, deg acos(c4 / ¢3) cosC5 = o)
A3tan A2
C6 | Feed angle B2, deg atan(a3 * tan(a2) / c3) tan C6 = 3
C7 Roller radius R2, mm cos(c5) * (3 —x6) C7 = cosC5(C3 — X6)
3 Distance XR2 from Aroller cross section center to roller €2 ¢7 * tan(cS) C8=C2 — CTtanCs
center of technological squeeze, mm
9 Distance XR2 from roller cross section center to roller 8 —ab C9=C8— 46

center of technological squeeze, mm
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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 7,
and the roller radius in the squeeze R, are consecutively
plotted (parameters X4 and X3, respectively) to obtain
the point C. The segment CG, (44) coincides with
the roller axis. Perpendiculars from segment OG are used
to construct the feed angle B (parameter X1). Another
auxiliary line is drawn from the top of angle 3, paral-
lel to segment OC. Point G, is obtained by intersecting
this auxiliary line with the perpendicular. The eccentri-
cate E (parameter A43) 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
0 ranging from 5 to 15° and feed angles o 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 (f =20°, 6 = 5°)

Puc. 2. AjnanTuBHas cxema B3aMMHOTO TIOJIOJKEHHs OCeil Basika 1 mpokarku (§ = 20°, & = 5°)

Fig. 3. Parameters used to construct geometric sections: 4 (a), B (b), C (¢)

Puc. 3. [TapameTpsl, HCIIONIB3yEMbIE IS TIOCTPOCHHS TEOMETPUUECKUX TTepekuMoB: 4 (a); B (b); C (¢)
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a b

Fig. 4. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle 6 = 5°:
axonometry (a); side view (b)

Puc. 4. AnantuBHas MozeNb HOCTPOCHHOTO BaKa-00ukn Tunopasmepa «30-70» ¢ yraom packaTku 6 = 5°:
akconomerpust (a); Buj cOoky (b)

a b

Fig. 5. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle & = 10°:
axonometry (a); side view (b)

Puc. 5. AnantuBHas Mozienb HOCTPOSHHOTO Basika-004ky TUnopasmepa «30-70» ¢ yriom packarku 6 = 10°:

akconometpust (a); Buj cOoky (b)

a b

Fig. 6. Adaptive model of the constructed roll-barrel 30-70 with a rolling angle & = 15°:
axonometry (a); side view (b)

Puc. 6. AnanTuBHas Moziesib IOCTPOCHHOTO Basika-004ku Tunopasmepa «30-70» ¢ yrinom packarku 6 = 15°:

akconometpwus (a); Buj cOoky (b)
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Fig. 7. Constructed parametric model of deformation focus: roll joint constructed by parametrization method (a);
deformation focus obtained by an array of circular elements (b)

Puc. 7. ITapamerpudeckas MOJelb o4ara JehopMalin: BaIKOBOE COSMHEHHE, TOCTPOCHHOE C MOMOIIIBIO METO/IA TTapaMeTpH3aLuy (a);
oygar gehopManyy, IOTydeHHBIH MaCCUBOM KPYTOBBIX 3JIEMEHTOB (b)

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
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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.

[l REFERENCES / CNUCOK IMTEPATYPbI

1. Galkin S.P., Gamin Yu.V., Aleshchenko A.S., Roman-
tsev B.A. Modern development of elements of radial shift
rolling theory, technology, and mini-rolling. Chernye metally.
2021;(12). (In Russ.).
https://doi.org/10.17580/chm.2021.12.09

Tankuun C.I1., l'amun 10.B., Anemnienko A.C., Pomanies b.A.
CoBpeMeHHOE pa3BUTHE JJICMEHTOB TEOPUH, TEXHOJIOTHU
U MHHHU-CTAHOB DPaJHalbHO-CIBHIOBOW NPOKATKU. YepHvle
memannot. 2021;(12).
https://doi.org/10.17580/chm.2021.12.09

2. Galkin S.P. Radial shear rolling as an optimal technology for
lean production. Steel in Translation. 2014;44(1):61-64.
https://doi.org/10.3103/S0967091214010069

Tankun C.I1. TexHOJOrUS ¥ MHUHU-CTaHBl PaIUAIbHO-C/IBH-
TOBOI MPOKATKM — ONTHUMANbHAs TEXHUKA JUIS CO3IAHHUS
OepesximBoro nponsBoacTBa. Cmanw. 2014;(1):39—-42.

3. Naizabekov A., Lezhnev S., Arbuz A., Panin E., Koinov T.
Simulation of radial-shear rolling of austenitic stainless steel
AISI-321. Journal of Chemical Technology and Metallurgy.
2019;54(5):1086—-1094.

4. Arbuz A., Kawalek A., Ozhmegov K., Panin E., Magzha-
nov M., Lutchenko N., Yurchenko V. Obtaining an equiaxed
ultrafine-grained state of the longlength bulk zirconium alloy
bars by extralarge shear deformations with a vortex metal


https://doi.org/10.17580/chm.2021.12.09
https://doi.org/10.17580/chm.2021.12.09
https://doi.org/10.3103/S0967091214010069

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(3):376-386.
Troitskii D.V,, Gamin Yu.V, etc. Parametric model of a three-roll unit of radial-shear rolling mini-mill

10.

11.

12.

13.

14.

flow. Materials. 2023;16(3):1062.
https://doi.org/10.3390/ma16031062

Mashekov S., Smailova G., Alshynova A., Uderbayeva A.,
Sembaev N., Zhauyt A. Structure formation of aluminum
alloy D16 while rolling bars in the radial shear mill. Metalur-
gija. 2020;59(2):195-198.

Diez M., Kim H.-E., Serebryany V., Dobatkin S., Estrin Y.
Improving the mechanical properties of pure magnesium by
three-roll planetary milling. Materials Science and Engi-
neering: A. 2014;612:287-292.
https://doi.org/10.1016/j.msea.2014.06.061

Naizabekov A., Lezhnev S., Panin E. Formation of a gradient
structure in austenitic stainless steel AISI 321 by radial-shear
rolling. Solid State Phenomena. 2021;316:246-251.
https://doi.org/10.4028/www.scientific.net/ssp.316.246
Negodin D.A., Galkin S.P., Kharitonov E.A., Karpov B.V.,
Khar’kovskii D.N., Dubovitskaya I.A., Patrin P.V. Testing
of radial-shear rolling technology and pre-project selec-
tion of mini rolling mills for flexible production of titanium
rods of small cross sections in conditions of JSC “CMP”.
Metallurg. 2018;(11):40—-46. (In Russ.).

Heromun JI.A., Tankun C.I1., Xaputonos E.A., Kapnos b.B.,
Xaporosckuit JI.H., Iyoosunxas U.A., [Tarpun I1.B. Tectu-
pOBaHHE TEXHOJOTUH PAJUaIbHO-CABUTOBON IPOKATKH H
MIPEANPOCKTHBIH BHIOOP MUHH-CTAHOB JJIsi THOKOTO MPOM3-
BOJICTBA THTAHOBBIX NMPYTKOB MalbIX CEUEHHH B YCIOBHSX
AO UM3. Memannype. 2018;(11):40—46.

Mishin I., Naydenkin E., Ratochka I., Lykova O., Vinoku-
rov V., Manisheva A. Effect of radial shear rolling and aging
on the structure and mechanical properties of titanium alloy
VT35. AIP Conference Proceedings. 2020;2310(1):020206.
https://doi.org/10.1063/5.0034081

Shatalov R., Medvedev V., Bogdanov S. Development and
use of an electromagnetic unit for controlling the mechani-
cal properties along the steel vessel height at the exit from
a rolling—pressing line. Russian Metallurgy (Metally).
2022;2022(6):628-633.
https://doi.org/10.1134/S0036029522060210

Shatalov R., Medvedev V. Effect of deformed workpiece
temperature inhomogeneity on mechanical properties of thin-
walled steel vessels during treatment in a rolling and pressing
line. Metallurgist. 2019;63(1-2):176-182.
https://doi.org/10.1007/s11015-019-00807-w

Stefanik A., Szota P., Mréz S. Analysis of the effect of roll-
ing speed on the capability to produce bimodal-structure
AZ31 alloy bars in the three-high skew rolling mill. Archives
of Metallurgy and Materials. 2020;65(1):329-335.
https://doi.org/10.24425/amm.2020.131734

Galkin S.P., Fadeev V.A., Gusak A.Yu. Methodology of vir-
tual squeezing for calculation of mini-mills of shear-radial
(helical) rolling. Proizvodstvo prokata. 2016;(2):27-35. (In
Russ.).

Tankun C.II., ®anees B.A., I'ycak A.}O. Meroauka Bup-
TYaJIbHBIX MEPEKUMOB I pacdeTa MHUHU-CTAHOB paguaib-
HO-CIIBUTOBOHM (BHHTOBOM) NPOKATKU. [Ipou3godcmeo npo-
xama. 2016;(2):27-35.

Galkin S.P., Fadeev V.A., Gusak A.Yu. Comparative analysis
of geometry of mini-mills of radial-shear (helical) rolling.
Proizvodstvo prokata. 2015;(12):19-25. (In Russ.).

Tankun C.II., ®@anees B.A., I'ycak A.JO. ConocraBurenb-
HBIl aHalW3 TEOMETPUH MHHH-CTAHOB PanalbHO-CIBHU-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

roBoil (BMUHTOBOI) mpokatku. [Ipouzeoocmeo npoxkama.
2015;(12):19-25.

Belevich A.V., Goncharuk A.V., Daeva E., Romantsev B.A.
Study of technological and structural parameters of helical
working stands with the help of modern finite element sys-
tems. Izvestiya. Ferrous Metallurgy. 2002;45(9):32-35.

Benesuu A.B., Tonuapyx A.B., /laea E., Pomannes B.A.
HccnenoBanue TEXHOIOTHIECKUX U KOHCTPYKTUBHBIX Hapa-
METPOB PadOUMX KJIeTed BHHTOBOH NMPOKATKH C MOMOIIBIO
COBPEMCHHBIX KOHEUHO-3JICMEHTHBIX CHUCTeM. H3eecmus
8y308. Yepnas memannypeus. 2002;45(9):32-35.

Company P., Naya F., Contero M., Camba D.J. On the role
of geometric constraints to support design intent commu-
nication and model reusability. Computer-Aided Design &
Applications. 2020;17(1):61-76.
https.//doi.org/10.14733/cadaps.2020.61-76

Otey J., Company P., Contero M, Camba D.J. Revisi-
ting the design intent concept in the context of mechanical
CAD education. Computer-Aided Design & Applications.
2018;15(1):47-60.
https://doi.org/10.1080/16864360.2017.1353733

Bodein Y., Rose B., Caillaud E. Explicit reference mode-
ling methodology in parametric CAD system. Computers in
Industry. 2014;65(1):136-147.
https://doi.org/10.1016/j.compind.2013.08.004

Camba J.D., Contero M., Company P. Parametric CAD
modeling: An analysis of strategies for design reusability.
Computer-Aided Design. 2016;74:18-31.
https://doi.org/10.1016/j.cad.2016.01.003

Cheng Z., Ma Y. A functional feature modeling method.
Advanced Engineering Informatics. 2017;33:1-15.
https://doi.org/10.1016/j.aei.2017.04.003

Aranburu A., Justel D., Contero M., Camba J.D. Geometric
variability in parametric 3D models: Implications for engi-
neering design. Procedia CIRP. 2022;109:383-388.
https.//doi.org/10.1016/j.procir.2022.05.266

Amadori K., Tarkian M., Olvander J., Krus P. Flexible and
robust CAD models for design automation. Advanced Engi-
neering Informatics. 2012;26(2):180-195.
https.//doi.org/10.1016/j.aei.2012.01.004

Landers D.M., Khurana P. Horizontally-structured CAD/
CAM modeling for virtual concurrent product and process
design. Patent no. US6775581B2 USA. 10.08.2004.
Resilient Modeling Strategy. 2018; URL: https://www.resil-
ientmodeling.net ([lata oOpamenns: 15.12.2022)

Gebhard R. A resilient modeling strategy. Solid Edge Univer-
sity 2013. Siemens; 2013.

Aranburu A., Cotillas J., Justel D., Contero D., Camba D.J.
How does the modeling strategy influence design optimiza-
tion and the automatic generation of parametric geometry
variations? Computer-Aided Design. 2022;151:103364.
https.//doi.org/10.1016/j.cad.2022.103364

Mironov Yu.M. Geometric parameters of skew rolling. Proiz-
vodstvo trub. 1962;(6):37—46. (In Russ.).

Mupono IO.M. Tl'eomerpuueckue mnapamerpsl Iporecca
KoCoii mpokarku. [Ipouseoocmeo mpy6. 1962;(6):37-46.
Teterin P.K. Theory of Cross Rolling. Moscow: Metallurgiya;
1971:386. (In Russ.).

Terepun I1L.K. Teopuss nonepeuno-eéunmosoii npoxamxu.
Mocksa: Metamryprus; 1971:386.

385


https://doi.org/10.3390/ma16031062
https://doi.org/10.1016/j.msea.2014.06.061
https://doi.org/10.4028/www.scientific.net/ssp.316.246
https://doi.org/10.1063/5.0034081
https://doi.org/10.1007/s11015-019-00807-w
https://doi.org/10.24425/amm.2020.131734
https://doi.org/10.14733/cadaps.2020.61-76
https://doi.org/10.1080/16864360.2017.1353733
https://doi.org/10.1016/j.compind.2013.08.004
https://doi.org/10.1016/j.cad.2016.01.003
https://doi.org/10.1016/j.aei.2017.04.003
https://doi.org/10.1016/j.procir.2022.05.266
https://doi.org/10.1016/j.aei.2012.01.004
https://www.resilientmodeling.net
https://www.resilientmodeling.net
https://doi.org/10.1016/j.cad.2022.103364

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):376-386.
Tpouyxuti /.B., lTamun F0.B. u dp. [lapameTpuyeckast MoJiesib TPEXBAJIKOBOTO y3J1a MUHH-CTaHA PaJialbHO-C/IBUTOBOM TPOKATKH

29. Budnikov A.S. Improvement of tube rolling and sizing pro-
cesses in three-roller helical rolling mills: Cand. Tech. Sci.
Diss. Moscow; 2020:147. (In Russ.).

BynuukoB A.C. Cogepuiencmeosanue npoyeccos packamxu
u Kaaubposanus mpy6o 6 Mmpexeaikosblx CMAHAX GUHMOBOU
npoxkamxu. Jucc. ... kano. mexn. Hayk. Mocksa: 2020:147.

Daniil V. Troitskii, Postgraduate of the Chair “Metal Forming’, National
University of Science and Technology “MISIS”

ORCID: 0009-0006-9930-5403

E-mail: d.v.troitskiy@gmail.com

Yurii V. Gamin, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Metal
Forming’, National University of Science and Technology “MISIS”
ORCID: 0000-0001-6654-4236

E-mail: y.gamin@mail.ru

Sergei P. Galkin, Dr. Sci. (Eng.), Prof. of the Chair “Metal Forming’,
National University of Science and Technology “MISIS”

ORCID: 0000-0002-0853-3966

E-mail: glk-omd@yandex.ru

Aleksei S. Budnikov, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Metal
Forming’, National University of Science and Technology “MISIS”
ORCID: 0000-0002-2629-7741

E-mail: budnikov.as@misis.ru

Januun Baadumuposuu Tpouykuii, acnupanm kagedpwst «06pa-
6omka meman108 dasieHuem», HallnoHaIbHBIN HCCIe0BaTeNIbCKUH
TexHoJiornueckuit yuusepcutet « MUCHC»

ORCID: 0009-0006-9930-5403

E-mail: d.v.troitskiy@gmail.com

Opuii Bradumuposuu lamuH, k.m.H., doyenm kagedpsl «06pabomka
Memannos dasseHuem», HaloHaIbHbINA HCC/Ie[0BaTeIbCKUH TeXHO-
sorudeckuit yuusepcutet « MUCHC»

ORCID: 0000-0001-6654-4236

E-mail: y.gamin@mail.ru

Cepeeii Ilasoeuy laakuH, .m.H., npodeccop kagedput «Obpabomka
Memannos dasseHuem», HallmoHaIbHbIN HCC/Ie[0BaTeIbCKUH TeXHO-
sorudeckuit yuusepcutet « MUCHC»

ORCID: 0000-0002-0853-3966

E-mail: glk-omd@yandex.ru

Anexkceli Cepzeesuy ByodHuKo8, k.m.H., doyeHm kagpedpwl «06pabomka
Memannos dasseHuem», HallmoHaIbHbIN HCC/le[0BaTebCKUH TeXHO-
siorndeckui ynusepcuret « MUCHC»

ORCID: 0000-0002-2629-7741

E-mail: budnikov.as@misis.ru

D. V. Troitskii - writing the text, building three-dimensional adaptive
models, preparation and design of the article.

Yu. V. Gamin - scientific guidance, formation of the idea of the work,
setting research objectives, editing the text.

S. P. Galkin - scientific guidance, development of design and calcula-
tion methods, selection of methods for solving subproblems, editing
and correcting the final version.

A. S. Budnikov - search and analysis of publications, collection and
analysis of data, development of calculation of rolls permissible dia-
meter, design of the article.

/. B. TpouyKuii - HanycaHYe TeKCTa CTaTbH, TOCTPOEHHE TpexMep-
HBIX aJJaITUBHBIX MoJieslel, MOAr0TOBKA U 0pOpMJIEHHE CTaTbH.

I0. B. TamuH - Hay4HOe PyKOBO/CTBO, U/es paboThbl, IOCTAaHOBKA
3ajjay UCCle[l0BaHus, peJakTHPOBaHHe TeKCTa CTaThbHU.

C. I. F'aKuH - HayYHOe PYKOBO/ICTBO, pa3paboTKa METOUKHI
IPOEeKTUPOBAHHUSA U pacyeTa, BbI60p MeTO/0B pellleHUs 10433ajay,
peJlakTHpOBaHUe U KOPPEeKTUPOBKa pUHAIbHOH BEPCHH.

A. C. ByoHuKo8 - NovcK 1 aHa/Iu3 NyOJIMKalui, c60p U aHaIU3 1aH-
HBIX, pa3paboTKa pacdyeTa JOMyCTUMOro AuaMeTpa BaJKOB, 0pOpM-
JIeHHe CTaTbU.

Received 24.02.2023
Revised 07.03.2023
Accepted 11.04.2023

Iocrynuna B pepakiuro 24.02.2023
TTocne nopadorku 07.03.2023
[punsta k myonukamuu 11.04.2023

386


http://orcid.org/0009-0006-9930-5403
mailto:d.v.troitskiy@gmail.com
http://orcid.org/0000-0001-6654-4236
mailto:y.gamin@mail.ru
http://orcid.org/0000-0002-0853-3966
mailto:glk-omd@yandex.ru
http://orcid.org/0000-0002-2629-7741
mailto:budnikov.as@misis.ru
http://orcid.org/0009-0006-9930-5403
mailto:d.v.troitskiy@gmail.com
http://orcid.org/0000-0001-6654-4236
mailto:y.gamin@mail.ru
http://orcid.org/0000-0002-0853-3966
mailto:glk-omd@yandex.ru
http://orcid.org/0000-0002-2629-7741
mailto:budnikov.as@misis.ru

HAYKOMETPUYECKUE
MNOKA3ATENN XKYPHANA

B 2017 rony MexxayHapoHas 6a3a JaHHbIX Scopus BO30OHOBHMJIA UH/leKCUPOBaHUe )ypHaJa «M3Bectus BY3o08..
YepHas MeTasnyprusi». Ha nadorpadrke oTpakeHbl TEKylLHe TOKa3aTeH.

JlaHHble pepocTaByeHbl caliTaMmu https://www.scopus.com, https://www.scimagojr.com u https: //www.scival.com

(U]

M3BECTMA
BbICLULUX YYEBHbIX 3ABEAEHUU

YEPHAA METANNTYPTUA

e 2
ﬁ/ YpanbCKui
HAYKA U UHHOBALUI PeaepanbHbIR
yHMBepcuTer
§ N
i ' > == E B pA3
I Py
N A g
~ % /{‘

387


https://www.scopus.com/sourceid/34885#tabs=0
https://www.scimagojr.com/journalsearch.php?q=34885&tip=sid&clean=0
https://scival.com/overview/summary?uri=Journal%2F34885
http://fermet.misis.ru

Hang Homepowm paboTanu:

JL.U. JIeOHTbEB, 2/1a8Hblil pedakmop
E.B. [IpoTormomnoB, 3amecmumestb 21a8H020 pedakmopa
E.A. VIBaHuU, 3amecmumens 2a1a8H020 pedakmopa
JL.IL. baieHko, 3amecmumesisb 0OMeEemcmeeHH020 ceKpemaps
E.IO. [ToranoBa, 3amecmumeis 21a8H020 pedakmopd no pa3sumuro

O.A. Jlonuiikas, HayuHblil pedakmop

E.M. 3anosnbckas, sedywuil pedakmop

A.O. T'amHuKoBa, 8edywuil pedakmop

B.B. Pacenernip, sepcmka, uwirocmpayuu

I".FO. OcTporopckas, meHedscep no pabome ¢ KaueHmamu

Tommicaro B meuats 25.06.2023. @opmar 60x90 /. Bym. opcernas Ne 1.
ITeuars mu¢posas. Yei. ned. 1. 15,25. 3aka3 17676. 1lena cBobogHast.

Ortnevarano B tunorpaduu Usnarensckoro Joma MUCHC.
119049, MockBa, JlennHckuit np-k, . 4, ctp. 1.
Ten./daxc: (499) 236-76-17



Degree and depth of hardening under pendulum surface plastic deformation of carbon steel

Investigation of thermal mode of hot-rolling mill working rolls in order to improve the accuracy of
calculating the thermal profile of their barrels’ surface

Reserves for reducing energy consumption when rolling section bars on modern rolling mills
Structure formation of Np-30KhGSA alloy in wire and arc additive manufacturing
Electrospark deposition of metalloceramic Fe-Al/HfC coating on steel 1035

Effect of accelerated cooling after cross-helical rolling on formation of structure and low-
temperature fracture toughness of low-carbon steel

Patterns of localized deformation at pre-fracture stage in carbon steel - stainless steel bimetal

Evolution of structural-phase state and properties of hypereutectoid steel rails at long-term
operation

Wagner interaction coefficients of nitrogen with chromium and molibdenum in liquid nickel-
based alloys

Using calcium-containing injection wire filled with electrolytic calcium in steel ladle treatment

Lead and zinc selective extraction from EAF dust while heating in resistance furnace with
flowing argon

Structure and properties of steels for manufacture of core catcher vessel of nuclear reactor

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

Parametric model of a three-roll unit of radial-shear rolling mini-mill

3aperucrtpupoBaH PepepanbHomn cnyx6om

no Haa3opy B cpepe cBA3U, UHPOPMALIUMOHHbBIX
TeXHONIOrM U MacCOBbIX KOMMYHUKaLUNA.
CBupeTenbCcTBO O perucTpauum

M Ne ®C77-35456.

NoanucHom nuaekc 70383.




