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Abstract. Martensitic stainless steels with 13 % Cr are widely used in many industries due to their high level of mechanical properties and acceptable
corrosion resistance. The paper consolidates information on the guaranteed level of properties and heat treatment conditions required for its
implementation. The properties after treatments proposed by researchers are compared with those known for industrial metal. The dependences
of the hardness of 13Cr type hardened steels with 0.20 — 0.50 % C on the austenitization temperature and the accompanying changes in structure
have been analyzed. The temperatures providing maximum hardening and the temperatures at which the steel ceases to harden have been revealed.
The effect of the duration of austenitization, heating and cooling rates on the properties of steels has been considered. The mechanical properties and
corrosion resistance after quenching, quenching and tempering in relation to structural-phase states of steels are considered. It is discussed in detail
how the type of secondary phases during tempering, their amount, and distribution affect the corrosion resistance of steels with 13 % Cr. It increases
with increasing heating temperature during austenitization and decreases with increasing tempering temperature due to the precipitation of Cr,,C,
carbides and depletion of the matrix in chromium to the concentrations below 12 %. The tempering temperature of 500 — 550 °C is recognized
as the worst: due to intensive precipitation of carbides the steel is not passive, and the corrosion rate is maximum. Quenching with low tempering
is recommended for 20Cr13 steels (to combine high strength, good corrosion resistance and satisfactory plasticity), or, more often, quenching with
high tempering is recommended at ~(650 — 700) °C (good plasticity, satisfactory corrosion resistance). For steels of 40Cr13 type the temperature
of ~700 °C is not recommended because of the increased concentration of carbides and insufficient corrosion resistance. Examples of increasing the
wear resistance properties of 40Cr13 steels due to surface treatments, from nitriding to laser and plasma surface quenching, are presented.
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OB30P UCCNEQOBAHUN KOPPO3MOHHOCTOUKUX CTANEN
HA OCHOBE Fe — ~13 % Cr: TEPMUYECKAA OGPABOTKA,
KOPPO3UOHHAS- U UBHOCOCTOMUKOCTb

M. B. Kocruna!®, JI.T. Purnna ' %, B. C. Koctunal,

A. 3. Kyapsamogs?, P. C. ®egopuos?!

MucruryT MeTasmayprun u matepuaioBenenust um. A.A. Baiikosa PAH (Poccus, 119991, Mocksa, Jleannckuii mp., 49)
2 [lenTpaJabHbIi HAYYHO-HCCIeI0BATEILCKHII HHCTHTYT TeXHOJIOrHH MamuHocTpoennusi, OAQO HITO « [ITHUATMAILL»
(Poccus, 115088, Mocksa, [1lapukonoAMIHUKOBCKAs YiI., 4)

&) mvk@imet.ac.ru

AHHOmayus. MaprencutHble Hepkaseroue cranu ¢ 13 % Cr mMpoko UCHOJIb3YIOTCS BO MHOIHX OTPACIISIX MPOMBILIIEHHOCTH O1aroapst BBICOKOMY
YPOBHIO MEXaHHYECKHX CBOWCTB M HPHEMIIEMON KOPPO3HOHHOW cTOWKOCTH. B pabore koHconuaupoBaHa HH(pOpPMALMs O TapaHTUPOBAHHOM
YPOBHE CBOMCTB U YCIOBMSIX TEPMUUYECKOH 00pabOTKHM, HEOOXOAMMBIX I ero peanusanuu. CONOCTaBIECHbI CBOMCTBA IOCIE MPEIaraeMbiX
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UcCIenoBareNsiMu 00paboToOK ¢ U3BECTHBIMH ISl TPOMBIIIIEHHOTo MeTauia. [Ipoanann3upoBaHbl 3aBUCHMOCTH TBEPIOCTH 3aKAJICHHBIX CTaJIeH THIIA
13Cr ¢ 0,20 — 0,50 % C oT TeMmepaTypsl ayCTEHUTH3ALIHI U COITYTCTBYIOIINX H3MEHEHUH CTPYKTYpPbL. BEIABICHBI TeMIepaTypbl, 00eCIeUnBarOIIIe
MaKCUMaJIbHOE YIPOYHEHUE U TEeMIIepaTypbl, IIPU KOTOPBIX CTaJlb EPECTACT YIPOUHSTHCS. PACCMOTPEHO BIMSHUE JINTEIBHOCTH ayCTEHUTU3ALMH,
CKOpOCTell HarpeBa M OXJIAXICHHSA HAa CBOICTBAa CTalel. PaccMOTpeHBI MeXaHHYECKHE CBOWCTBA M KOPPO3HOHHAS CTOMKOCTH IOCIE 3AKAJIKH,
3aKaJKd U OTIyCKAa BO B3aUMOCBSI3U CO CTPYKTYPHO-()A30BBIMH COCTOSHMSIMU cTalyield. [1ogpoOHO paccMOTpeHo, Kak BHJ BTOPUYHBIX (a3 mpu
OTIyCKe, UX KOJIMYECTBO, PACIpesieIeHIe BIUIOT HAa KOPPO3HOHHYIO CTOHKOCTH craiei ¢ 13 % Cr. OHa IOBBINIAETCSA C POCTOM TEMIIEPATypPhI
Harpesa MpU ayCTEHUTH3ALMM M CHIKACTCS ¢ POCTOM TEMIIEPATyphl OTITyCKa BCJIEACTBHE Bblaenenus kapounos Cr,,C, n 00eIHEHUs MaTpHIIbI
XpoMoM 10 KoHueHTparmii Hike 12 %. Temmeparypa otmycka 500 — 550 °C mpusHaHa HaumXy/qUIeH: W3-3a HHTCHCHBHOTO BBIIEICHUS KapOHIOB
CTaJlb HE NTACCUBUPYETCS, CKOPOCTh KOPPO3uH MakcuMaibHa. [t craneit Tuna 20X 13 pekoMeHIyI0TCs 3aKaika ¢ HU3KMM OTITYCKOM (J1s1 cOueTaH st
BBICOKOI IPOYHOCTH, XOPOIICH KOPPO3UOHHON CTOMKOCTH M YIOBJICTBOPUTEIBHOH IUIACTHYHOCTH), MO0, Hallle, 3aKalka ¢ BBICOKHM OTITyCKOM
npu ~(650 — 700) °C (xopormiasi IIaCTUYHOCTB, YIOBJIETBOPUTEIbHAS KOPPO3HOHHAsI CTOMKOCTB). st cranei Tuna 40X 13 temmneparypa ~700 °C
HE PEeKOMCHJYeTCs H3-3a MOBBIICHHOI KOHIICHTPAIUK KapOUI0OB U HEJOCTATOYHOH KOPPO3UOHHOH CTOMKOCTH. IIpHBeneHBI IpUMeph! OBBIIICHIS
u3HOCOCTOMKOCTH cTasiet Thna 40X 13 3a cuer MoBEepXHOCTHBIX 00PabOTOK, OT A30THPOBAHUSL JI0 JIA3EPHOM U IIA3MEHHOH IIOBEPXHOCTHOH 3aKaJIKH.

Kaiouesvle ca08a: craib, XpoM, JIETHPOBAHHE, KapOHIbl, MAPTEHCHT, dyCTEHHT, 3aKaJIKa, OT)KUT, MEXaHHYECKHE CBOMCTBA, KOPPO3HOHHASI CTOUKOCTD
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[ INTRODUCTION

Medium-carbon high-strength martensitic steels with
0.20-0.40 % C and 12 — 14 % Cr are a widely demanded
constructional material, which is the most inexpensive
among corrosion-resistant steels. They are used in the man-
ufacture of loaded parts, friction pairs and metal seals, pres-
sure vessels, hydraulic units, casings for the oil and gas
industry, and steam turbine blades. Although they are not a
new material, there are many publications dedicated to them
in the scientific literature. These works are aimed at:

— modifying the surface of (20—40)Crl3 steels
to increase their strength and wear resistance properties,
studying their corrosion resistance;

— forming the structure and phase composition of simi-
lar steels, providing high strength while maintaining
the process ductility and ensuring corrosion resistance due
to variations in the chemical composition and heat treat-
ment modes.

In this review article:

— information on the structure and guaranteed level
of properties currently achievable in industrial steels with
0.20 — 0.40 % C and 12 — 14 % Cr is provided;

— the structure and mechanical properties of steels
of this type, obtained as a result of modern studies
of the effect of different variants for traditional heat treat-
ment of such steels — martensite quenching and different
types of tempering (annealing) — are considered;

— information on the results of studies of corrosion
resistance of these steels is given.

- PROPERTIES OF INDUSTRIAL STEELS
WITH £0.20-0.40 % CAND 12 -14 % Cr

When heated above 800 °C, austenite appears in steels
with 13 % Cr. The carbon concentration increase cont-

ributes to the expansion of the y-region' [1]. Dissolution
of carbide phase particles (primary carbides) occurs during
high-temperature annealing. Cooling from the austenitic
region fixes the martensitic structure in the steel. Depen-
ding on the quenching heating temperature and steel com-
position, some carbide, ferrite or residual austenite par-
ticles may be present in it. During the tempering process,
depending on the temperature and duration of the process,
there may be a return, polygonization, recrystallization,
nucleation of secondary dispersed carbides in martensite,
their growth and coagulation. In this way, it is possible
to obtain a structure consisting of tempered martensite
with carbides, or to bring the process to the decomposi-
tion of martensite into a ferrite-nitride mixture.

Table 1 provides standard grade chemical compositions
of common industrial steel grades with <0.20 — 0.40 % C
and 12 — 14 % Cr. In Russia these are steel grades 20Cr13,
30Cr13 and 40Crl3, differing in carbon content only.
According to standard GOST RF 5632-2014, they do not
contain other metallic alloying elements except chromium
(and up to 0.8 % Mn, see Table 1). Such steels are also
known to be supplied with up to 0.6 % Ni, up to 0.2 % Ti,
and up to 0.3 % Cu?. Steel AISI 420 is an analogue of all
the mentioned Crl3 grades with 0.2 — 0.4 % C, because
its carbon content is limited to the lower limit of 0.15 %,
but the upper limit is not specified?® (see Table 1).

Using reference resources” ~ %, the authors summarized
the information on industrial steels of Cr13 type (13Cr are
foreign grades):

! Phase diagram of Fe-Cr-0.2%C. Wikimedia Commons. URL: https://
upload.wikimedia.org/wikipedia/commons/thumb/3/3c/Phase diagram of
Fe-Cr-0.2%25C.svg/1024px-Phase_diagram_of Fe-Cr-0.2%25C.svg.png

2 Steel grades and alloys. Central Metal Portal. URL: https:/
metallicheckiy-portal.ru/marki_metallov

3 Standard specification for stainless steel bars and shapes. Cont-
ractors Materials Company. URL: https://cmemmi.com/wp-content/
uploads/ASTM-A276.pdf
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Table 1

Chemical composition, % (wt.), of Russian and foreign steel grades with 0.20 — 0.40 % C
and 12 — 14 % Cr (iron is the basis) according to GOST RF 5632-2014 and Contractors Materials Company 3

Tabnuya 1. Xumudeckuii cocta, % (10 Macce), pOCCHIICKHX H 3apy0esKHBIX MapOK cTaJjei
¢ 0,20 - 0,40 % C u 12 — 14 % Cr (:xese30 — ocnoBa) coriiacio 'OCT P® 5632-2014
u Contractors Materials Company?

Steel grade Standard @ N Mn Si Cr Mo | Ni S 2 Other
20Crl3 0.16-0.25| —
30Crl13 GOST 026-0.35| — <0.8 <0.8 120-14.0| - | — | <0.025 <0.030 -
r 56322014 | . . . . . . .
40Crl13 036-0.45| —
AISI 420 | ASTM A276 | 0.15min | — <1.0 <1.0 120-14.0| - | — | <0.030 <0.040 -

*In the USA these are the AISI 420 grades, in Germany — 1.4031, 1.4034, X38Cr13, X39Cr13, X40Cr13, X42Cr13, X46CM3,
X46Cr13; in Japan — SUS420J2; in France — X40Cr14, Z33C13, Z38C13M, Z40C13, Z40C14, Z44C14, Z50C14; in the European
Union — 1. 4031, 1.4034, X39Crl13, X40Cr13, X41Crl13; and in China — X40Cr14, X41Cr13KU, X46Crl13

— critical points, treatment modes and structure
(Table 2);

— impact of the tempering temperature after quenching
on their mechanical properties (Table 3);

— mechanical properties of semiproducts from these
steels, giving the idea of their guaranteed level of proper-
ties, which modern researchers try to surpass (Table 4).

Table 3 shows that high annealing (tempering)
at 700 °C causes increased ductility and impact strength,
because at this temperature martensite in steel is con-
verted to ferrite and carbides (see Table 2). The yield
strength of rods and forgings varies depending on the sec-
tion and carbon concentration from 440 to 635 MPa,
the tensile strength from 510 to 830 MPa, and the duc-
tility from 12 to 16 %. After quenching and low tem-
pering at 200 to 300 °C, these steels have high strength
and low ductility (see Table 3). Therefore, for Russian
industrial semiproducts after such treatment only hard-
ness values are given (see Table 4), and for semiproducts
made of AISI 420 steel the data of tensile tests are also
given. Table 4 shows that for semiproducts from Crl3
type steel the main type of heat treatment is quenching
from 1000 — 1050 °C and tempering, mainly high, at tem-
peratures in the range of 600 — 770 °C.

*Index of steel. Lasmet — Laboratory of Special Metallurgy. URL:
http://www.lasmet.ru/steel

5 Critical points of steel. HeatTreatment.ru — Equipment and
Technologies for Heat Treatment of Metals. URL: https://heattreatment.
ru/kriticheskie-tochki-stali

©40X13. MarkMet — Education, Profession, Business. URL:
https://markmet.ru/encyclopedia/40x13

7 Stainless steel 420 grade data sheet. Atlas Steels — Australia’s largest
supplier of stainless steel, aluminium and specialty steel products. URL:
https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-
420-Grade-Data-Sheet-28-04-21.pdf

8 8S420 grade AISI 420 stainless steel properties, heat treatment,
hardness, magnetic. The World Material. URL: https://www.theworldma-
terial.com/ss420-astm-aisi-420-stainless-steel-grade/
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- STUDIES OF THE IMPACT OF QUENCHING
AND TEMPERING (AGING) PROCESSES ON THE STRUCTURE
AND PROPERTIES OF CR13 TYPE STEELS

At the end of this section summary Table 5 is presented
with the chemical composition of all steels considered
here.

Hardness measurements are most often used to eva-
luate the mechanical properties of Crl3 type steels, since
it correlates with strength. Few tensile and impact bending
test results given in the literature are collected in separate
summary Table 6 at the end of this section.

Heating temperature for quenching

(austenitizing)

It is known that hardening during martensite quenching
of steels is caused by several factors and primarily high
dislocation density and presence of carbon in the solid
solution. The results of studies [2—5] on the effect
of austenitizing temperatures of Crl3 type steels with
0.14 — 0.45 % C before quenching on their hardness and
phase composition are presented in Figure 1. After hol-
ding at 800 °C [2] or rolling at 850 °C [4] and quench-
ing in oil, the steel has a structure consisting of ferrite
and finely dispersed Cr,,C, carbides (F + C) and is char-
acterized by minimum hardness. Increasing the heat-
ing temperature for quenching to > 850 °C causes par-
tial dissolution of carbides and fixation of martensitic
structure (M(a)) in the steel during quenching [2]. As
the austenitizing temperature increases due to the inten-
sification of carbide dissolution, the hardness of martens-
ite-quenched steel increases. This is due to a significant
increase in the degree of tetragonality (c¢/a) of the mar-
tensite crystal lattice, described by dependence [6]

cla=0.45[C] + 1.00. (1)


http://www.lasmet.ru/steel
https://heattreatment.ru/kriticheskie-tochki-stali
https://heattreatment.ru/kriticheskie-tochki-stali
https://markmet.ru/encyclopedia/40x13
https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-420-Grade-Data-Sheet-28-04-21.pdf
https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-420-Grade-Data-Sheet-28-04-21.pdf
https://www.theworldmaterial.com/ss420-astm-aisi-420-stainless-steel-grade/
https://www.theworldmaterial.com/ss420-astm-aisi-420-stainless-steel-grade/
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Table 2
Process parameters and structure of steels 20Cr13, 30Cr13, 40Cr13 (according to>*5)
Ta6auya 2. TexHoIOTHYECKHE APAMETPBI U CTPYKTYpa craseii 20X13, 30X13, 40X13 (mo nanubiM %4 5)
Feature 20Crl3 30Crl3 40Cr13
Temperature of the begin-
ning of austenite formation | Ac, 810%; 82024 810%7; 820* 8002; 810%; 820*
during heating
Temperature of the beginning
of austenite transformation Ar, 7802 7102 7802
during cooling
Critical Temperature of the end of
.o~ | ferrite dissolution during Ac 900°; 95024 8602:5; 860 — 8804 8603
points, °C . 3
heating
Temperature at the beginning
of ferrite precipitation during | Ar, 66072 6607 -
cooling
Temperature of the
beginning of martensite M, 3208 24023; 2704 2403; 2704
transformation
1100 — 875 -950 °C 1100 — 850 °C

Deformation temperatures, heating and cooling
conditions

Heating to deformation is carried out slowly to a temperature of

780 °C

830 °C

After deformation, slowed cooling in sand or a furnace

Annealing after deformation

750 — 800 °C, cooling with a
furnace to 500 °C

740 — 800 °C, cooling at 25 — 50 °C/h to 600 °C

Final treatment — quenching and tempering to

the required hardness and corrosion resistance .
tempering

Quenching at 950 — 1000°C
with cooling in oil or air +

Quenching at 950 — 1050 °C with cooling in oil or air
+ tempering. Medical steel: interrupted quenching
from 1020 °C to 1040 °C, cooling in alkali at 350 °C

Microstructure after quenching
Me,.C, type
236

Martensite and carbides of

Martensite, carbides of Me,,C, type have a small
amount of residual austenite. Its amount increases
as the quenching temperature increases above
>1050 °C

Microstructure after annealing
type

Mixture of high-chromium
ferrite and carbide of Me,.C

,,Ce | Ferrite-carbide mixture

Effect of tempering temperature

With an increase of 7
>450 °C the ductility
increases, and the strength
and corrosion resistance
decrease significantly

In the tempering temperature range of 450 — 550 °C,
the secondary hardness effect related to the precipi-
tation of dispersed carbides is observed

Herewith, in Cr13 steels parameter c¢/a with increasing
carbon content increases 2.5 times more intensively than
in similar unalloyed steels [2].

The maximum values of HV 540 — 570 for 20Cr13
type steels are achieved after quenching from the temper-
atures of 1000 — 1050 °C [2 — 4]. For steel with 0.45 % C,
the maximum HV level of 696 — 710 is achieved after
quenching from 1110 — 1130 °C [5] (see Figure 1). Large-
needle martensite is noted in the samples quenched from
1000 °C [2]. When comparing the X-ray diffraction
spectra of annealed (a-Fe) and austenitized and marten-
site-quenched (M(a)) samples, expansion and shifting

of peaks are clearly visible, which is due to the stress state
of the martensitic lattice due to its saturation with car-
bon [3]. Peak shifting increases with increasing quenching
temperature, which indicates greater dissociation of chro-
mium carbides with temperature and increased saturation
of martensite with carbon.

The noticeable effect of hardness reduction after
reaching its maximum during further increase of the heat-
ing temperature over 1000 °C, recorded for 20Cr13 steel
with 0.08 % N (420U6) [4], 45Crl13 and 50Crl13 steels
during heating at 1100 °C and above [5, 7] is explained
by the following:
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Table 3
Mechanical properties at 20 °C of 20Cr13 and 40Cr13° and AISI 4207
steels after quenching and annealing at temperatures from 200 to 700 °C
Tabnuya 3. Mexannueckue cBoiicrsa npu 20 °C craJjeii 20X13 u 40X13° u craan AISI 4207
nocJie 3aKaJIKH M O0TKUra npu remmneparypax ot 200 go 700 °C
Steel Tempering G5 o, 3, v, KCU, J/cm? HRC
temperature, °C | MPa MPa % % (KCV,)) (HB)
Quenching: Quenching at 1050 °C, air
200 1300 1600 13 50 81 46
300 1270 1460 14 57 98 42
20Cr13 400 1330 1510 15 57 71 45
(billet with 14 mm section) 500 1300 1510 19 54 75 46
600 920 1020 14 60 71 29
700 650 780 18 64 102 20
Quenching: Quenching at 1000 °C, oil
200 1620 1840 1 2 19 52
350 1450 1710 11 22 25 50
40X13
500 1390 1680 7 9 19 51
700 500 780 35 59 71 217)
Quenching: Quenching at 980-1035 °C, oil or air”’
Annealed 345 655 25 - - (255 max)
204 1360 1600 12 - (20) (444)
316 1365 1580 14 - (19) (444)
AIST 420 (UNS S42000) 427 1420 1620 10 - # (461)
538 1095 1305 15 - # (375)
593 810 1035 18 - (22) (302)
650 680 895 20 - (42) (262)

# This steel shall not be quenched in the range from 425 to 600 °C due to induced low impact strength.

800 ,
Austenite B R ==
700 | ”,/ P e v
,”r "‘—
600 - , ol Stabilization
Dissolution
O (C) .
T , of carbides ,‘—G(_‘ of eszdyal
o 900 | Pt | "%, a austenite
§ | /.«— u | ~....~ /
S 400 | IR | e
S »".
| R |
= 00 | | . M(o) +K | M(o) FK+A
+ |
200 &°
¢ ,:,F+K I All carbides are dissolved
100 | ] ] ] ] | ] ] ] ]

800 850 900 950 1000 1050 1100 1150 1200 1250

Temperature, °C

Fig. 1. Effect of austenitization temperature’ before quenching on hardness'® and phase composition of Cr13 steels with 0.14 — 0.45 % C:
@ - steel 20Cr13 [2]; [l - steel 20Cr13 [3]; A — steel 20Cr13 + 0.008 N [4]; ¥ —steel 45Cr13 [5]; € — steel 50Cr13 [7]

Puc. 1. BiusiHue TeMIiepaTypsl ayCTeHUTH3AIMK TIEPE] 3aKakoil Ha TBepaocTh' u (hasoBelii cocTas craneii X13 ¢ 0,14 — 0,45 % C:
@ — cranb 20X13 [2]; [l - crams 20X13 [3]; A — crans 20X13 + 0,008 N [4]; ¥ — crans 45X 13 [5]; € — crans 50X13 [7]

° BblIEp)KKU TIpU Harpese, oxiaxaenue: [2, 3] — 30 Mun, 3akajika 10 3nauenns nsmepennii B enurmnax HRC u3 pador [2, 4] nepeBesiens!
B Macio; [5] — 60 ¢, oxnaxnenue co ckopocteio 2 °Ce. B 3Ha4eHUs TBeprocTr HV 1o mikarne nepecuera, IpuBeaeHHOH B padore [§].
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Table

Mechanical properties of semiproducts from 4Cr13 type steels according to the RF standards and AIST 4203 steel

Tabnuya 4. Mexanudeckue cBoiicTBa mosiy(pabpuKaros u3 craseil Tuna 4X13 mo crangapram P® u cramu AISI 4208

4

GOST Type of semiproduct, Section, | o,, G, 3., | ¥, | KCU, HB (HRC,
heat treatment mode mm MPa MPa % | % | kJ/m? max)
Mechanical properties of 20Cr13 steel
Rods. Quenching at 1000 — 1050 °C, air or
oil. Tempering at 600 — 700 °C, air or oil 60 633 830 10} 50 39 -
GOST 5949-75 | Rods. Quenching at 1000 — 1050 °C, air
or oil. Tempering at 660 — 700 °C, air, oil 60 440 650 16 | 55 78 -
or water
GOST 18907-73 Ground rods, machined to the specified 1-30 ~ Is10-780] 14 | — 3 3
strength
Hot- or cold-rolled sheets. Quenching
at 1000 — 1050 °C, air. Tempering at
GOST7330-77 1 6e0— 780 °C, air or furnace (transverse Overd | 372 309 20 - B -
specimens)
Forgings. Quenching at 1000 — 1050 °C,
GOST23054-81 air or oil. Tempering at 660 — 770 °C, air 1000 44l 588 14| 40 39 -
- i i i Up0.2 - 500 8 - - -
GOST 4986-79 Cold-rolled s(t)np. Annealing or tempering p
at 740 — 800 °C 02-20| - 500 16 | — - -
GOST 18143-72 | Heat-treated wire 1.0-6.0 — 1490-780| 14 | - - —
Mechanical properties of 30Cr13 steel
Quenching at 950 — 1020 °C, oil. Speci- 3 _ 3 3 3
GOST 5949-75 Tempering at 200 — 300 °C, air or oil mens (50)
GOST 18907-73 Ground rods machined to the specified 1-30 B 530-780 | 12 | — B 3
strength
Forgings. Quenching at 1000 — 1050 °C, Up to Surfaces
GOST 25054-81 oil. Tempering at 700 — 750 °C, air 1000 >88 735 141 40 2 235-277
GOST 18143-72 | Heat-treated wire 1.0-6.0 — 1490-830| 12 | - - —
Thin sheet, annealing or tempering at
GOST 5582-75 740 — 800 °C - - 490 15| - - -
Mechanical properties of 40Cr13 steel
Rods. Quenching at 1000 — 1050 °C, oil. Speci-
GOST 5949-75 | Quenching at 200 — 300 °C, cooling in the nlzens - - - — - (>52)
air or in oil
Rods:
GOST 18907-73 — ground, machined to the specified 130 ~ Is90—g10| 10 | - 3 3
strength;
— annealed Over 5 - - - - - 143 — 229
Thin, hot-rolled or cold-rolled sheets.
GOST 5582-75 | Annealing or tempering at 740 — 800 °C Up3.9 - 550 15| - - -
(transverse samples)
GOST 18143-72 | Heat-treated wire 1.0-6.0 - |590-810| 10 | — - -
Mechanical properties of AISI 420 steel (UNS S42000)#
Quench}ng from 1838 C in oil. B 1482 1724 g | 25 201 =52)
ASTM AISI and | Quenching at 316 °C
SAE Standards | Annealed rod - 345 655 25 | 55 - 195
Annealing, drawing - 690 760 14 | 40 - 228
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— in the structure of these steels due to the intensifi-
cation of carbides and carbonitrides dissolution the con-
centration of austenite-forming elements (carbon [5, 6],
carbon and nitrogen [4]) is achieved and increases, con-
tributing to the formation of residual austenite and increas-
ing its quantity after quenching (Fig. 1);

— growth of the austenite grain [7].

It is noteworthy that in the 20Cr13 steel, in the absence
of nitrogen in its composition, stabilization of austenite
after holding at 1050 °C did not occur [2, 3] in contrast
to the 20Cr13 steel with 0.08 % N [4] (Fig. 1). It should
be noted that in the 50Cr13 steel, which is on the modi-
fied Schaeffler—Delong diagram in the martensite-auste-
nite region near the boundary with the austenite region,
the amount of austenite after austenitization at tem-
peratures in the range of 1000 — 1200 °C and quenching
increases from 97.5 to 100 % [7].

Grain-boundary carbides not dissolved during thermal
soaking inhibit grain growth during heating. Increasing
the austenitizing temperature of the 20Cr13 steel with
0.08 % N from 950 to 1100 °C (holding during 30 min)
leads to an order decrease in carbide density from ~0.053
to ~0.004 1/um?, and their average diameter decrease
from 0.57 to 0.26 um (Fig. 2, a) [4]. Further increase
in the annealing temperature to 1150 °C no longer cont-
ributed to significant changes in the particle density and
size. Increasing the austenitizing temperature from 950
to 1000 °C did not cause the grain growth during holding
for 30 and 60 min at those temperatures, and the grain size
remained equal to 15 — 18 pum. Increasing the heating tem-
peratures above 1000 °C led to significant grain growth
(Fig. 2, b). Obviously, decrease in the carbide density and
increase in the grain size also contribute to the decrease in
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0.02

0.01
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950 1000 1050 1100 1150
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hardness of this steel quenched from temperatures above
1000 °C.

Only weak grain growth from 10 to 20 pm was
observed for the 45Cr13 steel with higher carbon con-
tent [5] in the heating tempering range for quenching
of 1000 — 1120 °C; austenitization at 1170 and 1240 °C
resulted in the grain growth to 47 and 65 um respectively.
For steel X46Cr13 (1.4034) it was noted [9] that auste-
nitizing at temperatures above 1100 °C causes complete
dissolution of carbides in X46Cr13 and optimum dist-
ribution of chromium and carbon in the mixed crystal.
The elimination of the blocking effect of carbides and
the higher diffusion rate lead to significant grain enlarge-
ment. Decreasing the austenitizing temperature below
1100 °C leaves mixed chromium and iron carbides
in the structure, which reduce hardness and corrosion
resistance.

Duration of heating during austenitization

(during heating for quenching)

The effect of duration of annealing (~950 — 1200 °C,
30, 60 and 120 min) of the 20Cr13 steel with 0.08 % N
on the structure and hardness has been studied [4]. It is
shown that the longer the holding time at a given tem-
perature, the coarser the grain size, and this effect is more
significant the higher the heating temperature (Fig. 2, b).
At low temperatures (960 and 1000 °C), the holding time
had little effect and the grain growth from the 15 — 20 pm
level was practically not registered. At 1200 °C such hold-
ing led to the grain growth up to 87 — 142 um. With all
holding times, the hardness maximum was observed when
the austenitization temperature increased to 1000 °C, and
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Fig. 2. Effect of austenitization temperature of 20Cr13 steel with 0.08 % N on density (/) and average size of carbide particles (2)
during holding for 30 min (a) and martensite grain size (b) during soaking for:
3 —30 min; 4 — 60 min; 5 — 120 min [4]

Puc. 2. Bimsnue temneparypsl ayctenutuszanuu ctamm 20X13 ¢ 0,08 % N na rmuiotHocTs (/) M cpefiHuii pa3mep KapOuIHbIX yacTull (2)
npu BbLiepkke 30 MUH (@) 1 pa3mep 3epHa MapTeHcuTa (b) npu BBIIEPIKKE:
3 =30 muH; 4 — 60 mun; 5 — 120 MuH [4]
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Table 5

Chemical composition of 13Cr steels under study

Tabnuya 5. Xumudeckuii cocraB paccMoTpeHHbIX cTajeil 13Cr

Source C N Mn Si Cr Mo Ni S P Other components
[2] 0.16-0.25 - <0.800 | <0.800 | 12.00-14.00 | — |<0.600 | <0.025 | <0.0300 Cu<0.3,Ti<0.2
[3] 0.17 - 0.700 | 0.500 12.20 - - 0.030 | 0.2300 -

[4] 0.14 0.085 | 0.590 | 0.380 13.78 - 0.006 | 0.0270 -
[5] 0.45 - 0.440 | 0.320 13.00 - 0.380 | 0.016 | 0.0300 -
[9] 0.42 - 0.530 | 0.400 13.92 0.030 | 0.310 - - Cu=0.15
[10] 0.45 - 0.440 | 0.320 13.00 - 0.380 | 0.016 | 0.0300 -
0.43 - 0.600 | 0.560 13.00 - - - - -
[t 0.19 - 0.640 - 12.77 - - - - -
[12] <0.2 <0.020 | 0.500 | 0.310 12.78 <0.050| 0.130 | 0.016 | 0.0010 Nb+ \8; 111200'064’
1 0.26 —0.35 - <1.500 | <1.000 | 12.00 - 14.00 | - - <0.030 | <0.0400 Cu<0.3,Ti<0.2
[13] 0.15 - 1.160 | 1.060 12.08 0.131 | 0.952 | 0.030 | 0.0400 -
[16] 0.38 - 0.600 | 0.900 13.60 - - - - V=0.30
[17] 0.18 - 0.850 | 0.300 12.90 - - 0.002 | 0.0200 -
[18] 0.347 - 0.332 | 0.422 14.11 - - 0.030 | 0.0156 -

then it decreased with increasing temperature. The longer
the holding time in the range of 1050 — 1150 °C, the more
residual austenite was in the steel and the lower the hard-
ness was achieved during subsequent quenching. Treat-
ment at 1000 °C for 30 min was chosen as optimal, as it
provided maximum hardness while maintaining a rela-
tively fine grain size.

Thus, the maximum effective temperature of austeniti-
zation before quenching, which provides high hardness, is
1000 — 1020 °C for steel type 20Cr13 and 1100 — 1120 °C
for steel type 45Cr13.

Heating rate during austenitization

and cooling rate during quenching

When quenching carbon-containing steels, martensitic
transformation occurs in a shear manner. However, this
does not exclude the possibility of diffusive redistribution
of carbon in austenite during cooling to the temperature
of the beginning of martensitic transformation (M ) and
further in the formed martensite when cooling from M
to the room temperature [6].

The study [10] conducted on steel with 0.45 % C and
13Cr (45Crl13) showed that the temperature required
to achieve complete dissolution of Me,,C, carbides
in the austenitic phase increases with the increasing

heating rate from 0.05 to 10 K/s, changing from 1353

1'X30Cr13 — Nr. 1.4028. Rodacciai. URL: https://www.rodacciai.
com/UPLOAD/datasheets/420B_X30Cr13-Nr.1.4028-ENG.pdf

to 1448 K (1080 — 1175 °C). For a given heating rate and
holding time (60 s), the amount of carbide in the quenched
microstructure of this steel decreases with increasing tem-
perature. Carbide precipitation was found during quen-
ching from 1393 K (1120 °C) and slower cooling rates
than 20 K/s. For these cooling rates, the amount of car-
bide precipitation increased with the decreasing cooling
rate. With continuous cooling at any quenching rate from
1333 K (1060 °C) no significant carbide precipitation is
observed. After annealing at optimum temperatures, start-
ing from the cooling rate of 1 °C/s, the hardness of mar-
tensite microstructures is very close to the maximum.
The hardness obtained by quenching from their respec-
tive optimum temperatures reaches the values between
700 and 710 HV, when cooling at 1 °C/s. For X45Crl13
steel heated to 1120 °C, the percentage of the carbide area
in the final microstructure after quenching at a cooling rate
of 1 °C/s is 3.2 %, whereas when quenched from 1060 °C
at a cooling rate of more than 25 °C/s it is 6 % [10].

High-rate heating (50 °C/s) by the method of cur-
rent transmission through the specimen was carried out
on steel 20Cr13 specimens (length of 100 mm, diameter
of 10 mm), after which they were quenched in oil [2].
The obtained properties were compared with the results
of metal heated in the furnace and similarly quenched
metal. The maximum value of the tensile strength
of 1530 MPa when heated in the furnace was achieved
after quenching from 950 °C, and the relative elongation
did not exceed 4.7 %. During high-rate heating the same
strength was obtained after quenching from a temperature
0f 1020 °C, and the relative elongation in this case did not
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exceed 6.5 %. After a series of experiments in [2] it was
concluded that high-rate heating leads to a shift of harde-
ning curves by 40 — 60 °C up the temperature scale com-
pared to the curves obtained during furnace heating.

The effect of different cooling rates (from 3 to 100 K/s)
during hot forging of X46Crl3 steel on the hardness,
strength and ductility of steel after quenching (1100 °C,
300 s) and after additional tempering (1100 °C, 300 s)
was studied [11]. This factor was shown to have no effect
on hardness: it is at a level of about 700 HV, after quen-
ching and 580 HV , after tempering. During the study
of the effect on strength and ductility, the steel sheets were
cooled to the room temperature at a rate of 3 to 140 K/s,
caused by different surface pressures in the tool and out-
side the cooling medium. No significant effect on the ten-
sile strength was found, whereas the relative tensile elon-
gation could decrease from 11 to 6 % with the increasing
cooling rate. The best properties (strength of 1800 MPa
and relative elongation of 11 %) were obtained after a low
surface pressure of 1 MPa and a cooling rate of 30 K/s.

Effect of tempering modes after quenching
from different temperatures

Tempering of quenched laboratory steels 20Cr13 [2],
AISI 420 with 0.17 % C [3] and <0.20 % C [12] causes
their hardness reduction especially significant in the tem-
perature range from 400 to 780 °C (Fig. 3, a). In the tem-
pering temperature range up to ~600 °C higher hard-
ness values are inherent in steels quenched from higher
temperatures, which have higher supersaturation of aus-
tenite with carbon during quenching (this shows a sig-
nificant difference in hardness values for the same
tempering temperature obtained in different studies).
The results of the study of properties after quenching and
tempering over the widest temperature range are given
for the X30Cr13 steel (1.4028) with a grade content
0f 0.26 — 0.35 % C and up to 1 % Si (Fig. 3, b)'\.

The annealing temperature range of 710 — 780 °C was
studied in [12] due to the fact that the 13Cr steel casings
are used in the condition after quenching and tempering
at 680 — 780 °C (API-5CT). After quenching from 975 °C,
the steel was characterized by the presence of lath mar-
tensite and hardness of 525 HV. Holding of such marten-
site for 20 min at 710, 730, 750, 770, 780 °C showed that
tempering at ~(710 — 730) °C leads to martensite enlarge-
ment. It becomes equiaxial, and in its structure there are
Cr,,C, carbides in the form of spheres/rods and needle
Cr,C, carbides (~100 nm). Tempering at 770 °C causes
dissolution of Cr7C3 carbides and enlargement of spheri-
cal Cr,,C, carbides, and recrystallization occurs. Hardness
at such high tempering decreases (Fig. 3, a).

Hardness of the X30Crl3 steel weakly decreases
in the temperature range up to 300 °C, then a pla-
teau is observed up to 500 °C, after which, in the range

of 500 — 600 °C, there is a sharp decrease in hardness
(Fig. 3, b). The strength properties change in a simi-
lar way, including the ultimate strength decreasing from
1600 to 900 MPa for anneals between 500 and 700 °C.
The ductility and impact strength change mirror-like,
and when annealed at temperatures above 500 °C they
increase significantly. The manufacturer recommends!!
the following temperatures for this steel: 900 — 1100 °C
for hot deformation, 745 — 825 °C for annealing with
cooling in the air, 950 — 1050 °C for quenching in oil or
air, and 625 — 675 °C for annealing (after quenching from
850 °C).
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Fig. 3. Effect of annealing temperature:

a — on hardness of laboratory steels of 20Cr13 type
after quenching from different temperatures [2, 3, 12]
(@—950, 975, A — 1000 and ¥ — 1050 °C);
b — on hardness, strength, ductility and impact energy
of industrial steel X30Cr13 — Nr. 1.4028 (30Kh13)!!

Puc. 3. Biusituue temneparypsl OTXKHTa:
a — Ha TBEpJIOCTb JlabopaTopHbIX craneit tuna 20X13
TocJIe 3aKaJIKH OT pa3HbIX Temmeparyp [2, 3, 12]
(@ —950, 975, A — 1000 u ¥ — 1050 °C);
b — Ha TBEpPIIOCTh, IPOYHOCTD, INIACTUYHOCTD U YHEPTHIO YIAPHOTO
paspy1enus npoMbiiuieHHol cram X30Cr13 — Nr. 1.4028 (30X13)"

17



N3BECTUA BY30B. YEPHAA METAJIJIYPIUA. 2023; 66(1): 8-26.
Kocmuna M.B., Puzuxa J1.I'u dp. 0630p ucciefloBaHUH KOPPO3MOHHOCTOMKUX cTasiel Ha ocHOBe Fe -~13 % Cr: Tepmuyeckas 06paboTka ...

The effect of isothermal holding of steel quenched
from 975 °C at 750 °C for 5 —60 min on the carbide
formation processes was studied [12]. After isothermal
treatment for 5 min, Cr,,C, carbides were formed mainly
at the grain and lath boundaries, and Cr,C, carbides were
formed inside the laths. Further increase in the time of iso-
thermal annealing led to dissolution of Cr,C, carbides and
enlargement of Cr,,C, carbides. Accordingly, after hold-
ing for 5 and 15 min, the return processes were observed,
and after longer holding recrystallization and grain growth
processes took place. The return and recrystallization dur-
ing tempering reduce the hardness of steels up to 250 HV.
Minimum hardness at 750 °C is achieved during 15 min
holding, at which time it decreases from 550 to 275 HV.
Further heating at 750 °C (up to 60 min) does not lead
to changes in hardness. In this case, the average particle
size increases from ~45 to ~130 nm, and their density
decreases compared to the maximum one by a factor of 3.
The density of the particles is maximum after holding for
5 min; and during this time about 50 % of the total amount
of the carbide phase is precipitated for 60 min, estimated
by the “area fraction, %” parameter.

In [11] the heating temperatures for quenching
of the X20Cr13 steel varied from 950 to 1150 °C and
the tempering temperatures were 225, 375 and 525 °C.
The holding times during such treatments were 240 and
480 s. The strength of the steel in this case ranged from
1310 to 1660 MPa, and the ductility varied from 3.5
to 7.5 %. The best combination of these characteristics,
1515 MPa strength and 7.5 % elongation, was achieved
after quenching from 1050 °C (240 s) and tempering at
375 °C (420 s).

In this section only the effect of tempering on the struc-
ture and mechanical properties of steels is considered;
below, in a separate section, attention is paid to the effect
of this treatment on the corrosion resistance of steels with
13 % Cr.

Use of complex heat treatments:

repeated austenitization, double annealing,

cooldown

The effect of double annealing on the structure, hard-
ness, strength and impact strength of AISI 410 steel was
studied [13]. In the initial state the steel had a structure
consisting of ferrite and chromium-rich carbides Me,,C,
after annealing at 750 °C for 2 h followed by slow cooling
inside the furnace to a temperature of 25 °C for 20 h in
order to obtain maximum softness for molding [13, 14].
Such samples were heated in the range of 900 and
1100 °C (30 min) and quenched in oil, followed by dou-
ble annealing at temperatures between 200 and 700 °C
(steel was cooled after annealing and then annealed again
at the same temperature). The purpose of repeated anneal-
ing was to promote the transformation of residual aus-
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tenite into martensite, since, according to [15], residual
austenite is almost completely transformed as a result
of double tempering at high temperature.

It was shown [13] that chromium carbides Me,,C,
dissolve in the temperature range from 950 °C. Varying
the tempering temperature of steel samples austenitized
at 900 °C does not effectively change the microstructure
or cause hardening (Fig. 4, a), as Me,,C, carbides are not
precipitated, martensite and ferrite become softer and duc-
tility increases. The structure after this treatment is fer-
rite in a matrix of lath-tempered martensite with Me,,C,
chromium carbide particles (primary and small particles
of secondary). The highest values of hardness as well as
the yield strength and tensile strength are achieved after
quenching from higher 7, = 1050 °C and tempering at

200 °C (Fig. 4, a — ¢).

The microstructure after tempering at 200 — 650 °C
consists of ferrite islands and small spheroidal parti-
cles of secondary chromium carbide Me,,C, in a matrix
of coarse-grained lath-tempered martensite. Tempering at
t > 550 °C leads to an increase in the number of precipita-
tions along grain boundaries. A satisfactory combination
of hardness, strength and impact energy is achieved by
double tempering of steel at 200 and 450 °C after quench-
ing from 1050 °C (Fig. 4, Table 6) [22]. In general, double
tempering did not result in a significant change in mecha-
nical properties for any of the tested specimens; the micro-
structure after it still contained a significant amount
of residual austenite. During conventional austenitizing
treatment, carbide dissolution and grain size growth inten-
sified with increasing austenitizing temperature, while
double tempering treatment promoted carbide formation
with a slight increase in the grain size. For comparison,
in the 40Cr13 type steel (with 0.38 % C and 0.3 % V, i.e.,
in which the number of carbide particles must be much
larger) the precipitations in the samples after single tem-
pering at 300, 500 and 650 °C are nanosized &-Me,C
carbides, chromium-rich nanosized Me,,C, carbides and

micron or submicron Me,,C, carbides, respectively [16].

The effect of treatment with double quenching and dou-
ble annealing (710 °C + 680 °C) on the microstructure,
hardness, and mechanical properties of 13Cr hot-rolled
steel with 0.2 % C was studied [17]. Austenitizing fol-
lowed by quenching (duration of 3 h 15 min) was carried
out according to the following modes: 980 °C, quench-
ing + 1040 °C, quenching; 1040 °C, quenching + 980 °C,
quenching. Cooling during quenching and after tempering
was carried out in oil. Both in the case of single quench-
ing at 980 °C and double quenching (1040 °C + 980 °C),
there was no delta-ferrite in the tempered martensite
microstructure. After single heat treatment, the struc-
ture contained carbides along the grain boundaries,
and very fine distribution of ferrite was observed. Dur-
ing single quenching, continuous carbide chains along
the grain boundaries of the former austenite contributed
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Fig. 4. Effect of double annealing temperature on hardness (), yield strength (b), tensile strength (c),
impact strength (d) of AISI 410 steel after quenching from austenitization temperatures (7, ), °C [13]:
1-900; 2 —950; 3 —1000; 4 —1050; 5 — 1100

Puc. 4. Biiusinue Temiiepatypbl IBOWHOTO OTXKHTA Ha TBEPAOCTS (a), mpesen TekydectH (b), mpeaen IpouHocTH (¢)
U yapHyo Ba3kocThb (d) cranu AISI 410 nocne 3akajku oT Temneparyp aycrenurusauuu (7,), °C [13]:
1-900; 2—950; 3 —1000; 4 —1050; 5 — 1100

to the reduction of the impact strength, and its values did
not meet the specification requirements. When this steel
with the initial martensite microstructure obtained during
the first quench from 1040 °C was subjected to second-
ary austenitizing at 980 °C, recrystallization of the grain
structure from the defective matrix of martensitic laths
obtained during the first quench occurred. The modified
heat treatment with double quenching at 1040 °C + 980 °C
provided a finer grain size along with a higher degree
of carbon dissolution in the austenitic matrix. During
tempering, very fine carbides (having a much smaller size
compared to the single heat treatment process) formed in
small numbers at low-angle and high-angle boundaries.
This resulted in the increased strength and impact strength
after tempering, compared to single quenching from
980 °C (Table 2).

In [18] the effect of conventional heat treatment
and cryogenic treatment on the mechanical properties
of AISI 420 steel was compared. Cryogenic treatment
was carried out by a gradual decrease in temperature
to avoid the thermal shock: —20 °C, 4 h; —-70 °C, 5 h;
—196 °C, 24 h. Subsequent heating occurred in the reverse
sequence. In the initial state (annealing at 850 °C and cool-
ing with a furnace) the steel had a ferrite-carbide structure
with low mechanical properties. Quenching to martensite
from 1000 °C followed by tempering at 200 °C provided

a martensite structure with residual austenite and undis-
solved dispersed carbides, and a combination of strength
of 989 MPa with ductility of 15 %. Increasing the tem-
pering temperature to 500 °C resulted in coarsening
of Me,C, carbides and partial transformation to Me,,C,
carbides, some reduction in strength and increase in duc-
tility. Conducting a stepwise cryogenic treatment before
tempering at 500 °C increased the strength properties
to 933 MPa and the relative elongation to 40 % (Table 6)
due to the precipitation of finely dispersed carbides.
The combination of strength and plastic properties thus
obtained for this steel is a good result, but the disadvan-
tage of such treatment is the complexity of cryogenic
treatment using long periods of holding in a refrigera-
tor, dry ice and liquid nitrogen and subsequent heating
in the reverse sequence.

Suggested heat treatment options

and mechanical properties

Data on the chemical composition of 13Cr type steels
discussed above are given in Table 5. The mechanical
properties obtained by researchers for 13Cr steels when
varying both conventional quenching and tempering
modes and dual heat treatments are given in Table 6. Com-
parison of the properties of treatments No. 1 — 21 from
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Table 6 with the properties of industrial steels of the 13Cr
group (Table 3) shows that treatments No. 1 and 2 for
20Crl13 type steels and treatment No. 21 for the 40Cr13
steel achieved a higher level of strength than that speci-
fied in the known reference materials for these steels.
After treatments No. 4 and 5, the 20Cr13 type steel had
a level of strength close to that of this steel after tempering
at 700 °C in Table 3, but a higher ductility was achieved
in this case. The results of treatments No. 16 — 20 are new,
and in the reference literature there is no such data for
the 30Cr13 steel.

The publications dedicated to the study of corrosion
resistance and the possibilities to increase the wear resis-
tance of steels of the Cr13 group are considered below.

[ STUDIES OF WEAR RESISTANCE OF STEELS WITH 13 % Cr

In the Russian scientific segment, a number of pub-
lications have been found that consider the prospect
of increasing the wear resistance of 40Crl13 steel due
to surface treatments. In addition, a significant place is
given to the surface layer saturation with nitrogen during
the following treatments:

— nitrocementation [19];

—ion-plasma nitriding [20, 21], including thermal-
cycle [20];

— nitriding combined with heat treatment [22].

It is demonstrated that diffusion layers on the cutting
surfaces of 40Cr13 steel, saturated with large amounts
of carbonitrides during nitrocementation, provide high
cutting ability, self-sharpening and wear resistance [19].
Ion-plasma thermal-cycle nitriding made it possible
to obtain hardened wear-resistant surfaces, which have
a complex of specific physical, mechanical and opera-
tional properties [20]. It has been established that during
high-frequency nitriding of 40Cr13 steel in inductively
coupled plasma of the argon, hydrogen and nitrogen mix-
ture a three-layer structure is formed in the near-surface
layer. Its wear rate is the lower the higher the amplitude
of the displacement potential [21]. A study of the wear
mechanism of ion-modified nitrogen in 40Crl3 steel
subjected to various modes of pretreatment has shown
that the nitrated layer is an a-Fe matrix phase with chro-
mium nitrides CrN. In the process of friction of nitrogen-
modified 40Crl13 steel, accelerated wear of the nitrided
layer is registered as its thickness decreases to a certain
critical value. As the hardness of the substrate increases,
the critical thickness of the nitrided layer decreases from
11 -12t09—10 um [22].

The possibilities of hardening the 40Cr13 steel by
surface laser and plasma quenching have been stu-
died [23, 24]. The possibility of effective surface harde-
ning of products using laser heating is also considered.
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The influence of arising thermal stresses on the tem-
perature interval of austenitic transformation is taken
into account, and the dependences of hardness on density,
power and treatment rate are analyzed. The work showed
that high hardness is achieved when heating to a tempera-
ture of 150 — 200 K below the melting temperature [23].
The technology of plasma surface hardening of products
made of high-alloy corrosion-resistant steel 40Cr13
allows obtaining a hardened martensitic layer more than
4 mm deep on its surface [24]. The feature of the techno-
logy is the microhardness values evenly distributed over
the section, the absence of changes in the geometric shape
and structure of the 40Cr13 steel part core. In the hard-
ening zone from the solid phase a spectrum of struc-
tures is observed — from the martensitic type structure
on the boundary with the melting zone with the transition
to the martensitic type structure with carbides precipita-
tion (both in the grain body and on the grain boundaries).
In the transition zone (thermal impact zone) the structure
has the form of a ferrite-carbide mixture of sorbitic type
of different dispersion. Such a distribution of microstruc-
tures in zones is characteristic of the traditional harden-
ing of 40Cr13 steel products for maximum hardness with
preservation of corrosion resistance properties.

Complex treatment of the 40Crl13 steel consisting
of heat and mechanical treatments, high-vacuum annea-
ling and diffusion siliconizing has been proposed [25].
It provides the possibility of hardening to a depth
of 4.2 mm. Tests of fracture and wear resistance, evalua-
tion of the hardness and microgeometry of the surface
layer of samples showed that this treatment can increase
the durability of parts.

The use of the 40Cr13 steel as a coating on steel 45
to increase the wear resistance of the material is of inter-
est [26]. Gas-thermal coating of 40Cr13 wire steel was
applied to steel 45 plates by high-speed metallization.
Additionally, the coating was treated with nitrogen ions.
Ion-beam treatment increases the microhardness of coat-
ings to the values of 1000 — 1450 HV .. and their wear
resistance under friction in the I-20 lubricant medium
by 1.7 times. Based on the results obtained, the tempera-
ture mode of ion-beam nitriding with the highest tribotech-
nical properties has been selected.

- STUDIES OF CORROSION RESISTANCE
OF STEELS WITH 13 % Cr

It is known that heat treatment is an important factor
influencing the tendency of alloys to corrosion. Stainless
steels are most resistant to corrosion effects in the state
of treatment for a solid solution. Tempering in the tem-
perature range of excess phases (carbides, carbonitrides,
nitrides) reduces the resistance of steel to intergranular
and pitting corrosion. This is due to the emergence around
the carbides of zones depleted in chromium, with reduced
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corrosion resistance. The less (negative) the pitting cor-
rosion potential of an alloy, the greater its tendency
to pitting. The value of the pitting potential is a measure
of the tendency of metals to pitting.

The works [7, 9, 16, 27 — 31] are dedicated to the stu-
dies of the effect of heat treatment on corrosion resistance
of steels with 13 % Cr.

In [7] the object of the studies was steel with 13.7 % Cr
with increased carbon content (0.497 %), high-purity due
to vacuum melting. The effect of microstructure changes at
different austenitizing (7',) temperatures on various corro-
sion mechanisms was studied. Polarization scanning was
carried out in the 0.1 M NaCl + 0.1 M phosphate buffer
solution (pH = 7.5). It is demonstrated that the resistance
against general corrosion increases with increasing T,
up to 1100 °C due to dissolution of carbides and the asso-
ciated increase in the chromium content of the alloy
matrix. This also leads to better passivation and a thicker
internal passive layer rich in chromium. A further increase
in T, does not increase the chromium content and resis-
tance to general corrosion, since all carbides are dissolved.
On the other hand, with increasing T, up to 1100 °C,
the carbon content increases, which increases the inter-
nal lattice stress and leads to a more defective passive
layer, causing a decrease in the resistance to pitting. A fur-
ther increase in T, , without affecting the carbon content,
increases the grain size. The density of lattice defects
in the bulk material decreases, reducing the defectiveness
of the passive layer and increasing the resistance to pit-
ting. In contrast, the critical potential shows a contradic-
tory course, increasing up to 1100 °C and decreasing at
lower temperatures. A higher pitting potential means less
susceptibility to pitting, while a higher critical pitting
potential means slower pitting, if any. The authors of [7]
note that:

— the research can show that there is not one corrosion
resistance, but several different corrosion mechanisms,
which are influenced by different microstructure proper-
ties;

— the amount of carbon is a critical factor for the pit-
ting corrosion potential;

— alloys with a lower carbon content exhibit different
pitting behavior and, given this, the seemingly contradic-
tory results simply refer to different phenomena and are
not a contradiction.

A similar study to evaluate the effect of austenitiz-
ing temperature and cooling rate (water/air) on corrosion
resistance was also conducted on high carbon steel with
13.92 % Cr, 0.42 % C (X46Cr13 (1.4034)) under poten-
tiodynamic polarization in 0.1 M H,SO, [9]. Heating fol-
lowed by cooling in water was performed at temperatures:
850 °C (72 h), 900 °C (9 h), 950 °C (90 min), 1000 °C
(30 min), 1050, 1100, 1150 °C (15 min), and 1200 °C

(10 min). Heating followed by air cooling was performed
at 1000 °C (30 min), 1050 and 1100 °C (15 min). It was
also noted, as in [7], that austenitization at temperatures
of 1100 °C and above leads to a complete dissolution
of carbides. The optimal distribution of chromium and
carbon in the mixed crystal is ensured. The elimination
of the blocking effect of carbides and the higher diffu-
sion rate lead to significant grain enlargement. Decreas-
ing the austenitizing temperature below 1100 °C leaves
mixed chromium and iron carbides in the structure, which
reduce hardness and corrosion resistance. Temperature-
dependent diffusion processes occur during slow air
cooling. New carbides form during cooling at the grain
boundaries or in the grains themselves and locally remove
chromium from the matrix. Second, iron is precipitated
from the remaining mixed chromium and iron carbides as
solubility drops sharply with temperature. Both processes
lead to chromium depletion during air cooling, which is
localized mainly on carbides at 1100 °C and on carbides
and grain boundaries at 1000 and 1050 °C. Depletion
of the chromium content locally worsens the stability
of the passive layer, and the resistance to pitting decreases
significantly.

In works [16, 27 — 29] the effect of tempering modes
on electrochemical corrosion in aqueous NaCl solutions
of 13Cr steels with different carbon content was studied.

Experiments on the potentiodynamic polarization
in the 3.5 % aqueous NaCl solution of low carbon steel
with 0.03 % C and 12.8 % Cr (AISI 410) were performed
after quenching from the temperatures in the range from
950 to 1100 °C and quenching from 1050 °C with tempe-
ring at 300 — 700 °C [27]. The corrosion rate of AISI 410
steel decreases as the austenitizing temperature increases.
The microstructure after austenitizing and tempering is
represented by tempered martensite, residual austenite
and carbides. The lowest corrosion current density was
obtained after tempering at 300 and 400 °C, and the lowest
corrosion rate after austenitizing at 1050 °C, quenching
and tempering at 600 °C.

The effect of heat treatment on the corrosion behavior
of AISI 420 steel (12.10 % Cr, 0.23 % C) in 0.5 M NaCl
with pH = 6.26 and electrical conductivity of 49.9 mS/cm
was studied on samples in four structural states [28].
In the initial state (4), a continuously cast calibrated rod
was considered. Treatment B was annealing at 770 °C
for 20 min and cooling with a furnace. Treatment C was
1000 °C, 30 min, martensite quenching in water. Treat-
ment D was tempering at 700 °C, 60 min, cooling in air.
The order of samples by corrosion resistance value from
higher to lower was established: B> C>D > A. Sam-
ple AISI 420 (B) is the most resistant to corrosion, and
sample A4 is the most susceptible to corrosion. Sample C
also showed high polarization resistance.
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The results of studies [16,29] of steels close
in the chemical composition of the studied steels, heat
treatment modes and conclusions made are summarized
in Table 7.

The peculiarity of research [30] is that the evolution
of microstructure and corrosion behavior of martensitic
stainless steel of type 420 with increased carbon content
(13.7 % Cr, 0.46 % C, 0.47 % Si, 0.39 % Mn) was stu-
died, tempering of which after austenitizing (950 °C, 1 h,
water) was carried out not only at 550 and 700 °C, but also
at lower temperatures of 250 and 400 °C (1 h, air), and
the potentiodynamic polarization test was conducted not in
salt solution, but in the 0.1 M HCI solution at 20 °C. After
austenitization and quenching, the metal had a martensitic
structure and most of the Cr,,C, carbides dissolved. After
tempering at 250 °C some amount of Cr,,C, carbides was
found on the grain boundaries. After tempering at 400 °C
they were larger and more abundant, and after tempering
at 550 °C precipitation of CrC, Cr,C, and an even greater
number of Cr,,C, particles, also at the grain boundaries,
were found. After tempering at 700 °C only Cr,,C, car-
bides were observed, with local corrosion and nucleation
of pits near carbides. After all tempering temperatures,
pitting corrosion was observed, with the specimen tem-
pered at 250 °C having the highest corrosion resistance
and a hardness value of well above 500 HV, and after
treatment at 550 °C, general and intergranular corro-
sion was also observed. The concentration of chromium
in the solid solution after different treatments was: 200,
400 °C —>12 %, 550 °C — 10.5 %, 700 °C — =11.5 %, i.e.
after the last two treatments it was below the critical level.
Thus, in contrast to works [16, 29] (see Table 7), a dif-
ferent order of carbide occurrence during tempering can
be noted for the studied steel. The temperature of 250 °C
is specified as the best choice of tempering temperature,
which provides the highest corrosion resistance (high
kinetics Epit and low pit growth kinetics). Tempering
modes at 550 and 700 °C should be avoided because cor-
rosion resistance reduced due to a large amount of large-
size chromium carbides formed at these tempering tem-
peratures.

Since the AISI420 martensitic stainless steel is
quenched and tempered or double tempered at tempera-
tures up to 250 °C for tableware applications, corrosion
resistance was also compared for steel with 12.1 % Cr
and 0.19 % C after single and double tempering at 180 °C
(2 h, air) after austenitizing at 1050 °C (5 min, air) [31].
The potentiodynamic polarization test was performed in
aerated 3.5 % NaCl (pH = 6.0). Single tempering showed
a hardness close to air quenching and did not degrade
the pitting corrosion resistance. Double tempering did not
improve the resistance to pitting corrosion, and hardness
decreased afterwards. Only single tempering is recom-
mended.
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- CONCLUSIONS

The properties of steels with 12 —-14 % Cr and
0.2<% C=>0.4: industrial steels produced with heat
treatment according to the standards and known from
reference literature, as well as metal properties of labora-
tory melts treated by various modes of austenitizing and
tempering are considered.

In these steels initially annealed at ~800 °C with
the formation of the ferrite-carbide structure, with their
heating from 800 to 1240 °C, the dissolution of carbides
of Me,,C, type occurs, which causes the formation of aus-
tenite at 810 — 820 °C with the fixation during quenching
of the martensite-carbide structure. Depending on the con-
centration of carbon in these steels, carbide dissolution
in them ends at 950 — 1050 °C. Dissolution of carbides
is accompanied by the growth of the austenite grain
and preservation of residual austenite after quenching
in the structure. Therefore, as the austenitization tem-
perature increases, the quenched steels first show a linear
increase in martensite hardness due to carbide harden-
ing (c/a=0.45[C]+ 1.00). And then, when the maxi-
mum degree of carbide dissolution is achieved, the steels
hardness decreases with further heating, which is associ-
ated with the formation of residual austenite and growth
of the austenite grain. The maximum effective austenitiz-
ing temperature before quenching, which provides high
hardness, is 1000 — 1020 °C (HV ~550) for 20Cr13 steels
and 1100 — 1120 °C (HV 700 — 750) for 45Cr13 steels.

The grain size during austenitization is the coarser
the longer the holding time at a given temperature, and
this effect is the more significant the higher the heating
temperature. The longer the holding time in the temper-
ature range above the maximum effective austenitizing
temperature, the greater the residual austenite in the steel
and the lower the hardness after hardening.

The temperature required to achieve complete dissolu-
tion of Me,,C, carbides in the austenitic phase increases
with the increasing heating rate. High-rate heating leads
to ashift of hardening curves after quenching by 40 — 60 °C
up the temperature scale compared to the curves obtained

during furnace heating.

Quenching not in water at slower cooling rates than
20 K/s (including air) causes precipitation of some car-
bides.

Hardened steels 20Cr13 —40Cr13 are characterized
by high strength, hardness, and low ductility, especially
high-carbon steels. Tempering of hardened laboratory
steels in the range up to 400 °C causes a slight decrease in
martensite hardness and strength (a small amount of car-
bides precipitates in martensite, and it becomes unstable).
In the interval of 400 — 500 °C a slight increase in hard-
ness and strength due to the effect of dispersion harden-
ing is possible. Then, in the range of 500 — 780 °C, there
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Table

Effect of tempering at 300, 500-550 and 650 — 700 °C on corrosion resistance of steels

with 13 % Cr and 0.31 -0.38 % C

Tabnuya 7. Bausinue ormycka npu 300, 500 — 550 u 650 — 700 °C Ha KOPpPO3HOHHYIO CTOMKOCTD CTaJIeil

¢13 % Cru 0,31- 0,38 % C

7

Main provisions
of the paper

Source [29]

Source [16]

Steel

13.3%Cr, 0.31 % C, 0.04 % V, 0.48 % Cu

13%Cr, 038%C,03 %V

Quenching mode

1020 °C (30 min, quenching in oil)

1030 °C (45 min, quenching in oil)

Tempering mode

300, 550 and 700 °C (2.5 h, cooling in air)

300, 500 °C and 650 °C (2 h, cooling in air)

Type of tests

Potentiostatic polarization tests

Test medium

0.1 M NaCl solution

3.5 % NaCl aqueous solution

Precipitation in steels
during tempering

300 °C —nanosized e-Me,C carbides;
500 — 550 °C — nanosized Me,,C, carbides;
650 — 700 °C — micron or submicron Me,,C, carbides

Structure after
austenitizing

Austenitizing at 1020 — 1030 °C did not lead to the complete dissolution of carbides

Fine-lath martensite with residual austenite interlayers at

the lath boundaries, Cr,,C, carbides

Martensite and Cr,,C, carbides

The share of residual austenite decreases with tempering
temperature, and after tempering at 550 and 700 °C
residual austenite is not observed

Residual austenite is observed only after
tempering at 300 °C, and there is no residual
austenite after tempering at 500 and 650 °C

Effect of austenitizing
and tempering at 300 °C
on corrosion resistance

In the austenitized state a passive film enriched with
chromium is formed. The sample austenitized and
tempered at 300 °C shows less current transients, and no
sustained pitting corrosion is observed in the 3 h test

Pitting corrosion potential Epit of hardened
steel is higher than that of tempered steel
and decreases with increasing tempering
temperature. Relatively low-temperature
tempering (300 °C) slightly reduced
corrosion resistance compared to steel after
quenching

Corrosion after
tempering at
500 - 550 °C

Tempering reduced the pitting potential and increased
the metastable pitting. Tempering at 550 °C made the
steel highly prone to pitting. Pitting occurred at the
carbide-matrix interface due to the presence of chromium
depletion areas associated with the massive precipitation
of chromium-rich carbide. The passive film formed at
corrosion potential was enriched with iron particles. It
was less protective than the film after austenitization
and increased the corrosion current density at corrosion
potential and showed no passivity in the 0.1 M NaCl
solution above the corrosion potential

The sample after tempering at 500 °C
exhibits active corrosion behavior without
passivation. This is explained by the

precipitation of a large number of chromium-

rich nanosized Me,,C, carbides. The large
carbide/matrix interface, as pitting occurred,
prevented the formation of a protective
passive film on the steel surface due to the
small distance between the carbides

Comparison of the
corrosion behavior after
tempering at 500 — 550
and 660 — 700 °C and
final conclusion

The Epit value is higher for the sample tempered at

700 °C compared to the sample tempered at 550 °C. A
possible reason is the repeated diffusion of Cr from the
matrix into the depleted regions, which minimizes the
discontinuity of the interfacial regions. The above results
confirm the assumption that tempering of steel with 13
% Cr should be carried out at 700 °C because it also
provides resistance to pitting.

The sample 1030-650 showed better

corrosion resistance than sample 1030-500,

even though the Cr content of the matrix
was slightly lower than that of sample
1030-500. The tempering temperature for
the 13 % Cr steels should be much lower

or higher than 500 °C to avoid the massive

precipitation of nanosized Me,,C,
Steels with 13 % Cr, tempered at 300
°C, show a combination of high relative
hardness and high corrosion resistance.

C, carbides.
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is a significant decline in these characteristics (intensive
precipitation of carbides — decomposition of martensite
into ferrite and carbides — coagulation of carbides and
their partial dissolution, recrystallization). The plasticity
and impact strength increase symmetrically.

The heat treatment with double quenching at
1040 °C + 980 °C provided a finer grain size along with
a higher degree of carbon dissolution in the austenitic
matrix. During tempering (double at 710 °C + 680 °C),
very fine carbides (having a much smaller size compared
to the single heat treatment process) formed in small num-
bers at low-angle and high-angle boundaries. This resulted
in increased strength and impact strength after tempering,
compared to single quenching from 980 °C.

Corrosion resistance increases with increasing auste-
nitizing heating temperature and decreases with increas-
ing tempering temperature, at which pitting and inter-
granular corrosion are added to general corrosion, which
is associated with the precipitation of Cr,,C, carbides and
depletion of the matrix in chromium to the concentrations
below 12 %. The recommended heat treatments for 20Cr13
steels are quenching with low tempering at 200 — 300 °C
(combination of high strength, good corrosion resistance
and satisfactory plasticity), or quenching with high tem-
pering at ~700 °C (good plasticity, satisfactory corrosion
resistance). For steels of 40Crl13 type the temperature
of ~700 °C 1is not recommended. The worst tempering
temperature is 500 — 550 °C because of the maximum pre-
cipitation of ultradispersed carbides.

The possibility of ensuring increased wear resistance
of 40Cr13 steels by saturating the surface layer with nitro-
gen (nitrocementation, ion-plasma nitriding, nitriding
and heat treatment), surface laser and plasma quenching,
a combination of heat and mechanical treatments, high-
vacuum annealing and diffusion siliconizing is demon-
strated.
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Abstract. In this paper we studied the synthesis of composite core—shell powders sprayed as wear-resistant metal-ceramic coatings. High-
hardness TiB, and HfB, powders form the core, and the shell is made of titanium. The cladding was applied by iodide transport technology.
This cladding method involves deposition by gas transport with iodine as an agent. The TiB,/Ti and HfB,/Ti composite powders were sprayed
using microplasma technology. In contrast to conventional plasma spraying, it minimizes the phase transformations in the composite powders
induced by heating. Analysis of the final coating on polished cross sections revealed that during microplasma spraying, the titanium is
oxygenated and it produces a titanium dioxide phase. As a result, the TiB,/Ti and HfB,/Ti composite powders are transformed into TiB, (TiB)/
Ti(TiO,) and HfB,/Ti(TiO,) coatings. We also studied the distribution of the components across the coating. The hardness measurements
showed that the titanium diboride coatings obtain microhardness of 1300 HV. The microhardness of the hafnium diboride coatings is about
1600 HV. For abrasion testing of the TiB, (TiB)/Ti(TiO,) and HfB,/Ti(TiO,)) coatings we used uncoated alloyed 45Kh steel (similar to EU
grade: 41Cr4) and the specified coatings as an abradant material. Despite their lower microhardness, the TiB, (TiB)/Ti(TiO, ) coating showed
the highest abrasion resistance.

Keywords: wear-resistant coatings, clad composite powders, titanium diboride/titanium, hafnium diboride/titanium, microplasma spraying, protective
and restorative coatings
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AHHomayus. B npencraBieHHON paboTe MPUBEICHBI PE3YIbTAaThl 10 CHHTE3y KOMITO3MIIMOHHBIX MNIAKMPOBAHHBIX MOPOIIKOBBIX CUCTEM C THIIOM
CTPOEHHS «SAPO—000I0UYKa» ISl HANBUICHUSI H3HOCOCTOMKMX METANIOKePAaMUYECKUX TOKPBITHH. [l cHHTe3a KOMITIO3UIIMOHHOTO TTOPOLIKA
B KauecTBE f/pa MCIOIb30BaHbl HOPOIIKK BhICOKOTBEepAbIX Oopunos TiB, u HfB,, a nia co3nanus 00O0NOYKH HA MX NMOBEPXHOCTHM — THTAH.
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CHHTE3 MITAKUPYIOLIETo CI0S OCYIECTBISUTN HOMOTPAHCIIOPTHBIM METOI0M. [IiTaknupoBaH#e MopoIIKa HCIOIb3yEeMbIM METOIOM TTO[pa3yMeBaeT
OCaX/ICHHE OJTHOTO KOMIIOHEHTA Ha JAPYrod MOCPEIICTBOM Ia30TPAHCIIOPTA, Ar€HTOM KOTOPOTo BhICTYIAET Hoa. HarmblieHne KoMIIO3HITMOHHBIX
IJIaKUPOBaHHbIX nopouikos cucreM TiB,/Ti n HfB,/Ti ocyuiecTBsiM MUKPOIIa3MEHHBIM METOJIOM, KOTOPBIH, B OTJIMYUE OT KJIACCHYECKOTO
IUIAa3MEHHOTO HAIBUICHHS, IO3BOJISICT MHHHMH3HPOBATh (DAa30BbIe MPEBPALICHUS B KOMIIO3HLIMOHHBIX IOPOIIKAX H3-32 TEPMUYECKOTO
Bo3eiicTBrs. [Ipu McCiieIOBaHUN MOMEPEYHBIX MHUKPOIUIH(OB HAIBUICHHBIX MOKPBITHH OMPEIEeIeHO, YTO B MPOIECCEe MHKPOILIA3MEHHOTO
HAIbUICHUs TUTAH HACBIIIACTCS KUCIOPOAOM, o0pasyst a3y AMOKCHIA THTaHA. B pesynprare IulakMpOBaHHBIE KOMITO3MIIHOHHBIC TOPOLIKH
cucrem TiB,/Ti u HfB,/Ti mpespamarorcs B nokpeitus u3 cucrem TiB,(TiB)/Ti(TiO,) u HfB,/Ti(TiO,). Beissnensl ocobeHHOCTH
pacripe/ielieHusi KOMIIOHCHTOB 10 TOJIIIMHE MOKPBITHs. VICciejoBaHus TBEPAOCTH TI0Ka3alH, YTO Y MOKPBHITHI Ha OCHOBE AMOOpHIA TUTaHA
HHTETrpajbHOE 3HaUCHHE MUKpOTBepaocTH coctaiseT 1300 HV. ¥V nokpeiThii Ha ocHOBe 1ubopu/a raQHUsT HHTErpajibHas MHKPOTBEPIOCTD
cocrauna nopsaka 1600 HV. Ilpu uccnenosanuu uzHococtoiikoctu napsl ¢ nokpbitusamu TiB, (TiB)/Ti(TiO,) u HfB,/Ti(TiO,) conpsramuchk
¢ KOHTpTesioM oOpasua u3 cranu 45X 06e3 MOKPBITHS B COBMECTHO APYT ¢ ApyromM. HecMoTps Ha MeHee BBICOKYI0 MHUKPOTBEPIOCTb, Hanboee
U3HOCOCTOHKMM siBJIsieTcs nokphbiTHe cuctembl TiB, (TiB)/Ti(TiO,).

Kawueswle c108a: W3HOCOCTOMKNE TIOKPBITHS, IITIAKHUPOBAHHBIC KOMIIO3UIIMOHHBIC ITOPOLIKH, I[I/I60pI/I,I[ TI/ITaHa/TI/ITa.H7 ,HI/I60pI/IZ[ I‘a(bHI/ISI/TI/ITaH, MHUKPO-
TUIa3MEHHOEC HAIIbUICHUE, 3allIUTHLIC U BOCCTAHOBUTEIIbHBIC ITIOKPBITUS
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Spark plasma sintering (SPS) is used for sinter-
ing ceramic powders. This technology produces ultra-

- INTRODUCTION

New structural materials and coatings are developed
to offer better performance and reliability. New composi-
tes extend the service life of products operating at high
rates under elevated temperatures, mechanical loads or
exposed to aggressive environments.

Borides of transition metals, such as TiB, and HfB,
are promising ones since they have a high level of hard-
ness, heat, wear and corrosion resistance [1 — 5]. There
are few boride coating application technologies. Jayara-
man S. et al. [6] produced HfB, and Hf—-B—N coatings
by chemical vapor deposition (CVD). The hardness
of the coatings is up to 40 GPa. The CVD technology
is also used to apply ultra-high-temperature transition
metal boride coatings onto porous substrates. The appli-
cation technology for such coatings consist of thermal
gas-phase decomposition of titanium, zirconium and
hafnium borohydride solutions in high-boiling satu-
rated hydrocarbons as borohydride and solvent vapor are
passed through porous materials preheated to 250 °C,
and then placed in a tubular reactor under vacuum
(Dugin S.N. et al. [7]).

Composite HfB2/SiC coatings protect from oxida-
tion in various aggressive environments [8 —12] and
are therefore of a great interest. Silicon carbide alloying
with hafnium diboride significantly increases the struc-
tural strength at high temperatures, thermal conductivity
and heat resistance while reducing the thermal expansion
coefficient. Such coatings are extensively used under high
temperatures and contact loads, e.g. in solid-propellant
rocket engine components [13].
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high-temperature and high-strength ceramics [14 — 16].
The standard temperature of HfB,—-SiC spark plasma
sintering is 1800 — 2100 °C [17].

Despite their excellent performance and physical/
structural properties, such coatings are not widely used
due to their high brittleness and the lack of direct applica-
tion technologies. Therefore, it is advisable to use boride
composites with binding metals.

Gas cladding is an efficient technology for making
highly dispersed composite powders; one component
is converted into a gas phase and then deposited on the sur-
face of the other component. lodine is used as a transport
agent. Bogdanov S.P. [18; 19] studied the iodine trans-
port of cladding components in detail.

As components operated under high contact loads are
restored a layer up to 1 mm thick [20] is mostly applied.

Thermal spraying is considered a suitable technology
for making coatings of such thicknesses [21]. In particu-
lar, the microplasma technology can spray composite
powders while maintaining their high physical and struc-
tural properties. 20 — 300 um thick coatings are applied
with a single pass.

The above-mentioned composite powders can be used
as protective and repair coatings for mechanical parts
exposed to high contact loads, variable temperatures and
aggressive or corrosive environments in heat exchangers,
steam generators, pipelines, valves and jet engines.

The purpose of this study is to apply the iodine trans-
port technology to TiB,/Ti and HfB,/Ti composite pow-
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Table 1

Chemical composition of PTOM-1 powder

Tabauya 1. Xumudeckuii coctas nopomxka mapku [ITOM-1

. Wt. % (max)
Powder grade | Titanium |— ; : - .
nitrogen | carbon | hydrogen | iron + nickel silicon | calcium
PTOM-1 Core 0.08 0.05 0.40 0.40 0.10 0.08

ders, fine-tune the microplasma spraying process, and
estimate the properties of the resulting coatings.

[ MATERIALS AND METHODS

We used the following materials:

— PTOM-1 titanium powder, 10 — 100 pm grade from
POLEMA, AO (see Table 1 for the chemical composi-
tion);

— titanium diboride powder, 1 — 4 um grade (the che-
mical composition is: 68.3 % titanium; 30.2 % boron;
0.1 % carbon; 0.05 % iron).

— HfB, hafnium diboride powder, 3 —12 pm grade,
99.8 % purity (the chemical composition is: boron 29 %;
the rest is hafnium).

Fig. 1 shows the SEM images of the powders.
The powders were mechanically mixed. The MeB,:Ti
mass equivalent ratio was 50:50 %, where Me is Ti or Hf.
The mixtures were then synthesized by the iodine trans-
port technology. The titanium was converted into a gas
phase by a chemical reaction with iodine vapor and car-
ried to the surface of ceramic particles. The mass trans-
fer intensity depends on the temperature and the hold-

ing time. The temperature was 700 °C, and the holding
time was 3 h. The resulting TiB,/Ti and HfB,/Ti com-
posite powders, 20 to 80 um grade were deposited with
the microplasma technology on UGNP-7/2250 machine
equipped with Kawasaki FSOO3N robot manipulator.
The plasma generator power reached 2.8 kW and the arc
current was 35 to 40 A at 40 V. Argon (2 I/min flow rate)
served as the transport agent and plasma gas.

We studied the structure of the powders and the poli-
shed cross-sections of the coatings on Tescan Vega 3
scanning electron microscope (SEM). PMT-3 microhard-
ness tester was used for the coating microhardness testing
by Vickers method.

The 2168 UMT abrasion testing machine performed
accelerated wear resistance tests. It is a general-purpose
machine with replaceable friction pairs and multiple avai-
lable motions in a wide range of rpm and loads. Lubri-
cants can be delivered to the friction area. The samples
had coating sprayed on their ends. They were arranged as
aring-on-ring friction pair with continuous water cooling.
The independent variables were the normal load applied
to the ring, the ring rpm and the test time. All the sam-
ples were examined under the 0.5 MPa load at 100 rpm
for 5 h.

Fig. 1. SEM micrographs of the powders:
a—PTOM-1, b - TiB,, c - HfB,

Puc. 1. POM-mukpodororpadun HCXOAHBIX TTIOPOIIKOB:
a—TITOM-1; b - TiB,; ¢ - HfB,
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[ ResuLTs AND DISCUSSION

We examined the structure of the TiB,/Ti and HfB,/Ti
composite powders processed by the iodine transport
technology. The typical structure is shown in Fig. 2.

The composite particles mostly inherit the shape
of the original ceramic components, while some
of the particles remain unclad and they are merged in
agglomerates.

Fig. 2. SEM images of the clad powders:
a—TiB,/Ti, b — HfB,/Ti

Puc. 2. POM-MuxkpodoTorpaduu IIakupoBaHHBIX IOPOIIKOB:
a—TiB,/Ti; b - HfB,/Ti
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Fig. 3 and 4 show the SEM images of the TiB,/Ti and
HfB,/Ti composite powder coating polished cross-sec-
tions respectively.

The images in Fig. 3 and 4 indicate that the coatings
have clear interfaces with the substrate, without through
pores. The dark and bright areas in the backscattered
electron SEM images indicate that the titanium diboride
and hafnium diboride particles are preserved in the coa-
ting. Fig. 3 shows that the light areas are titanium and
the dark areas are titanium diboride. In the SEM images
of the coatings (Fig. 4) the darker areas are rich in tita-
nium and the lighter areas are rich in hafnium, due to the
higher atomic number of the latter. The titanium diboride
coating changes its phase composition during spraying.
The diboride is partially converted into titanium monobo-
ride. A similar effect was given in [22; 23]. The hafnium
diboride powder coating does not feature such transfor-
mations. Besides, the titanium dioxide phase is formed
in the coatings due to the oxygen diffusion during spray-
ing. It can be identified as the areas with an intermediate
contrast between the areas containing the ceramic and the
binder.

We examined the microhardness of the polished cross-
sections of the coatings. The hardness of TiB, (TiB)/Ti(TiO,)
coating is 1320 HV under 100 g load and 1.0 rms devia-
tion. The hardness of HfB,/Ti(TiO,) is 1654 HV under
200 g load and 3.2 rms deviation.

The results indicate high hardness values of the
ceramic components in the coatings. HfB,/Ti has higher
hardness because the ceramic component does not have
a phase transition. As mentioned above, the titanium dibo-
ride is saturated with titanium at spraying, which resulted
in monoboride formation. It slightly decreases the final
hardness, since the hardness of the titanium diboride
reaches 35 GPa, while that of the titanium monoboride is
28 GPa [24; 25] only.

We also tested the sprayed coatings for abrasion resis-
tance. First, we used 41Cr4 steel as an abradant material
(Table 2, tests 1 and 2). Then we tested the abrasion resis-
tance of two samples with two types of coatings (Table 2,
test 3). Table 2 shows the weight changes, weight wear
and wear rates for each friction pair.

The weight wear of TiB,(TiB)/Ti(TiO,) coating is
28 %, which is less than that of the steel part. The mass
losses of the sample and the abradant materials were low.
The similar test with a friction pair of a hafnium diboride
coating sample and 41Cr4 abradant material showed that
the sample mass loss increases while the steel body wear
is 690 % higher than that of the coated sample. The rea-
son is the higher hardness of HfB,/Ti(TiO,) coatings.

Abrasion tests of TiB,(TiB)/Ti(TiO,) and HfB,/Ti(TiO,)
coatings showed that the titanium diboride coating had
higher wear resistance.
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The weight wear of HfB,/Ti(TiO,) coating is 290 %
higher than that of TiB, (TiB)/Ti(TiO,) coating despite
its higher microhardness. This can be explained by bet-
ter elasticity of titanium diboride coatings, since spray-
ing forms titanium monoboride. The substance creates
a chemical bond between crystal lattices of initial phases,
which prevents the ceramic component removal by fric-
tion. The hafnium diboride coating lacks such a bond.
As a result, HfB,/Ti(TiO,) coating wear rate is higher

Fig. 3. Backscattered electron SEM images
of TiB,/Ti coating polished cross-section:
a— %300, b —x3600

Puc. 3. POM-mukpodotorpadusi B OTpaKEHHBIX JIEKTPOHAX
nonepeuHoro Mukpoinga noxpeirus us TiB,/Ti:
a—x300; b — x3600

than that of TiB, (TiB)/Ti(TiO,) coating under identical
contact loads.

- CONCLUSIONS

We synthesized TiB,/Ti and HfB,/Ti metal-ceramic
powders. The initial mass ratio of the components
in the mixture was 50:50 %. The synthesis lasted for 3 h
at 700 °C.

We studied the properties of TiB,/Ti and HfB,/Ti
composite powder coatings applied with the microplasma
technology.

The structural examination showed that the particles
of ceramic components are fixed in the matrix without
any through pores. During spraying the energy input
changes the phase composition of titanium diboride com-
posite powders from TiB,/Ti to TiB, (TiB)/Ti(TiO,).

Fig. 4. Backscattered electron SEM images
of HfB,/Ti coating polished cross-section:
a— %300, b — %3600

Puc. 4. PDM-mukpodoTorpadus B OTpaXKEHHBIX AIEKTPOHAX
nonepeyHoro Mukporunupa nokperrus uz HiB,/Ti:
a—x300; b — %3600
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Table 2

Wear resistance properties of the coatings

Tabnuya 2. Iloka3aTe T H3HOCOCTOHKOCTH HCCIeyeMbIX CHCTEM MaTepHaI0B

Test Friction pair - Sample Weight., = e Wear rate, g/h
number before testing after testing Am g/km

45H 37.4536 37.4522 0.0014 | 0.000619250 0.00028

! TiB,(TiB)/Ti(TiO,) 36.9823 36.9813 0.0010 |0.000442321 0.00020
45H 37.4775 37.4632 0.0143 |0.006325195 0.00286

? HfB,/Ti(TiO,) 37.3925 37.3907 0.0018 |0.000796178 0.00036
TiB, (TiB)/Ti(TiO, ) 37.0552 37.0451 0.0101 |0.004467445 0.00202

I HfB,/Ti(TiO,) 37.6530 37.6130 0.0400 |0.017692852 0.00800

Hardness of TiB, (TiB)/Ti(TiO,) coating is 1320 HV
and the hardness of HfB,/Ti(TiO,) coating is 1654 HV.
The abrasion tests indicated that for the steel grade 45H
abradant material, the weight wear of the coatings is 28 %
less than the wear of the steel body. TiB, (TiB)/Ti coating 7.
offers the best performance with the lowest wear under
a contact load with a steel body.
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PRELIMINARY ASSESSMENT OF X52 LARGE-DIAMETER PIPES
SUITABILITY FOR TRANSPORTATION OF PRESSURIZED
PURE GASEOUS HYDROGEN

L. Yu. Pyshmintsev!®, A. B. Gizatullin?, N. A. Devyaterikova?l, K. A. Laev?,
A.S. Tsvetkov?, A. A. Alkhimenko?, N. 0. Shaposhnikov?, M. K. Kurakin 2

1JSC “TMK?” (40/2a Pokrovka Str., Moscow 101000, Russian Federation)
2Peter the Great St. Petersburg Polytechnic University (29 Politekhnicheskaya Str., St. Petersburg 195251, Russian Federation)

&3 PyshmintsevIU@tmk-group.com

Abstract. In order to assess the resistance to hydrogen embrittlement caused by the presence of hydrogen in the transported product, and, accordingly,
the suitability of pipes for transporting hydrogen, we studied the metal of large-diameter X52 strength class pipes manufactured by JSC “ChelPipe”
(a TMK Group company). The work included the study of pure gaseous hydrogen effect under pressure up to 10 MPa on change in mechanical
characteristics of the base metal of large-diameter pipes (LDP) during preliminary hydrogen charging for various periods in a stationary autoclave
under pressure, and during simultaneous loading with a slow strain rate (SSRT) under expected operating conditions. Results of the X52 LDP metal
study show that there is no significant impact on the effect of gaseous hydrogen under pressure for up to 144 hours on mechanical characteristics
of the base metal determined by static uniaxial tension (decrease in ductile characteristics does not exceed 9 %). During SSRT at a rate of not more than
1107 s7! in a pure gaseous hydrogen environment under a pressure of 10 MPa, the change in strength and ductile characteristics does not exceed 13 %
in comparison with the reference tests in a nitrogen environment under the same pressure. The results obtained allow us to consider that the base metal
of low-alloy pipe steel with ferrite-perlite microstructure of X52 strength class is sufficiently resistant to hydrogen embrittlement. Final confirmation
of the possibility of using LDP made from steel under study will be the results of further qualification tests, including the study of the weld metal
and heat-affected zone properties.

Keywords: pipeline steel, hydrogen embrittlement, slow strain rate test, hydrogen transport, large diameter pipeline, X52 steel, tensile tests, autoclave for
testing in a hydrogen environment
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U3 CTANU X52 ANA TPAHCMNOPTUPOBKU YUCTOTO
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npoynocty X52 npoussoacrea AO «YHensOunckuii TpyOonpokaTHslil 3aBoa» (BxoauT B rpyniy komnanuid [TAO «TpyOuas meraurypruueckas
KoMIaHus»). B paGore m3ydyeHo BimsHME YUCTOro ra3zoo0pa3zHOro Bojopoaa nox pasiexHueM Jo 10 MIla Ha u3MeHeHHE MeXaHMYECKUX
XapaKTepUCTUK OCHOBHOTO MeTasuia Tpyd Oomnbinoro nuamerpa (TB1). MccnenoBanue npoBOAMIOCh IPH MTPEABAPUTEIHHOM HABOTOPOKHBAHUH
B CTALMOHAPHOM aBTOKJIABE 110 IaBJICHUEM, a TAKOKe IIPU OHOBPEMEHHOM HarpyKeHUH ¢ Majioi ckopocTsio nedopmanuu (SSRT) B oxxuiaembix
YCIOBUSX JKCILTyarauuu. Pesymbrarel uccnenoanus meramina TBJl X52 noka3sbiBaloT OTCYTCTBHE CYLIECTBEHHOIO BIIMSHMS BO3AEHCTBUS
ra3000pa3HOro BOAOpPO/A MO/ JaBIeHHEM B TeueHue 24 — 144 4 Ha MeXaHHUYECKHE XapaKTEPUCTHKH OCHOBHOTO METajlia, OMpeaesieMble Tpu
CTaTHYECKOM OJIHOOCHOM PACTSKEHHUHU (CHIKEHUE IIIACTHYECKUX XapaKTepUCTHK He npeBbiaet 9 %). [pu ucnsiranuu SSRT co ckopocThio He
Gonee 1-107° ¢! B cpene uncroro razoo6pasHoro Bogoposa nox AasneHuem 10 MITa u3MeHeHHE IPOYHOCTHBIX U IUIACTHYECKHX XapaKTEPHCTHK
He mpesbimaet 13 % B cpaBHEHNH ¢ KOHTPOJIBHBIMU UCTIBITAHUSAME B CPEJIE a30Ta MOJ] TeM Ke JlaBleHHeM. [oydeHHbIe pe3ynbTaThl TO3BOISIOT
CUUTATh OCHOBHOM MeTall HU3KOJIEIHPOBAHHOM TPYOHOH CTau ¢ (heppUTO-NEePIUTHON MUKPOCTPYKTYPOH Kilacca MPOYHOCTH X 52 10CTaTOYHO
YCTOWYUBBIM K BOJOPOJHOMY OXpyHmuuBaHUIO. OKOHYATEIbHBIM IIOATBEPXKICHHEM BO3MOxHOcTH mnpumenenus TBJl u3 ucciemyemoit
cTanu OyayT CIY)XKUTb pe3ylIbTaThl NalbHEHIIMX KBAJIM(UKAIIMOHHBIX HUCIBITAHUH, BKIIOYAIOUIMX M3yYCHHE CBOMCTB MeTallula LIBAa U 30HBI

TEPMUYECKOI'O BIIUSHUSA.

Kniouesule caoea: crans TpyOOnpoBoOHAsl, BOZOPOAHOE OXPYHUMBAHKE, UCIIBITAHUS MIPH MAJO CKOPOCTH ieopMaLuy, TPAaHCIIOPT BOAOPOAA, TpyOo-
IPOBOJ OOJIBIIOTO JUamMeTpa, X52, HCIBITaHUS HA PACTSHKEHUE, aBTOKJIIAB JUTS HCIIBITAaHUI B Cpe/ie BOIOPOA
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[ INTRODUCTION

One of the current challenges is the transition
to hydrogen energy. There is extensive research to support
the development of hydrogen transportation and storage
infrastructure and the use of existing gas pipeline grids
to deliver hydrogen. One important issue is the properties
of materials which come into contact with pure gaseous
hydrogen under pressure' [1].

For this reason, the Scientific and Technological Comp-
lex «New Technologies and Materials» at St. Petersburg
Peter the Great Polytechnic University initiated a project
to study the changes in structure and properties of pipe
steel grades after hydrogen charging in a pure gaseous
hydrogen environment under pressure [2 — 5]. According
to several studies [6 — 10], the advanced steel grades used
in main pipelines are promising for hydrogen transporta-
tion.

The structural strength, microstructure, and other
properties may vary greatly in hydrogen, air, or inert
environments. As indicated by tensile tests with stan-
dard and extremely slow strain rates, the elasticity is
affected the most when the fracture pattern is changed.
The purpose of this study is to estimate the degradation
of the large-diameter pipe (LDP) material properties.
The pipes are made of ferrite-perlite plate steel when
exposed to gaseous hydrogen at high pressure equal
to the operating pressure in today’s long-distance gas
transportation grids.

! Hydrogen Certified Pipes. A new era for hydrogen transportation.
Available at URL: https://www.cpw.gr/userfiles/news/2020/CPW-H2-
CPW-newsletter-final.pdf. (Accessed 01.09.2022)
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[ MATERIAL PROPERTIES

We studied the samples of LDP (diameter: 1420 mm;
wall thickness: 14 mm) 17G1S-U low-alloy tube steel
grade (GOST 19281, X52 strength class). The EU analog
is Fe52CFN. The chemical composition (as indicated in
the quality certificate) in % is as follows:

C Mn Si Cr Cu Ni P S
0.110 1.460 0.490 0.040 0.040 0.010 0.010 0.001

\Y Nb Al Ti Nb+V+Ti S+P
0.006 0.032 0.031 0.017 0.055 0.011

Metallographic analysis showed that the steel has
a ferrite-perlite structure. The average grain diameter is
7.61 um (Fig. 1).

The pipe was manufactured from hot-rolled plates
after controlled rolling. The pipe is made by cold gra-
dual forming of rolled plates with a press. The pipe has
one longitudinal double-sided (outer and inner) weld
made by the automated flux-cored arc welding process.
The pipe quality is compliant with the pipe specifications.

[ TesT METHODS

In order to evaluate the changes in the mechanical
properties after preliminary hydrogen charging, the sam-
ples were kept for 72 and 144 h in pure hydrogen gas in
in a stationary autoclave with a working part volume of
0.5 liters (Fig. 2, a).

Before the test, the autoclave was repeatedly purged
with helium and then with hydrogen. After the pure gase-


https://www.cpw.gr/userfiles/news/2020/CPW-H2-CPW-newsletter-final.pdf
https://www.cpw.gr/userfiles/news/2020/CPW-H2-CPW-newsletter-final.pdf
https://fermet.misis.ru/index.php/jour/search/?subject=сталь трубопроводная
https://fermet.misis.ru/index.php/jour/search/?subject=водородное охрупчивание
https://fermet.misis.ru/index.php/jour/search/?subject=испытания при малой скорости деформации
https://fermet.misis.ru/index.php/jour/search/?subject=транспорт водорода
https://fermet.misis.ru/index.php/jour/search/?subject=трубопровод большого диаметра
https://fermet.misis.ru/index.php/jour/search/?subject=трубопровод большого диаметра
https://fermet.misis.ru/index.php/jour/search/?subject=Х52
https://fermet.misis.ru/index.php/jour/search/?subject=испытания на растяжение
https://fermet.misis.ru/index.php/jour/search/?subject=автоклав для испытаний в среде водорода
https://doi.org/10.17073/0368-0797-2023-1-35-42
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Fig. 1. Microstructure of base metal
of the studied steel, x500

Puc. 1. MuxpocTpyKTypa OCHOBHOIO MeTajia
uccienyemoii cramu, X500

ous hydrogen pressure reached 10 MPa, the samples were
held for the required period. Then for 10 — 15 min, they
were tested for uniaxial tension with an Instron testing
machine.

a

The smooth cylindrical samples 6 mm dia. were
tested for static uniaxial tension according to GOST 1497
and ASTM G142. The samples were cut along the main
direction of strain. Two samples for each holding time
were used. We compared the tested mechanical properties
with that of the reference samples.

The slow strain rate testing (SSRT) complied with
ASTM G129 and NACE TMO0198 using a UME-10T
tensile testing machine: a customized autoclave that
can apply loads to the sample in a gaseous environ-
ment pressure (Fig. 2, b). The tests were performed in
pure gaseous hydrogen and nitrogen (for the reference
samples) at a slow strain rate of 8.5-107 s7!. It complies
with the NACE TMO0198 requirement that the strain
rate should be less or equal to 1:107% s7'. The samples
were smooth cylinders 6.35 mm dia. cut in the longitu-
dinal direction. Two samples were used for each envi-
ronment. After placing the samples, the autoclave was
repeatedly purged with helium and then with hydro-
gen (for the hydrogen environment tests) or nitrogen
(for the reference sample tests). The gas pressure was
raised to the required value (10 MPa), and the strain was
applied at the specified rate.

We evaluated the tensile test results (also for the SSRT)
by analyzing the average values of the measured struc-
tural strength and elasticity. The property changes were
expressed as a percentage [6 — 8]. The strength and elas-
ticity ratios are the ratios of the property values in a pure

removal

b

Fig. 2. Autoclaves used: stationary autoclave with the possibility to control and regulate pressure (a);
tensile testing machine with an installed autoclave for tensile test of the samples in a gaseous environment (b)

Puc. 2. Vcnonb3yemble aBTOKJIABbI: CTAMOHAPHBIH aBTOKIIAB C BO3MOXKHOCTBIO KOHTPOJISI U PEryJIMpOBaHuUs JaBieHust (a);
MalllMHa JUTS UCTIBITAHNS Ha PACTSDKEHHE ¢ YCTAHOBJICHHBIM aBTOKIIABOM JIJIsl PACTSDKEHUs 00pa3ioB B ra3000pa3Hoii cpee (b)
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hydrogen environment to the property values of the refe-
rence samples.

The changes in the strength and elasticity ratios were
expressed as the decrease in value relative to 100 %.
When a value is close to 100 %, we may claim that
the respective material property is not affected by hydro-
gen under the test conditions. The lower the strength and
elasticity ratios, the greater the effect of the holding time
in pure hydrogen at 10 MPa on the metal’s mechanical
properties.

We examined the fracture surface of the samples using
a Tescan MIRA3 scanning electron microscope.

- TEST RESULTS

The static uniaxial tension tests of the hydrogen
charged samples show a weak effect of the hydrogen
charging conditions used on the elasticity properties
(Fig. 3, a). The decrease in the plasticity ratios does not
exceed 9 %. No significant degradation of the structural
strength after such tests was found (the strength ratios are
about 100 %). According to Troger M. et al. [7], elasticity
ratios above 80 % indicate high resistance to hydrogen
embrittlement.

As the results show, longer exposure to gaseous
hydrogen leads to a slight decrease in the elasticity pro-
perties of the metal. This has also been reported in many
studies [6; 9 — 11]. Despite this trend, the key proper-
ties of the sample metal after holding it in pure hydro-

600

gen gas for 72 and 144 h changed insignificantly relative
to the reference samples.

The fracture surfaces of the samples have pits. The sur-
face pattern does not change significantly after hydrogen
charging (Fig. 4, a, b).

All of the above indicates no significant effect of pure
gaseous hydrogen at 10 MPa, a well as the high resistance
(no changes in the strength and elasticity) of the studied
metal during pre- hydrogen charging at up to 144 h hold-
ing time.

When testing the X52 pressure rating steel at slow strain
rates in a hydrogen environment, there is a slight decrease
in the strength and elasticity compared to the reference
tests in a nitrogen environment. The changes in strength
and elasticity of the samples tested in a hydrogen environ-
ment relative to that of the reference samples in a nitro-
gen environment under identical conditions do not exceed
13 %. The strength and elasticity ratios are above 80 %,
which indicates the resistance of the investigated steel
to loads applied in a hydrogen environment [7].

The results are consistent with other SSRT studies
of hydrogen embrittlement in pipe steels in a hydrogen
environment [6; 12; 13]. The tensile curves for the tested
samples are shown in Fig. 3, b.

The SSRT samples tested in a nitrogen environment
showed a viscous fracture pattern. The fracture surface
has pits (Fig. 4, ¢). The slow strain rate tests in pure
gaseous hydrogen produced microcracks and brittle frac-

550
500
450
400
350
300
250
200
150
100

50

Stress, MPa

0 5 10 15 20 25 30

Strain, %

35 0 5 10 15 20 25 30 35

Strain, %

Fig. 3. Tensile test diagrams of the samples at a strain rate of 102 s™! () and 10° s (b):
1 — reference tests; 2 — test after preliminary exposure to hydrogen for 72 h (E = 95.23 %);
3 — test after preliminary exposure to hydrogen for 144 h (Epr =91.09 %); 4 — SSRT in nitrogen environment;
5 — SSRT in gaseous hydrogen environment (Epr =86.59 %)

Puc. 3. [lnarpammbl pacTsbkeHust 06pa3ios co ckopoctbio 1072 ¢ (a) u 1076 ¢! (b):
1 — KOHTPOJIbHbIE UCHIBITAHUS; 2 — UCHIBITAHUE T10CTIE TTPEIBAPUTENILHOMN BBIICPKKU B Bofoposie B Teuenue 72 4 (E = 95,23 %);
3 — UCTIBITAHME TIOCIIC MTPEABAPUTEIHHON BBIIEPKKH B BOIOPO/IE B TeueHue 144 1 (En =91,09 %);
4 — SSRT ucnsiTanue B cpene azora; 5 — SSRT ucnbitanue B cpesie ra3000pa3Horo BOA0Opoaa (Erlp = 86,59 %)
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Fig. 4. Appearance of fracture surface of the tested samples:
tensile behavior at a strain rate of 102 s™! of the reference samples (a);
tensile behavior at a strain rate of 102 s7! of the samples exposed to hydrogen for 144 h (b);
tensile behavior at a strain rate of 10-° s™! in a nitrogen environment (c);
tensile behavior at a strain rate of 107° s™! in hydrogen at 10 MPa (d)

Pyuc. 4. BHenHuit BUJ] HOBEPXHOCTH Pa3pyIICHHS HCIIBITAHHBIX 00pa3LOB:
pacTshkeHHe ¢o CKOpOCTbio 1072 ¢! KOHTpONIBHBIX 00pa3LoB (a);
pactsbkerne co ckopoctbio 1072 ¢! 06pasuoB 1nociie BuIEPXKKY B Cpelie Bogopoza B Tedenue 144 u (b);
pacTsbkenue co ckopoctbio 1076 ¢! B cpenie asora (¢);
pactsbkenue co ckopoctbio 1076 ¢! B cpezie Bonopona nipu gasnennn 10 MITa (d)

ture areas (Fig. 4, d).The results we obtained are simi-
lar to the fractography results presented in [11; 14; 15].
The fracturing is attributed to the accumulation of hydro-
gen in defects both in the surface layer of the metal and
below. This can lead to high internal stress at the hydro-
gen concentration areas and the formation of micro- and
macro-cracks. Hydrogen embrittlement requires the con-
tinuous diffusion of hydrogen from inside the metal to its
surface. Thus any factors which contribute to the increase
of the hydrogen volume diffusing to the crack inten-
sify hydrogen embrittlement [16]. With a significantly
lower strain rate, hydrogen has enough time to diffuse
into the sample material and redistribute at the critical
points of the microstructure (e.g., at the tops of cracks
formed during testing) [8]. It facilitates the formation of
embrittlement areas and leads to small cracks during tes-

ting (Fig. 4, d).

A decrease in the strain rate from ~1072s! (for
the hydrogen charged sample testing according
to GOST 1497) to ~107°s™' (for SSRT in hydrogen)
leads to a more noticeable, but not critical change in the
plasticity ratios from 95 to 85 % on average. A similar
decrease in elasticity with virtually unchanged strength
was found in gaseous hydrogen SSRT tests of X80 pres-
sure rating pipe steel [6; 11], while the loss of elasticity
increases with decreasing the strain rate.

Despite the changes observed in the mechanical
properties when we tested the samples after preliminary
hydrogen charging and by loading in a gaseous hydro-
gen environment, the properties of X52 pipe steel remain
within the specifications for pipes. They are consistent
with the test results presented in [6 — 15] where metal
embrittlement in pure hydrogen gas environment under
pressure is evaluated.
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- CONCLUSIONS

We studied the resistance of typical low-alloy pipe steel,
moderate X52 strength class rating to hydrogen embrittle-
ment. We found no significant changes in strength and
elasticity after exposure to gaseous hydrogen at 10 MPa
and room temperature for 24 — 144 h. The reduction
of elasticity in the samples does not exceed 10 %.

The SSRT tests (strain rate not exceeding 1-10°s™)
showed a decrease in elasticity not exceeding 20 %.
The greater loss of elasticity compared to the tests of pre-
hydrogen charged samples is caused by the possible
diffusion of hydrogen near the stress concentrators and
the tops of cracks with the strain rate decrease.

Regardless of the test conditions, the key structural
strength properties of the metal remain within the speci-
fications.

Therefore, the tests (under the above conditions) indi-
cate that the ferrite-perlite pipe steel, X52 strength class,
shows good resistance to hydrogen embrittlement. Our
results are in good agreement with the published results
of similar tests of low-alloy plate and pipe steel grades.

The final confirmation of the X52 strength class
pipe steel suitability for operations in gaseous hydro-
gen at pressures up to 10 MPa will be the qualification
tests pursuant to ASME B 31.122 [17; 18] and ASME
BPVC [19], as well as studies of the hydrogen effects
on the weld metal and heat affected zone.
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AND PROPERTIES OF NICKEL-PHOSPHORUS COMPOSITE COATINGS

Yu. N. Goikhenberg!%, D. S. Polukhin?, D. A. Zherebtsov?, E. G. Bodrov?

ISouth Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
2Research & Development Center KONAR, LLC (8 Yeniseiskaya Str., Chelyabinsk 455030, Russian Federation)

&) goikhenbergyn@susu.ru

Abstract. The authors studied the structure, properties, and corrosion resistance in different acids of the nickel-phosphorus coatings with the dispersed
silicon carbides after crystallization annealing in different modes. Crystallization onset temperatures after heating at rates of 1, 5, and 20 °C/min and
the percentage of crystalline phases formed under isothermal conditions (nickel phosphide Ni,P and nickel) were determined. It was determined
that a high microhardness of more than 1000 HV is achieved in the composite nickel-phosphorus coating with dispersed particles of the silicon
carbides also during prolonged low-temperature annealing, accompanied by crystallization with the formation of already insignificant (10 %) amounts
of Ni,P. The revealed dispersed Ni,P located both inside the grains and along the boundaries of the grains make the main contribution to the increase
in microhardness. Yield strength and tensile strength of coatings increase during crystallization annealing by only 12 — 15 MPa, and elongation drops
to zero, due to the formation of the brittle Ni,P compounds. Annealing with a short-term soaking at crystallization temperatures leads to the fact that
the silicon carbides exhibit a barrier effect. This reduces the intensity of the formation of crystalline Ni,P and corrosion resistance, while a long-
term soaking at lower crystallization temperatures forms about 70 % Ni,P, contributing to consistently high hardness and improved corrosion
resistance. Corrosion resistance of the composite Ni-P coatings with the silicon carbides, regardless of heat treatment modes, is maximum in acetic
and orthophosphoric acids at the 70 % nickel phosphide and minimum in nitric acid and its mixtures with other acids.

Keywords: amorphous coatings, nickel-phosphorus, silicon carbides, crystallization annealing, nickel phosphides, nickel, microhardness, plasticity,
corrosion resistance, acids
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AnHomayus. Cratbsi COICPKHUT HCCIICOBAHHS CTPYKTYpPbI, CBOWCTB M KOPPO3HOHHOH CTOMKOCTH B Pa3iMYHBIX KUCJIOTaX HUKEIb-POCHOPHBIX
HOKPBITUH € JUCTIEPCHBIMH KapOMIaMH KPEeMHHS 110CJIe KPUCTAIM3AIMOHHOTO OTHKHUIA 110 PA3JIMYHBIM PEXKUMaM. YCTAHOBJIEHbBI TEMIIEPaTypbl
Havajia KPUCTAIUIM3ALUH [T0CIe HarpeBa co ckopoctsamu 1, 5, 20 °C/MUH 1 IPOLIEHTHOE COACPIKAHNE 00PA3YIOIIMXCS B H30TEPMHUUECKHUX YCIOBHSIX
kpucrammyeckux das (hocduna nuxens Ni,Pu nukens). Onpeneneno, 4to BbicoKas MUKpoTBepaocTh 6onee 1000 HV pocTuraerces B KOMIIO3UTHOM
HUKENb-(POCHOPHOM TMOKPHITHA C JUCHEPCHBIMH YacTHLAMH KapOMIOB KPEMHHMSI TaKXKe IPH UTUTEIBHOM HHU3KOTEMIIEPATypPHOM OTIXKHIE,
CONPOBOXKIAIOLIEMCS] KpUCTa/UTH3alKeil ¢ oOpa3oBanueM yxe HesHauuTenbHbIX (10 %) konnuects pocduna Hukens. BoissieHHble qucnepcHble
(bochuIpl HUKEIs, pacroaralnecs Kak B Tellie, TaK U [0 TPaHHUIaM 3epeH, BHOCST OCHOBHON BKJIAJ| B IIPUpALeHHe MUKPOTBepaocTH. [Ipenern
TEKy4eCTH U PEAEII IPOYHOCTH MOKPHITUI YBETMUUBAIOTCS IPU KPUCTAITU3ALMOHHOM OT>KUre Beero Ha 12 — 15 Mlla, a oTHOCHTENnbHOE yIITMHEHUE
nasiaeT J0 HyJsl, 4To 00yCJIOBJIEHO 00pa30BaHUEM XPYIKUX coeanHeHnil Gpocduna Hukens. OTKUT ¢ HEMPOAODKUTEILHBIMU BbIICPKKAMHU TIPH
TeMIepaTypax KpUCTATM3ALUK IPUBOIUT K TOMY, 4TO KapOuabl KPEMHHS POSIBISIOT OapbepHbIid 3(h(EeKT, CHUKAsh HHTCHCHBHOCTh 00pa30BaHuUs
KpHUCTAIH4eCcKoro (pochuia HUKEIsS 1 KOPPO3HOHHYIO CTOMKOCTB, TOTIa Kak MPOIOKUTENbHbIC BBIICPIKKH TPH OoJiee HU3KUX TeMIepaTypax
kpucrammsanun popmupyror nopsaka 70 % Ni P, ciocoGcTByst cTabUIILHO BBICOKOH TBEPIOCTH M yly4lIEHHBIM [OKA3aTENAM KOPPO3HOHHOM
croiikocti. KOppo3roHHasi CTOMKOCTh KOMIIO3UTHBIX MOKPbITHI Ni-P + kapOuIbl KpeMHHs BHE 3aBHCHMOCTH OT PEKHMOB TepMOOOPabOTKH
MakCHMaJbHas B yKCyCHOM u oprodochopHoii kucnorax mpu 70 % dochuaa HUKeIs 1 MUHUMaJbHAs B @30THOM KUCIIOTE U €€ CMECSX ¢ IPYTUMHU
KHUCIIOTAMH.
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- INTRODUCTION

Chrome and nickel plating are the main types
of the metal coatings. Currently, the nickel coatings
occupy a leading position in the technological pro-
cess of protecting components [1]. Thus, the compo-
site nickel-phosphorus coatings have a significant wear
resistance [2; 3], high corrosion resistance [4 — 7], good
adhesion [8] and decorative properties [1]. A promi-
sing method of hardening and protecting compo-
nents of a simple shape is the method of laser cladding
of the nickel-based coatings, providing high tribological
properties at high temperatures (about 1000 °C) [9; 10].
Methods of obtaining coatings by supersonic electric arc
spraying are being studied and improved [11]. According
to [12; 13], the most commonly used nickel-phosphorus
coatings containing about 10 wt. % of phosphorus in
their composition are amorphous after application. A sub-
sequent heat treatment eventually transforms such coat-
ings into a crystalline state which provides the necessary
level of properties.

The composite nickel-phosphorus coatings usually
have a layered structure, in the surface layer of which
there are dispersed particles (silicon carbides, titanium,
zirconium, diamond micro-powder [15 — 18]), contribu-
ting to the increase in service characteristics. Currently,
in the manufacture of critical components used in trans-
portation of oil and gas, the composite nickel-phosphorus
coatings with the dispersed silicon carbides are being
introduced, which increase the service life of products.

The purpose of this study was to determine the phase
composition of the composite nickel-phosphorus coa-
tings with the silicon carbide particles, which provides
a high microhardness of more than 1000 HV in combina-
tion with a high corrosion resistance in different aggres-
sive media.

[ RESEARCH MATERIALS AND METHODOLOGY

We applied a double-layer 60 pm thick nickel-phospho-
rus coating (Ni-P: 30 um, Ni-P + silicon carbides: 30 pm),
or a single-layer 60 um thick Ni-P coating to a prepared
300x100 mm, 4 mm thick ground surface made of steel
grade 09G2S (EU analog: MnSi5) using the electro-
less technology with the hypophosphite ions [19; 20].
The single-layer coating composition (% wt.) was as fol-
lows: 89.32-90.15Ni; 9.71 —10.14 P; 0.10-0.22 Si;
0.15 - 0.43 Cu. In addition, we also applied the coatings
to 3 mm thick ground sheets made of stainless steel grade
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08Cr18Ni10Ti (EU analog: X6CrNiTil8-10) in an electro-
less nickel plating bath. The coatings were subsequently
separated by bending for further analysis.

We studied the crystallization of the separated coa-
tings under a continuous heating in a neutral argon atmo-
sphere at rates of 1, 5 and 20 °C/min using a Netzsch STA
449 F1 Jupiter simultaneous thermal analyzer. Then we
used the curves obtained by differential scanning calo-
rimetry (DSC) to determine crystallization onset temper-
atures and to evaluate thermal effects. Under isothermal
conditions, the samples of the nickel coatings separated
from the substrate were heat-treated according to speci-
fied conditions in a LOIP LF-15/11-G1 lab muffle furnace
in an oxidizing atmosphere.

We measured the Vickers microhardness at a 100 g
load applied to a polished surface of the samples by inden-
ting a diamond indentor on a DuraScan-50 microhardness
tester with the ECOS Workflow software. The test pro-
cedure was compliant with GOST R ISO 6507-1-2007
(ISO 6507-1:2005). The microhardness measurement
error was £35 HV. We produced flat 20x250%0.06 mm
samples of the coating separated from the substrate for
tensile testing at a 5 mm/min rate on an Instron electrome-
chanical tensile testing machine with a force of 250 kN.
Tensile strength and yield strength measurement error was
+5 MPa, and elongation measurement error was 0.1 %.

The coating resistance to extremely aggressive media
was evaluated using the gravimetric method. During
the test, the coating was immersed in concentrated acids
or their solutions for 24 h at room temperature. Before and
after the test, the samples were washed in ethyl alcohol,
dried, and weighed with a VLR-200 lab scale (0,25-1073 g
error). The coating weight loss was estimated as a per-
centage.

The structure of the initial coatings and the coa-
tings after different annealing modes was studied using
an Olympus GX-51 inverted microscope. The surface
of the prepared sections was etched for 10 s in a mixture
of concentrated nitric and acetic acids using the liquid-
drop method.

We used a Jeol JSM-7001F Schottky emission scan-
ning electron microscope with an Oxford INCA X-max
80 SDD detector for electron microscopic studies
of the structure. The instrument determines the chemi-
cal composition of individual structural components and
draws distribution patterns of different elements in them.

For X-ray diffraction studies, we used a DRON-4-07 dif-
fractometers (iron anode radiation) and Rigaku Ultima IV
(copper anode radiation). We applied the Rietveld
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Fig. 1. X-ray diffractograms of the composite Ni-P coatings with the silicon carbides annealed
at different temperatures and for different soaking time:
1 — without heat treatment; 2 — 450 °C (0.5 h); 3—420 °C (1 h); 4—-390°C (2 h)

Puc.1. lndpakrorpaMmbl KOMITIO3UTHBIX TOKPBITHIT Ni-P + KapOu/1pl KpeMHUS, OBEPTHYTHIX OTXKHUTY
MIPY pa3INYHBIX TEMIIEPaTypax U BPEMEHH BBIICPIKKH:
1 —06e3 1/0; 2 —450 °C (0,5 4); 3—420 °C (1 u); 4 -390 °C (2 u)

method [21] for the qualitative and quantitative phase
analysis after optimizing the interference peaks. The accu-
racy of the quantitative phase analysis was £5 %. The
sizes of the coherent scattering regions (CSRs) were
determined by the Williamson—Hall and Halder—Wagner
methods [22].

- RESEARCH RESULTS AND DISCUSSION

It was found that the coatings containing about
10 wt. % of phosphorus and about 1.0 % of the dispersed
silicon carbide particles are in an amorphous state after
application to steel substrates. The X-ray diffractograms
of such coatings that were not subjected to heat treatment
lack any interference peaks. There are only a few halos
(marked with arrows) of different intensity in a wide
range of 20 reflection angles (Fig. 1, curve 7).

Microhardness of the initial Ni-P coatings is about
400 HV. As 1 % of the silicon carbide particles are added
to the solution, it increases to 600 HV. This is also lower
than the values of 1000 HV required by the specifica-
tions [23]. After application, the strength and plasticity
properties of the coatings (refer to Table 1) are low (elon-
gation varies from 0 to 1.5 %).

Heating the nickel-phosphorus coatings leads to crys-
tallization and microhardness increase to the required
values (over 1000 HV).

Crystallization onset temperature of the composite
Ni-P coating with the silicon carbide particles is above
300 °C during a continuous heating. It largely depends on
the heating rate, while a significant exothermic thermal
effect changes insignificantly (Fig. 2).

As the samples are heated above the crystallization
temperature, the X-ray diffractograms show diffraction
peaks (see Fig. 1), indicating the formation of crystalline

phases in the coating. As our tests showed, after crystal-
lization, in addition to the SiC and Si,C; carbides, the
coating contains crystallized nickel, and precipitated
Ni,P compound. The coating structure is homogeneous
and fine-grained. The grain size is 6 — 14 um, and the sili-
con carbide particle size is 0.5 — 1.5 um (Fig. 3, a).

The crystallization of the Ni-P coating with the sili-
con carbides develops noticeably under isothermal con-
ditions at a temperature lower than during a continuous
heating. For example, it was found that the coatings on
a steel substrate contain about 10 % of Ni,P after 24 h of
soaking at 280 °C (refer to Table 2). If the temperature
or annealing time is increased, the amount of the precipi-
tated crystalline nickel phosphide reaches almost 70 %
(refer to Table 2).

Note that for the coatings containing the dispersed sili-
con carbide particles, the proportion of these particles did
not exceed 1 %. For this reason, we ignored them in the
quantitative analysis of the phase composition in the cal-
culation.

Table 1

Mechanical properties of the Ni-P coatings
with the silicon carbides separated from the substrate

Tabnuya 1. MexaHn4yecKHe CBOHCTBA OTIeJIeHHBIX
oT noj1o:kku Ni-P nokpeiTuii ¢ kap0uaamMu KpeMHHUSI

Microhardness, | Tensile strength, | Yield strength, 5. %
HV MPa MPa ’
before heat treatment
600 | 177 | 172 0-15
after heat treatment
10121080 | 189 | 187 0
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Fig. 2. DSC curves for heating in argon at the following rates:

I —1°C/min (89.1 J/g); 2—5 °C/min (87.2 J/g);
3—20°C/min (87.3 J/g)

Puc. 2. Kpussie JICK, momyueHHbIE TPH HATPEBE B aproHe
CO CKOPOCTSIMH:
1—1°C/mun (89,1 Ix/r); 2 -5 °C/mun (87,2 [Ix/r);
3 —20 °C/mun (87,3 Ax/r)

With the increase in the content of the nickel phos-
phide in the coating composition after 15 min of soa-
king at a temperature of 390 °C, microhardness increases
from an initial 600 HV to an average of 976 HV, and to
1057 HV after 120 min of soaking, when 71 % Ni,P is
formed (refer to Table 3).

When temperature reaches 420 °C, a similar high
hardness of the samples is achieved in a shorter time.
For all soaking ranges at the specified temperature, hard-
ness is ensured with consistently obtained values of more
than 1000 HV.

As the annealing temperature reaches 450 °C, micro-
hardness is at its maximum after 30 min of soaking.
Then it decreases due to phase coagulation and phos-
phorus burnout from the surface which gets a charac-
teristic bluish hue. For a 24 h soaking period at 280 °C,
the formed structure creates the same high hardness

Table 2

SCR size, amount of crystalline nickel (Cy;),
and percentage of nickel phosphide (CNi’P) in the coating
after different heat treatment modes

Tabnuya 2. Pazmep OKP, ko1n4ecTBO KPHCTANIHYECKOTO
Hukest (Cy;) ¥ MpoueHTHOe cofep:kanue pochuaa Hukes
(CNiSP) B IIOKPBITUH 10C/Ie PA3IMYHBIX PEKUMOB T/0

Annealing mode | SCR size, nm Cyi» % CNiSP, %
280°C—-24h 13.5 89 10
390°C-1.0h 20.9 75 24
390°C-2.0h 18.7 28 71
420°C-0.5h 16.0 78 21
420°C-1.0h 15.9 34 65
420°C-2.0h 25.5 32 67
450°C—-0.5h 18.4 68 31
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HV, = 1016 (1033; 1004; 1023; 1033; 985) HV.

The coatings with a high microhardness after heat
treatment have low yield strength and tensile strength.
These values are increased by only 12 — 15 MPa. Heat
treatment makes the coatings so brittle that their plasti-
city drops to zero. Such changes in the coating proper-
ties during heat treatment are mainly due to the formation
of the brittle nickel phosphide compounds with a high
microhardness.

The phosphorus microvolume distribution chart
helped us to identify the locations of nickel phosphides.
Phosphorus in this coating is part of the Ni,P compund.
Thus, the locations of phosphorus localization indi-
cate that the nickel phosphides are located both inside
the grains and along the grain boundaries. After annealing
for 1 h at 420 °C, the nickel phosphide precipitates at all
grain boundaries. The nickel phosphides inside the grains
and along the grain boundaries are indicated by arrows
in the electron microscope image (Fig. 3, b).

The fine structure of the coatings after crystallization
annealing in different modes shows that the SCR sizes
determined by the Williamson—Hall and Halder—Wagner
methods are close. In crystalline nickel, they vary from
10 to 25 nm (refer to Table 2), while in the nickel phos-
phide they are slightly larger and range from 15 to 30 nm.
As listed in Table 2, the lower the annealing temperature
and the shorter the soaking time, the smaller the size of
the SCR formed.

Corrosion resistance of the coatings to the effects
of different aggressive media (acids and their solutions)
is the most important quality metric along with a high
hardness. It was found that the studied Ni-P coating with
the silicon carbides has the highest corrosion resistance to
acetic and orthophosphoric acids, regardless of heat treat-
ment. After daily tests, the most aggressive medium for
such coatings is nitric acid, its mixture with other acids,
or even its solution diluted with distilled water. The coat-
ings are completely dissolved in nitric acid and its solu-
tions during daily tests (Fig. 4, curve 5). On the other

Table 3

Microhardness of the Ni-P coatings
with the silicon carbides after annealing at different
temperatures and for different soaking time (1)

Tabnuya 3. MukporBepaocTb nokpbITHii Ni-P + kapouabl
KpeMHHS 1ocjIe 0TKUIa MPH Pa3IMYHbIX TeMIlepaTypax
H BPEMEHH BBIIEPKKH (T)

. Microhardness, HV.
T, min e
390 °C 420 °C 450 °C
15 976 1047 1002
30 989 1049 1061
60 1047 1062 1021
120 1057 1039 1018
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1023 HV,,
Diagonal 1: 13.3 pm
Diagonal 2: 13.6 pm

Fig. 3. Microstructure of the Ni-P coating with the silicon carbides
after annealing at 420 °C for 1 h:
a— x400; b — SEM, x5000

Puc. 3. Mukpoctpykrypa nmokpsitust Ni-P + kapOubt KpeMHust
nocie omxura npu 420 °C B Teuenue 1 u:
a—x400; b — POM, x5000

hand, the max daily weight loss duting soaking in sul-
furic acid is less and amounts to 5.3 %. The weight loss
in hydrochloric acid is 11.2 %, which is also less than in
nitric acid.

We also found a relationship between corrosion resis-
tance of the Ni-P coatings with the silicon carbides and
their quantitative phase composition. Corrosion resis-
tance is at its maximum after 2 h of soaking at 390 °C
(Fig. 4) or 1 h of soaking at 420 °C when about 70 % Ni,P
is formed. Its stability is greater than that of pure nickel
or its other compounds with phosphorus. The presence
of the dispersed silicon carbides decreases the weight loss
of the samples compared to the pure Ni-P coating [24].
The introduction of the silicon carbide as a dispersed
phase, which creates a barrier effect for the formation
of the nickel phosphides, makes it possible to achieve
the set goals with the use of a longer treatment at lower
temperatures. This also improves main service characte-
ristics of the coating such as a high microhardness and
corrosion resistance.

- CONCLUSIONS

The required 1000 HV of microhardness according
to the specifications is achieved in the composite nickel-
phosphorus coating with the dispersed silicon carbide par-

106
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15 |
10 - 2
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¢
|

Weight loss, %

0 20 40 60 80 100 120

T, min

Fig. 4. Weight loss (%) vs. heat treatment period at 390 °C
for the Ni-P coatings with the silicon carbides after a 24 h exposure
to concentrated hydrochloric (7), sulfuric (2), acetic (3),
orthophosphoric (4) and nitric (5) acids

Puc. 4. ITorepst Macchl B 3aBUCHMOCTH OT BpeMmeHH 1/0 ripu 390 °C
Ni-P nokpbituii ¢ kapOugaMu KpeMHHUS TTOCIIe UX CYTOYHOI BBIACPIKKU
B KOHIIGHTPUPOBAHHBIX coJistHOM (/), cepHoli (2), yKcycHOH (3),
opropochopHoii (4) 1 a30THOI (I) KUCTOTAX

ticles during a long-term low-temperature annealing with
crystallization and the formation of insignificant (10 %)
amounts of nickel phosphide.

The revealed dispersed nickel phosphides formed
during crystallization and located both inside the grains
and along the grain boundaries make a main contribution
to the microhardness increase.

A max corrosion resistance of the coatings to differ-
ent acids combined with a high microhardness is achieved
at a high (70 %) nickel phosphide content. Its amount
increases with the increase in annealing temperature or time.

With a significant increase in microhardness of the coa-
tings from the initial 600 to the required 1000 HV after
crystallization annealing, yield strength and tensile strength
increase by only 12 — 15 MPa, and elongation drops to zero
due to the formation of brittle nickel phosphide compounds.

Heat treatment of the Ni-P coatings with the silicon car-
bides forms a homogeneous, fine-grained structure with
a grain size of 6 — 14 um and the SCR size of 10 — 25 nm
in nickel, and 15 — 30 nm in the nickel phosphide.
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TRANSFORMATION OF FINE STRUCTURE
OF LAMELLAR PEARLITE UNDER DEFORMATION OF RAIL STEEL
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Abstract. The defective substructure of polycrystalline bodies preconditions substructural hardening and mechanical properties. Pearlite, which is the main
structural component of rails, is subjected under deformation to considerable transformation accompanied by a number of processes. In the present
work, methods of the modern physical materials science were used to study and analyze the defective substructure of pearlite with lamellar morphology
and properties of rail steel subjected to fracture under the conditions of uniaxial tensile strain of flat samples. It was established that the ultimate
strength changes from 1247 to 1335 MPa, and the relative strain-to-fracture is from 0.69 to 0.75. The formation of three zones of the fracture surface
is observed: fibrous, radial and shear zones. Their shapes and sizes have been analyzed. The deformation of rail steel is accompanied by fracture
of cementite plates of pearlite colonies and re-precipitation of nanosized particles of tertiary cementite about 8.3 nm in size in the volume of ferrite
plates. The main mechanisms of cementite plate fracture are cutting and dissolution. Dislocation substructure is represented by chaotic distribution
of dislocations and their clusters. Scalar density of dislocations in ferrite increases from 3.2:1010 cm-2 in the initial state to 7.9-10'° cm™ at failure.
Deformation is accompanied by the formation of internal stress fields which manifest themselves as bending contours of extinction. The sources
of stress fields are the interfaces of cementite and ferrite plates as well as grain interfaces. Fragmentation of ferrite and cementite plates has been
revealed. The average size of cementite fragments is 9.3 nm. In the fracture zone of the rail steel sample, rotation of pearlite grains has been noted,
indicating the presence of a rotational mode of strain. The electron microscopic images of cementite plates show a change in the contrast, which may
be related to formation of the Cottrell atmospheres.

Keywords: fine structure, perlite, strain by uniaxial tension, evolution, cementite, fragmentation
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MaTepUaIOBE/ICHUS TPOBEACHBI HCCIIEA0BAHUS U aHAIN3 Ae(EKTHOH CyOCTPYKTYpbI IepIIUTa IIaCTUHYATOH MOP(OIOTHH M CBOICTB pelIbCOBOH
CTalll, MOJBEPrHYTOM pPa3pyIICHUIO B YCIOBHAX Ae(opManuy OZHOOCHBIM DAacTHKCHHEM IUIOCKHX 0Opa3LoB. YCTaHOBICHO, YTO IIpEiel
npoyHocTH u3Mensiercs ot 1247 no 1335 MIla, a otHocuTensHas aedopmanus 10 paszpymenus — ot 0,69 no 0,75. Habmonaercst popmupoBanue
TPeX 30H MOBEPXHOCTU Pa3pyIICHUSA: BOJIOKHHCTOM, paJuanbHOU M 30HBI cpe3a. [IpoanammsupoBaHsl ux (opma u pasmepsl. edopmarus
PENBCOBOM CTalM CONPOBOXKAACTCA Pa3pyIICHHEM IUIACTUH LEMEHTUTA KOJOHHMH IepiHTa M IOBTOPHBIM BBIAGICHHEM B 00beMe IIACTUH
(eppuTa HaHOPa3MEPHBIX YACTHUL TPCTHYHOTO IEMCHTHTA Pa3sMePOM IPUOIH3UTENILHO 8,3 HM. OCHOBHBIMU MEXaHU3MaMHU Pa3pyLICHUS IIACTHH
LIEMEHTUTA SBJIAIOTCS pa3pe3aHue u pacTBopeHHe. J{uciIoKkanuoHHas cyOCTpyKTypa MpeJcTaBlIeHa XaOTHIeCKUM paclpeieIeHUeM AUCIOKalui
U uX cKoruieHussMH. CKaJspHas IIOTHOCTh AUCioKanuil B peppute yBeanuusaercs ot 3,2-10'° cm 2 B ucxoguoM cocrosianu 1o 7,910 em 2 mpu
paspymennu. [ledopmanus conpoBoxaaeTcss GOpMUPOBAaHHEM BHYTPEHHHX MOJISH HAPSKCHHUH, MPOSBIIAIONINXCA B BUAE H3THOHBIX KOHTYPOB
9KCTUHKIMHU. VICTOYHUKAaMU 11071} HAaNPsDKEHHUH SBIISIOTCS TPAaHUIIbI pa3/elia INIACTHH HeMeHTHTa 1 peppuTa, a Takke rpaHuIbl 3epeH. BoisiieHa
(bparmenTanus mwiacTHH Geppura u nemeHTura. CpenHue pasMeps! (HparMeHTOB IEMEHTHTa COCTABIAIOT 9,3 HM. B 30He paspymeHus odpasua
PebCOBOM CTaIM OTMEUEHO BpAILCHUE 3€PeH MepiuTa, CBUACTEILCTBYIONIEE O HAJINYUKM POTALIMOHHON MObl Aedopmaruu. Ha anexrpoHHo-
MHKPOCKOIINYECKUX H300pAKCHUAX IUIACTUH IEMEHTHTa HaOIIomaeTcs M3MEHEHHE KOHTPAcTa, Y4TO MOXKET OBITh CBSI3aHO ¢ 0Opa3oBaHHEM
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- INTRODUCTION

One of the basic and most general types of streng-
tening of polycrystalline bodies is substructural, caused
by the defective substructure. This largely determines
the mechanical properties of materials. The nucleation
and development of microcracks in plastic materials are
closely related to the substructure evolution [1, 2].

Significant increase in the intensity of railway traffic
and traffic concentration requires high operational dura-
bility of rails made of pearlitic steel. During operation,
rails are subjected to significant strain effects, accompa-
nied by evolution of the structural-phase state of pear-
lite [3, 4]. Importance of the information in this field is
determined by the depth of understanding the fundamental
issues of the physical materials science, on the one hand,
and the practical importance, on the other hand. The prac-
tical importance is connected with the creation of high-
quality rails with high performance properties, ensuring
accident-free operation with a passing tonnage of more
than 2 billion tons (gross). Creation of special types
of rails for high-speed railways, low-temperature relia-
bility, and increased contact-fatigue endurance requires
a study of the dependence of hardening on the structural
state of rails before strain and establishing cause-effect
relations between the phenomena that determine the strain
behavior [3, 4].

In the initial state, rails contain about 70 % of pearlite
of lamellar morphology [5 — 7], the deformation of which
is accompanied by a complex transformation of ferrite and
cementite [8, 9] usually observed by transmission electron
microscopy. Main attention is paid to the strain-induced
fracture of cementite [10 — 12] which leads to an increase

in the carbon concentration in ferrite and an additional
hardening mechanism [13].

The purpose of the present work was to analyze
the defective substructure of pearlite of rail steel lamel-
lar morphology, fractured under the conditions of uniaxial
tensile strain of flat samples.

[ RESEARCH MATERIALS AND METHODS

Samples of rail steel, the properties and elementary com-
position of which are regulated by GOST R 516852013,
were used as the research material. The chemical com-
position of rails of DT350 category, % (wt.) was as fol-
lows: C 0.73; Mn 0.75; S10.58; P 0.012; S 0.007; Cr 0.42;
Ni 0.07; Cu 0.13; Ti 0.003; Mo 0.006; V 0.04; Al 0.003;
Ti 0.008; and the rest was iron.

Mechanical tests were performed by uniaxial tension-
ing of flat proportional samples in the form of double-
sided blades with the dimensions of the working area
of the blades of 1.5x4.45x8.0 mm. Samples were cut
from the head of 100-meter differentially hardened rails
of DT350 category produced by JSC “EVRAZ — Joint
West Siberian Metallurgical Plant”. Uniaxial tensile strain
was applied on an Instron 3369 testing machine at a loa-
ding rate of 1.2 mm/min.

The structure of the fracture surface was studied by
scanning electron microscopy (SEM 515 Philips device).
The steel deformed substructure in the fracture zone was
studied by transmission electron diffraction microscopy
(thin-foil method) (JEM-2100 JEOL device) [14 — 16].
Foil for the transmission electron microscope was made
by ion thinning (Ion Slicer EM-091001S installation, thin-
ning achieved by argon ions) of plates cut from fractured
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samples on the Isomet Low Speed Saw installation per-
pendicular to the fracture surface. The methods for mea-
suring the scalar and excess dislocation densities did not
differ from those described in [3, 4].

Jl RESULTS AND DISCUSSION

The tests showed that tensile strength varied in the
range from 1247 to 1335 MPa, and strain of the samples
at failure ranged from 0.69 to 0.75. As a rule, under tensile
strain of the samples three zones are formed on the frac-
ture surface: a fibrous zone (central part of the specimen);
the radial zone following it; and the shear zone along
the edge of the sample [17]. The fibrous zone is ellipti-
cal in shape with a large axis parallel to the long sides
of the rectangle. The radial zone of the samples, whose
width is much greater than their thickness, has a chevron
or herringbone shape. Chevron patterns are often asso-
ciated with unstable, relatively rapid crack propagation.
The appearance of a chevron pattern is caused by the mis-
match between the general direction of crack propagation
and the shortest direction from the crack front to the free
surface. In this case, radial scars propagate towards
the free surface, forming chevron patterns [17]. The verti-
ces of V-shaped chevrons are directed away from the frac-
ture center.

Previously, it was shown in [2 —4, 18] that the fol-
lowing components are distinguished in the structure
of the steel studied according to the morphological fea-
ture: pearlite grains of lamellar morphology, grains of fer-
rite-carbide mixture (irregular pearlite grains) and grains
of structurally free ferrite (ferrite grains with no carbide
phase particles in their volume). The main type of struc-
ture of the steel under study is lamellar pearlite grains, the

Fig. 1. Electron microscopic image of dislocation substructure
of rail steel ferrite plates

Puc. 1. DneKTpOHHO-MUKPOCKOITMYECKOE H300paKeHNE
IIUCIIOKAIIMOHHO CyOCTPYKTYpPBI INTACTHH (heppUTa PEIbCOBOM CTAIN
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relative content of which in the material is 0.7. The rela-
tive content of ferrite-carbide mixture grains is 0.27; and
the rest are grains of structurally free ferrite.

As a rule, the structure of lamellar pearlite is repre-
sented by alternating ferrite plates (solid solution based
on iron crystal body-centered lattice) and cementite plates
(iron carbide of Fe,C composition, orthorhombic crystal
lattice) [19]. Fracture of steel under uniaxial tension con-
ditions in flat samples does not change the morphology
of the material. In the fracture zone and away from it,
grains with a lamellar structure characteristic of pearlite
are present. Change in the steel structure is detected at
the level of the defective subsystem and is accompanied
by multiple pearlite transformation.

When considering the transformation of the ferrite
plate structure, it was found that ferrite plates of pearlite
colonies fragment, i.e., they split into the regions sepa-
rated by low-angle boundaries. Deformation is accompa-
nied by the formation of a dislocation substructure in the
volume of ferrite plates (Fig. 1). Dislocations are distribu-
ted chaotically or form clusters. The scalar density of dis-
locations is 7.9-10'cm2, 3.2-10'? cm 2 in the initial state.

Deformation of steel is accompanied by the forma-
tion of stress fields in the sample. When the material is
studied by electron microscopy of thin foils, the internal
stress fields appear as bending contours of extinction,
located mainly in ferrite plates. The sources of stress
fields in the surveyed steel are the interfaces of cement-
ite and ferrite plates (Fig. 2), as well as grain interfaces.
It should be noted that the tensile stress of the steel studied
is accompanied by pearlite grain rotation, which is most
pronounced in the fracture zone of the samples (Fig. 2).
The latter suggests the presence of a rotational mode

Fig. 2. Electron microscopic image of pearlite grain structure
in the fracture zone; curved contours of extinction are shown
with arrows (the long arrow indicates the direction of specimen
stretching (longitudinal axis of the sample))

Puc. 2. DIeKTpOHHO-MUKPOCKOIINYECKOE H300paKeHHE CTPYKTYPbI
3epCeH MepinTa B 30HE Pa3pyLICHHS; CTPEIKAMH YKa3aHbI H3THOHBIC
KOHTYPbI SKCTUHKIUH (JJIMHHOW CTPEIIKOM 0003HAYE€HO HAIpaBICHHE
pactspkeHust odpasua (mpooibHast 0Ch 00pasia))
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of strain in the fracture zone of the specimen [20 — 22],
associated with the formation of local lattice curvature.
In this connection, it can be assumed that the development
of a similar effect in rail steel makes it easier to move
the carbon atoms.

Deformation of the steel under study is accompanied by
the fracture of cementite plates. Two possible mechanisms
of cementite plates fracture are discussed in the scientific
literature: cutting and dissolution [2, 3, 13]. Dissolution
of cementite plates occurs due to greater binding energy of
dislocations with carbon atoms (~0.6 — 0.7 eV) compared
to the binding energy of carbon atoms in the cementite lat-
tice [23 — 25]. According to the results of [26], an increase
in free energy caused by geometric thinning of cemen-
tite plates and the formation of slip bands destabilizes
the cementite and ensures its fracture. A similar thermo-
dynamic model based on the Gibbs—Thomson effect and
the diffusion controlled process of dissolution is proposed
in [27]. Carbon atoms are carried out by moving disloca-
tions into the volume of ferrite plates with the subsequent
formation of nanosized particles of iron carbide (Fig. 3).
The average size of the particles located in the ferrite
plates is 8.3 nm. Particles of this size are most clearly
detected by dark-field analysis (Fig. 3, b).

Dissolution of cementite is accompanied by the for-
mation of a region of material around the plates which
differs from the main grain volume in contrast (Fig. 4, a).
It can be assumed that the change in the contrast is caused
by a change in the chemical composition of the material
surrounding the cementite plate, namely, an increased

concentration of carbon. The carbon atoms pulled out
of the cementite by dislocations are capable of forming
Cottrell atmospheres, leading to a change in contrast.

Along with dissolution, the plastic yield of steel is
accompanied by fragmentation of cementite plates. It was
found that in the fracture zone of samples the cementite
plates, while retaining their original morphology, break
into regions of coherent dispersion, the average size
of which is 9.3 nm (Fig. 5).

- CONCLUSION

The methods of the modern physical materials science
were used to study the mechanical properties, defective
substructure of pearlite with lamellar morphology, and
fracture surface of rail steel subjected to fracture under
the conditions of uniaxial tensile stress. It was also
established that the ultimate tensile strength varies from
1247 to 1335 MPa. The fracture strain of the samples
ranges from 0.69 to 0.75. The formation of three zones
of the fracture surface has been detected: fibrous, radial
and shear zones. It has been demonstrated that the steel
strain is accompanied by fragmentation of ferrite plates
with low-angle boundaries and a significant increase in
the scalar dislocation density to 7.9-10'° cm™ (the scalar
dislocation density of the initial steel is 3.2-10'° cm™).
The fracture of cementite plates by cutting and dissolution
mechanisms was established with subsequent removal
of carbon by moving dislocations to the ferrite plates
volume with the formation of nanosized (8.3 nm) round-
shaped tertiary cementite particles in them. Thermody-

Fig. 3. Electron microscopic image of nanosized cementite particles formed in ferrite plates of rail steel:
a — light field; b — dark field obtained in reflex [110]o-Fe + [121]Fe,C; ¢ —micro diffraction pattern
(the arrow shows a reflex in which the dark-field image was obtained (b))

Puc. 3. DneKTpOHHO-MUKPOCKOIINYECKOE H300paKeHHEe HAHOPA3MEPHBIX YaCTHI] LIEMEHTHUTA, 00Pa30BaBIINXCS
B IUTaCTHHAX (eppHTa PETLCOBOM CTAIH:
@ — CBeTIoE noje; b — TeMHoe none, nonydernoe B peduekce [110]a-Fe + [121]Fe,C; ¢ — MmukposnekTpoHorpamma
(cTpenkoii mokazaH peduieke, B KOTOPOM MOIYYEHO TEMHOMONIbHOE n300paxeHue (b))
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Fig. 4. Electron microscopic image of rail steel structure near cementite plates:
a — light field; b — dark field obtained in reflex [230]Fe,C; ¢ — micro diffraction pattern
(the arrow indicates a reflex in which the dark-field image was obtained (b))

Puc. 4. DneKTPOHHO-MUKPOCKOIINYECKOE H300pasKEHHE CTPYKTYPBI PEJILCOBOIT CTalll BO3JIE INIACTUH [ICMEHTHUTA:
a — cBeToe noe; b — TeMHoe noje, noyuennoe B peduiekce [230]Fe,C; ¢ — MUKpO3sIEKTpOHOTpaMMa
(cTpernkoii mokasaH pedyuiekc, B KOTOPOM MOTYyYeHO TEMHOIOIbHOE H300paxeHue (b))

Fig. 5. Electron microscopic image of fragmented structure of cementite:
a — light field; ¢ — dark field obtained in reflex [110]a-Fe + [121]Fe,C; ¢ — micro diffraction pattern
(the arrow shows a reflex in which the dark-field image was obtained (c))

Puc. 5. DnexTpoHHO-MHKPOCKOITMYECKOe H300pakeHHe (parMeHTUPOBAHHON CTPYKTYpPbI LIEMEHTUTA:
@ — CBETIIOE MOJIE; ¢ — TEMHOE NOJIE, nonydeHHoe B peduekce [110]o-Fe + [121]Fe,C; ¢ — MUKpossieKTpOHOrpamMma
(cTpenkoii mokazaH peduiekc, B KOTOPOM TOJIy4EHO TEMHOIOIBHOE H300paxeHue (¢))

namic models of cementite fracture are discussed. It was
shown that the dissolution of cementite plates is accompa-
nied by their fragmentation (division into coherent diffu-
sion regions with the average size of 9.3 nm).
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GRAIN STRUCTURE FORMATION AND MICROHARDNESS
OF NI3AL INTERMETALLIC COMPOUND FABRICATED
BY SHS EXTRUSION

K. 0. Akimov Z, K. V. Ivanov, M. G. Figurko, |V. E. Ovcharenko |

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

&3 akimov_ko@ispms.ru

Abstract. In this paper we studied the possibility to enhance the microhardness of Ni,Al intermetallic compound by reducing the average grain size and
the effect of the mixture deformation during self-propagating high-temperature synthesis (SHS) on the Ni;Al grain size and microhardness. We used
an SHS extrusion test bench to continuously monitor the synthesis variables. One of the key factors affecting the grain structure and microhardness
is deformation rate of the synthesis product. Increasing the extrusion nozzle diameter from 3 to 5 mm results in a longer displacement of the press
plunger since it takes less force to extrude the material through the larger diameter orifice. It is assumed that the resistance to deformation under
pressure decreases, while the deformation rate increases for the material in the mold, and decreases for the extruded material. As a result, the average
grain size of Ni;Al remaining in the mold after synthesis decreases by 40 % (from 7 to 5 pum), while the grain size of the extruded material is doubled
(from 3 to 6 um). Compared to Ni;Al produced by SHS compaction, the average grain size of extruded Ni Al is 82 % less (17 and 3 pm, respectively).
Reducing the average grain size of extruded Ni;Al leads to a 600 MPa increase in microhardness. The results obtained may assist the development
of guidelines for fine grain, high microhardness intermetallide/alloy manufacturing.

Keywords: structure, grain size, microhardness, SHS extrusion, deformation, material enhancement
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®OPMUPOBAHMUE 3EPEHHOM CTPYKTYPbI
W MUKPOTBEPAOCTU UHTEPMETA/IINYECKOTO COEANHEHMA Ni Al
B PE3Y/IbTATE CBC-3KCTPY3UMU

K. 0. AkumoB %, K. B. UBaHOB, M. I. durypko, (B. E. OB4apeHKo |

HHceruTyT pu3nkn npoyHocTu u matepuasosenenus Cudupcekoro oraenenuss PAH (Poccus, 634055, Tomck, np. Axagemu-
4YeCcKui, 2/4)

&) akimov_ko@ispms.ru

AHHOmayus. B pamkax paboTbl Ha MPUMEPe MUKPOTBEPIOCTH MCCIIEIOBAHA BO3ZMOXKHOCTD YTyULIECHHUS POYHOCTHBIX CBOMCTB MHTEPMETAILINYECKOTO
coequnenns Ni,Al myTem yMeHblIGHHSI CPEJHEro pasmepa ero 3epHa. Mccremyercs BiausHue aeopmanuy pearupyrolmieii cMecd Ipu
camopacnpocTpaHsomemMcs BbicokoTemieparypaom cunrese (CBC) nHa pasmep 3epHa M MHKPOTBEPAOCTb HHTEPMETAINYECKOTO COEIAMHEHHS
Ni;Al. CBC-3KcTpy3ui0 IIPOBOIMIIN HA SKCTIEPUMEHTANILHOM CTEH/IE, MO3BOJISIFOIIEM HENPEPLIBHO KOHTPOJIMPOBATH MapaMeTphl CUHTE3a. OHUM 13
KJTIOYEBBIX (DAKTOPOB, BIMSIOIIMX HA XapPaKTEPUCTHKHU 3€PEHHOM CTPYKTYPbl 1 MUKPOTBEPJOCTb, SBIISIETCS CTENEHb 1e(hOpMALIK MTPOILYKTa CHHTE3a.
VBenudeHne TuamMeTpa SKCTPY3HOHHOTO OTBEPCTHs OT 3 10 5 MM HPHUBOIMT K YBEIMYCHUIO MAKCHMAJIBLHOTO JIMHEHHOTO MEPEMEILCHHS! TUTYHKepa
npecca BCEACTBHE Oojee JIErKoro BbIXOJA Marepuajia uepe3 OTBepcTHe Ooibluero auamerpa. Ilpenmonaraercs, 4To HMpH 3TOM MMEIOT MECTO
YMEHBLICHHE CONMPOTHUBICHUS 1e(hOPMUPOBAHHIO MaTepuaia MpU MPHJIOKEHUH JABJICHUs, YBEIMUYCHHUE CTENeHH JeopMaliyi Marepuaia BHYTPH
npecc-pOpMBbI U € CHUXKEHUE B OKCTPYAMPOBAHHOM Marepuaie. B pesynbrare cpennuii pasmep sepua NiyAl, ocrasuierocs B 00beme npecc-popmbl
rocie cuHTe3a, ymensmaercs Ha 40 % (ot 7 1o 5 MKM), a IIPOIIE/IIEro Yepe3 IKCTPY3HOHHOE OTBEPCTHE — BO3PACTALT B JBa pa3a (0T 3 10 6 MKM).
To cpaenennto ¢ Ni,Al, nonyyennbim Metogom CBC-KoMIakTMpoBaHus, CpeHuil pasmMep 3epHa skeTpyauposanHoro Ni,Al Menbuie B 5,6 pasa

© K. 0. Akimov, K. V. Ivanov, M. G. Figurko, V. E. Ovcharenko, 2023 57


https://doi.org/10.17073/0368-0797-2023-1-57-61
mailto:akimov_ko%40ispms.ru?subject=
mailto:akimov_ko%40ispms.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=grain size
https://fermet.misis.ru/index.php/jour/search/?subject=microhardness
https://fermet.misis.ru/index.php/jour/search/?subject=SHS extrusion
https://fermet.misis.ru/index.php/jour/search/?subject=deformation
https://fermet.misis.ru/index.php/jour/search/?subject=material enhancement
https://doi.org/10.17073/0368-0797-2023-1-57-61
mailto:akimov_ko%40ispms.ru?subject=
mailto:akimov_ko%40ispms.ru?subject=

N3BECTUA BY30B. YEPHAS METAJ/IJIYPTUA. 2023; 66(1): 57-61.
Axumos K.0., Usanos K.B. u dp. DopmupoBaHue 3epeHHON CTPYKTYPbl U MUKPOTBEPAOCTH MHTEPMETA/INYECKOTO coeinHeHus NisAl ...

(17 1 3 MKM COOTBETCTBEHHO). YMEHBLICHUE CPEIHErO pa3Mepa 3epHa dKCTPYMpoBaHHOro Ni,Al MpUBOIUT K YBEIMYEHHIO MUKPOTBEPIOCTH Ha
600 MIla. TTomyueHHbIe pe3yIbTaThl HO3BOIIIOT Pa3paboTaTh PEKOMEHIAIMH TI0 TIOTYYCHHIO HHTEPMETAILIHIOB 1 CIIABOB HA MX OCHOBE C MEIKUM

pa3MepoM 3epHa U BHICOKOIT MUKPOTBEPAOCTBIO.

Katwoueswle cio8a: crpykrypa, pasmep 3epHa, MUKpoTBepaocTh, CBC-akcTpys3us, nedopmarius, yaydlleHue CBOMCTB

Bbaazodaprocmu: PaboTa BEINOJIHEHA B paMKaX TOCYIapCTBEHHOTO 3a1anust MHCTHTYTa (DM3MKK IPOYHOCTH U MaTepuasioBeneHust CHOMpCKoro otaerne-

uust PAH, rema Noe FWRW-2021-0004.

Ana yumuposanus: Axumos K.O., Usanos K.B., ®urypko M.I'., OBuapenxo B.E. ®opmupoBanue 3epeHHOI CTPYKTYpbl 1 MUKPOTBEPIOCTH HHTEP-
meraimdeckoro coenunenns Ni;Al B pesysnsrare CBC-aketpysuu. Mzeecmus 6y306. Yepras memantypeus. 2023; 66(1): 58-61.
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B INTRODUCTION

The Ni;Al intermetallic compound is the key com-
ponent of advanced nickel-based superalloys providing
high strength at elevated temperatures, and creep resis-
tance [1 — 4]. Despite the excellent mechanical properties
at high temperatures, the applications of Ni,Al are limited.
This is due to its low ductility at room temperature caused
by intergranular embrittlement which significantly com-
plicates any machining [5 — 8]. As was shown in [9, 10],
the ductility and strength of Ni3Al can be increased
by alloying or refining the grains, for example, by severe
plastic deformation [11 — 14]. Still, severe plastic defor-
mation is suitable for small samples only such as disks
~0.5 mm thick and up to 15 mm in diameter under torsion
and pressure [15], or plates less than 30 um thick under
multi-pass rolling [16].

Grain refinement in large Ni;Al samples requires
deformation at temperatures close to the melting point.
Such conditions are achievable as the workpiece is crys-
tallized during the self-propagating high-temperature
synthesis and partial extrusion (SHS extrusion) [17, 18].
The phase transformations occur simultaneously
in the bulk of pressed powder [19] during the volumetric
exothermic reaction of Ni,Al synthesis from the powder
mixture of nickel and aluminum. Deformation ofthe mix-
ture is a way to control the average grain size of the Ni, Al
compound synthesized under pressure [20, 21].

The purpose of this study was to investigate the effect
of mixture deformation during SHS extrusion on the ave-
rage grain size and microhardness of the Ni;Al compound.

[ MATERIALS AND METHODS

We used a test hydraulic press for the SHS extrusion
of Ni,Al. The press was equipped with an HF generator
for inductive mold heating [22]. We processed a mixture
ofnickel (PNK-1L8, particle size: 1 — 5 um) and aluminum
(ASD-4, particle size: 1 —4 um) powders. The powder
mixture was placed in a steel mold, 58 mm inner diameter,
3 to 5 mm extrusion nozzle diameter. The process tem-
perature (inside the steel mold wall) was measured with a
type K thermocouple, with £7 °C accuracy. The pressure
was calculated from the press instrument readings pres-
sure and the punch area. The press plunger displacement
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was continuously measured using a Shahe 5403-200 digi-
tal linear scale, of 0.6 mm accuracy.

The high-temperature synthesis ofthe Ni,Al inter-
metallic compound from a mixture of nickel and alumi-
num powders under pressure consists of several steps:
preloading the powder mixture (3Ni+ Al) in the mold
(at 115 MPa); heating the pressed powder until (Ni-Al)-
eutectics is formed; melting the aluminum component;
initiation oftheexothermic Ni,Al formation simulta-
neously with applying the specified pressure to the high-
temperature synthesis product; holding the final product
at the specified pressure (430 MPa).

The key process variables which control the grain
structure ofthe synthesized intermetallide are the defor-
mation rate ofthe mixture in the mold and the period
of pressure applied to the thermally reacting powder
mixture after the intermetallide synthesis reaction is ini-
tiated.

We manufactured Ni,Al cylinders with concave end
faces, 58 mm diameter, 16 mm height in the middle
by high-temperature synthesis under pressure at different
deformation rates, and partial extrusion ofthesynthesis
product from the mold through 3, 4, and 5 mm dia. nozz-
les. The pressure was applied 1 s after the reaction initia-
tion. The holding time is 1 s, in order to ensure uniform
pressure distribution across the mold which has extrusion
nozzles of different diameters. An increase in the extru-
sion nozzle diameter leads to an increase in the mix-
ture deformation rate in the mold. After passing through
the extrusion nozzle, the material was shaped as a rod up
to 180 mm long.

The samples ofthematerial remaining in the mold
were cut from the middle vertical cross sections as 1 mm
thick plates, in order to eliminate the edge effects which
may change the structure and properties ofthe material.
The samples ofthe extruded material were cut from a cross-
section passing through the axial axis. The samples were
mechanically ground with a diamond paste. The abra-
sive particle size was gradually reduced to 1 um. Then
the samples were polished with an aluminum oxide sus-
pension (0.3 um particle size) and cloth. In order to reveal
the grain structure, we applied argon ion etching, 0.6 kV
accelerating voltage. A Carl Zeiss AXIOVERT-200MAT
microscope was used for metallographic analysis.
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The average grain size was measured by the random plane
method according to GOST 5639-82 (150 measurements).
We measured the microhardness with a PMT-3 microhard-
ness meter. The indenter load was 0.98 N, and the loading
time was 15 s. The final microhardness was the mean
value of at least 10 tests.

[ RESULTS AND DISCUSSION

Fig. 1 shows the press plunger position vs. time curves
at the mixture compression stage during the SHS extru-
sion through extrusion 3, 4, and 5 mm dia. nozzles.

The plunger displacement in the mold increases
with the diameter ofthe extrusion nozzle. This indicates
a decrease in the resistance to deformation under pressure.
It is assumed that the deformation rate ofthesynthesis
product within the mold increases and that ofthe extruded
material decreases.

Fig. 2 shows that using larger nozzle diameters
leads to a 40 % decrease in the average Ni;Al grain size
ofthe material remaining in the mold after synthesis
(from 7+ 0.4 to 5 £ 0.3 um). With regard to the extruded
material, reducing the nozzle diameter from 5 to 3 mm
results in halving the average grain size (from 6 £ 0.5
to 3+ 0.3 um). Compared to the Ni;Al compound made
by SHS compaction, the average grain size is 82 %
less (17 +0.5 and 3 £0.3 um). SHS extrusion reduces
the average grain size due to the higher deformation rate
as the material exits the mold into the extrusion channel
with a smaller nozzle diameter.

It should be noted that the Ni,Al average grain size
vs. extrusion nozzle diameter curve confirms the above

18
4
16
14 3
S
55 12r
§§ 10 -
S
28 8Ff
S 1
S5 6 2
aS
4_
2_
| | | | | | | |

Time, s

Fig. 1. Dependences of linear movement of press
plunger during compression of the synthesis product
in the mold without extrusion (/)
and with partial extrusion of the product through the nozzles
3,4 and 5 mm diameter (2 — 4)

Puc. 1. 3aBucumocTi TMHEWHOTO TIepeMeIeHHs TUTYH)Kepa mpecca
Ha CTaJIMM CXKATUS MIPOAYKTa CHHTE3a B npecc-popme Oe3 axerpysuu (/)
Y C YaCTUYHOH DKCTPY3UEH MPOIyKTa Yyepe3 OTBEPCTHUS
auameTpoM 3, 4 u S MM (2 — 4) oT BpeMeHn

assumption that, as the nozzle diameter increases,
the deformation rate ofthesynthesis product remaining
in the mold increases and that oftheextruded material
decreases.

Fig. 3 shows the hardness curves for Ni Al made
by SHS extrusion. It can be seen that changing the extru-
sion nozzle diameter resulting in a decrease in the average
Ni,Al grain size leads to an increase in the intermetallide
microhardness by 16, and 20 % for the material remaining

18

6 SHS compaction
14 -
12

10

Average nozzle diameter, um

2 1 1 1 1
0] 2 4 6 8 9

Extrusion nozzle diameter, mm

Fig. 2. Dependence of the average grain size of Ni,Al
obtained by SHS extrusion on the extrusion nozzle diameter,
1 s pressure holding period:

[l — material inside the mold; @ — extruded material

Puc. 2. 3aBrucumocTs cpennero pasmepa sepna NiyAl, moydennoro
metogom CBC-okeTpy3un, OT JuaMeTpa SIKCTPY3HOHHOTO OTBEPCTHUS
MIPU BPEMEHH 3a/IePIKKH TIPUIIOKEHUSI JaBlieHust | ¢:

[l — MaTepuan BHYTpH mpecc-(hopmar;

@ — PKCTPYIMPOBAHHBIN MaTepua

4,0

38 -

Microhardness, GPa

2.4 : : :

3.0 3.5 4.0 4.5 6.0

Extrusion nozzle diameter, mm

Fig. 3. Dependences of microhardness of Ni,Al intermetallic
compound obtained by SHS-extrusion, remaining
in the mold (@) and extruded ()

Puc. 3. 3aBUCHMOCTH MUKPOTBEPIOCTH UHTEpMeTaLIIIa NijAl,
nostyaeHHoro merogoM CBC-3KCTpy3uu, 0CTaBIIErocsi BHYTPH
npecc-hopmsl mocie cuHTe3a (@), ¥ FKCTpyAnpoBanHoro ()
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inside the mold after synthesis and the extruded material,
respectively.

The results are consistent with the data reported by
Stolin A.M., etc. [23]. They indicate that SHS extrusion
is suitable for making long products from brittle, hard-to-
deform refractory materials such as Ni;Al

- CONCLUSIONS

Deformation ofthe high-temperature synthesis product
during SHS extrusion significantly affects the average grain
size and microhardness oftheNi,Al intermetallide (both
remaining in the mold and extruded). The higher defor-
mation rate ofthe material inside the mold as the extru-
sion nozzle diameter is increased from 3 to 5 mm, leads
to a 30 % decrease in the average grain size and a 16 %
increase in the microhardness. For the extruded mate-
rial, as the extrusion nozzle diameter is reduced from 5
to 3 mm, the average grain size is halved, and the micro-
hardness is increased by 20 % (600 MPa).

Our findings can be used to develop fine-grade, high-
microhardness intermetallide/alloy SHS extrusion pro-
cesses.
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PARAMETERS OF SUBSTRUCTURE
IN WROUGHT CU — MIN ALLOYS WITH FCC LATTICE
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Abstract. The development and success of the physical science of strength and plasticity allow the main aspects of dislocation physics to be proposed.
This work considers the current state of this issue as part of a multilevel approach: patterns of dislocation accumulation in a material after deformation
with various degrees. The main mechanism of hardening of a metal polycrystal is the accumulation of dislocations in its grains, while the main
hardening parameter is the mean scalar density of dislocations. The scalar density of dislocations is divided into the following components: the
density of statistically stored (p,); and the density of geometrically necessary (p,) dislocations. The transmission diffraction electron microscopy
(TEM) is used to study the stages of dislocation substructure (DSS) types development in Cu—Mn alloys depending on the concentration of an
alloying element during active plastic deformation. Polycrystal alloys are studied in a wide concentration range: from 0.4 to 25 % Mn (at.). A number
of dislocation substructure parameters are measured using electron microscope images: mean scalar density of dislocations <p>; density of statistically
stored (py) and geometrically necessary (p,;) dislocations; curvature-torsion of the crystal lattice (x); density of microstrips (Psm.p); and density
of broken sub-boundaries (M, ). A sequence of transformations of the DSS types with an increase in the deformation degree and amount of the
second element to form the substructure type and parameters was established. The influence of the second element and grain size on the mean scalar
density of dislocations and its components was experimentally determined. The presence of disorientations in the substructure during deformation is
based on the measurement of these parameters using the TEM.

Keywords: alloys, deformation, dislocation substructures, geometric necessary dislocations, atomic volume, Zen’s law
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JI. 1. TpumkuHal, A. A. KnonoroB! ©, A. U. [loTekaeB?,

T. B. Yepkacosa, B. U. Bopogun?

! Tomckmii rocytapcTBeHHBII apXHTEKTYPHO-CTPOHTedbHBIN yHIBepcuTeT (Poccnst, 634003, Tomck, . ConsiHasi, 2)
2 HanmoHaJdbLHbIH HecaenoBaTeanckuii Tomcekuii rocynapersennbiii ynusepeutet (Poccus, Tomck, 634050, Tomck, nip. Jlenuna, 36)
3000 «Il'aznpom Tpancras Tomer» (Poccust, 634029, Tomek, nip. Opynse, 9)

&) klopotovaa@tsuab.ru

AHHomayus. Pa3Burue u ycriexu pU3HIecKoil HayKH O TPOYHOCTH H ITTACTUYHOCTH MO3BOJISIIOT C(HOPMYIHPOBATH OCHOBHBIE ACHIEKThI AUCIOKAHOHHOM
¢dusukn. B HacTosiel paboTe paccMOTPEHO COBPEMEHHOE COCTOSHHME TOTO BONPOCA B paMKaxX MHOTOYPOBHEBOTO IMOJXOJA: 3aKOHOMEPHOCTH
HAKOIUICHUSI IUCIIOKAIMI B Marepualie nocie aehopMaiui ¢ pa3inuHbIMU cTerneHsMi. OCHOBHBIM MEXaHH3MOM YIPOYHEHHSI METAIUINYECKOTO
MOJIMKPHCTAIIIA SBISIETCS HAKOIUICHWE B €ro 3epHax JMCIOKALMH, a OCHOBHBIM MApaMeTpoM YIPOYHEHHUS — CPEIHss CKaJsIpHAsl MIIOTHOCTD
nucnokaiui. CkanspHas MIOTHOCTh JMCIOKALMH pasjeNiseTcs Ha KOMIOHEHTBI: TIIOTHOCTh CTaTHCTHYECKH 3amaceHHbIX (pg) M IUIOTHOCTH
FeOMETPHUYECKH HEOOXOMUMBIX (P ;) McNoKaluii. MeTonom npocseunBaroniell iuppakiuonHoi snekrponHoii Mukpockonuu (IIOM) uccnenytores
9Tarbl Pa3BUTHS TUIIOB JUCIOKAIMOHHON cyocTpykTypsl (JICC) B crutaBax Cu — Mn B 3aBHCHMOCTH OT KOHLIGHTPAIMH JISTHPYIOLIETO JIEMEHTA
[IpY aKTUBHOM rutacTudeckoi aedopmanuu. VceaeayoTes MOMUKPUCTAITNYECKHE CIIJIaBbl B IIMPOKOM KOHIIEHTPALMOHHOM HHTepBane: ot 0,4
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B INTRODUCTION

Variation in the composition of alloys of Cu—Mn
system can change the degree of short-range order and
the resistance to motion of dislocations [1, 2]. At the same
time, in the alloys of this system, the value of the stack-
ing-fault energy (SFE) slightly depends on the concentra-
tion of the alloying element — manganese [3]. Variation
in the concentration of the second element in the solid solu-
tion can lead to a change in the dislocation start stress and
friction forces and, consequently, to a change in the resis-
tance to the beginning of plastic deformation. An increase
in the deformation degree leads to formation of a certain
type of dislocation substructure, which, in turn, determines
the deformation hardening of polycrystals. The nature and
type of the dislocation structures formed are closely con-
nected with the SFE value, local order parameters, and
friction forces between dislocations. These parameters
can significantly vary depending on the concentration
of the alloying element, degree of ordering in solid solu-
tions, as well as deformation degree [4 — 6].

For many years, the dislocation structure was charac-
terized mainly by such a parameter as the mean sca-
lar density of dislocations <p>. Further development
of the dislocation study has led to the division of <p> into
the following components which have different physical
meanings: geometrically necessary (p) and statistically-
stored (py) dislocations. The references show thatthe geo-
metrically necessary dislocations are formedin the case
of deformations in the polycrystal metals and alloys with
deformation twins, in the dispersion-hardened materials
and in other cases of functioning of strong barriers to dis-
location sliding [7 — 9].

Density p. is directly connected with the curvature-
torsion of the crystal lattice y [13, 14]:

where b is the Burgers vector; ¢ is the tilting angle
of the crystal plane; ¢ is the distance on the plane;

0 . . .
xza—(g— is the curvature-torsion of the crystal lattice;

r is the radius of crystal curvature.

The formation of dislocations and dislocation reac-
tions in the alloys after plastic deformation can be consi-
dered to be random processes. The dislocations subjected
to deceleration by others formed in the course of plas-
tic deformation are called statistically stored disloca-
tions (SSD) [11]. Such statistically stored dislocations
are formed at the very beginning of plastic deformation
and are decelerated mainly by weak barriers consisting
of other dislocations. When the stronger barriers (such as
particles of second phases, deformation twins, or grain
boundaries) are present in the alloys, the geometrically
necessary dislocations (GND) accumulate in the material,
and plastic deformation gradients (1) are available [11].
As a result, the mean scalar density of dislocations is
determined by the following equation

<p>=pgtp,-
This work studies the influence of manganese alloying
and grain size in wrought Cu— Mn alloys with FCC lattice

using the transmission electron microscopy.

[ STUDY MATERIALS AND METHODS

The study materials are polycrystal alloys of Cu—Mn
system in the manganese concentration range from 0.4
to 25 % (henceforward, atomic (at.) percentage). Alloys
with the mean grain size of 10, 20, 40, 60, 100, 120 and
240 um were studied. Samples of the alloys studied were
deformed by elongation at the room temperature with
a rate of 2-1072 s7!. The dislocation structure was studied
by menans of transmission diffraction electron micros-
copy (TEM) using goniometer-equipped electron micro-
scopes with accelerating voltage of 125 kV. The foils were
examined in the microscope column ata30,000-power
magnification. The technique for measuring the disloca-
tion structure parameters is given in [12, 13].
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Bl RESULTS AND DISCUSSION

We considered formation of the dislocation substruc-
ture (DSS) depending on the concentration of the alloy-
ing element at small (g, =0.05) deformation degrees
in the copper-manganese alloys. For easy comparison
of the substructures, the study results are provided for one
grain size equal to 100 pm.

Fig. 1 shows the types of the dislocation substruc-
tures formed with growth of the second element. Analy-
sis of the electron microscope images allowed us to find
the following regularities in the DSS formations. With
the moderate deformation degrees (g, =0.05-0.10)
in the alloys studied (Cu + 0.4 % Mn, Cu + 8 % Mn and
Cu+ 19 % Mn), tangles (Fig. 1, a) as well as cell sub-
structures without disorientations (Fig. 1, ) are formed
from the dislocations. The increase in the concentration
of the second component up to 8 % Mn results in transi-
tion from the cell DSS to the cell-mesh DSS (Fig. 1, ¢).
The further growth of the second element concentra-
tion is accompanied by the formation of the new DSS
type. In alloys Cu+13% Mn, Cu+19 % Mn and
Cu + 25 % Mn, we can observe the following sequence
of the DSS types formation: dislocation chaos (Fig. 1, d);
dislocation clusters and dislocation loops (Fig. 1, ¢); mesh
DSS (Fig. 1, f) respectively.

We considered the influence of the deformation degree
growth in the alloys studied, resulting in disorientations
appeared in the DSS. The electron microscope images
show this process as the appearance of the extinction
deformation contours (Fig. 2).

In Cu—Mn alloys with a low concentration of the alloy-
ing element (up to 6 %), the disoriented cell substruc-
ture is formed with the deformation degree of 0.20
(Fig. 2, a). In alloys with a concentration of the alloying
element higher than 8 % Mn, the disoriented cell-mesh
substructure develops with further deformation increase
(Fig. 2, b). With such deformation, clumps are formed
from dislocations (Fig. 2, b) which riginate on the long
rectilinear dislocations formed even at low deformation
degrees. As aresult, an increase in the density of clumps is
observed, and the structure tends to become more homo-
geneous.

Fig. 2 provides electron microscope images of the DSS
types formed with the higher deformation degrees
(¢, >0.20) in the alloys with different concentrations
of the alloying element. The experiments established that,
in the alloys with concentration of the second element
equal to 0.4, 2.4 and 6 % Mn, the following substructures
are observed: disoriented cell, cell-mesh, and microstrip
DSS. The examples of the substructure types observed

Fig. 1. Electron microscope images of DSS types formed at &_= 0.05 = 0.10
in alloys Cu — 04 % Mn (tangle (a), cell (b)); Cu + 8 % Mn (cell-mesh (c));
Cu+ 19 % Mn, Cu + 13 % Mn (chaotic dislocation distribution (d)); Cu + 19 % Mn % (dislocation clusters (e));
Cu+ 19 % Mn % (mesh (f))

Puc. 1. DnekrpoHHO-MHKpOCKonnueckue n3oopaxerus THnoB JICC, popMUPYIOLHXCS IPH €

=0,05+0,10

ucT

B cruaBax Cu — 04 % Mn (xiryOkoBas (), stuencrtas (b)); Cu + 8 % Mn (suencro-ceruaras (c));
Cu+ 19 % Mn, Cu + 13 % Mn (xaotuueckoe pacnpezenenue auciokanuii (d)); Cu+ 19 % Mn % (auciokannoHHble CKOIUICHUS (€));
Cu + 25 % Mn (ceruaras (f))
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Fig. 2. Electron microscope images of DSS types formed at g, > 0.20 in Cu + 0.4 % Mn alloys (disoriented cell (@), cell-mesh (5));
Cu + 6 % Mn (microstrip (¢)); Cu + 19 % Mn (mesh (d), disoriented cell-mesh (e), microstrip (f)). Extinction deformation contour K

Puc. 2. Dnexrponno-mukpockonuueckue nzodpaxenus tunos JJCC, popmupyromuxcs npu €, > 0,20
B cruaBax Cu + 0,4 % Mn (pazopuenTtupoBanHas stuencras (a), suercro-ceruaras (b)); Cu + 6 % Mn (Mukpomnonocosas (¢));
Cu + 19 % Mn (ceruaras (d), pa3opueHTHPOBAHHAS TUSUCTO-ceTuaras (€), MUKpOnosocosas (f)). DKCTUHKLIHOHHBIH 1eopMalnoHHbIil KOHTYp K

for alloy Cu+ 0.4 % Mn are provided in Fig. 2, a and b.
In alloy Cu+ 6 % Mn, the formation of the microstrip
DSS is observed inside the grain, appearing along bounda-
ries of the disoriented cells or from the grain bounda-
ries (Fig. 2, ¢). It is important to note that the kinetics
of the microstrip substructure formation and volume
fraction growth is often connected with growth through
the alloy of the broken boundaries.

It was established that, in alloys with the higher con-
centration of the alloying element (8, 10, 13, 19 and
25 % Mn), such substructures as disoriented mesh, dis-
oriented cell-mesh, and microstrip DSS are present
The example of the substructures observed at g > 0.20
is shown in Fig. 2, d — f for alloy Cu+ 19 % Mn. Based
on the analysis of the electron microscope photos, it was
established that the alloy with 8 % Mn is the boundary-
when transferring from the classically cell DSS to cell-
mesh DSS.

The photographs were used to measure the mean sca-
lar density of dislocations <p>, the density of statistically
stored (pg) and geometrically necessary (p;) dislocations,
the curvature-torsion of the crystalline lattice y, the den-
sity of microstrips P, as well as the density of bro-
ken boundaries Mbr.bndwith different grain sizes <d>.
The dependencies of the mean scalar density of disloca-
tions, density of geometrically necessary and statistically
stored dislocations on the concentration of alloying ele-
ment C,, at g = 0.30 and grain sizes 10 and 240 pm are
provided in Fig. 3.
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Fig. 3. Dependencies of the mean scalar density of dislocations <p> (),
density of geometrically necessary p; (b) and statistically stored pg (c)
dislocations on the concentration of alloying element
in the alloys of Cu — Mn system at g = 0.30 and grain sizes
of 10 um (/) and 240 pm (2)

Puc. 3. 3aBucumMocTH cpeiHelt CKaIspHON MIOTHOCTH
JUCTIOKaUi <p> (a), ITIOTHOCTH T€OMETPUIECKN HEOOXOMUMBIX P (D)
¥ CTAaTHCTUYECKH 3aMTACEHHBIX P (€) IMCIIOKAIME OT KOHLIEHTPAIHH
JIETHPYIOIIETo 3/eMenTa B criaBax cuctembl Cu—Mnnpu g = 0,30
n pa3mepax 3epeH 10 mxm (/) u 240 mxm (2)
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The growth of manganese concentration results in
increase of both mean scalar density of dislocations <p>
and its components p . and pg. The growth of deformation
degree results in formation of disorientations in the sub-
structure. Fig. 4 shows dependencies of the parameters
which characterized is orientations in Cu—Mn alloys:
the curvature-torsion of the crystal lattice, the density
of microstrips, and the density of broken sub-bounda-
ries. The values of 1y, Psmp, and M, , . increase with
the increase of the concentration of the alloying ele-
ment C,, more significantly in the alloys with the grain
size of 10 um compared to the alloys with the grain size
of 240 pm.

We considered the features of the atomic volume
change in solid solutions in the alloys of Cu—Mn sys-
tem. It is believed that, in the range of existence of solid
solutions of two elements, the change in the lattice period
depending on the composition should be linear. This
assumption was represented as the Vegard’s law [14 — 16].
According to this law, the lattice period of the solid solu-
tion of two components with the same or similar structure
and periods a, and a, should change linearly depending on
the concentration of these components x, and x, expressed
in atomic fractions:

1 __—— a
S 4‘)’A/‘ 2
<+ ° i
S 2—/ « / —h=
R
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Fig. 4. Dependences of DSS curvature-torsion of crystal lattice y, (a),
density of broken sub-boundaries M, , , (b) and density
of the microstrips P, (©) on concentrationof alloying element
in alloys of Cu — Mn system at g, = 0.30 and grain sizes
of 10 um (/) and 240 pm (2)

Puc. 4. 3aBUCHMMOCTH KPHBU3HBI-KPYUEHUSI KPUCTAIIINYECKON
peuieTkH y, (@), IIOTHOCTH 0O0OPBAHHBIX CyOrpaHuIL M (b)
U IUIOTHOCTH MHKPOIIOJIOC anmc, (8) ICC ot KoHIEHTpanuu
JIETHPYIOIIETo dyieMenTa B cruiaBax cuctembl Cu—Mnnpu g = 0,30
n pa3mepax 3epeH 10 mxm (/) u 240 mxm (2)
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a=xa, +x2a2.

On the other hand, Zen proposed the atomic volume
additivity rule for ideal solid solutions [15-17]:

Q=C,Q,+C,Q

B="B>

where C, and C,, Q u Q, are the concentrations and
atomic volumes of the pure components.

A volume fraction of the elementary cell per one atom
is understood as the atomic volume, that is:

v (1)

Q==
n

where 7 is the number of atoms in the elementary cell.

Atomic volumes of pure metals Q calculated in
this way depend least of all on the crystal lattice type.
The atomic volume of pure metals Q is the more universal
characteristic with respect to the parameters of elementary
cell parameters pure metals and can be used to analyze
the properties of compounds formed by elements with dif-
ferent crystal structures. This approach was successfully
applied in [14] during analysis of Ti-Ni-based binary com-
pounds.

Zen’s law is true just as rare as Vegard’s rule; how-
ever, it is very popular. There are many models for pre-
dicting deviations from the Zen’s law, but the reliability
level of these predictions is low. None of the models pre-
dicts even a deviation sign with an accuracy of more than
60 %. This suggests that the main factors of the deviation
from Zen’s law have not yet been identified. For the most
of the known alloys where solid solutions are formed,
the negative deviation of the atomic volume from Zen’s
rule is observed [18, 17]:

AQ = QX — QP <0, )

Fig. 5, a shows a phase diagram of Cu—Mn system
with two concentration areas where ordered phases are
formed as a result of “disorder — order” phase transitions
of compositions Cu;Mn and Cu;Mn, as well as concent-
ration dependencies of atomic volumes of the alloys
of system Cu—Mn (Fig. 5, b). Within the alloys of this
system, the positive deviation of the atomic volume from
the Zen’s law is observed. Such deviation from the Zen’s
law on the concentration dependency of the atomic
volume occurs much less frequently than the negative
deviation [20].

The above data indicates a change in the forces
of interatomic interaction during formation of solid solu-
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tions in Cu—Mn system (according to equation connect-
ing the crystal energy and atomic volume Q in the case
of metal nature of atomic interaction [21]):

A4 B Ce
_Q1/3+Qz/3+ o’

2

e B . S
where —— and —— are the potential and kinetic ener-
Q]/3 QZ/3

2
. e . o
gies of free electrons; Y characterizes the kinetic energy

of electrons which occupy the lower energy states.

It is known that Peierls stress £, which is the mini-
mum required stress for dislocation displacementin crystal
bodies, depends on the interplane distance d. In this case,
maximum E,, that is the Peierls barrier value is deter-
mined as follows [22]:

d . . . . . .
where o, = 1— — is the dislocation width; d is the inter-
-V

plane distance; G is the shear modulus; v is the Poisson’s
ration; b is the Burgers vector.

Thus, the dependence of the atomic volume on
the concentration for the alloys of Cu—Mn system allows
us to state, according to the above analysis based on
equations (1) and (2), that the increase in atomic volume
contributes to the crystal energy change and the Peierls
barrier height. Such changes in the atomic volume exer-
cise significant influence over mobility of the statistically
stored and geometrically necessary dislocations.

[ ConcLusions

Based on the electron microscope study of the fine
structure of wrought samples of the alloys of Cu—Mn
system with FCC lattice, the parameters of the dislocation
substructures are determined (mean scalar density of dis-
locations <p> and its components: density of statistically
stored pgand geometrically necessary p . dislocations; cur-
vature-torsion of crystal lattice y, density of microstrips
PStrip and density of broken sub-boundaries M, ., .)
depending on the concentration of alloying element (man-
ganese) with different grain sizes. Features of evolution
of the dislocation substructures in alloys with different
manganese content are determined; and it is established
that the alloy with 8 % Mn is the boundary when transfer-
ring from the classically cell DSS to cell-mesh DSS.

It was shown that the grain size decrease results in
dislocation structure parameters increase. This is due
to the fact that dislocation accumulation in the grains
of smaller size is connected with their lower mobility.

Based on the analysis of concentration dependences
of the atomic volumes in the alloys of Cu—Mn system,
the positive deviation from Zen’s law was established.
Such an increase in atomic volume with the alloying
element concentration growth contributes to the crys-
tal energy change and, as a result, to the Peierls barrier
increase. This xercises significant influence over mobi-
lity of the statistically stored and geometrically necessary
dislocations. This data correlates with the results of elect-
ron microscope studies: in Cu—Mn alloys with the higher
manganese content, the dislocation substructure parame-
ters growth is observed.

It was also established that the grain size decrease
has more significant effect on the dislocation substruc-
ture parameters than does the content of alloying element
atoms in the alloys of Cu—Mn system with FCC lattice.
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USING MACHINE LEARNING TOOLS
TO STUDY FLOW STRESS OF TUBE STEELS
UNDER LABORATORY CONDITIONS AND ACCORDING
TO INDUSTRIAL ROLLING DATA
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Abstract. Studying the flow stress of various steel grades is one of the key issues for the viable operation of automation systems which support
the production of rolled products with the required precision based on geometrical properties. A knowledge of flow stress is also important
for the design of rolling mill equipment. The properties of flow stress are published mainly in the form of coefficients of various equations (for instance,
the Hansel-Spittel equation). However, these equations are quite often limited in terms of process variables where they provide accessible result.
It also should be taken into account that the existing rolling industry fabricates tens of steel grades, the chemical composition of which can vary
in wide range depending on final thickness of the rolled products, customer requirements, or on the basis of economic considerations. Studies of
the rheological properties of such amount of materials under laboratory conditions is expensive, time and labor consuming and published data
does not provide data completeness. This work demonstrates that, using data from industrial rolling mills and methods of machine learning, it is
possible to obtain data on material rheology with satisfactory precision. This allows laboratory studies to be avoided. Similar studies are possible
due to high intensity of various sensors and instrumentation in modern rolling mills. The results of industrial data were compared with flow stress
measured by Gleeble. On the basis of this comparison the model was trained using gradient boosting in order to consider peculiarities of industrial
production process.

Keywords: flow stress, calculation of rolling force, linear regression, machine learning, gradient boosting, Gleeble, true stress, true strain, Henzel-Spittel
equation
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AnHomayus. ViccnenoBanue CONpOTUBICHHS JeopMaluy pa3IMYHBIX MApoOK CTAJIM SBISETCS OJHMM U3 KJIIOUEBBIX BOIPOCOB JUISl aJIeKBAaTHOM
paboThI CHCTEM aBTOMATHU3aLUH, IO3BOJISIONIEH MOIydaTh IPOKaT ¢ TpeOyeMOi TOUHOCTBIO 0 TEOMETPUUECKHM XapakTepuctukam. Kpome toro,
3HAHUE CONPOTHUBIICHUS Je(OopMalIUK BaKHO TIPU NPOSKTUPOBAHUM 00OPYOBAHUS POKATHBIX CTAHOB. B suTeparype 3HaueHHs CONPOTHUBICHUS
neopmManuy B IOJABISIONIEM OOJBIIMHCTBE CIIydaeB HPUBOAATCS B BHAE KOA(D(UIMEHTOB pPA3IMYHBIX ypaBHEHHH (Harpumep, XeH3es-
Inurrens). Onnaxo 3a4acTyro JaHHbIe GOPMYIIbI HIMEIOT OrPaHMYEHHMS 110 IMaNa30Hy TEXHOJIOTHYECKUX IapaMeTPOB, TIe OHU JIAI0T HPHEMIIEMbIi
pesynbrar. CiefyeT TakKe Y9UThIBaTh, YTO HA COBPEMEHHOM ITPOKATHOM IIPOM3BOJICTBE M3TOTABINBAIOTCS JACCATKH MAapOK CTajel, XUMHYECKUN
COCTaB KOTOPBIX MOXKET BapbUPOBAThCS B MIMPOKOM AMANA30HE B 3aBUCHMMOCTU OT KOHEYHOH TOJIIMHBI IPOKaTa, TPeOOBAHMI 3aKa3yMka MM
HCXOZs M3 HKOHOMMYECKHX cooOpaxceHMH (HauOoliee BBINOJHAS KOMIIO3MIMS JIErMpoBaHMs). VIcciaenoBaHue peosorM4ecKUX CBOMCTB Takoro
KOJIMYECTBA MAaTepHAJIOB B Ja0OPATOPHBIX YCIOBHAX JIOPOTO, JOJITOCPOYHO M TPYAO3aTPATHO, A JINTEPATYPHbIE UCTOYHUKH He 00ecreunBaloT
MOJTHOTHI JJaHHBIX. B paboTe mokazaHo, 4TO, WCIOJB3YS JaHHBIC C IPOMBIIUICHHBIX HMPOKATHBIX CTAHOB M METOABI MAIIMHHOIO OOy4YCHHS,
BO3MO)KHO ITOJTyY€HUE CBEJICHHUI O PEOJIOTUH MaTepHalia ¢ yI0BISTBOPUTEILHON TOYHOCTHIO. DTO MO3BOJISAET U30erarh IPOBEACHHS J1a00PATOPHBIX
ucnbITanuil. [1ono0HbIe nccie0BaHus BO3MOXKHBI OJ1aroiapst BRICOKOH HaChIIEHHOCTH COBPEMEHHBIX IIPOKATHBIX CTAHOB PA3JIMYHBIMU JaTYHKAMU
U cpenctBamMH n3MmepeHuil. [IpoBeneHO cpaBHEHHE pPE3yJbTaTOB IPOMBIIUICHHBIX AAaHHBIX CO 3HAYEHHUSIMU CONPOTHUBICHMs AedopMaruu,
nosy4yeHHbIMH Ha ycranoske Gleeble. Ha ocHOBe TaHHOTO cpaBHEHUsI BHIITOIHSIOCH OOyueHHE MOJIENI HAa OCHOBE I'PaJIMEHTHOro OyCTHHIa s
yuera 0COOCHHOCTEH TeXHOJIOTHYECKOTO MPOoLecca MPU MPOMBIIICHHOM ITPOU3BOJICTBE.

Kaloyesvle caoea: conporuBieHue nedopManuy, pacdeT YCHIMS IPOKATKH, IUHEHHAs perpeccus, MAllMHHOE oOydeHHe, TPaiHCHTHBIH OyCTHHIL,
Gleeble, ucrunHoe HanpspKeHUe, UCTHHHAS Aedopmanus, ypapHeHue Xensens-1nurrens

baazodapHocmu: ViccrnenoBaHust PpOBOAMIMCH B paMKaX IPOrpaMMbl CTPATErHYECKOro akaieMuueckoro auaepcta Pocceuiickoii ®enepanun «Ipuo-
puter-2030» u HayuHoro npoexra IIPOP/CH/HY/22/CI15/26 «Co3naHre HHHOBAIIMOHHBIX HU(POBEIX HHCTPYMEHTOB I IIPUMEHEHUS IIPUKIIA]-
HOT'O MCKYCCTBEHHOTO MHTEJUIEKTa U IPOJBUHYTOIO CTATHCTHYECKOrO aHajIn3a O0JIbIINX JaHHBIX B TEXHOJIOIHUECKHX MPOLECCaX MPOM3BOJCTBA Me-
TaJUTyprUdecKoi IPOTYKIHID).

Jaa yumupoeanus: 3unsrun A.I, Myntun A.B., Kproukosa M.O. HccnenoBanue conpoTusienus aedopmaiuu TpyOHbIX cTael B 1abopaToOpHbIX
YCIIOBHAX H [0 JaHHBIM IIPOMBIIIIEHHBIX MPOKATOK C MCIIONB30BaHUEM MHCTPYMEHTOB MALIMHHOTO 00y4eHus. Mzsecmus 6y306. Yepnas meman-
aypeus. 2023; 66(1): 71-79. https://doi.org/10.17073/0368-0797-2023-1-70-79

A significant expansion of knowledge about flow
stress of metal under actual industrial conditions can

B INTRODUCTION

The design calculations of rolling equipment and
development of new process modes are based on process
power parameters (PPP), mainly rolling force. In gen-
eral terms, the calculation equations of contact stresses
include directly the flow stress. Therefore, the precision
of its detection influences directly on the PPP calcula-
tion error. Despite the available theoretical and empirical
equations, which describe the influence of temperature,
the strain rate and velocity on flow stress, their preci-
sion is not always acceptable during calculations for
steel of new chemical composition. Therefore, the pre-
cise value of flow stress of steels and alloys of certain
chemical composition should be reasonably determined
by experimental means.

Several determination methods of flow stress are avai-
lable, such as tension, compression, cylinder torsion, and
others. Flow stress determined under compression, ten-
sion, and torsion can be used with certain assumptions
in calculations of contact pressure during rolling. This is
attributed to differences under deformation development,
under temperature conditions, and other factors [1].

Direct determination of flow stress can be established
while rolling. The method of basis pressures can be used
with this aim [2]. However, such an approach is more
labor intensive and requires sufficiently powerful rolling
equipment. In addition, the rolling of one sample at once
and the same deformation provides sufficiently less data
than compression tests, which present data in the range
of true strain from 0 to ~1.

be achieved by using statistic methods of processing
large data arrays obtained from sensors and control sys-
tems of rolling mills. One year of operation of sheet
rolling mill provides information of about two million
passes [3, 4].

Using the above-mentioned values and validating
the results by compression tests (Gleeble), it is possible to
develop calculation procedure of flow stress on the basis
of industrial data without supplementary laboratory stu-
dies.

Modern rolling mills are intensively equipped with
sensors which allow very precise detection of actual pro-
cess parameters. The data obtained is collected at a high
sampling rate, accumulated in files, and can be used for
advanced statistical analysis. It should be mentioned that
due to high scatter of parameters influencing the process,
the data analysis from industrial rolling mills using clas-
sical methods is very difficult. In such cases machine
learning methods are widely applied for data cleaning
and highlighting of key features of the running processes.
In other countries, neural networks are used for forecas-
ting the physical properties of hot rolled thick sheet (flow
stress), rolling force, and other parameters. Using such
models, it is possible to significantly decrease expenses
of studies during development of new products.

For example, in [5] the neural network is used as adap-
tation of the various calculation methods of rolling force
(Sims, Tselikov) in a single rolling mill. The initial data
are both the standard rolling conditions (temperature,
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Table 1

Chemical composition of the considered samples, (wt. %)

Tabnuya 1. XuMH4ecKHi cOCTaB HCC/IeyeMbIX 00pa3ioB, % (1Mo macce)

Steel No. @ Si Mn Cr Mo Ni Nb Ti A%
1" 0.110 | 0.55 | 1.630 - - - - -
2 0.060 | 0.26 | 1.820 | 0.17 - 0.27 | 0.034 | 0.016 | 0.031
3 0.165 | 1.40 | 0.475 0.025 - - - 0.030
4 0.090 | 0.21 | 1.690 - 0.20 | 0.059 | 0.023 | 0.022

*Reference chemical composition for simulation.

compression, rolling geometry, and so on), and the calcu-
lated forces using the aforementioned procedures.

The researchers in [6—8] use machine learning
methods for description of curves obtained using Gleeble.
This approach allows more precise data to be obtained
than by classical approaches.

In [9], the use of general rolling parameters and a fully
connected neural network, the authors successfully fore-
cast rolling force and moment.

In [10 — 14] the simulation of the plastic properties
of various alloys at high temperatures are considered by
means of fully connected neural networks. The features
of this approach are discussed here.

Machine learning is also used for forecasting phase
transformations during rolling and analysis of material
properties, for which analytical dependences were not
developed [15 — 19].

The aim of this work is to determine the thermo-
mechanical coefficients for calculating flow stress
of selected steel on the basis of laboratory and industrial
studies. In order to achieve the formulated target, various
steel grades were analyzed by means of compression and
rolling tests, their rheological properties were determined,
and the model was proposed in accordance with machine
learning methods for calculating coefficients of the Han-
sel-Spittel equation.

©

[l ANALYZED MATERIALS, PROCEDURES
AND EQUIPMENT

Four variants of chemical composition of steels were
considered in this work used for production of rolled
products for pipes, grade K52 — K60. The chemical com-
position of the steels considered is summarized in Table 1.
Steels 1 — 4 are mentioned without grade specification in
order to preserve confidentiality.

For steel 1, the tests on the Gleeble facility were
carried out for basic chemical composition. However,
the data from industrial rolling mill was analyzed using
several variants of chemical composition, the main diffe-
rence being the content of niobium.

Compression test is one of the most popular methods
used to determine rheological properties. This method
allows carry out tests with high strain (about 60 %) and
strain rate up to 20-30 s™' to be carried out. In this work
the compression tests were carried out on the Gleeble
facility. A typical sample was a cylinder with the diameter
of 10 mm and the height of 15 mm.

One drawback of the method is changes in the sample
shape upon deformation from cylindrical to barrel type.
To reduce barrel distortion, a lining made of graphite and
tantalum foils was used between the dies and the sample
(Fig. 1). The samples were tested in the temperature range

Left die

Lining made of graphite
or tantalum foil
Thermocouple

N g
© =

2

/ / 15 mm
Sample
Right die
b c

Fig. 1. External view of the Gleeble 3800 test block (a), strain layout (») and sample for the experiment (c)

Puc. 1. Baemnnii Bun ucnbitarensaoro onoka Gleeble 3800 (), cxema nedopmanuu (b) u odpaserr st IKCriepruMeHTa (¢)
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of 750 — 1150 °C (with the increment of 50 °C) at three
strain rates: 0.1; 1, and 10 s~!. Therefore, 30 tests were
carried out for each steel grade. To obtain reliable results,
a thermal cycle was applied consisting of:

— treatment for solid solution, in order to dissolve car-
bonitride particles;

— heating to 1150 °C;

— preliminary strain (¢ = 0.1);

— holding up to complete static recrystallization;
— cooling to test temperature;

— main strain and quenching (Fig. 2).

As a consequence of tests a set of discrete curves was
obtained: true strain — true stress o(g).

Samples for tests on the Gleeble facility were fabri-
cated from industrial rolled products of the respective
steel grades.

[l RESULTS AND DISCUSSION

Partial test results of uniaxial compression of sam-
ples with the diameter of 10 mm and the height of 15 mm
for steels 2 and 4 at the strain rate of 1 s are shown in
Fig. 3.

The curves obtained can be subdivided into two types.
The first type describe strain comprised simultaneously
of strengthening and softening, and their ratio determine
the form of the curve. At the same time, softening starts
with very little strain dynamic. This tries to restore a previ-
ous state due to redistribution of dislocations. After achie-
ving equilibrium, the stress remains actually the same
with increase in strain degree. The curves of the first type

7,°C !
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0 L >
Treatment Strain tests t, min

for solid

solution

Preliminary

1250 °C, strain

30 min

1150 °C,
e=0.1

Main
strain

Start of complete
static
recrystallization

Fig. 2. Test thermal cycle

Puc. 2. Tepmuueckuii UK UCTILITAHUS

can be observed in a significant part of the considered
range of temperature and strain parameters. For example,
for steel 4 in Fig. 3 — these are the curves at 1050 and
950 °C.

The curves of the second type are obtained due to
low activation energy under the given strain conditions.
Dynamic recrystallization starts after achieving critical
density of dislocations at certain strain. If the dynamic
recrystallization starts before the achievement of equi-
librium state between strengthening and softening, then
the following is observed decrease in stress with strain
increase. The curves of the second type are observed
in the region of higher temperatures and low strain rates.
In Fig. 3, these are the curves at 1150 °C.

As mentioned above, the results of compression tests
on the Gleeble facility are true stress as a function of true
strain. However, this dependence cannot be directly
applied to the calculation of flow stress in strain source
upon rolling due to discreteness of the curves. For correct
use it is required to convert true stress into average stress
using the following equation [20]

200
180
160
140
120
100
80
60
40
20
0
200
180
160
140
120
100
80
60
40
20

True stress, MPa

True stress, MPa

0 0.2 0.4 0.6 0.8 1.0
True strain

Fig. 3. Effect of temperature 1150 (/), 1050 (2), 950 °C (3)
and true strain on true stress of steels 2 (a) and 4 (b)
at a strain rate of 1 s

Puc. 3. Bimsaue temmneparypst 1150 (1), 1050 (2), 950 °C (3)
u nedopMalvi Ha UCTUHHOE HanpsbkeHue craneii 2 (a) u 4 (b)
npu ckopoctu aedopmarmu 1 ¢!
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[ 2 5(8)de

o, ="t (1)
€~ &

where o(¢) is the stress curve obtained on Gleeble facility;
€,, &, are the initial and final value of true strain at the seg-
ment.

Also, for ease of calculation of rolling modes, the true
strain can be converted into a relative one using the fol-
lowing equation

g, =1—c* )

Figure 4 illustrates the curves before and after conver-
sion.

The influence of strain degree, strain rate and tempera-
ture obtained in the form of curves are often described by
the Hansel-Spittel equation [1]

c=A4,4,4,e"ume™’c,, 3)

where 4., 4,,4,,m ,m,,m, are the empirical coefficients;
e is the relative strain; u is the strain rate; 7 is the metal
temperature; o, is the average flow stress at basic test
parameters (in this work taken equal to € =10 %, u = 1
s, T=900 °C).

To eliminate the influence of variations, all the curves
were reduced to one basis in terms of strains. The con-
version procedure is illustrated in Fig. 5. On the basis
of the obtained data linear regression analysis was carried
out for Eq. (3), and the result of the approximation was
the coefficients m, = In(4,4,4,0;), m,, m,, m,

120

100

o)
S

Stress, MPa
o)
S

N
S

N
S

0 0.2 0.4 0.6 0.8 1.0

Strain

Fig. 4. Comparison of true (/) and average (2) stresses
of flow of steel 2 at 1150 °C and strain rate of 1 s!

Puc. 4. CpaBHeHHe KpUBBIX HCTHHHOTO (/) U cpexHero (2)
HarpsDKSHUs! TedeHust cTanu 2 npu temreparype 1150 °C
u ckopocty aeopmarmn 1 ¢!

Inc =In(4,4,4,emu™e ™’ c,); @)
Inc =In(4,4,4,6,) + m Ing + m)Inu—m,T. (5)

As a result, the following equations were obtained for
the considered steel grades:

= 0.2864,,0.1001 ,~0.002747 .

Oyeer ] = 2245¢ u e ; (6)
— 0.3334,,0.1097 ,~0.002887.

Oieel 2 2827¢ u e ; @)
= 0.2544,,0.1119 ,—0.00262T .

Oyeer3 — 1818¢ u e ; (8)

True strain . . Strain with the
from —> Relative strain by Eq. (2) —> increment of 0.01
Gleeble &
.[ o(e)de Average stress
’ by Eq. (1), MPa
€l o Average stress
True stress I o(e)de after
from c, = l approximation
Gleeble, MPa €~ regression, MPa
o +
| A B | ¢ D E | F G | H
1 0 12,12574 0 0 0 0 0
2 8E-05 12,36211 0,000980 8E-05 12,24393 0,01 49,35890
3 | 0,00017 11,80127 0,002067 0,00017 12,15804 0,02 59,00201
4 | 0,00028 12,44327 0,003400 0,00028 12,14399 0,03 65,93980
=i 0,00025 11,28970 0,003519 0,00029 12,13442 0,04 70,93313
6 0,00035 11,83888 0,004213 0,00035 12,03668 0,05 74,79515
7 | 0,00041 11,89151 0,004925 0,00041 12,01158 0,06 77,91432
8 0,00052 11,94710 0,006236 0,00052 11,99206 0,07 80,53330
9  0,00053 11,40753 0,006353 0,00053 11,98613 0,08 82,79469
10 0,00053 11,47177 0,006353 0,00053 11,98613 0,09 84,80606
11| 0,00053 12,03976 0,006353 0,00053 11,98613 0,10 86,57971
12| 0,00086 11,70751 0,010271 0,00086 11,94296 0,11 87,91336
13 0,00088 11,78279 0,010506 0,00088 11,93846 0,12 89,27686
14 0,00064 12,06498 0,007644 0,00064 11,94393 0,13 90,75065

Fig. 5. Conversion algorithm of true stress — true strain to average flow stress — strain

Puc. 5. AJIFOpI/ITM repecueTa KpUBbIX UCTUHHOC HAIIPSIKEHUE — UCTUHHAs L[e(bopMaum{ B CpeAHEC HAIIPSXKCHUC TCUCHUS — L{e@)opMaum{
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o] = 264980'3142M0'0989€_0'00285T.

steel 4 (9)

Another possible method of obtaining data on flow
stress is to analyze results from industrial rolling mills.
In comparison with laboratory conditions, the industrial
environment can entail higher strain degrees, complicated
strain—stress states, significant temperature heterogeneity
with large size of workpiece, non-standard friction condi-
tions and other factors, making obtaining of precise results
more difficult.

In this paper it is proposed to use reverse calcula-
tions of flow stress from rolling force using classical
approaches [2], based on data from industrial rolling
mill 5000. Then, to calculate the coefficients of the equa-
tion of the Hansel-Spittel equation. The calculations were
based on each separate pass (the data from more than
310 thousand passes were studied).

This work analyzed only roughing stage. The roll-
ing width was from 2500 to 4500 mm, and the thickness
was from 50 to 350 mm. The remaining parameters in
the learning sampling were varied as follows: strain from
0.02 to 0.27; strain rate from 0.42 to 5.93 s™!, temperature
from 920 to 1150 °C.

The flow stress was calculated using the data from
rolling mill (thickness, compression, diameter of rolls,
temperature and other process variables). This was based
on a procedure similar but inverse to calculations of roll-
ing force according to Tselikov [2]. Based on the example
of steel 1, let us consider the form of the dependence
obtained in comparison with data from the Gleeble facil-
ity (Fig. 6).

At compressions more than 10 %, the properties deter-
mined by the two methods are identical, herewith, up
to 10 % the flow stress from the rolling mill significantly
exceed the data from Gleeble facility. We believe that
this can be attributed to the features of recrystallization
of the austenitic grain, as well as to errors in back calcula-

140

tion of flow stress when classical theories of rolling are
used. It should be mentioned that this effect is observed
not for all variants of steel grades but mainly for those
containing niobium.

To consider this, a model was developed on the basis
of gradient boosting (Catboost library). As a learning sam-
pling, the data for steel 1 was taken for different chemical
compositions (7 variants in total). 15 features were used:
chemical composition, compression; time before passes;
strain rate; rolling thickness; temperature and number
of passes. The relative difference between the calcu-
lated flow stress from the rolling mill and the data from
the Gleeble facility was taken as the targeted feature.
The values obtained were subdivided into testing and
learning samplings in the ratio of 75 — 25 %.

The RMSE (root mean square error) was taken as
the loss function. In addition, the R2 metrics, coeffi-
cient of determination, was used for quality estimation
of the obtained forecasted data.

The model was traoned by selection of optimum
parameters using grid_search, and carried out as follows:

— ‘learning_rate’: [0.05, 0.1, 0.3];

— ‘depth’ (tree depth, that is, number of partitions
before forecast): [4, 6, 8, 10];

— ‘12 _leaf reg’ (coefficient of regularization 12): [4, 6, §].

The best parameters were as follows: ‘depth’ = 8§,
‘learning rate’ = 0.3, ‘12 leaf reg’ = 6. The obtained pre-
cision of the model by the RMSE metrics is 3.2 MPa,
R2 0.97.

The most important features are illustrated in Fig. 7.
As can be seen, the most important are the features directly
influencing of strengthening and softening, namely: strain,
niobium content, strain rate.

The model performance was then tested for steels 2 — 4.
Dependences of flow stress based on data from rolling mill

160

a b

120 140
< 100 120
= i
N 100
g 80
‘% 60 sor
= 60
) N
g 40 0L

20 20 F

O 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

Compression, %

Compression, %

Fig. 6. Comparison of calculated flow stress using industrial data (A)
with data from Gleeble facility (O) for steel 1 in two versions — with (a) and without niobium (b)

Puc. 6. CpaBHeHHE pacueTHOTO CONMPOTUBICHNUS Ae(pOPMALNH IIPU MOMOIIH IPOMBIIIICHHBIX JaHHBIX (A)
u ¢ ycranosku Gleeble (O) aus cranu 1 B 1ByX Bapuantax — ¢ HHooueM (a) u 6e3 uuodus (b)
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Fig. 7. Significance level of the model features

Puc. 7. YpoBeHb 3HAYMMOCTH MTPU3HAKOB JISI MOJCTTH

before and after application of the model to the mentioned
steels are shown below.

As can be seen in Fig. 8 and Table 2, application
of the model significantly improves the accuracy of deter-
mining flow stress. For steel 2, the RMSE parameter
decreased by 6.5 times, and the R2 parameter from nega-
tive value increased to 0.94. For steels 3 and 4, the result
was less precise — RMSE: 5.37 and 5.88 MPa, R2: 0.89
and 0.85.

On the basis of the data obtained, the coefficients
of the Hansel-Spittel equation were calculated. Com-

parison with the data from the Gleeble is shown in
Table 3. The coefficients differ mainly due to the features
of description method of stress — strain curves. Therefore,
it would be reasonable to compare not single coefficients
but their combined action, that is, calculated flow stress.
As can be seen in Table 2, the absolute calculated values
by two procedures differ by 3 — 7 %.

Therefore, application of the obtained coefficients
provides satisfactory precision of determination of flow
stress in the above-mentioned range of process variables.
The models of flow stress obtained by statistical process-
ing of industrial data can be applied for engineering cal-
culations of PPP.

[ ConcLusiOoNs

The flow stress of four steel grades with various chemi-
cal compositions measured by Gleeble was compared
with the measurements at rolling mill 5000.

The discrete curves obtained in the experiments were
approximated, and the coefficients of the Hansel-Spittel
equation were determined.

It was demonstrated that upon calculation of flow
stress on the basis of industrial data at compression less
than 10 %, the data does not agree with those obtained
at the Gleeble facility.

In order to account this phenomenon, it was pro-
posed to use the machine learning model based on gradi-

Table 2

Comparison of the determination precision of flow stress before and after application of the model

Ta6ﬂuua 2. CpﬁBHeHﬂe TOYHOCTH ONpeaeIeHUs CONMPOTUBJICHUA ne(l)opMauml A0 " IM0CJI€ UHCITOJIb30BaAHUA MO/1€C/IN

Steel | Before application of the | Before application | After application of the | After application
No. RMSE model, MPa of the R2 model RMSE model, MPa of the R2 model
2 20.40 -8.850 3.74 0.938
9.15 0.574 5.37 0.887
4 17.20 -2.170 5.88 0.848

Table 3

Comparison of the HenselSpittel coefficients according to the data obtained from MillS000 and from Gleeble facility

Tabnuya 3. CpaBHenune ko3¢ dpuuuentoB Xenseas-llnurresns mo 1aHHbIM, MOTy4YeHHBIM co cTaHa S000 u ¢ ycranoBku Gleeble

Steel No. const
2 (industrial data) 2607
2 (Gleeble data) 2827
3 (industrial data) 1547
3 (Gleeble data) 1818
4 (industrial data) 2321
4 (Gleeble data) 2649

k1 k2 k3
0.345 0.143 —0.00279
0.333 0.109 —0.00288
0.163 0.184 —0.00275
0.254 0.111 —0.00262
0.276 0.166 —0.00286
0314 0.098 —0.00285
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Fig. 8. Flow stress as a function of compression for steel 2 (a, b), 3 (¢, d), 4 (e, f)
before (a, ¢, e) and after (b, d, /') application of the model:
A — industrial data; O — data from the Gleeble installation

Puc. 8. 3aBucumocTs conpoTtuBiIeHUs Aedopmariu ot odxarus it cramu 2 (a, b), 3 (¢, d), 4 (e, f)
1o (a, ¢, e) unocne (b, d, /) npuMEHEHHs] MOAECIH:
A — IpoMBIIIUTIeHHBIE aHHbIe; O — naHHble ¢ ycraHoBKH Gleeble

ent boosting (Catboost library) . The best model param-
eters were as follows: ‘depth’ = &, ‘learning_rate’ = 0.3,
‘12 _leaf reg’” = 6. The model learning was based on
industrial and laboratory data of one and the same steel
grade with several variants of chemical composition.
The obtained precision of the model with test selection by
the RMSE metrics equals to 3.2 MPa, R2 is 0.97.

The use of this model allowed to achieve the precision
of flow stress determination to be increased significantly.
For steel 2, the RMSE parameter decreased by 6.5 times.
The R2 parameter from negative, increased to 0.94. For
steels 3 and 4, the results were less precise — RMSE: 5.37
and 5.88 MPa, R2: 0.89 and 0.85.

A comparison of the industrial values of flow stress
with the data obtained by Gleeble demonstrated close
results and the capability to use the described approach to
analyze steel flow stress based on industrial data.
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PROPERTIES OF SPHERICAL METAL POWDER
MANUFACTURED BY PLASMA SPRAYING
OF 03CR17N110MO2 STAINLESS STEEL WIRE

M. A. Kaplan!®, A. D. Gorbenko 2, A. Yu. Ivannikov?,
S. V. Konushkin?, A. V. Mikhailova®?, A. A. Kirsankin?,
A. S. Baikin?, K. V. Sergienko !, E .0. Nasakina?,

A. G. Kolmakov?!, M. A. Sevost'yanov -2

I Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119991,
Russian Federation)

2 All-Russian Research Institute of Phytopathology (5 Institut Str., Bol’shie Vyazemy Vil., Odintsovo District, Moscow Region
143050, Russian Federation)
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Abstract. Stainless steel spherical powders are commonly used as additives in such manufacturing processes as selective laser melting, selective laser

sintering, direct laser sintering, electron beam melting, and others. These processes require high-quality spherical powders. The purpose of this
study is to develop a manufacturing process for making spherical powder by plasma spraying of a I mm dia. wire, stainless steel 03Cr17Nil0Mo2
(US analog: 316L steel grade) and to analyze the powder suitability for additive manufacturing. We refined the spherical powder manufacturing
process and studied the spraying conditions vs. —160 pm fraction yield relationship, since this fraction is required for additive manufacturing. As
the arc power gas flow rate increases, the —160 um fraction yield increases to over 70 %. The powder has high fluidity (17.6 £ 1 s), bulk density
(4.15 £ 0.1 g/cm?), and tapped density (4.36 + 0.2 g/cm?). It is suitable for additive manufacturing applications. We also studied the effect of the
spherical powder fraction size distribution on the fluidity, bulk density, and tapped density. The best results (fluidity: 16.64 £ 1 s; bulk density:
4.16 £ 0.1 g/cm?; tapped density: 4.38 + 0.2 g/cm?) were obtained for 90 um fraction. With these properties, the powder meets the basic additive
manufacturing requirements: less than the 30 s/50 g fluidity, and bulk density exceeding 3 g/cm®.

Keywords: stainless steel, plasma spraying, spherical powder, powder properties, grain size distribution, morphology, fluidity, bulk density
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AHHomayus. B Hacrosiiiee BpeMs IIOPOILIOK €O ChepuuecKUMH YaCTUIIAMU U3 KOPPO3HOHHOCTOMKHUX CTaJIH HCIIONB3YIOT B TAKUX PACIIPOCTPAHEHHBIX

aJTUTHBHBIX METOJAX, KaK CEJICKTHBHOE Ja3epHOE IUIaBICHUE, CEICKTHUBHOE JIa3epHOE CIIEKaHUE, MPsMOE JIa3epHOe CIEKaHUe, dIEKTPOHHO-
JydeBast IulaBka U Jpyrux. Kaskaplit n3 9TUX METOJOB HpEIbsBISIET BBICOKHE TPEOOBAHUS K XapaKTePUCTUKAM C(HEPUUECKHX YaCTHUILL IOPOIIKa
KOPPO3HOHHOCTOUKHX cTaieil. JlaHHas paboTa MOCBAIICHA IOTYyYeHUIO ChepHIECKOro MOPOIIKa METOAOM IIIa3MEHHOTO PACIIBUICHHS IIPOBOIOKH
quamerpoM 1 MM U3 koppo3uonHoctoiikoit cramu 03X17H10M2 u uccrne1oBaHHIO XapaKTePUCTHK MOPOIIKA HA IPUTOIHOCTh ISl IPUMEHEHUS
B aJIUTHBHBIX MeTofax. OTpaboTaHa TEXHOMIOTHA MOTy4YeHUs C(hepUIECKOro MOPOIIKA H H3ydeHa 3aBHCHMOCTb BIUSHHSA PEKUMOB PACIIBLICHHS
Ha BbIX0J (pakiuu MeHee 160 MKM, IPUrOJHON 11 aAJUTUBHBIX MeTo0B. C yBEIMUYEHHEM MOIIHOCTH M PACXO/a ra3a BbIXOJ (paKkLUU MEHee
160 mxm yBennuuBaercst u gocturaet 6osiee 70 %. [lomyuenHslii mopomok o6asaer BHICOKOH TekyuecTbio (17,6 + 1 ¢), HACBITHOI MIOTHOCTBIO
(4,15 0,1 r/em?), moTHOCTBIO TOCHE YTPsCKHU (4,36 £ 0,2 r/cM3) ¥ PUTOAEH [T TIPUMEHEHHS B a/UIMTUBHOM NpOHM3BozicTBe. Takke usyueHa
3aBHCHMOCTD BIHAHUS (pakiuu chepHIecKoro MOpOIIKa Ha TEKydecTb, HACHIIHYIO ILIOTHOCTh M IUIOTHOCTh IOcie yTpsckd. Hawmmydmme
XapaKTEepUCTHKH TMOJNYYHIuch st dpakuun —90 MKM: TekydecTs 16,64 + 1 ¢, HacwimHas mwiotHocts 4,16 +0,1 r/eM® u 1wotHOCTH TOCTE
yrpscku 4,38 + 0,2 r/cm?. JlaHHBIE HOKAa3aTeId COOTBETCTBYIOT TPEOOBAHMAM, NPENBABIAEMBIM K IOPOIIKAM, IPHMMEHAEMBIM I AJIUTHBHOTO

NPOM3BOJICTBA, & KMEHHO TeKyuecTH 50 I nopomika MeHee 30 ¢ M HACBITHOMN MIIOTHOCTH Gonee 3 r/cM?.

Knioueavle c108a: Koppo3HOHHOCTOKAS CTallb, IA3MEHHOE IUCIIEPrUPOBaHKe, C(hepruyecKHil MOPOIIOK, CBOHCTBA TIOPOIIKOB, TPAHYIOMETPHUESCKUI

CcocCTas, MOp(I)OJ'IOI‘I/I}I, TCKY4C€CTb, HACBIITHASA IIJIOTHOCTH

BaazodapHocmu: ViccnenoBaHue BBIIONHEHO B paMkax [oczaganus Ne 075-01176-23-00 npu noxnepaxke crunenauu Ipesunenra CI1-4955.2022.4.

s yumupoeanus: Kammnan M.A., T'op6enko A.Jl., VBarnukos A.1O., Konymkun C.B., Muxaitnosa A.B., Kupcankun A.A., banknun A.C., Cep-
ruenko K.B., Hacakuna E.O., Konmakos A.T"., CeBocthsiHoB M.A. HccnenoBanne XapakTepHCTHK CHEPHUSCKOro MOPOIIIKA, TOTYIEHHOTO METOIOM
IU1a3MEHHOTO PACIIbIICHHS IPOBOJIOKU U3 KOPPO3HOHHOCTOHKOMH cTamu 03X 17H10M2. M3eecmus 6y3o6. Yepnas memannypeus. 2023; 66(1): 81-85.
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- INTRODUCTION

Stainless steels have many applications (medical
equipment, agriculture, aerospace, automotive, and food
industries) for their high strength, ductility, and corrosion
resistance [1 —4]. A chromium-rich oxide layer builds
up on the surface and protects the steel from corrosion.
03Cr17Ni10M2 (US analog: 316L) is a popular stainless
steel grade. To date, it is the most cost-efficient material
for corrosive environments. The steel is widely avail-
able, easy to manufacture, and has high corrosion resis-
tance [5 — 9].

Advanced additive manufacturing processes can make
complex parts without the limitations of conventional
subtractive manufacturing [10 — 13]. The raw material
is metallic spherical powder. Its quality is paramount for
the properties of the final product [14]. Spherical pow-
ders for additive manufacturing should have such proper-
ties as high fluidity, bulk density, homogeneous chemi-
cal composition, and particle size distribution [15 — 18].
The particle size of additive manufacturing powders is
less than 160 um. For example, melting processes use
powders with particle sizes less than 60 um, and surfac-
ing, less than 160 pm [19]. Powders with particle sizes
over 160 um can be used in other processes such as sinter-
ing and/or hot pressing.

We refined the plasma spraying process for a higher
yield of the particle size fraction suitable for additive
manufacturing. We also studied the particle size distri-
bution, morphology, fluidity, bulk, and tapped density
of the spherical powder.

[l MATERIALS AND METHODS

The powder was made from an industrial-grade wire,
1 mm dia., 03Cr17Nir10M2 (316L) steel grade. We made
the spherical powder by wire spraying using a lab plasma
spraying system (Russian Federation patent No. 2749403).
Fig. 1 shows the system layout.

Air is evacuated from chamber / and then the cham-
ber is filled with argon. Next, the plasmatron 2 is acti-
vated to generate a plasma jet, and wire feeder 3 feeds
wire 4. An electric arc is excited between the free ends
of the wires, and the wire melts. The system has feeders 5
and 6 delivering power to the wires to ignite an elect-
ric arc. Spherical particles are produced by pulverizing
with the plasma jet. The atomized powder particles move
along chamber / (direction /). Annular nozzle 7 produces
a counter flow of cooling gas which slows down and cools
the powder particles (direction /7). The powder particles
are collected in bin 8. Argon was used as the plasma-for-
ming and atomizing gas.

After atomization, the powder was separated into frac-
tions using an ANALYSETTE 3 SPARTAN vibratory
sieve shaker (Germany). We used a JEOL JSM-IT500
scanning electron microscope (SEM) to obtain the powder
particle images. An Analysette 22 NanoTec laser particle
sizer was used for powder particle size analysis. The flui-
dity and bulk density were measured with an HFlow-1
Hall flowmeter, in accordance with the state standards
GOST 20899-98 and GOST 19440-94, Part 1. The tapped
density was measured in accordance with the state stan-
dard GOST 25279-93 using a BeDensi T1 analyzer.
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Fig. 1. Layout of wire plasma spraying system

Puc. 1. Cxema ycTaHOBKH IO MJIA3MEHHOMY TUCTIEPTUPOBAHHIO
MPOBOJIOKU

[ RESULTS AND DISCUSSION

We investigated the effect of electric arc power and
gas flow rate on the yield of fraction suitable additive
manufacturing (less than 160 pm) using a 1 mm dia.
industrial-grade wire, 03Cr17H10M2 (316L) steel grade.
We selected the process variables to make spherical pow-
der by plasma spraying. The results are shown on Fig. 2.

As the electric power and gas flow rate increase,
the yield of the —160 pm fraction increases to over 70 %.
When the power exceeds 4 kW, the chamber overheats rap-
idly, so the process has to be paused for cooling. We found
the conditions (power: 4 kW; gas flow rate: 250 I/min) for
continuous spherical powder manufacturing.

Then we studied the particle size distribution and
morphology of the resulting spherical powder made
of the 03Cr17Ni10M2 steel grade wire. It was found that
70 % of the particles are smaller than 167 um (Fig. 3).
The SEM images of the powder particles show that the
shape of the particles is almost spherical with no visible
defects. The powder is suitable for additive manufacturing
(Fig. 4).
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Fig. 2. Spraying conditions vs. yield (<160 um)
of particles suitable for additive manufacturing

a — electric arc power; b — gas flow rate
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Fig. 4. SEM images of the powder particles made
from the 03Ch17Nil0Mo2 (316L) wire

Puc. 4. COM u300paxkeHust 4aCTHULL TIOPOILKA, 1OTyYEHHOTO
u3 npoBosoku 03X17H10M2

We studied the bulk density, fluidity, and tapped den-
sity vs. particle size relations. The results are presented in
the table.

It can be concluded that the smaller the particle size,
the higher the fluidity (16.64 to 22.9 s), while the bulk
and tapped density for all particle sizes remain unchanged
(average values: 4.15 and 4.38 g/cm’, respectively).

[ ConcLusiONs

We studied the effect of spraying conditions on the yield
of particles smaller than 160 um suitable for additive
manufacturing. As the arc power gas flow rate increase,
the —160 pum fraction yield increases to over 70 %.

We refined the spherical powder manufacturing by
plasma spraying on a 1 mm dia. industrial-grade wire,
03Cr17Nil0Mo2 (316L) steel grade. The optimum condi-
tions are as follows: 4 kW arc power, 250 1/min gas flow
rate. The yield of fractions smaller than 160 pm exceeds
70 %. The resulting powder properties are 17.6 + 1 s flui-
dity, 4.15 £ 0.1 g/cm? bulk density, and 4.36 + 0.2 g/cm?
tapped density. The powder is suitable for additive manu-
facturing.

We also studied the effect of the spherical powder
particle size on the fluidity, bulk density, and tapped den-
sity. The best results (fluidity: 16.64 + 1 s; bulk density:

Powder Properties

Characteristics of the powder

Particle
: 250-160| 160-90 | 90 ~160
size, um
Fluidity
fs  |229+1.0] 186210 16.64+1.017.6% 1.0
Bulk density
poglom’ [415£02] 415402 | 416202 [4.15+0.1
Tapped density

poglem’ [441£02] 435202 | 438+02 [436+0.2

4.16 = 0.1 g/cm?; tapped density: 4.38 + 0.2 g/cm?) were
obtained for a —90 pm fraction.
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Abstract. This paper examines the crack geometry of briquettes in magnesium oxide (MgO), a slagging material widely used in iron and steel making
applications. Geometry measurement data and crack layout in briquettes are produced by roll briquetteizing. Cracking in briquettes is likely due to
the workflow of roll briquetteizing. This defect affects the strength of briquettes and yield ratio (plus productivity rate) during briquetteizing using
roll baling presses. A number and angles of cracks in respect to the briquetteizing direction were identified in accordance with photos of briquette side
surfaces using graphical software.

Keywords: briquette, roll mill briquetteizing, MgO, cracks, crack angle, briquette strength, maximum tangential stress
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AnHomayus. B paGote paccMOTpeHa reoMeTpust TPeLMH B 00beMe OPUKETOB U3 IITAKOOOPa3yIoIero MaTtepraa, IHPOKO UCHOJIL3YeMOro B YepHOIt
Metautypriud — okcuna maraus MgO. TlpeacTaBieHbl pe3ynbraThl U3MEPEHHsI TEOMETPUM M PACIIONOKECHHs TPEIMH B 00beMe OpUKETOB,
MOJIy4EHHBIX METOZIOM BAJIKOBOTO OpUKETHPOBaHMS. BO3MOXHOCTb MOSBICHHS TPEIIMH B 0ObeMe OPUKETOB SIBISIETCS TEXHOJIOTHMYECKOH
0COOCHHOCTBIO BAJIKOBOTO OPHKETHPOBAHUS. DTOT Je(EKT BIHSCT Ha IPOYHOCTH OPHKETOB, & TAKXKE Ha BBIXOJ F'OAHOTO (M IPOM3BOAUTEIHLHOCTD)
B Ipolecce OpUKETHPOBAHMS HA BAJIKOBBIX OPHUKETHPOBOUYHBIX Hpeccax. KoauuecTBo M yroi HAakIOHA TPEIIMH OTHOCHTEIBLHO HarpaBlICHHsS
OpHKETUPOBAHUSI ONPe/IesIeHO 110 GoTorpadusmMm GOKOBON MOBEPXHOCTH OPHKETA C HCIIOIb30BaHUEM IPAPUIECKUX MPOrPAMM.

Karoueswle cao8a: 6pI/IKCT, BaJIKOBOC GPHKCTI/IpOBaHI/IC, OKCH/I Maruusi, TpCIKUHbI, YIOJl HAKJIOHA TPEUIHUHBI, IIPOYHOCTH GPHKCTOB, MaKCUMaJIbHOC Kaca-
TCJIbHOC HANIPSHKECHUE

/Jlns yumupoeanus: babaiinos H.A., Jlorunos 10.H., [Tonstackuit JI.U. Tpemuroobpa3oBanue B OpukeTax U3 OKCUIa Maruusi. Mzeecmust 8y306. Yep-
Has memannypeus. 2023; 66(1): 86-88. https://doi.org/10.17073/0368-0797-2023-1-86-88

MgO (its content in slag varies from 10 to 20 %) is Roll pressing techniques are commonly used [1, 2]
a mandatory component for steelmaking slags. Quanti- in order to prepare powdered materials for metallurrgical
ties of MgO in slag control its viscosity. MgO enhances processing. Roll presses have rolls equipped with cells of
slag sulphur-scavaging capabilities, as well as the lining  one shape or another [3]. Transverse and diagonal cracks
strength of steel-making furnaces and ladles. are formed when pressing and rolling powder-metallur-
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a

External view of cells on the roll () and magnesian briquette (b) (the image is rotated), arrow shows briquetting direction

BHeurHuii BuJ sueek Ha Baiyike (a) U BUJ MarHe3uajabHOro Opukera (b) (n300pakeHHe MOBEPHYTO),
CTpeIKa OKa3bIBaCT HAIPABICHHE OPHKETHPOBAHHS

gical materials. This defect is commonly seen in powder
metallurgy [4, 5]. The strength properties of products are
governed by this defect.

The aim of this work is to define the geometry and
layout of the cracks subject to formation at high pressing
pressure in the event of dry briquetteizing of cryolite, alu-
minium fluoride, MgO, etc.

Ten magnesian briquettes were studied after bri-
quetteizing using roll presses in rolls (or bands) with
mechanically processed cells (Fig. a). The particle-size
composition varies from 0 to 1 mm. Briquette density
is 2,100 kg/m?3. Falling strength of briquettes ranges from
75 to 92 %. The briquette dimensions are as follows:
length L =32 + 1 mm; height # = 19.5 + 0.5 mm; breadth
B =29+ 1 mm. In this paper the so-called “dry briquet-
teizing” method (i. e. briquetteization with no binder or
water) is applied. During briquetteizing the baling press
roll gap is 5 mm. Fig. » shows an image of the MgO bri-
quette side surface which demonstrates clearly visible
cracking.

As seen in the figure, the cracks are positioned close
to the rear portion of the briquette. It was previously
shown that the roll mill cell has a pressurizing side and
an opposing side of the process circuit. Whereas high
pressure is created on the pressurizing side, this side
is involved in creating the rear portion of the briquette.
In this specific case, cracking was formed in the high
pressure area, i.e. these cracks are induced by over-pres-
sure.

Using our graphical software, we calculated aver-
age crack angles in the top and bottom of a briquette
(¢, =49.2° and ¢, = 48.4°). The visible cracks in bri-
quettes amount to 5 — 6 pcs. Average crack angle in a
briquette is 48.8° (this value is within 45 — 60°.) Nor-
mally, the formation of cracks with an angle of approx.
45° to the = axis is associated with maximum tangential
stresses in place.

CONCLUSIONS

The findings reveal that cracks in briquettes are formed
in the rear portion of a briquette i. e. where high pres-
sure exists. One recommendation for the remedying of
such defects (over-pressing induced cracking) obtained
is to increase the gap between rolls of briquetting press.
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Abstract. Smelters in the Urals procure only 50 — 60 % of raw materials from local sources. The rest is imported from Central Russia, the Kola
Peninsula, and Kazakhstan. Switching to local raw materials would increase the competitiveness of the Urals metals, so local alternatives
should be considered, such as siderite ore from the Bakal deposit. The ore is in low demand due to its low iron content and high magnesium
content. The higher the siderite content in the charge, the higher the magnesium oxide content in the slag. This affects the slag viscosity, so for
siderite content exceeding 20%, melting is difficult or impossible. We proposed the addition of boric oxide to liquefy the slag. The simulated
slag (Ca0 26.8 %; SiO, 38.1 %; Al,O, 11.8 %; MgO 23.6 %) identical to that produced by the Magnitogorsk Metallurgical Plant (MMK) blast
furnaces with the addition of 30 % of calcined siderite is short and unstable. The temperature when the slag viscosity is equal to that at the blast
furnace taphole (0.5 Pa-s) is 1390 °C, while the melting point (2.5 Pa-s viscosity) is 1367 °C. The addition of boric anhydride makes the slag
long and stable. As the B,O, content is increased from 0 to 12 %, the temperatures at which the slag viscosity is 0.5 and 2.5 Pa-s decrease to
1260 and 1100 °C, respectively. The study shows it is possible to significantly increase the siderite content in blast furnace charge.

Keywords: iron-ore raw materials, Bakal siderites, viscosity, slag, boron oxide, magnesium oxide, melting temperature
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BAUAHUE 3203 HA BA3KOCTb
BbICOKOMAIHE3UA/IbHbIX AOMEHHbIX LW/IAKOB

A. C. Bycuxuc'®, J1. U. JleoutbeB ' %3, P. U. T'ynsieBal,
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AHHomayus. Ha Merauryprud4eckux NpeanpusTHsIX Ypaja J1ojiss MecTHoro ceipbsi coctaBisieT 50 — 60 %. Ero neduuut xomnencupyercs
HCIIOJIb30BAaHUEM MaTepUasoB, 3aBO3UMbIX U3 LlenTpansHoii Poccun, Komabckoro momyoctposa n Kazaxcrana. 3aMeHa UX Ha MECTHOE CHIPbE
YBEIUYUT KOHKYPEHTOCHOCOOHOCTh IMPOM3BOAMMOIO Ha Ypalie MeTajla, M03TOMY BOINPOC OLEHKH BO3MOXHOCTH 3aMEHbl IMPUBO3HOIO
CBHIPbS Ha MECTHOE SIBJISICTCS] BEChbMa aKTyaJbHBIM. TakKMM ChIPbEM MOTYT OBITH CHJCPUTOBBIC PyAbl bakanbckoro mecropoxaeHus. OHu He
HOJIB3YIOTCS CIIPOCOM Y METAJLTYPrOB U3-3a HU3KOT'O COJIEPKAHUS JKeJe3a U BBICOKOTo cojepxanus Maraus. C pocToM KOJIMYeCcTBa CHIEPUTOB
B IINXTE yBEIUUUBACTCS COJEPIKAHUE OKCH/IA MarHUs B IIUIAKE, YTO BIMSET HA €r0 BSI3KOCTh U JIENIaeT 3aTPyAHUTEIbHBIM HIIM HEBO3MOXKHBIM
IUIaBKY C ucnoib3oBanueM 6oiaee 20 % cupeputos. s pa3KiKeHUs IIaKa IPEUI0KEHO UCTI0NIb30BaTh okcu Oopa. CHHTETHUECKUH 1UIaK,

coznepxamuit 26,8 % CaO, 38,1 % Si0,, 11,8 % Al,0,, 23,6 % MgO, Mojienupyroluii cOCTaB MmIaka JIOMEHHON M1aBKu MarHuToropckoro
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MeTajulyprudeckoro kombunara ¢ go6aBkoit 30 % 0O0O0XIKEHHBIX CHICPUTOB, SIBJISETCS KOPOTKUM WU HeycToituumBbeiM. Temmeparypa,
IIpU KOTOPOH €ro BA3KOCTh COOTBETCTBYeT Bsi3kocTH Ha BeImycke (0,5 Ila-c), cocrasmser 1390 °C, a Temmeparypa, COOTBETCTBYIOIIAs
TeMrieparype miaBieHus (Bsskocth 2,5 [la-c), cocraBusier 1367 °C. Ecnu B Takol muiak g00aBUTh OOpHBIM aHTHIPHUI, OH CTAHOBUTCS
IUIMHHBIM U yCTOH4UMBBIM. B pacnnasax npu ysenuuenun noiu B,O; ot 0 1o 12 % Temmeparypa, Ipu KOTOPO# BSA3KOCTB IIITAKA COCTABIISIET
0,5 u 2,5 Ia-c, camxkaercs 10 1260 u 1100 °C cooTBETCTBEHHO. JTO JieIaeT BO3MOXKHBIM 3HAUUTEIIBHOE YBEIUYCHHUE JOJIH CHUICPUTOB B

JTOMEHHOMN IINXTE.

Kawuessle cao8a: KCJIC30PYTHOC ChIPBE, OakaJbCKHe CUICPUTHI, BA3KOCTD, IJIAK, OKCU 60pa, OKCHJI MarHusl, TEMIIEpaTypa IJIaBJICHUS

Bbaazodaprocmu: Pabora BbInosiHeHa pH mojaepkke Poceuniickoro HayaHoro ¢o/a 1mo npoekty Ne22-29-00400.

Ansa yumupoeanusa: Bycuxuc A.C., Jleontses JLU., T'ynsesa P.U., Cepreesa C.B., Triommskos C.H. Biusuue B,O, Ha BA3KOCTh BBICOKOMArHe3u-
AbHBIX JOMEHHBIX IIAKOB. M36ecmus 6y306. Yepnas memannypeus. 2023; 66(1): 90-96. https://doi.org/10.17073/0368-0797-2023-1-89-96

Smelters in the Urals procure only 50-60 %
of the raw materials from local sources. The rest comes
from the central and northwestern regions of Russia and
Kazakhstan, since less than half of the 50 iron ore deposits
in the Urals region are in operation [1 — 5], and the pro-
duction rate does not match demand. There are several
reasons for that. The siderite iron ore extraction volume
at the Bakal deposit (Southern Urals) with its about 1 bln.
ton reserves are far less than the deposit capacity due
to low demand for low-grade ore. The magnesium oxide
content in the mining waste is about 40 — 50 % [6 — 8]. For
this reason, siderites can be used only as additives to blast
furnace charges or sinter cakes. Bakal siderite is unsui-
table as the key component of the blast furnace charge,
since the slag will have a very high melting point [9].

Slags are melted in a certain temperature range, so
the melting point (7' mp) is not constant. It is either the liqui-
dus temperature (7)) above which the slag is completely
liquid or the temperature at which the slag begins to freely
flow from the coke packing (the required viscosity should
be less than 2.5 Pa-s).

Also, the slag melting point should be below 1400 °C
for smooth, safe smelting, and the slag should have suf-
ficient mobility in the 1400 to 1500 °C temperature
range [10 — 13].

The viscosity of acidic slags grows slowly over a rela-
tively wide range of temperatures. That is why such slags
are called “long slags”. Basic slags become thicker as
the temperature drops below the crystallization point due
to heterogenization and solid phase formation. The thicke-
ning occurs in a narrow temperature range. Such slags are
called “short slags”.

Both slag temperature and fluidity are important variab-
les in the blast furnace smelting process. Indeed, the vis-
cosity of melted slag is the key property affecting blast
furnace stability and efficiency and the entire smelting pro-
cess. Many researchers [14 — 21] have studied the correla-
tion between the slag component (e.g, magnesium oxide)
content, melting point, and viscosity. Authors [14 — 16]
studied the effects of slag composition on its properties
over a wide range of component contents. The results are
in good agreement with the studies of a narrower range
of contents [17 — 21].

90

Any blast furnace slag consists of four basic compo-
nents: CaO—Si0,—MgO—-AlLO;. For such melts contain-
ing less than 15 % of alumina, an increase in the base-to-
silica ratio (R) from 0.6 to 1.5, and the magnesium oxide
content from 0 to 20 % leads to the melting point increase
to 1350 — 1400 °C and narrowing the solidification tem-
perature range. The slags become “shorter”. Any amount
of magnesium oxide can be added. Slags containing more
than 25 % MgO are not flowable below 1400 °C.

Raising the MgO content from 0 to 25 % in the slag
with 0.6 — 1.5 the base-to-silica ratio results in a visco-
sity drop to a minimum. The minimum value depends
on the alumina content and temperature. Acidic slags
show higher viscosity drop rates than basic ones.

Slags containing 5 % of Al,O, have a minimum visco-
sity (0.15 Pa-s)at 1500 °C; R ~ 0.9 — 1.1; 17 — 20 % MgO;
36 — 38 % SiO,. Reducing the temperature to 1400 °C
increases the minimum viscosity to 0.35 Pas. Now
the minimum viscosity exists in a wider MgO content
range of up to 13 — 20 % with a shift towards more acidic
slags containing 39 — 41 % of SiO,.

The alumina content increase to 10 % increases
the minimum viscosity. As the temperature drops from
1500 to 1400 °C, the minimum viscosity increases
from 0.2 to 0.3 Pas. The composition ranges where
the minimum viscosity occurs are narrowed from
R~0.8—1.2; 1324 % MgO; 3540 % SiO, (at 1500 °C)
to R~1.05-12; 14-16% MgO; 39-41 % SiO,
(1400 °C), respectively.

For the 15 % Al,O, content, the minimum viscos-
ity increases from 0.30 to 0.55 Pa-s. The content ranges
change from R~0.9-1.2; 15-26 % MgO; 30-33 %
SiO, to R ~0.80 — 1.05; 18 — 22 % MgO, 33 — 35 % Si0,,
as the temperature drops from 1500 to 1400 °C. The higher
magnesium oxide content leads to a dramatic viscosity
reduction in acid slags containing 25 — 35 % of CaO. Such
slags with R ~ 0.5 — 0.8, containing 13 — 18 % AL,O, and
16 — 25 % MgO, are quite fluid at 1350 — 1400 °C.

The melting point of slags containing 20 % Al,O,
(R~12-1.5) exceeds 1500°C for any magnesium
oxide content. When R~ 1.1 -1.2, the crystallization
occurs at >16 % MgO. As R decreases to 0.6, the criti-


https://fermet.misis.ru/index.php/jour/search/?subject=железорудное сырье
https://fermet.misis.ru/index.php/jour/search/?subject=бакальские сидериты
https://fermet.misis.ru/index.php/jour/search/?subject=вязкость
https://fermet.misis.ru/index.php/jour/search/?subject=шлак
https://fermet.misis.ru/index.php/jour/search/?subject=оксид бора
https://fermet.misis.ru/index.php/jour/search/?subject=оксид магния
https://fermet.misis.ru/index.php/jour/search/?subject=температура плавления
https://doi.org/10.17073/0368-0797-2023-1-89-96

I1ZVESTIYA. FERROUS METALLURGY. 2023; 66(1): 89-96.
Vusikhis A.S., Leont’ev L.1, etc. Effect of B,05 on viscosity of high-magnesia blast furnace slag

cal content of magnesium oxide increases to 20 %. When
MgO/AlL0, ~ 0.5, for R~ 1.1 -1.2 T, is about 1450 °C.
As R decreases to 0.6, 7, drops to 1350 °C. the minimum
viscosity of such slags varies from 0.4 Pa-s (at 1500 °C)
to 1.0 Pa's (at 1400 °C) for 34 — 36 % SiO, content.

The above data indicates that in slags with less than
1.0 MgO base-to-silica ratio, the MgO content can reach
15-20 %, with no significant smelting issues. Such
slags are sufficiently fluid. They melt at temperatures
below 1350 °C. When the MgO content is above 25 %,
the melting point raises drastically making the slag short
and unstable. The analysis [22] shows that such slags are
formed when the blast furnace charge contains about 30 %
of siderite. The conclusion is that such a charge is difficult
or impossible to use.

As it is known [23 — 25], the addition of boric oxide
to blast furnace slag reduces its viscosity over the entire
temperature range and makes slags longer.

The purpose of this study is to identify the effect
of adding boric oxide on the viscosity and melting point
of high-magnesia blast furnace slags.

We produced simulated slag containing 26.8 % CaO,
38.1 % Si0,, 11.8 % AlO,, and 23.6 % MgO. Its com-
position was similar to the estimated [22] composition
of the slag produced by blast furnace No. 9, MMK when
the charge was a mixture of in-house sinter and pellets
from Sokolovo-Sarbai Mining and Concentrating Facility
in the 2:1 ratio, and 30 % of calcined siderite concentrate.

The calcium oxide (AR grade) we used was calcinated
in a muffle furnace at 910 °C for 6 h. The boric anhydride
(B,0;) was calcinated at 170 °C for 2 h. The latter was
subsequently melted in a resistance furnace at 900 °C
for 4 h.

The samples were prepared by heating and melting an
oxide mixture (CaO-Si0,-MgO—-Al0,) in a graphite
pot at 1500 — 1550 °C (30 min holding time). The melt
was poured into the mold and cooled.

After cooling the material was crushed and mixed with
boric anhydride to achieve 3, 6, 9, and 12 % B,O, con-
tent. Then the sample was placed in a molybdenum pot,
heated to 1550 °C, and its viscosity was measured. We
used a forced-oscillation vibrating viscometer [26, 27].
The melt temperature was measured with a tungsten-rhe-
nium thermocouple. The probe was made of molybdenum,
in order to avoid its reaction with the melt. The cooling
rate was 5 — 7 °C/min.

For combined thermogravimetry and differential scan-
ning calorimetry (DSC), we used a Netzsch STA 449C
Jupiter simultaneous thermal analyzer. The experimental
data was processed using NETZSCH Proteus Thermal
Analysis [28] in its standard configuration (£3 °C tem-
perature accuracy). The samples were heated to 1430 °C
and then cooled to 500 °C at the 20 °C/min rate in pure
blanketing argon (99.998 % Ar). The pots were made
of Pt-Rh; the lids and inserts were made of aluminum
oxide. The samples weighing 23 — 30 mg were made from
crushed, pre-sintered slag. The sample slags contained
the key components (SiO,—CaO-MgO-AlL0;,), and 0.6
and 12 % of boric oxide.

We used an XRD-7000 Maxima (Shimadzu) diffrac-
tometer (Cuk radiation). The 20 scattering angle range
was 15— 65°.

Data analysis (Fig. 1) resulted in the following find-
ings. The slag viscosity vs. temperature curve is simi-
lar to the polytherm of a similar slag presented in [15].
The slag viscosity is less than 0.5 Pa's at temperatures

N, Pas
w
T

0 | | | |

1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
t,°C

Fig. 1. Viscosity polyterms for CaO — SiO, — MgO - Al,O, — B,0O, melts (the numbers indicate B,O, content)

Puc. 1. Tlonurepmer Bazkoctu pacmiasos CaO — SiO, — MgO — Al,O, — B,O, (uudps! y kpusbIx — cogepkanue B,0,)
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above 1390 °C. The viscosity increases to 2.5 Pa‘s
at about 1370 °C (Tmp). After that, the slag thickening rate
rises sharply. Adding boric anhydride reduces the tem-
perature at which the slag viscosity is less than 0.5 Pa-s.
The slag thickening temperature range is extended to 7, .

The higher the boric oxide content, the lower the solidifi-
cation temperature.

The thermal analysis results are slightly different from
the viscosity measurements (Fig.2). As sample No. 1
(Fig. 2, a) without any B,O, was heated, the DSC curve

1,6
fExotherm,
14 b
1,2 -
1,0 -

0,8 |-

DSC, WVimg

0,6 |-
04 |-
02 |-

0 1 1 1

Vitrification: 771 °C

2
1232 1267 1331

2,0
1,8
1,6
14 L
1.2 b
1,0 b
08|

DSC, WVimg

0,6 |-

02 |-

Vitrification: 721 °C

952

1,4
TExotherm.
1,2 -
1,0 -

0,8 |-

DSC, WVimg

02 |-

Vitrification: 685 °C

Vitrification: 604 °C

0 200 400 600

800 1000 1200 1400

Temperature, °C

Fig. 2. DSC curves for heating and cooling of the SiO, — CaO — MgO — Al,O, slag samples (a)
6 % B,0, (b) and 12 % B,0, (¢)

Puc. 2. JICK nuHuu, n101y4eHHbIE DM HATPEBAHMH U OXJIAKIEHUN 00pasioB miaka cuctems! Si0, — CaO —MgO — Al O, (a)
¢ obasiennem 6 (b) u 12 (¢) % B,0,
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indicates devitrification at 771 °C, as well as the exother-
mic effect of “cold” crystallization beginning at 910 °C
and reaching the maximum at 972 °C. It also shows
three endothermic effects with their maximums at 1213,
1232, and 1331 °C, apparently caused by the melting
of the slag phase components. The liquidus temperature
was 1340 °C. The DSC cooling curve shows an exother-
mic effect of the slag crystallization with its beginning/
maximum at 1267/1246 °C.

The thermal analysis of sample No.2 (Fig.2,b)
containing 6 % B,O; showed the devitrification effect
at 721 °C, and the effects of “cold” crystallization (952 °C)
and melting (1106/1171 °C). The slag liquidus tempera-
ture was 1195 °C. As the slag was cooled, the DSC curve

did not show any effects which indicates the slag's amor-
phous structure is preserved.

Increasing the B,O, content to 12 % (Fig. 2, ¢) does not
significantly change the DSC curves. We found a slight
decrease in the devitrification temperature (tg =685 °C)
during heating, and vitrification effects during cool-
ing (604 °C). The effects of “cold” crystallization and
melting were observed at 936 °C and 1103/1166 °C.
It is slightly lower than the temperatures found in
samples No. 1 and 2. Generally, the addition of B,O,
to a Si0,—-Ca0-MgO—AlO; slag reduces the devitrifi-
cation, “cold” crystallization, and melting temperatures
and facilitates the formation and stabilization of the amor-
phous phase. This was also confirmed by the X-ray phase
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analysis (Fig. 3). Without boric anhydride when the slag
is cooled, it crystallizes, and calcium and magnesium alu-
minosilicates are formed. When boric anhydride is added
during cooling, slag vitrification occurs. As a result,
the borate component is added to the aluminosilicates.

[ ConcLusions

Siderites (as raw ore, after calcination and
concentration, or pelleting) are currently used as additives
to blast furnace charges. Their content in the charge is
selected in such a way that the magnesium oxide content
in the resulting slag does not exceed 15—20 %. Such
slags are liquid above 1400 °C. Further magnesium oxide
content increases, making the slag short and refractory.
Melting a charge containing more than 30 % of siderite,
which results in a high-magnesia slag (>25 % MgO), is
difficult. The addition of boric anhydride to the charge
reduces the melting temperature of the slag. For a melt
with a 23.6 % magnesium oxide content, adding 0 to 12 %
of boric anhydride reduces the temperature at which
the slag viscosity is 0.5 Pa's from 1390 to 1260 °C, and
from 1367 to 1100 °C for the 2.5 Pa's viscosity. This
makes it possible to significantly increase the siderite
content in the charge.

[ REFERENCES / CNUCOK IUTEPATYPbI

1. Volkov Yu.V., Sokolov I.V., Smirnov A.A. Strategy for
development of raw material resources in the Urals. Gornaya
promyshlennost’. 2006: (4): 57-62. (In Russ.).

Bonkos 1O.B., Cokonos U.B., CmupnoB A.A. Crparerus
OCBOCHHUSI CBIPBEBBIX PeCYpcoB Ypana. [ opHas npomviutLien-
Hocmb. 2006; (4): 57-62.

2. Volkov Yu.V.,, Slavikovskii O.V., Sokolov I.V., Smirnov A.A.
Prospects for development of raw material base of mining and
metallurgical enterprises in the Urals. Gornyi informatsionno-
analiticheskii byulleten’. 2007; (5): 286—290. (In Russ.).

Bounko 10.B., CinaBukosckuii O.B., Cokonos 1.B., Cmup-
HOB A.A. TlepcrieKTHBBI pa3BUTHS CHIPbEBOW 0a3bl TOPHO-
METalyprudeckux npennpusatuil Ypana. [opuuiii unghop-
MayuonHo-anarumuyeckuil orontemens. 2007; (5): 286-290.

3. Pakhomov V.P., Dushin A.V. Analysis of the mineral-raw
material safety in the Ural Federation District. Ekonomika
regiona. 2008; (3): 129-143. (In Russ.).

[TaxomoB B.I1., ymmu A.B. Onenka MuHepanbHO-ChIpbe-
Boit 6e3onacHoctu YpPO. Dxonomuka peeuona. 2008; (3):
129-143.

4. Valiev N.G., Slavikovskii O.V., Slavikovskaya Yu.O. Pecu-
liarities of development of mineral resource base in the Urals
urbanised territories. Gornyi informatsionno-analiticheskii
byulleten’ (nauchno-tekhnicheskii  zhurnal). 2012; (6):
344-347. (In Russ.).

Bamues H.I., CnaBuxoBckuii O.B., CnaBukosckas 0.O.
OCOOCHHOCTH OCBOCHHUSI MHUHEPaJbHO-CHIPhEBOH 0a3bl Ha
ypOaHU3UPOBAHHBIX TEPPUTOPUSX Ypana. [opHbiil unpop-
MAYUOHHO-AHATUMUYECKULL OIONLemenb (HaYYHO-mexXHu4ec-
Kutl orcypran). 2012; (6): 344-347.

94

9.

11.

12.

13.

14.

15.

Kornilkov S.V., Kantemirov V.D. Iron ore deposits
of the Nether-Polar Urals as a prospective raw materials base
of the Urals metallurgy. lzvestiva vuzov. Gornyi zhurnal.
2015; (8): 22—-28. (In Russ.).

Kopuunkos C.B., Kantemupor B./l. XKene3zopynusie mecto-
poxnaenns IlpunonspHoro VYpama Kak TepCreKTUBHAS
ChIpbeBasi 0a3a ypalbCKOW MeTaIypruu. Mzeecmus 6)308.
Topuwiii ocypran. 2015; (8): 22-28.

Krasnoborov V.A., Yaroshevskii S.L., Denisov A.A.,
Rudin V.S., Biryuchev V.I., Polushkin M.F. Efficiency and
Prospects of Using Siderite Ores in Blast Furnace Smelting.
Donetsk; 1996: 88. (In Russ.).

Kpacno6opos B.f., Spomesckuit C.JI., [enuco A.A.,
Pymun B.C., Buproues B.I., Tlonymkun M.®. Dpghexmus-
HOCMb U NEPCHEeKMUBbl NPUMEHEHUSI CUOePUMOBbIX PYO 6
Odomennot niaexe. JJouenk; 1996: 88.

Yur’ev B.P., Melamud S.G., Spirin N.A., Shatsillo V.V.
Technological and Thermal Engineering Bases of Siderite
Ore Preparation for Metallurgical Processing: Monograph.
Yekaterinburg: Den’ RA; 2016: 428. (In Russ.).

1OpreB B.I1., Menamyn C.I',, Criupun H.A., [Hanumio B.B.
Texnonoeuueckue u mMenIOMEXHUYECKUE OCHOBbL N0020-
MOBKU CUOEPUNOBLIX PYO K MEMAIYPSUYECKUM NePedendM.
ExarepuntOypr: OO0 AMK «Jlens PA»; 2016: 428.
Vusikhis A.S., Leont’ev L.I. The Use of Siderite Ores in Pro-
duction of Iron and Steel: Monograph. Moscow, Vologda:
Infra-Inzheneriya; 2022: 116. (In Russ.).

Bycuxuc A.C., JleoutseB JI.W. Ilpumenenue cudepumogvix
PYo npu npouzsoocmee yyeyna u cmanu. Mocksa, Bonoraa:
Wndpa-Uuxenepus; 2022: 116.

Slag Atlas. Disseldorf, Verlag Stahlissen GmbH; 1995: 616.

. Gotlib A.D. Blast Furnace Process. Moscow: Metallurgiya;

1966: 503. (In Russ.).

Totmu6 A.J. Jomennwiii npoyecc. Mocksa: Meramtyprus;
1966: 503.

Efimenko G.G., Gimmel’farb A.A., Levchenko V.E. Iron-
making. Kiev: Vyshcha shkola; 1988: 351. (In Russ.).

Edumenxo I'T., l'ummensdapb A.A., Jleuenko B.E. Meman-
aypeus yyz2yna. Kues: Boima mkona; 1988: 351.

Vegman E.F., Zherebin B.N., Pokhvisnev A.N., etc. l[ronma-
king. Moscow: Akademkniga; 2004: 774. (In Russ.).

Berman E.®., )Kepeoun b.H., [Toxsuches A.H., FOchun 1O.C.,
Kypynos U.®., IlapenskoB A.E., Yepnoycos IL.U. Meman-
aypeus yyeyna. Mocksa: UKL «Axanemkuuray; 2004: 774.
Badich A., Senk D., Gudenau H.W., Mavrommatis K.Th.
Ironmaking. Aahen, RWTH Aahen University; 2008: 402.
Bol’shakova L.I., Zhilo N.L. Physical properties of high-
magnesia blast furnace slags during smelting of Bakal side-
rites. In: Slag Mode in Blast Furnaces. Moscow: Metallur-
giya; 1967: 173—185. (In Russ.).

bonpmakosa JI.M., Xumo H.JI. dusmueckue cpolicTBa
BBICOKOMArHE3HaJIbHBIX JOMEHHBIX IIAKOB IIPU BBIMJIABKE
OakanbCKUX CUICPUTOB. B kH.: [[lnakoewiii pesxcum domeH-
nvix newetr / Ilon pen. H.JL. XKumo, M.SI. Ocrtpoyxosa.
MockBa: Metamnyprus; 1967: 173—185.

Zhilo N.L. Formation and Properties of Blast Furnace Slag.
Moscow: Metallurgiya; 1974: 120. (In Russ.).

Kuno H.JL. @opmuposanue u ceoticmsea 0omeHnvIX uL1aKo8s.
Mocksa: Meramryprust; 1974: 120.



I1ZVESTIYA. FERROUS METALLURGY. 2023; 66(1): 89-96.
Vusikhis A.S., Leont’ev L.1, etc. Effect of B,05 on viscosity of high-magnesia blast furnace slag

16. Voskoboinikov V.G., Dunaev N.E., Mikhalevich A.G., etc.
Properties of Liquid Blast Furnace Slags: Manual. Moscow:
Metallurgiya; 1975: 182. (In Russ.).

Bocko6oitnukos B.I'., [lynae H.E., Muxanesuu A.I. u 1p.
Ceoticmea dcudkux oomennvix winarxos. Cnpagounoe noco-
6ue. Mocksa: Meramnyprus; 1975: 182.

17. Saito N., Hori N., Nakashima K., Mori K. Viscosity of blast
furnace type slags. Metallurgical and Materials Transac-
tions B. 2003; 34(5): 509-516.
https://doi.org/10.1007/s11663-003-0018-9

18. Kou M., Wu S., Ma X., Wang L., Chen M., Cai Q., Zhao
B. Phase equilibrium studies of CaO-Si0,-MgO-Al,O, sys-
tem with binary basicity of 1.5 related to blast furnace slag.
Metallurgical and Materials Transactions B. 2016; 47(2):
1093-1102. https://doi.org/10.1007/s11663-016-0584-2

19. Liu Y., Lu X.W,, Li B., Bai C.G. Relationship between
structure and viscosity of CaO-Si0O,-Mg0-30.00 wt.%
AL O, slag by molecular dynamics simulation with FT-IR
and Raman spectroscopy. lronmaking & Steelmaking. 2018;
45(6): 492-501.
https://doi.org/10.1080/03019233.2017.1288309

20. Shen F., Hu X., Zheng H., Jiang X., Gao Q., Han H., Long F.
Proper MgO/Al,O, ratio in blast-furnace slag: Analysis of
proper MgO/ALO, ratio based on observed data. Metals.
2020; 10(6): 784. https://doi.org/10.3390/met10060784

21. Das K., Agrawal A., Reddy A.S., Ramna R.V. FactSage stu-
dies to identify the optimum slag regime for blast furnace
operation. Transactions of the Indian Institute of Metals.
2021; 74: 419-428.
https://doi.org/10.1007/s12666-020-02144-y

22. Vusikhis A.S., Leont’ev L.I., Agafonov S.N. Assessment
of the efficiency of the use of Bakal siderites in blast furnace

smelting. Izvestiya. Ferrous Metallurgy. 2022; 65(7): 504—
510. (In Russ.). https://doi.org/10.17073/0368-0797-2022-7-
504-510

Bycuxuc A.C., JleontseB JL.U., AragonoB C.H. Ouenka
3 PEKTUBHOCTH HCIIOIb30BAaHUS OAKabCKUX CHICPUTOB B
JIOMEHHOM TaBke. M3zgecmus ¢y306. Yepnas memannypeus.
2022; 65(7): 504-510.
https://doi.org/10.17073/0368-0797-2022-7-504-510

23. RenS.,ZhangJ., Wu L. Influence of B,O, on viscosity of high
Ti-bearing blast furnace slag. ISLJ International. 2012; 52(6):
984-991. https://doi.org/10.2355/isijinternational.52.984

24. Kim G.H., Sohn I. Role of B,O, on the viscosity and struc-
ture in the CaO-Al,0,~Na,O-based system. Metallurgical
and Materials Transactions B. 2014; 45(2): 86-95.
https://doi.org/10.1007/s11663-013-9953-2

25. Wang G., Wang J.-S., Xue Q.-G. Properties of boron-rich
slag separated from boron-bearing iron concentrate. Journal
of Central South University. 2018; 25(4): 783-794.
https://doi.org/10.1007/s11771-018-3783-y

26. Selivanov E.N., Gulyaeva R.I., Istomin S.A., Belyaev V.,
Tyushnyakov S., Bykov A. Viscosity and thermal properties
of slag in the process of autogenous smelting of copper—zinc
concentrates. Mineral Processing and Extractive Metallurgy.
2015; 124(2): 88-95.
https://doi.org/10.1179/1743285514Y.0000000078

27. Vusikhis A.S., Seclivanov E.N., Dmitriev A.N,,
Chentsov V.P., Ryabov V.V. Structure sensitive properties
of system B,0,~CaO melts. Defect and Diffusion Forum.
2020; 400: 186—192.
https.//doi.org/10.4028/www.scientific.net/DDF.400. 186

28. NETZSCH Proteus Sofiware. Thermal Analysis. Version
4.8.3.

Aleksandr S. Vusikhis, Cand. Sci. (Eng.), Senior Researcher of the Labo-
ratory of Pyrometallurgy of Non-Ferrous Metals, Institute of Metallurgy,
Ural Branch of the Russian Academy of Science

ORCID: 0000-0002-6395-0834

E-mail: vas58@mail.ru

Leopol’d I. Leont’ev, Academician, Adviser, Russian Academy of Scien-
ces, Dr. Sci. (Eng.), Prof,, National University of Science and Technology
“MISIS”, Chief Researcher, Institute of Metallurgy, Ural Branch of the
Russian Academy of Science

ORCID: 0000-0002-4343-914X

E-mail: leo@presidium.ras.ru

Roza I. Gulyaeva, Cand. Sci. (Chem.), Senior Researcher of the Labora-
tory of Pyrometallurgy of Nonferrous Metals, Institute of Metallurgy,
Ural Branch of the Russian Academy of Sciences

ORCID: 0000-0003-2860-0377

E-mail: gulroza@mail.ru

Svetlana V. Sergeeva, Cand. Sci. (Eng.), Senior Researcher of the Labo-
ratory of Pyrometallurgy of Nonferrous Metals, Institute of Metallurgy,
Ural Branch of the Russian Academy of Sciences

ORCID: 0000-0002-1310-7670

E-mail: lazarevasv@mail.ru

Stanislav N. Tyushnyakov, Cand. Sci. (Eng.), Senior Researcher of the
Laboratory of Pyrometallurgy of Non-Ferrous Metals, Institute of Metal-
lurgy, Ural Branch of the Russian Academy of Sciences

ORCID: 0000-0002-0864-0462

E-mail: tyushnyakov.sn@gmail.com

Anexcandp CemeHnosu4 Bycuxuc, k.m.H., cmapwuil Hay4Hblll compyo-
HUK /1a6opamopuu nupomemanaypauu yeemHulx memanaos, Uucru-
TYT MeTa/UIypruu Ypanbckoro otjenenus PAH

ORCID: 0000-0002-6395-0834

E-mail: vas58@mail.ru

Jleonosnvd Hzopesuu Jleonmvwes, akademuk, cosemuuk, Ilpeauauym
PAH, d.m.H., npogpeccop, HarmoHanbHbIN HCC/Ie[0BATENbCKUNA TEXHO-
sorndyeckuit yHuBepcutetr «MUCHC», 21a8HbIl HAyyHbIl cOMpPYOHUK,
HHCTUTYT MeTaJIypruu Ypajbckoro otaenenus PAH

ORCID: 0000-0002-4343-914X

E-mail: leo@presidium.ras.ru

Poza HocugposHa l'yasesa, kXx.H, cmapwull HAy4YHbIl COMPYOHUK
Jsa6opamopuu  nupomMemanaypaul Yeemuvlx Memasnos, VWHCTUTYT
MeTaJIypruu Ypaabckoro otgenenus PAH

ORCID: 0000-0003-2860-0377

E-mail: gulroza@mail.ru

CeemsaHa Baadumupoena Cepzeesa, k.m.H, cmapwull Hay4Hblil
compyodHuK sabopamopuu nupomemannypauu Ye8emHslx Memassos,
WHcTUTYT MeTayprum Ypanbckoro otgenenus PAH

ORCID: 0000-0002-1310-7670

E-mail: lazarevasv@mail.ru

Cmanucaae Hukonaesuu TOWHAKOS, K.Mm.H, cmapwull Hay4Hblil
compyoHUuK s1a60pamopuu nupomemas/aypaul YsemHbslX Memasnos,
WHCcTUTYT MeTalypruu Ypanbckoro otjenenus PAH

ORCID: 0000-0002-0864-0462

E-mail: tyushnyakov.sn@gmail.com

95


http://orcid.org/0000-0002-6395-0834
mailto:vas58@mail.ru
https://orcid.org/0000-0002-4343-914X
mailto:leo@presidium.ras.ru
http://orcid.org/0000-0003-2860-0377
mailto:gulroza@mail.ru
http://orcid.org/0000-0002-1310-7670
mailto:lazarevasv@mail.ru
https://orcid.org/0000-0002-0864-0462
mailto:tyushnyakov.sn@gmail.com
http://orcid.org/0000-0002-6395-0834
mailto:vas58@mail.ru
https://orcid.org/0000-0002-4343-914X
mailto:leo@presidium.ras.ru
http://orcid.org/0000-0003-2860-0377
mailto:gulroza@mail.ru
http://orcid.org/0000-0002-1310-7670
mailto:lazarevasv@mail.ru
https://orcid.org/0000-0002-0864-0462
mailto:tyushnyakov.sn@gmail.com
https://doi.org/10.1007/s11663-003-0018-9
https://doi.org/10.1007/s11663-016-0584-2
 https://doi.org/10.1080/03019233.2017.1288309
https://sciprofiles.com/profile/1566230
https://sciprofiles.com/profile/583467
https://sciprofiles.com/profile/648286
https://doi.org/10.3390/met10060784
https://doi.org/10.1007/s12666-020-02144-y
https://doi.org/10.17073/0368-0797-2022-7-504-510
https://doi.org/10.17073/0368-0797-2022-7-504-510
https://doi.org/10.17073/0368-0797-2022-7-504-510
https://doi.org/10.2355/isijinternational.52.984
https://link.springer.com/article/10.1007/s11663-013-9953-2#auth-Gi_Hyun-Kim
https://link.springer.com/article/10.1007/s11663-013-9953-2#auth-Il-Sohn
https://link.springer.com/journal/11663
https://link.springer.com/journal/11663
https://doi.org/10.1007/s11663-013-9953-2
https://doi.org/10.1007/s11771-018-3783-y
https://www.tandfonline.com/author/Selivanov%2C+E
https://www.tandfonline.com/author/Gulyaeva%2C+R
https://www.tandfonline.com/author/Istomin%2C+S
https://doi.org/10.1179/1743285514Y.0000000078
https://doi.org/10.4028/www.scientific.net/DDF.400.186

N3BECTUA BY30B. YEPHAA METAJ/I/IYPTUA. 2023; 66(1): 89-96.
Bycuxuc A.C., /leonmves JL.U. u dp. Bausinue B,0; Ha BA3KOCTh BbICOKOMAarHe3UaJbHbIX JJOMEHHBIX IIJIAKOB

A. S. Vusikhis - setting the research goal, literary review, writing
the text, forming the conclusions.

L. I. Leont’ev - scientific guidance, analysis of the research results,
editing the article.

R. I. Gulyaeva - conducting experiments, processing results.

S. V. Sergeeva - conducting experiments, processing results.

S. N. Tyushnyakov - carrying out calculations, conducting experi-
ments.

A. C. Bycuxuc - nocTaHOBKa 3aJjauy UCC/ie[l0BaHus, IMTepaTypPHbIN
0630p, NOAr0TOBKA TEKCTA, pOPMUpPOBAHNE BBIBO/IOB.

JI. H. /leonmbes — Hay4yHOe PYKOBO/ACTBO, aHAJIM3 pe3y/bTaToOB
HcCeJ0BaHUM, peJaKTHPOBaHKe CTAaThH.

P. H. I'yasieea - npoBeJieHNe SKCIIEPUMEHTOB, 06paboTKa pe3y/ibTa-
TOB.

C. B. Cepzeesa - npoBe/ieHH e IKCIIEPUMEHTOB, 06paboTKa pe3yJibTa-
TOB.

C. H. TowHAKO08 - IpOBe/ieHrEe PACYETOB, IPOBE/I€HNE IKCIIEPUMEH-
TOB.

Received 06.12.2022
Revised 14.12.2022
Accepted 30.12.2022

IToctynuna B penakuuto 06.12.2022
Tlocne nopadorku 14.12.2022
IIpunsra k my6nukanuu 30.12.2022

96



IZVESTIYA. FERROUS METALLURGY. 2023; 66(1): 97-104.
Bakin LV, Shapovalov A.N,, etc. Influence of barium and strontium on calcium recovery degree upon ladle treatment of steel by complex ...

Mo matepnanam KoHpepeHLUU
«PU3INKO-XUMUYECKUE OCHOBDI

METAJITYPTUYECKUX NPOLLECCOB»
uM. akageMuka A.M. CamapuHa - 2022

E! |E_1T| UDC 669.046.516.4

DO0I110.17073/0368-0797-2023-1-97-104 - .
Original article

Opu2uHaibHass cmambuvs

INFLUENCE OF BARIUM AND STRONTIUM
ON CALCIUM RECOVERY DEGREE UPON LADLE TREATMENT
OF STEEL BY COMPLEX MODIFIERS
WITH ALKALINE EARTH METALS

L. V. Bakin! 2%, A, N. Shapovalov?3, A. V. Kalyaskin?!, M. S. Kuznetsov*

!South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)

2LLC RPE “Technology” (25 Vodrem Vil. - 40, Chelyabinsk 454901, Russian Federation)

3 Novotroitsk Branch of the National University of Science and Technology “MISIS” (8 Frunze Str., Novotroitsk, Orenburg
Region 426359, Russian Federation)

4JSC “Ural Steel” (1 Zavodskaya Str., Novotroitsk, Orenburg Region 462356, Russian Federation)

&) igornpp.bakin@gmail.com

Abstract. Increasingly rigid requirements in terms of the steel products quality are forcing the metallurgy technologists to search for innovative solutions
to stabilize the steel quality. Much attention is paid to ladle treatment of melt and selection of rational composition of modifiers, which enables
the content of non-metallic inclusions to be reduced. In order to solve the formulated problem, complex modifiers are used containing both calcium
and other alkaline earth metals (barium and strontium). This article presents the results of a pilot campaign on metal ladle treatment by complex
modifiers with alkaline earth metals (calcium, barium, strontium) upon production of steel with higher requirements for non-metallic inclusions under
conditions of electric-furnace melting at JSC “Ural Steel”. In the course of experimental activities, the maximum level of inclusions content of sheet
rolled products from pipe steel grades was decreased in terms of brittle silicates (according to State Standard GOST 1778) from 4.0 to 1.5-2.5,
and in terms of non-deforming silicates from 4.0 to 3.0 — 3.5. Substitution of silicocalcium, grade SK40, with experimental modifiers resulted in
improvement of strength properties of rolled products both during tension tests and during impact bending tests at lower temperatures. This influence
was observed in all variants of consumption of the experimental modifiers. With increase in the consumption of modifiers positive influence on steel
mechanical properties also increased. As a consequence of substitution of silicocalcium with experimental modifiers, the calcium recovery with the
use of Si—Ca—Ba increased in average by 1.6 times, and with the use of Si—Ca—Ba—Sr in average by 2.4 times. The use of the complex modifiers
enabled the targeted value of residual calcium in steel sample from tundish to be obtained at significantly lower calcium consumption.

Keywords: pipe steel, ladle treatment, non-metallic inclusions, non-deformed silicates, steel modification, silicocalcium, microcrystalline complex
modifiers, calcium recovery
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AHHOmayus. Yxxecroyaromuecs: TpeOOBaHUS K Ka4€CTBY METAJUIONPOAYKIUH BBIHYKJIAIOT TEXHOJIOIOB METAJUIypPIrHUeCKOro MPOU3BOJICTBA MCKATh

HOBBIE PELIIEHMS, TI03BOJISIOIINE CTAOMIN3UPOBATH KaueCTBO MeTaslIa. bonbioe BHUMaHKeE y/elsieTcs TEXHOIOI MM BHeIIeuHOM 00paboTKHU paciiaBa
1 107100py PALMOHAIBHOTO COCTAaBa MOAM(PHKATOPOB, MO3BOJISIOIIMX CHU3UTH 3arPA3HEHHOCTh METAILIA [0 HEMETAIIMYECKUM BKIIOUeHUsIM. J{i1s
pelIeHUs TIOCTaBICHHON 3a/1a4i NPUMEHSIOTCSI KOMIUIEKCHbIE MOAU(UKATOPBI, COAepKallie KaK KalblMH, Tak U APyrue IeI0YHO3eMebHbIE
MeTasisl (Oapuii u crponnuii). [IpencraBieHbl pe3yabTaThl OMBITHO-ITPOMBIIICHHON KOMIIAHUH 10 BHEMEYHOU 00pabOoTKe MeTaslia KOMIUICKCHBIMH
MozU(pUKaTOpaMu ¢ IENOYHO3eMeIbHBIMU MeTa/ulaMu (KaJIbLinii, Oapuii, CTpOHIKIT) IPU MPOU3BOJACTBE CTAIU C IOBBILICHHBIMU TPEOOBAHUAMU
K HEMETAUTMYCCKUM BKIIFOUCHHSM B YCIOBHSX 3leKTpocTaneriaBuibHoro mexa AO «Ypanbsckas Cramby. B Xome skcniepuMeHTanbHbIX padoT
YAAI0Ch CHU3UTh MaKCUMaJIbHBII Oasll 3arpsiI3HEHHOCTH JIHCTOBOTO IPOKaTa U3 TPYOHBIX MapoK CTajHu 1o cuiaukaram xpynkum (o FOCT 1778)
¢ 4,0 no 1,5-2.5, no cunukaram Heaedopmupyrougmcs ¢ 4,0 1o 3,0 — 3,5. 3amena cunukokanbius mapku CK40 Ha onbITHBIE MOAM(UKATOPBI
IpUBEA K YITy4IIEHHIO IPOYHOCTHBIX CBOMCTB MPOKATa KaK IPU UCIBITAHUAX HA PACTSKEHHE, TaK U IPU UCHBITAHUAX HA YAApHBII M3rud npu
MOHIWKEHHBIX TeMIlepaTypax. YKa3aHHOE BIIHMsHHE HAOIIOAANOCh MPU BCEX BapHaHTaX PACXOJOB ONBITHBIX MOAM(HUKATOPOB. OTMEUEHO, YTO
C YBEJIMUEHUEM DPAcXola MOAU(UKATOPOB IOJOKUTEIbHOE BIMAHME HA MEXaHUUECKHUE CBOMCTBA CTAlIM yCHIIMBAJIOCh. B pesynbrare 3aMeHbI
CHITMKOKAJIBIIMS Ha OMBITHBIC BAPHAHTHI MOAU(UKATOPOB YCBOCHHUE KabIIMs MpH rcnonb3oBanun Si— Ca — Ba moBsicuiocs B cpenaeM B 1,6 pasa,
a npu ucnonb3zoBanuu Si—Ca—Ba—Sr — B cpentem B 2,4 paza. [IpuMeHeHne KOMIUIEKCHBIX MOIU(UKATOPOB MO3BOJIMIO IIPU CYLIECTBEHHO

MEHBIIEM PaCXoA€ KaJblUA MMOJTYYUTH HEJICBOC 3HAYECHUE OCTATOYHOIO KaJblHA B MapKPIpOBO‘iHOﬁ npo6e.

Katoueswle cio8a: tpyOHas cTajb, KOBIIEBas 00pab0TKa, HEMETATMIECKUE BKITFOUCHHSI, CHIIMKATHI Hele()OPMUPYIOIIHECs, MOTU(DUIINPOBAHUE CTAIIH,
CHJIMKOKAJIbL[MH, MUKPOKPHCTAIUTHYECKHE KOMILJIEKCHBIE MOIH(DHKATOPBI, YCBOCHHE KAJIbIIHsI
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- INTRODUCTION

The continuously tightening of requirements with
regard to the quality of metal products has lead metallurgy
technologists to search for innovative solutions which
enable a steady high quality of metal to be obtained. In par-
ticular, much attention is paid to ladle treatment of melt
and selection of rational composition of modifiers which
enables the content of non-metallic inclusions (NMI) to be
reduced. The general principles of decreasing the NMI
level of steel deoxidized by aluminum are known [1 — 4].
Treatment of steel by calcium containing materials is
a common practice which allows metal to be refined from
the products by aluminium deoxidizing [5 — 8]. In this
respect, good results are also steadily achieved with
the use of complex modifiers with alkaline earth metals
(AEM) both in Russia [9—12] and abroad [13 — 14].
Nowadays much attention is paid to the use of strontium
as a component of complex alloy with AEM together with
calcium and barium. The promising potentials of this ele-
ment are confirmed both by the theoretical studies [15],
and by results of the pilot projects [16, 17].

The execution of certain contracts for pipe steel grades
at JSC “Ural Steel” requires compliance with higher
specifications (State Standard GOST 1778-70) in terms
of NMI points:

— in terms of oxides, sulfides, and brittle silicates
(BS) — not higher than 2.5 points regarding average level
and not higher than 3.0 points regarding maximum level;

— in terms of non-deformed silicates (NDS) — not
higher than 3.0 points regarding average level and not
higher than 3.5 points regarding maximum level.

However, upon steel treatment by conventionally used
silicocalcium SK40, the achieved performance of steel
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quality in terms of content of various NMI does not always
comply with the targeted values. Thus, in terms of non-
deformed silicates the inclusions content in the metal
equals in average 2.5 points, the maximum content being
4.5 points. These NMI are calcium aluminates of complex
composition. In order to decrease their sizes and content,
industrial tests of complex modifiers were performed
(Table 1). The technological parameters were verified pro-
viding maximum efficiency of their use.

The modifiers mentioned proved to be successful in
production of corrosion resistance, high carbon (wheel
steel), and structural steels under conditions of Tagan-
rog Iron & Steel Factory [18], OMZ Special Steel plant,
as well as in the course of R&D project of development
of production technology of sheet rolled products with
normalized level of corrosion active NMI in the electric-
furnace melting shop of JSC “Ural Steel” [19, 20].

The aim of this work is to develop a set of recommen-
dations on the technology of the ladle treatment of melt,
in order to reduce the content of non-deformed silicates

Table 1

Properties of experimental modifiers

Tabnuya 1. XapakTepucTHKA ONBITHLIX MOAU(UKATOPOB

Influence
Decrease in NMI
content, improvement of
mechanical properties

Name Description

Ca—Ba modifier
on iron silicon
base

INSTEEL®1.5

Decrease in NMI content,
preventing submerged
entry nozzle clogging
with aluminum silicates

Ca—Ba-—Sr
modifier on iron
silicon base

INSTEEL®™9.4
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(in terms of maximum level) lower than 3.5 points and
achieve targeted content of residual calcium together with
reduction of cumulative production expenses.

B EXPERIMENTAL

In order to solve the formulated problems, a series
of pilot experiments were performed on production
of steel, grade K52 —-K60, using complex modifiers
with AEM in comparison with standard silicocalcium,
grade SK40. Chemical composition of the modifiers with
AEM is summarized in Table 2. The composition of test
alloys with AEM was selected by the results of positive
experience of their use under various production condi-
tions, including those of the electric-furnace melting shop
of JSC “Ural Steel” [20]. Consumption of the modifiers
was determined on the basis of analysis of large scale lab-
oratory and commercial tests of alloys with AEM.

Table 2

Actual chemical composition of modifiers
(cored wire fillers), %

Tabnuya 2. XuMuveckuii coctaB Moau(puKaTopoB
(Hanmo/IHUTeJIel MOPOLIKOBOI NPOBO/I0OKH), Yo

In accordance with the pilot experiment plan, each
modifier was used for the treatment of more than 20 melt
heats of steel, grade K52 —K60. Melting and ladle
treatment of comparative and test melt heats were car-
ried out in comparison with valid process specifica-
tions. The steel was modified at steel vacuum degasser
(SVD) after deoxidizing by aluminum. Consumption
of modifiers in test melt heats was varied in the range
of 80 —100 % (of comparative variant with SK40) in
terms of overall AEM [20].

Sampling and assessment of NMI content in steel
were carried out in accordance with State Standard
GOST 1778-70 (method Sh6). Spectral microanalysis
and NMI assessment in sheet rolled products from steel
of test and comparative melt heats were carried out using
a JSM- 6490LV scanning electron microscope in combi-
nation with an INCA Energy 250 energy dispersion ana-
lyzer at 200x magnification.

[ RESULTS AND DISCUSSION

The main parameters of modification in comparative
and test melts are summarized in Table 3.

As can be seen from Table 3, the consumption
of INSTEEL®1.5 modifier according to several variants,

Element MOdIf;er - provided for the addition of AEM from 82 % (variant /)
Sl LINSIEIEIL S | NS T ELL 2k to 103 % (variant 3) of the basic technology with SK40.
Mg - 0.1 0.1 In the case of INSTEEL®9.4 modifier the amount of AEM
Al 1.0 1.0 1.1 supplied with the wire varied from 79 % to 90 %, respec-
Si 42.2 36.5 46.8 tively. Therefore, the modifier consumption provides
Ca 39.9 31.2 18.4 the calcium addition:
Ba - 22.8 10.4 —for INSTEEL®1.5: from 47.7 % (variant I) to 59.6 %
Sr - - 11.2 (variant 3) with respect to the basic technology;
Table 3
Average parameters of steel modifying treatment
Tabnuya 3. YepeaHeHHbIe NapaMeTpbl MOAH(UIHMPOBAHUS CTAIU
Modifying parameters (per melt heat)”
Modifier Variant Dl - YRED - ® )
of heats | consumption, m | filler consumption, kg | Ca supply, kg | AEM supply, kg
SK40 Existing 24 147.0 378 15.1 15.1
technology
1 6 104.0 23.1 7.2 12.5
INSTEEL®1.5 2 15 113.0 25.1 7.8 13.5
3 4 130.0 28.9 9.0 15.6
1 7 123.0 30.0 5.5 12.0
INSTEEL®9.4 2 9 131.0 32.0 5.9 12.8
3 6 140.0 34.2 6.3 13.7

* Melt heat weight: 120 t.
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Table 4

Assessment of contamination with nonmetallic inclusions of sheet metal according
to State Standard GOST 1778 (method Shé6)

Tabnuya 4. Pe3ynbTaThbl OllEHKH 3arpsi3HeHHocTH JincToBoro npokara HB mo T'OCT 1778 (meron 1116)

. NMI level, points, (min — max)/average
. . Sheet thickness, - —
Modifier Variant mm ID oxides brittle silicates non-deformed
(BS) silicates (NDS)
SK40 Existing 10-11/10.8 0.5-0.5/0.5 0-4.0/0.5 1.0-4.0/1.5
technology
1 10-12/11.0 05-05/0.5 0-25/0.5 1.0-40/1.5
INSTEEL®1.5 2 11-12/11.1 05-05/0.5 0-25/0.5 1.0-3.0/1.5
3 11-134/12.1 05-05/0.5 0-2.0/0.5 1.0-3.0/1.5
1 11-11/11.0 05-05/0.5 0-2.0/0.5 1.0-35/1.5
INSTEEL®9.4 2 11-16/12.1 05-05/0.5 0-2.0/0.5 1.0-3.5/1.5
3 11-20/12.5 05-05/0.5 0-15/0.5 1.0-3.0/1.5

R emark: other NMI types were not detected.

— for INSTEEL®9.4: from 36.4 % (variant 1) to 41.7 %
(variant 3) with respect to the basic technology.

The contents of NMI in sheet rolled products obtained
from slabs after comparative and test melt heats according
to several variants are summarized in Table 4.

Analysis of NMI content in metal (Table 4) demonst-
rated the following:

— substitution of silicocalcium with test variants
of modifiers decreases the maximum points in terms of BS
from4.0to 1.5 -2.5;

— maximum inclusions content of NDS decreased
from 4.0 points for standard technology to 3.5 points with
the use of INSTEEL®9.4 modifiers according to variants
I and 2; and to 3.0 points with the use of INSTEEL®1.5
modifier according to variants 2 and 3, as well as with

the maximum consumption of INSTEEL®9.4 modifier
(variant 3).

Therefore, the results of test melt heats and inte-
grated studies of metal rolled products demonstrated
that the metal produced with the use of INSTEEL® modi-
fiers was characterized by lower NMI content, in compa-
rison with the rolled products manufactured by standard
technology with the use of silicocalcium SK40.

As a final result of decrease in NMI content in steel
with the use of test modifiers, the main physical proper-
ties of metal rolled products were improved. The results
of mechanical tests of samples after comparative and test
melt heats are summarized in Table 5.

Table 5 shows that substitution of silicocalcium with
the test modifiers resulted in improvement of strength prop-

Table 5

Mechanical properties (State Standards GOST 149784 and GOST 945478) of sheet metal

Tabnuya 5. Mexannueckue cBoiictBa (mo 'OCT 1497-84 u TOCT 9454-78) sincToBoro nmpoxara
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Modifier Variant Yield Iséjzlligh (Gy ) Ultimatle\]j::.;lg th(©,) izlg&;;fﬁt%?lgv[h;ig
SK40 tefﬁfgiziy 435 510/479.5 520 - 584/553.6 110 - 335/227.3

i 455~ 510/483.3 550 — 630/589.2 133 -270/217.4

INSTEEL®1.5 2 450 — 580/505.4 550 — 650/596.3 200 — 348/259.3
3 464 — 530/507.0 555~ 630/586.1 195 — 498/300.6

1 450 — 525/478.8 530 — 600/560.0 165 — 353/288.8

INSTEEL®9.4 2 450 — 540/505.0 530 - 610/573.6 193~ 353/274.5
3 455~ 550/523.3 540 — 630/590.6 240 — 358/289.5
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erties of rolled products both upon static tension tests, and
upon dynamic impact bending tests at lower temperatures.
The influence was observed in all variants of consumption
of the test modifiers. The increased consumption of modi-
fiers showing positive influence on mechanical properties
of steel has been also increased. However, the mentioned
improvement of properties can be attributed not only with
the use of the test materials, but also with other simulta-
neously acting factors. Therefore, it should be verified on
larger array of melt heats.

In addition to a decrease in NMI content, an important
parameter is the content of residual calcium after treat-
ment by the modifier. It is precisely this parameter that is
critical upon express assessment of the efficiency of this or
that composition of modifier under production conditions.
The content of residual calcium is an important factor in
providing stable conditions of casting (with minimum sub-
merged entry nozzle clogging), as well as the favorable
form and position of NMI in the structure of a workpiece,
especially with consideration of the possible reoxidation
process and decrease in oxygen solubility.

In this regard an important issue is the selection
of consumption of complex modifier, which allows metal
from NMI to be refined with high quality, in order to
obtain the required content of residual calcium without
increased expenses for steel treatment. In addition, a dis-
putable issue is whether the influence mechanism of cal-
cium and other AEM is more modifying or deoxidizing.

In the course of pilot experiments, in order to assess
the deoxidizing action of calcium during modifying treat-
ment, the content of active oxygen was measured before
and after metal treatment by silicocalcium using Heraeus
Electro-Nite equipment. The results demonstrated that
during high quality deoxidizing of melt by aluminum
the treatment by silicocalcium slightly decrease the con-
tent of active oxygen (by 1 —2 ppm). This is an indirect
evidence that calcium works to a higher extent as a modi-
fier than a deoxidizing agent.

Table 6 summarizes averaged contents of main ele-
ments in test and comparative metals.

Table 6 shows that the chemical compositions of steel in
comparative and test melt heats in terms of main elements
are comparable. The calcium content of steel sample from
tundish corresponded to targeted values approved upon
production of steel of these grades. Herewith, the content
of added calcium with the use of comparative and test
modifiers differed several times (Table 3). Steel casting
was carried out according to standard procedure at nor-
malized parameters of temperature and rate. No violations
were revealed upon casting and rolling of steel of com-
parative and test melt heats. No submerged entry nozzle
clogging was observed.

It is known that calcium recovery significantly depends
on slag composition before modification. Average basi-

city and FeO content in slag before addition of powdered
wire in comparative and test melt heats were comparable.
Furthermore, the slag parameters varied in wide range,
which allowed their influence on calcium recovery to be
analyzed (Figure).

Comparative and test melt heats with increase
in the slag basicity demonstrate a steady trend towards
the increase in calcium recovery degree (Figure, a). As for
the influence of slag oxidation degree (Figure, b) generally
characterized by FeO content in slag, then, in the region
of normal oxidation degree of 0.5 — 0.6 % FeO, the influ-
ence of this parameter on calcium recovery was not sta-
tistically noticeable. This can be observed in comparative
melt heats. In tests melts, there were cases of higher FeO
content in excess of 0.6 %, which influenced the decrease
in calcium recovery (Figure, ). However, even under such
unfavorable conditions, the calcium recovery in test melts
was higher than the results of comparative melt heats.
Therefore, FeO content in slag melt before modification
should not exceed 0.6 %. The confidence of the depen-
dences characterized by coefficients of determination (R?)
is at a sufficiently low level. This is related to the mode-
rate sample size and simultaneous influence of numerous
factors. However, the dependences obtained qualitatively
confirm the known theoretical regularities.

It should be mentioned that both average and maximum
temperature of treatment at SVD with the use of complex
alloys was higher than upon treatment by silicocalcium
SK40: SK40 — 1569 — 1633 °C (average: 1606.4 °C);
INSTEEL®1,5 — 1599 — 1648 °C (average: 1619 °C);
INSTEEL®9.4 — 1593 — 1650 °C (average: 1617.6 °C).
Comparative data analysis for melt heats at higher tem-
perature demonstrated that in this case the specific flow
rate of argon is higher, which can be attributed to the need
for adjustment of metal temperature before ladle transfer

Table 6

Content of the main chemical elements
in the steel samples from tundish, %

Taonuya 6. Cogep:kaHue OCHOBHBIX 3JIEMEHTOB
B MapKHPOBOYHBIX MPodax MeTasia, %

Modifier
Element
SK40 INSTEEL®1.5 | INSTEEL®9.4
C 0.0900 0.0900 0.0800
Si 0.3600 0.3600 0.3800
Mn 1.5600 1.5700 1.5300
P 0.0100 0.0110 0.0100
S 0.0020 0.0020 0.0020
Ti 0.0150 0.0140 0.0150
Al 0.0400 0.0360 0.0390
Ca 0.0011 0.0010 0.0011
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to continuous-casting machine. As a consequence, during
melt heats at higher temperatures, it is required to blow
metal after the end of modification with a higher intensity
and inevitable exposure of metal, accompanied by addi-
tional waste of calcium. The analysis of the data on pilot
campaign, shows a trend towards a decrease in calcium
recovery degree with increase in argon flow rate at SVD
from 0.08 to 0.10 m?/t and higher. Furthermore, blowing
by argon with a normal flow rate (up to 0.08 m3/t) and
intensity not causing excessive metal exposure and reoxi-
dation promotes the removal of NMI from metal. This is
further demonstrated by a decrease in the content of non-
deformed silicates in rolled products.

Therefore, despite the significantly lower content
of calcium added to metal with test modifiers and non-opti-
mum treatment parameters of SVD, the content of resid-
ual calcium in metal was at the level of comparative melt
heats. The mechanical properties of metal rolled products
were improved and the NMI content was decreased.

- CONCLUSIONS

The use of complex modifiers with AEM allows
the problems of modification at the consumption to be
resolved, thus providing cumulative addition of AEM
of 80—-90% of calcium content predefined according
to regular technology.

In the course of pilot activities, the calcium recovery
from Si—Ca-Ba modifier was by 1.6 times and from
Si—Ca—Ba—Sr modifier by 2.4 times higher in compari-
son with the use of conventional silicocalcium SK40.

The use of complex modifiers allowed the con-
tent of non-deformed silicates in steel to be reduced (in
terms of maximum rank) to a level lower than 3.5 points
under conditions of the electric-furnace melting shop
of JSC “Ural Steel”.

In the case of the use of complex alloys with AEM
the mechanical properties of sheet rolled products were
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improved both during tension tests and during impact
bending tests at lower temperatures.
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METALLOGRAPHIC ANALYSIS OF STRUCTURAL PECULIARITIES
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Abstract. The article describes the determination of level of zonal and dendritic segregations in slabs cast by thin slab technology. The calculated coefficients
of variation of content of main and impurity chemical elements over slab cross-section do not exceed 10 %, while the zonal segregation are moderate.
The content of manganese measured by the surface area occupied by dendritic axes and interdendritic spaces determines the level of dendritic segregation.
The manganese concentration varies from 0.6 to 1.1 %, respectively. It was established that the dynamic soft reduction during solidification allows
the primary dendritic structure to be refined, in order to form additional centers upon phase transformation of § ferrite into austenite. The sizes of initial
austenite grains formed accounting for the primary dendritic structure are 3 times lower in a thin slab than in a slab with the thickness of more than 200 mm.
Transformations of dendritic structure during reductions demonstrate the high level of conditioning required for the formation of uniform austenite grains
in semifinished rolled stock before finish rolling. The studies did not confirm the hypothesis that bainite of coarse morphology in the microstructure of hot
rolled products is formed in segregation sites. The inherited influence of the primary dendritic structure on structure formation during rolling was detected.
The manganese concentration varies between bainite and neighboring structure from 0.68% to 1.01% similarly to the level in initial dendritic segregation.
The difference in the content of chemical elements influences on recrystallization of austenite grains during high temperature roughing. Bainite was
formed in the frames of chemically depleted coarse austenite grains steady upon phase transformation.

Keywords: slab, segregation, dendritic structure, rolled, microstructure, bainite
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AnHomayus. OnpenesieH YpoBEHb 30HANBHBIX M JICHAPUTHBIX Cerperanuii B cisibax, pasiuThIX MO TOHKOCISIOOBOM TeXHOJIOrWH. PaccuuraHHbie
K09 OUIMEHTHl BapualyK COACPKAHUS OCHOBHBIX M TPUMECHBIX XHMHMYECKHX OJIEMEHTOB [0 CEUeHHIO CIsI00B He mpesbimaror 10 %,
30HAJIBHBIE cerperaiuu Hepbicokre. Coaeprkanie Mapratia, U3MEepeHHOe 110 TUIONIA 1, 3aHUMAEMOM JACHIPUTHBIMU OCSIMH U MEKICHIPHTHBIMH
MIPOMEXKYTKaMH, TI0Ka3aj0 YPOBEHb NEHAPHUTHON cerperannu. Kornentpamus mapranma msmensercs ot 0,6 no 1,1 % cooTBeTcTBEHHO.
VeTaHOBIICHO, YTO HCIIOIb30BAHHUE JHHAMHUYECKOTO MSITKOTO OOKATHsI B IPOLIECCE 3aTBEPACBAHMS TIO3BOJISIET M3MEIIBYHUTH IEPBUUYHYIO JACHIPUTHYIO
CTPYKTYpY [Ulsi 00pa30BaHuUsl JAOMOIHUTEIBHBIX HEHTPOB HpH (pa30BOM mpeBpaiieHun d-peppura B aycTeHUT. Pa3mepbl HCXOMHBIX ayCTEHUTHBIX
3epeH, CHOPMHUPOBAHHBIX C YYETOM NMEPBUYHOMN ACHIPUTHOMN CTPYKTYPBI, B TOHKOM Clisibe B 3 pa3a MeHbIie, 4eM B clisibe TomunHoi 6omee 200 Mm.
IIpeoOpa3oBanus ACHAPUTHON CTPYKTYPBI B XOJ€ OOKATHil MOKA3bIBAIOT BBICOKYHO MPOPabaThiBaeMOCTh, HEOOXOAMMYHO sl (hOpMHUPOBAHUS
PaBHOMEpPHBIX ayCTEHHTHBIX 3€PCH B MOJKATEe IEpe/l YMCTOBOW MpOKaTkou. McciieqoBaHieM He MOATBEPXKICHA THIIOTE3a O TOM, YTO OCHHHT
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rpy06oit MOP(OIOrHH B MUKPOCTPYKTYpE ropsiueKaTaHoro npokara 00pasyercsi B CerperaloHHbIX y9acTKax. BbIsSBICHO HACIEACTBEHHOE BIMSIHUE
MePBUYHON IEHIPUTHOI CTPYKTYphl HA CTPYKTypooOpa3oBaHie B XOje MpoKaTku. KOHIEHTpalusi MapraHiia M3MEHSCTCS MEKIY OCHHHUTOM U
«coceHen» crpykrypoii ot 0,68 10 1,01 % mogo6HO ypoBHIO HCXOIHOM JEHAPUTHON cerperannu. Pasnnyuune B coiepKaHui XUMHYECKUX HJIEMEHTOB
BIIUSICT HA MPOIECCHl PEKPUCTAIUIM3AIMA ayCTCHUTHBIX 3€PCH B XOIE BBICOKOTEMIIEPATYPHOIl Y€pHOBOI MPOKATKU. BelHUT chopmupoBaics B
paMKax XUMHYECKH «00€IHEHHBIX» KPYIHBIX ayCTCHUTHBIX 3€PEH, YCTONYMBBIX TIPH (ha30BOM MPEBPAIICHUH.

Kniouesule caoea: ciisi6, cerperaiyis, ASHAPUTHAS CTPYKTYPa, IPOKAT, MUKPOCTPYKTYpa, OSHHUT
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[ INTRODUCTION

The rolling production of various steel grades was
implemented at the casting and rolling facility (CRF),
JSC “Vyksa Metallurgical Plant”, including cold and
corrosion resistant versions. The continuous improve-
ment of product quality allows the properties of hot
rolled product [1 — 5] to be enhanced. Thus the increase
in the slab thickness from 90 to 105 mm resulted in
increase in the facility efficiency [6]. In thin slab tech-
nology without recrystallization of austenite grains before
rolling and restricted cumulative deformation, the initial
cast structure exerts inherited influence on formation
of final structure of rolled products [7]. The slab aus-
tenite structure before the start of rolling is determined
by the cast metal structure previously formed during crys-
tallization. The boundaries of initial cast grains are propa-
gated along the interdendritic spaces. The grain shape and
sizes depend on the solidifying conditions. The dispersity
of cast structure changes from the surface to the middle
of the slab thickness: consecutively the zones of fine crys-
tals are formed, oriented columnar crystals and crystals
of equiaxial shape. According to the results in [8 — 12],
the distances between the dendritic axes of the second
order increase from the surface to the center from 20
to 180 — 250 um in thin slabs, respectively. This parameter
in dendritic structure of classical thick slab is higher:
50 um near surface, 350 pm in the middle of thickness.

It was experimentally established that under condi-
tions of CRF in the course of blistering slab from micro-
alloyed steel in tunnel furnace at 1150 — 1170 °C, about
60 % of dispersed particles are dissolved. The size of ini-
tial austenite grain in slab changes insignificantly [4].
Therefore, in order to achieve superior properties in rolled
products, more disperse initial cast structure must be
obtained before slab rolling by controlling metal solidify-
ing [13]. In addition to the sizes of cast grains, the micro-
structure formation during rolling can be also influenced
by chemical segregations stipulated by conditions of melt
presence in liquid solid two phase region. During solidifi-
cation there occurs subdivision of elements at macrolevel
with formation zonal segregations. The dendritic charac-
ter of solidification leads to microsegregations.

Generally, the main consequence of segregations can
be the formation of structural heterogeneity in rolled metal
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negatively influencing on mechanical properties [14].
The aim of this work was to analyse the internal chemical
and structural properties formed at the stages of solidifica-
tion of thin slab and as a consequence of & — vy transfor-
mation, and to determine their influence on the formation
of microstructure during hot deformation.

[ EXPERIMENTAL

The research material was an array of ten industrial
thin slabs of low carbon micro-alloyed steels, Grade K52,
and respective rolled products.

The zonal chemical segregation was determined by slab
thickness using atomic emission spectral analysis [15].
Five to seven measurements were made at each considered
site: at least 30 burnings over the thickness of each slab.
The dissipation of chemical elements over the slab cross
section was estimated by the coefficient of variation calcu-
lated as the ratio of standard deviation in the data array to
average value [11]. The distribution of chemical elements
over the dendrite axes and interaxial spaces was estimated
by manganese content [16; 17]. The cast structure was
analyzed using a Carl Zeiss Axio Observer Dlm optical
microscope on metallographic polished cross sections
made from rapidly cooled slabs. The diameter of former
austenite grains highlighted by ferrite was measured in
the cross sections parallel to the slab wide faces. In these
cross-sections, the grains are of equiaxial shape. Therefore,
it was sufficient to measure the diameter without adjusting
coefficients [18; 19]. The microstructure of rolled prod-
ucts was analyzed by reflected electron diffraction (RED)
using Ultra 55 electron microscope equipped with HKL
Channel 5 analytical system. The RED maps were plotted
as 1/4 thickness of rolled products at 125x and 500x mag-
nifications with scanning step of 0.5 and 0.1 pum, respec-
tively. In the maps obtained, the low angle boundaries
(LAB) were plotted at the grain boundary angle from 2
to 15°, and the high angle boundaries (HAB) at the angle
boundaries of higher than 15°. The grain sizes were esti-
mated by the sizes of sites restricted by HAB [20].

[ RESULTS AND DISCUSSION

The calculated coefficients of array variation together
with the data of spectral analysis (Table 1) demonstrate
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Table 1

Variation coefficients

Tabnuya 1. KoddppuuuenTsl Bapuanuu

Variation coefficient (ratio of standard deviation to average value), %

© Mn Si

P

S v Nb

5.6-6.6 05-0.8 0.6-1.0

52-94

26-34 0.8 3.7-5.1

that the dissipation chemical elements over the cross sec-
tion of thin slabs from low carbon micro-alloyed steel is
insignificant. The variation coefficients of the main and
impurity elements are lower than 10 %. In comparison
with these results in a classical slab with the thickness
of 250 mm of identical chemical composition, the coeffi-
cient of variation of carbon reaches 25.7 %. The dissipa-
tion of other elements is the same as in a thin slab. There-
fore, the casting conditions of thin slabs allows metal
close to chemically homogenous metal to be obtained.

The zonal segregations are insignificant. Analysis
of dendritic segregation demonstrated that the manga-
nese content over the area occupied by dendritic axes and
interdendritic spaces varies from 0.6 to 1.1 %. The man-
ganese distribution map illustrates primary solidified state
and dendritic segregation in a slab from low carbon steel
(Fig. 1).

The classic tree structure in a thin slab of low car-
bon steel is violated. One of the reasons of destruction
of the dendritic structure is the dynamic soft reduction
during solidification, leading to breakage and refining

1.1
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Fig. 1. Map of manganese distribution over the cross section
of dendrites and inter-dendritic spaces

Puc. 1. Kapra pacnpenenenns MapraHiia 1Mo CE4eHHIO ICHAPHUTOB
U MEXJICHIPUTHBIX ITPOCTPAHCTB

of growing dendrites. Additional centers are formed for
nucleation of austenite grains during phase transforma-
tion & — vy [13], providing structure dispersity before hot
rolling.

The size of initial austenite grains formed with
accounting for primary dendritic structure is in the range
from 0.5 to 1.5 mm. In the aims of comparison, in a classic
slab with the thickness of higher than 200 mm before roll-
ing preheating the grain size near the surface is 1.5 mm
and increases to 4.5 mm in the middle of the thickness.
The grains highlighted by ferrite in cross section parallel
to wide faces of slabs with the thickness of 90 and 105 mm
are illustrated in Fig. 2.

In the course of thermomechanical treatment, the struc-
tural heterogeneity is minimized due to correctly selected
microalloying and significant reductions of slab in rough-
ing train [1 — 5]. The deformation distribution curve plot-
ted by relative changes of dendritic structure [21] in a slab
during roughing demonstrated that actual reductions in
the CRF roughing train provide uniform local deforma-
tions (Fig. 3), which are required for obtaining of homo-
geneous fine grain structure before roughing.

The maps of grain boundary and microstructure of final
hot rolled products in the form of Kikuchi diffraction pat-
terns are illustrated in Fig. 4. It can be seen that the struc-
ture is comprised mainly of polygonal ferrite (Fig. 4, a),
the matrix of which contains bainite regions with pre-
dominant granular morphology (Fig. 4, b) and, to a lower
extent, of rack morphology. The structure of granular
bainite contains to a higher extent large angle bounda-
ries [20], which can be observed in the grain boundary
maps.

The maps are plotted to give a better demonstration
of grain sizes in the structure of the considered samples
(Fig. 5). Each site bounded by HAB is colored from blue
to red. Blue corresponds to the finest grains, red cor-
responds to the coarsest sites. The structure is mainly
homogenous in terms of grain sizes.

The grain measurements are summarized in Table 2.
The fraction of large sizes of bainite of low temperature
modification of rack morphology with LAB, formed in
the frames of initial austenite grains, does not exceed 10 %.

The map of manganese distribution over bainite sur-
face area does not confirm the hypothesis that bainite
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Fig. 2. View of grains in the planes parallel to the wide face of thin slabs:
a— 5 mm from the surface, d, = 0.5 mm; b — quarter of slab thickness, d_, = 1.5 mm; ¢ — middle of the slab thickness, d, = 1.0 mm

Puc. 2. Buj 3epeH B INIOCKOCTSX, NapayielbHBIX IIHPOKOH IPaHH TOHKUX CIISI00B:
a—5 MM OT IOBEPXHOCTH, dcp = 0,5 MM; b — 4eTBEpPTbh TOJIIUHEI CIIsI0a, a’cp = 1,5 MM; ¢ — cepeiHa TOJIIMHBI CI1s10a, dcp =1,0 Mmm

of coarse morphology in the microstructure of hot rolled
products is formed in segregation sites (Fig. 6). This
figure demonstrates that it is identical with dendritic seg-
regation. The manganese content in the surface area occu-
pied by bainite and neighboring structure varies from 0.68
to 1.01 %, respectively. Bainite with LAB was formed in
the frames of austenite grains steady upon phase transfor-
mation [22].

The difference in content of chemical elements between
dendrite frames and in interdendritic spaces can influence
on recrystallization of austenite grains during high tem-
perature roughing. At a chemically pure site, the barrier
action for prevention of growth of recrystallized austen-
ite grains is weakened, in comparison with chemically
enriched spaces. The determined regularity indicates
that minimization of bainite fraction of coarse morpho-

1.0
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0.7
0.6 | 2
0.5 ]
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0.3

Relative width h/h,

0 | | |
30 40 50 60 70 80

Relative changes
on the distance
between primary axes

Fig. 3. Influence of deformation on dendrite transformation
along the slabs thickness:
1-45-50%;2-65-70%

Puc. 3. Bausaue nedopmanyu Ha TpaHC(HOPMALIUIO ICHIPUTOB
TI0 TONIIUHE CIA00B:
1-45-50%;2-65-70%
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logy in rolling is possible due to decrease in the initial
dendritic segregation during solidification of liquid steel.
The studies established that a decrease in the distance
between dendritic axes of the second order by 30 pum in

Fig. 4. Microstructure of hot rolled products:
a — grid of large-angle (black) and small-angle (red) borders;
b — structure of bainite areas

Puc. 4. MUKpOCTpPYKTypa ropsiueKaTaHoro npoKara:
a — ceTKa OOoNBIICYNIOBEIX (YepHBIE) M MaJIOYTIIOBBIX (KpACHBIE)
rpaHuil; b — CTpyKTypa OCHHHUTHBIX y4aCTKOB
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Table 2

Grain size estimation based on the maps of reflected electron diffraction

Tabnuya 2. Pe3yabTaThl OlIeHKH pa3MepoB 3epHa Ha ocHoBe [IOD-kapT
Weighted average Maximum grain Maximum grain Coefficient of grain
grain diameter, pm diameter, um surface area, um? | size non-homogeneity

134 48.7 1864 5.4

X, um
0
Mn, %

Fig. 5. Grain size maps

Puc. 5. KapTsl pa3mepoB 3epHa

average results in a decrease in the dendritic segregation
by 20 % [23]. The disperse primary dendritic structure is
a prerequisite for formation of uniform recrystallized aus-
tenite structure during rolling in roughing train.

- CONCLUSIONS

Estimation of zonal segregations demonstrated that
dissipation of chemical elements over the cross section
of thin slabs from low carbon micro-alloyed steel is insig-
nificant. The coefficients of variation are less than 10 %.
In comparison with these results in slab with the thickness
of more than 200 mm the variation coefficient of carbon
reaches 25.7 %.

The dendritic segregation illustrated by the map
of manganese distribution demonstrated the primary
solidified state of low carbon steel with violated struc-
ture of dendrite. The refining of growing dendrites in
the course of solidification by dynamic reduction of slab
provided additional centers for the nucleation of austen-
ite grains upon phase transformation 6 — y. The sizes
of initial austenite grains in the cast structure of thin slab
are three times lower than in a slab with the thickness
of higher than 200 mm.

The calculation of relative changes in the sizes of den-
dritic structure during roughing demonstrated uniform

50 I 0.97

0.93

100
0.89

0.85

Y, pm

150

200

250

Fig. 6. Mn content at the site of bainite and “neighboring”
microstructure areas

Puc. 6. Conepxxanue Mn 1o MecTy OEHHHTA U «COCEIHUX)»
Y4aCTKOB MUKPOCTPYKTYPbI

structural transformations required for obtaining of uni-
form austenite grain before entry into finishing train.

It was established that the nature of bainite with
a higher density of low angle boundaries in final micro-
structure of rolled products is stipulated by the inherited
influence of dendritic segregation during rolling. Decrease
in the dendritic segregation is a prerequisite for forma-
tion of uniform recrystallized austenite structure during
roughing.
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SIMULATION OF SLAB HEATING
IN A WALKING BEAM FURNACE

I. B. Abdukodirov!®, A. V. Vargin?, I. A. Levitskii 2
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Abstract. Slabs are preheated before hot rolling to achieve the required metal plasticity. Walking beam furnace is the most efficient form of equipment since
it heats the slab from all sides. Nevertheless, the bottom surfaces in contact with the water-cooled support beams are shielded from the heat radiated
by the lower part of the furnace, and their heat is transferred to the beams. We developed and implemented by means of software a simulation model
to study the non-uniformity of the temperature distribution across the slab and how the slab transportation system design affects it. Thesimulation
model includes a numerical solution of a 3D thermal conductivity problem with piecewise defined boundary conditions on the slab bottom surface.
Identical boundary conditions were applied to both the top surface and the open areas of the slab bottom surface. For the areas of contact with the
beams, we applied modified boundary conditions to account for the duration of the contact. We numerically solved the system of difference equations
with the layer-by-layer method, in order to obtain a system defined by a tridiagonal matrix. The slab-to-beam contact heat transfer was assumed
to be adiabatic during the entire contact period. The calculations produced the temperature fields at different cross-sections of the slab. As a result,
we discovered a significant non-uniformity of the temperature field on the lower surface of the slab leading to the entire temperature field non-
uniformity of the slab. We developed simulation and visualization software to study the slab temperature field under various heating conditions.
The simulation model is refined from the experimental data available.

Keywords: mathematical simulation, slab heating, walking-beam furnace, 3D heat transfer problem, boundary conditions, finite difference method, heat
transfer coefficient
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MATEMATUYECKAA MOJENb HATPEBA CNABA
B NEYU C WATAOLWWLUUMU BANKAMMU
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AHHomayus. Harpes cis00B mieper| Topsiueii pOKaTKoi HEOOXOUM JUisl TIPUJIAHHsT METaLTy TpeOyeMbIX IUIacTHYecKux cBoicTB. Hanbomee sddexrnBHbI
JUTSL 9TOTO MEYH ¢ IIArarolMMy OalkaMH, 00SCIeUHBAIOLIIE 04y TEIUIOTHI CO BCEX CTOPOH ciisiba. OaHaKko 00NacT! HIDKHHX IOBEPXHOCTEH 11008,
KOHTAKTHPYFOLIIHE C BOTOOXIAKIAeMBIMI OATTKaMH, SKPaHHPOBAHBI OT M3ITYUCHHS HIDKHIX 30H 000TPEeBa IIeUH 1 OTAAI0T TEIUIOTY Gankam. Jist iecieToBaHust
HEOJHOPOAHOCTH TEMITEPAaTyPHOTO MOJIS CIISI00B U €€ 3aBUCHMOCTH OT 0COOCHHOCTEH KOHCTPYKLIMK CHCTEMbI TPAHCIIOPTHPOBKH pa3paboTaHa U IIPOrpaMMHO
pean3oBaHa MaTeMaTHIecKasi MOJIeNb HarpeBa Cisioa B IeuH ¢ IararonmmMu Gamkamu. Mojienb OCHOBaHa Ha YHCICHHOM PEIICHHN TPEXMEPHON 3a/1a4
TEIUIONPOBOIHOCTH C KyCOYHO-OIPE/IEICHHBIMU IPAHUIHBIMU YCIIOBUSIMU Ha HIDKHEH MOBEPXHOCTH CIist0a. [Ij1st OTKPBITBIX 00MacTeil HIKHEH MOBEPXHOCTH
crsba 3a/1aBAIHCH TAKHe JKe TPaHIIHBIC YCIIOBHS, Kak Ha BEPXHEH MOBEPXHOCTH, a [UTst 00IacTeil KOHTaKTa ¢ GaakamMi — MOIMU(HIPOBAHHbIC TPaHITIHBIC
YCIIOBHISI, YUUTBIBAIOLIHE [POIO/DKUTEIILHOCTD TON0 KOHTAKTA. J{JIsi YMCIIEHHOTO PELICHHS CUCTEMBI PA3HOCTHBIX YPaBHEHHiT IIPUMEHEH MOCIIONHbIN METO]I,
TMO3BOJISIFOLIMI MOJTYYHTh CHCTEMY C TPEXIMaroHajIbHOIM Marpuieit koddduimentos. [IpoBeneHHbIe pacdyeTsl B PUOMIKEHUH aIMa0aTHOCTH Y4acTKOB
KOHTaKTa cIisiba ¢ OayikaMi B MIEPHOJ] KOHTAKTa MO3BOJIMIIM MOMYYUTh TEMIIEPATypHbIE TOJIs [T Pa3fIMuHbIX CeYeHui cisiba. B pesyssrare BbIsiBICHA
CyIIECTBEHHAsI HEOTHOPOAHOCTh TEMITEPATYPHOTO TIOJISI HIKHEH MOBEPXHOCTH CIIs10a, BIMSFOIIAS Ha HEOTHOPOIHOCTh TEMITEPATYPHOTO TIOJISI BCETO CIsida.
PazpaboranHasi porpaMma pacueTa 1 BU3yaJH3allii Pe3y/IbTaToB MOXKET ObITh UCIIONBb30BaHA TSl H3YUEHHsI TEMIIEPATYPHOTO OIS CJIs10a MPH Pa3iHIHbIX
PEKMMaxX ero HarpeBa B CIIydae HaTHUHs SKCIIEPUMEHTAIBHOM HH()OPMAIIHH, TO3BOJIIFOLICH YTOYHITH HACTPOCUHBIC [TApaMETPBI MOICIH.
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- INTRODUCTION

The walking beam furnace providing slab heating from
four sides is a state-of-the-art piece of equipment. It pre-
heats slabs before hot rolling [1]. The slab movement sys-
tem in such furnaces contains fixed and movable beams
which partially shield the contact areas of the bottom
surface of the slab from the thermal radiation of the com-
bustion products coming from the lower heating area.
It leads to partial heat outflow through heat conduction in
the contact areas. The experimental study of heat transfer
in industrial conditions is challenging, so we used simu-
lation instead. The models simulating metal heating in
furnaces [2, 3] can be divided into statistical [4, 5], ana-
lytical [6], and numerical [7 — 10]. Both direct and in-
verse heat conduction problems are considered in some
articles [6, 11]. Simulation of in-furnace processes is ex-
tensively used to solve optimization problems [11 — 15] or
to employ the capabilities of with advanced CFD soft-
ware [16, 17].

The purpose of this study is to build a simulation model
of slab heating in a walking beam furnace that accounts for
the effect of these beams on the heating and apply the mo-
del to analyze the temperature field of the slab.

] METHODS AND MATERIALS

The simulation model addresses a 3D unsteady heat
conduction problem in the Cartesian coordinate system.
The computational domain is a parallelepiped without
any internal heat sources. Its thermophysical properties
are temperature-dependent. The model uses asymmetric
boundary conditions of the third kind. These conditions
are piecewise on the bottom surface of the computational
domain.

With the above assumptions, the heat conduction equa-
tion is nonlinear:

or 1(o0(,0Ty o(,o0or) of,oT

—=—|—|A— |+—| A— |+ —| A— ||,

ot pclox\ ox) oy\ dy) 0z\' oz
{0<x<6x,0<y<5y, O<z<82}. (1)

The initial temperature field is homogeneous
I, y,2)=T,. ()

Then the boundary conditions can be expressed as:

oT 1
- A— T-T._,),
( axjx_o x( g x70)
oar ! :
3 TR ®

(x%} » (1,7, ) )
—(xz—j]z_; al(T,~T..,).
(xg_fl:sz: o (T,-T._, ) (5)

Eq. (1) — (5) is a complete formulation of the differen-
tial heat conduction problem. The notations are defined
as follows: T(x, y, z, ) is the slab temperature, K; 5 _, Sy, 9,
are the slab dimensions (width, thickness, length), m; p is
the slab material density, kg/m?; ¢ is slab material specific
heat capacity, J/(kg-K); A is the slab material thermal con-
ductivity, W/(m-K); al and ai are the heat transfer coef-
ficients on the rear and front vertical surfaces of the slab,
respectively, W/(m?-K); al and ai are the heat transfer
coefficients on the bottom and top surfaces of the slab,
respectively, W/(m?-K); U.I and o are the heat transfer
coefficients on the left and right end surfaces of the slab,
respectively, W/(m*K); T’ . 1s the heating medium tempe-
rature, K; T, is initial slab temerature, K.

The equations are expressed in the coordinate system
attached to the slab. For this reason, the design features
of a specific furnace affect the boundary conditions.
First, in order to account for different heating conditions
in various furnace areas, the heat transfer coefficients
and the temperature of the heating medium are described
as a piecewise function of time. Secondly, the properties
are specified individually for each slab surface to take into
account the furnace geometry in the simulation model. For
example, if the furnace hearth is solid (which is common
in walking hearth and pusher furnaces), the respective
heat transfer coefficient al is set to zero. In this way, we
expressed the adiabatic condition on the slab bottom sur-
face. For walking beam furnaces, the boundary conditions
at the slab top and bottom surfaces must be consistent with
the different heat input rates in the lower and upper areas
of the furnace chamber. Although the combustion occurs
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in both lower and upper areas, the slab bottom surface is
significantly shielded by the slab transport components.
Moreover, the slab bottom surface has contact arecas with
riders on the movable and fixed beams. For this reason,
the boundary conditions should be different for the three
types of bottom surface areas:

— areas between the beams (type 0);

—areas that periodically come into contact with the
movable beams (type 1);

—areas in permanent contact with the fixed beams
(type 2).

This means that al(z) and T;(z) — members of the
boundary conditions on the slab bottom surface — are
piecewise functions of the coordinate along the slab’s
length. They are piecewise functions of time in the same
way as the other boundary conditions. We also should
remember that as the slab is walked (moved) through
the furnace, both the contact conditions with the beams
and the intensity of the slab bottom surface shielding
vary. The simulation model describes the heat transfer
on the slab bottom surface as it comes into contact with the
cooled beam by the conditional heat transfer coefficients
a.anda, , W/ (mz;K). The heat is transferred to the medium
at a temperature 7' or 7 , K, which circulates in the beam
cooling system. In most cases, the coolant is water or
steam. For open-flame furnaces (they also include walk-
ing beam furnaces), the heat transfer coefficients describe
both convective and radiative heat transfer (linearization
of the (3) — (5) boundary conditions is beneficial to acce-
lerate the numerical solution convergence).

The walking cycle consists of individual stages.
We used the stage names and approximate durations speci-
fied in the datasheet of a furnace operated in Casthouse
No. 2, Severstal. The walk beam system specifications are
listed in Table 1.

Note that the information in Table 1 is insufficient
to estimate the slab-to-beam contact time. We need
to know the slab feed cycle time 1, s (its minimum value
is equal to the total duration of walking, but in real-life
applications, the value is usually several times greater),
and the spacing between the slabs in the furnace L, m (sum
of the slab width and the slab-to-slab gap). Then during
the feed cycle 1, the time of contact with the movable
beams is [7]:

L
T, :7(TT +1 +r¢), (6)
and the time of contact with the stationary beams is
L
rszt—7(rT+r%+r¢). (7)

For heating simulation, modifying the boundary condi-
tions at each walking stage is impractical, because it would
require extremely small time steps (At <1 ¢). It is advi-
sable to specify the boundary conditions for the areas
in contact with the beams as a weighted average result
to account for the share of total contact time. This app-
roach does not require the time steps to be multiples
of the walking stage durations. Then the effective heat
transfer coefficient, specified as a boundary condition on
an area of the lower surface of an i type, is estimated as

o s i=0
al(z)=1a"(1-8)+&a,, i=1, (8)
y\=i m
ale+a,(1-¢8), i=2

the effective temperature of the medium in contact with
the lower surface area of the i™ type is

T, i=0
g, T, +(1-8)d'T, -

)= &, +(1-&a’ | )
(1-&)a, 7, +&0'T, s
(1-8)a, +&a’

the auxiliary coefficient £ characterizes the share of time
when the slab is in contact with the movable beams:
T L TT + T_> + T¢

E=-1n

T T

(10)

The non-linear problem (1) — (5) has no analytical
solution, so we had to resolve it by the finite difference
method [7, 18, 19].

This method introduces a discrete time variable
t,=kAt (k=1,2,..) with the constant step As and dis-

Table 1

Example of the walking mechanism characteristics

Tabnuya 1. Tipumep XapaKkTePUCTHK PadOTHI MeXaHU3MAa AT AHUSA

Stage Lifting | Move forward | Lowering | Reverse | Push rod stroke, mm
Designation T, T T, T_ /
Duration, s 16 12 19 9 480
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crete coordinates x,=iAx (i=0,1,2,.,n), Y, =jAy
(G=0,1,2,.., ny), z,=IAz (1=0,1,2,.,n). For the
simple geometry under consideration, the coordinate also
changes with the constant steps Ax, Ay and Az. The n_,
n, and n_values are the numbers of partitions along each
coordinate axis.

As a result, the computational domain is partitioned
into elementary volumes. Their number is equal to (n_+ 1)
(ny + 1)(n_+ 1). Each of these elementary volumes con-
tains one node of the 3D grid. Each node is denoted with
three indices (i, /, /). At each time step increment, the heat
balance equations are formulated for each elementary
volume. They form a quasi-linear system of equations
where the temperatures at the nodes at the end of each
time step are unknown quantities. Solving the system with
general methods is not advisable [19, 20].

- RESULTS

We implemented the simulation model as a Builder
C++ ver. 6.0 application. The software supports three
algorithms for solving the system of difference equations:

— the split method (applicable to linear problems only);

—the simple iteration method (low memory require-
ments, but slow to converge);

— the layer-by-layer method (direct solution for heat
propagation along the slab thickness with an iterative re-
finement of its propagation along the length and width).

rCnat
[ Wipia [pasrep BA0AE NEw - KLmm FE'__
TonuuHa [passep No BepTLecan - ylmm E?!!a“-
Dlwa (paseep eaone caaa - 2Le 6000
[ MAcTHOCTS,KI /143 W
| A=[E [« [00001 w[v [Te5 w2 BrAwK)
| e=[o0 [+ [0003 2[+ [22e6 w2 Owinek)

20
40
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3azop mekny cnaban BLOME NEYM M
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KommecTeo pastvetsii no gmHe [Baone z) W

War no eperaerme (10

| Creness HeasHocTu crere (09
LonucTiman NorpelwHocTs pacyeTa Tenneparypsl, C |0,007
| Koo peuumenT Himmei penaxcau |05

(" Merog paciuennesia
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Thea ,a , T . and T ., values can be found only from
test data using a model of heat transfer between the slab
bottom surface and the slab transport components. For our
software implementation, these values are input data.
So far we proposed to take into account only the shielding
effect of the slab transport components by setting & _and &
to zero. Fig. 1 shows the initial data for the simulation,
and Table 2 lists the slab heating conditions in a five zone
heating furnace.

The heat balance of the slab is verified at each time
step and globally (max error does not exceed 0.001). Fig. 2
shows the final temperature profiles for the bottom (a) and
top (b) surfaces (temperature variation along the longitu-
dinal axis of the surface) of a 250x500x6000 mm slab hea-
ted in a furnace with four fixed and two movable beams.
For comparison, Fig. 2, ¢ shows the temperature profile
along the axis of the bottom surface heated under uniform
boundary conditions obtained by averaging of conditions
at this surface.

[ Discussion

The results indicate that at the slab end faces, the tem-
perature on the axis of the top and bottom surfaces increa-
ses by about 20 — 25 °C regardless of the type of bound-
ary conditions. This can be explained by the effect of heat
supply to the slab ends. In terms of the uniform boundary
conditions on the bottom surface, the temperature profile
in the rest of the bottom surface axis of the slab is vir-
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Fig. 1. Input data for simulation

Puc. 1. CHUMOK 5KpaHa NpOrpaMMbl ¢ UCXOIHBIMHU JaHHBIMH JUIsl MOAEIUPOBAHUS
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Table 2
Simulated heating conditions
Tabauya 2. ITapamMeTpsl peskuMa HArpeBa IPH MO/IeJTUPOBAHUU
Heating Duration, | Medium temperature, °C Heat transfer coefficient at the slab face, W/(m?*-K)
zone number min start end bottom top left right rear front
1 40 700 1000 30 40 30 30 35 45
2 35 1000 1100 40 50 30 30 45 55
3 35 1100 1200 50 60 60 60 55 65
4 35 1200 1250 90 100 100 100 95 105
5 35 1250 1250 110 120 110 110 105 115
1225 5 p
1215
P 1205 -
g 1195 - -
S
§ 1185 = L
§.. 1175 o o
& 1165 - -
1155 - -
1145 | | | | | | | | | |
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Slab coordinate, m

Slab coordinate, m

Slab coordinate, m

Fig. 2. Temperature profile along the axis of the top (a) and bottom (6) slab surfaces
for piecewise-defined and averaged (6) boundary conditions at the bottom surface

Puc. 2. TemneparypHblii TpoQuIIb BIOIb OCH HIKHEH (a) M BepXHei (0) noBepXHOCTeH cisioa
IIPH KyCOYHOM 3aJaHHU TPAaHUYHBIX YCIIOBHI Ha HIDKHEH MOBEPXHOCTH U HX YCPEIHEHUH (8)

tually uniform (Fig. 2, ¢), while for piecewise boundary
conditions, the temperature field non-uniformity in this
area reaches 48 °C (Fig. 2, a@). The non-uniformity of the
temperature field can also be seen at the slab top face, but
it is significantly lower (about 15 °C away from the slab
ends, refer to Fig. 2, b). It should also be noted that for sta-
tionary beams, the “impact spot” is deeper and wider than
for movable beams (Fig. 2, a). This is because the contact
time of the slab bottom surface with the stationary beams
is longer than with the movable beams.

The software can be used to study the slab tempera-
ture field in various heating conditions from available ex-
perimental data used to specify the model tuning parame-
tersa , a , T . and fm. The results of analysis when only
the shielding effect of the beams is accounted for should
be considered as a lower-bound estimate of the slab tem-
perature field non-uniformity.

[ ConcLusIONS

We developed and implemented a simulation model of
the slab heating in a walking beam furnace which accounts
for the effect of the beams on the slab bottom surface.
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The model is a 3D unsteady thermal conductivity prob-
lem with boundary conditions of the third kind. These
conditions are piecewise on the slab bottom surface.

For a furnace with four fixed and two movable beams,
we simulated the heating of a 250%x500%x6000 mm slab
under standard conditions and accounting for only the
shielding effect of the beams on the slab bottom surface.
The temperature non-uniformity on the slab bottom sur-
face away from its ends was about 48 °C, while on the top
surface — about 15 °C.
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MATHEMATICAL MODELLING SYSTEM
FOR METALLURGICAL ENTERPRISE:
OPERATION AND USABILITY ENHANCEMENT
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Abstract. Metallurgical plants (smelters) adjust their production plans to match changing global demand. EVRAZ West Siberian Metallurgical
Combine JSC (EVRAZ ZSMK) employs furnace charges and pellets containing 110 components, with a product range exceeding 2000 items that
vary from month to month. The production plan is optimized individually for each manufacturing process, with the goal of minimizing costs and
maximizing output. This paper discusses the development and deployment of the smelter simulation system currently in use at EVRAZ ZSMK.
Unlike other solutions, this system performs concurrent, end-to-end optimization of all smelter processes, with the ultimate goal of maximizing
the company's profit. During the system's operation from 2019 to 2020, users encountered tedious and time-consuming tasks, such as creating
60 production plans per year, conducting 10,000 test iterations, and analyzing 30 scenarios. To gather statistical data, a feedback form was used,
which identified several issues. Firstly, the mathematical model fails with incorrect input data. Secondly, repeated analyses are required to identify
and interpret the plan/actual cost discrepancies. Thirdly, data validation errors, such as incorrect chemical composition or model settings unsuitable
for the specific timeframe, were observed. To address these shortcomings, several measures were developed: an input data validator (before and
after analysis) was introduced; sensitivity and factor analysis modules were developed to aid in identifying and interpreting cost discrepancies;
a chemical composition uploading tool was developed to ensure data validation. Finally, the system was retrained on historical datasets to improve
its accuracy.

Keywords: simulation, optimization, mathematical model, production planning
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OnbIT UCNONb3OBAHUA U NOBbLIWEHUA KO3ABU/IUTU
CUCTEMbI MATEMATUYECKOTO MOAENUPOBAHUA NPOU3BOACTBA
HA METANNYPIUYECKOM NPEANPUATUU

A. C.Jleoutnes, U. A. Pui6enko ©

Cubupckuii rocyiapcTBeHHbINH HHAYCTpUAILHBII yHuBepcuTeT (Poccus, 654007, Kemeporckas 061. — Kysz6acc, HoBoky3Herlk,
yi1. Kupoga, 42)
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AHHOmayus. B cBsi3M ¢ pa3BUTHEM MHPOBOH TOPrOBIM Y METALTyPrHUeCKHX KOMOWHATOB IOSBHJIACH OOJIbIIAS BapHATUBHOCTH IPH COCTABICHHU
npou3sBoacTBeHHoro miaHa. Ha AO «EBPA3 3ananHo-Cubupckuit metautypriudeckuii komounam (AO «EBPA3 3CMK») muxty onTHMH3HPYIOT
13 110 KOMIOHEHTOB TOJIBKO B YaCTU arIOMEPALIMOHHOTO U JIOMEHHOTO 1pou3BoACcTB. HoMeHKIIaTypa BbITyCKaeMol MPOYKIMHU COCTOUT Oosee yeM
u3 2000 exuHULL 1 MEHSIETCS OT Mecsiia K Mecsiry. OObIYHO MPON3BOICTBEHHBIN ITaH ONTUMH3UPYIOT TOJIBKO BHYTPH OTICBHBIX MepeaesoB. Llensio
ONTHUMH3ALUH SBIISIETCSI MUHUMH3ALMsT ce0eCTOMMOCTH IepeJienia U MaKCUMH3aLus IPOU3BOACTBA. B paboTe npezcrapieHs! pazpaboTka U BHEAPEHUE
CHCTEMbI MATEMaTHYECKOTO MOJICIMPOBAHMSI IPOU3BOJICTBA BCErO MeTauTyprudeckoro kombunara Ha npumepe AO «EBPA3 3CMK». B ortuune ot
CYLIECTBYIOILHX CHCTEM MOJEIMPOBAHUS EPE/IENIOB LIEJIbI0 CUCTEMBI SIBJISIETCS €AMHOBPEMEHHAsI CKBO3HAsI ONTHMM3aLHs BCEX TIE€PEEIOB KOMOUHATA.
Koneunast nenp — Makcumu3anusi npuObid Bcero kombuHara. B mporecce akcrutyarannu HOBOM cucteMbl B 2019 — 2020 rr. Obuti 0OHAPYKEHBI
BBICOKHE Tpy03aTparhl pyu padote nonb3opareneil. Hanpumep, cosepruaercs 6onee 10 000 TecToBbIX MTEpaLuii pacyeToB A Bblirycka 60 rIaHoB
3a rox ¥ pacdyera 30 sKOHOMHMYECKUX KeiicoB. Pa3paborana u mpoananm3upoBaHa (opMa CTAaTMCTHKH, KOTOpas MOKa3aja CIEAYIONMEe OCHOBHBIC
poOJIeMBbl: HEPA3PELIMMOCTb MOJENHM M3-33 BBOJA MAaTeMaTHYECKM HEKOPPEKTHBIX JIAHHBIX; ITOBTOPHBIE PACUEThl KOHOMUUECKHX KEHCOB IS
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Jleonmueg A.C.,, Poi6enko H.A. ONIbIT UCIIO/Ib30BAHMUSA U OBbILIEHHUS 103a0MJIMTH CUCTEMbI MaTeMaTHYECKOI0 MOZIeJIMPOBAHUSA IPOU3BO/CTBEA ...

BBIJACJICHUSA U UHTCPIPETALMU OTACIIbHBIX U3MCHUBIIUXCS (ba](TOpOB Ij1aHa oT 6}011>1<eTa; OIIMOKH Ha dTare Bepmlmkam/m JIAHHBIX U3-3a HCKOPPEKTHOI'O
XUMHUYCCKOTO COCTaBa DJICMCHTOB WJIM HEBECPHBIX HACTPOCK MOICIIN TI0H KOHerTHLIﬁ nepuon pa60TI>I. ,HJ'IS[ YCTpaH€HHUsI HEAOCTATKOB CUCTEMBbI
pa3pa60TaHLI CHUCTCMBI BaJIMJIalIMM BBOAMMBIX J@HHBIX Ha 3TaIe 10 U IOCJIE pacu€ToB, MOAYJIN aHaJIM3a YYBCTBUTCIIBHOCTH U (baKTopHBIﬁ pacuer,
CHUCTEMA aBTOMATUYECCKOI'0O 3aIIOJIHEHUA XUMHYICCKOIO COCTaBa, a TAaKXKe ,HO6aBJ'IBHa BO3MOXXHOCTH Hepeo6yquI/m MOJCIN Ha UCTOPUICCKUX TaHHBIX.
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[ InTRODUCTION

Nowadays, steelmakers mostly use the sintering and
blast furnace process [1]. Usually, iron is reduced from
ore in blast furnaces as pig iron and then the impurities
are oxidized in steelmaking converters or electric furnaces
with subsequent ladle refining [2].

The metallurgical industry consumes a lot of resources
and energy. Smelters introduce both investment-based and
zero-cost initiatives to reduce costs through optimal pro-
duction planning. Planning is essentially an optimal allo-
cation of expensive (purchased) or insufficient (in-house)
resources to maximize profit. It is a pressing problem for
smelters buying raw materials from third-party suppliers.
The key challenge is that the charge for each furnace may
consist of hundreds of components in various combina-
tions. For example, EVRAZ ZSMK makes the charge for
cast iron production from more than 110 components [3].
Planning cannot be done manually because it is so com-
plicated and includes the following concurrent processes:

— optimizing the charge composition for cost;
— optimizing the recycling content [4];
— analyzing the production processes [5].

Process simulation models became commercially avail-
able worldwide in 2010. Such models should be highly
flexible [6] which is exactly what the Russian smelter
needs in the current situation.

This paper covers the deployment of a production plan-
ning system at EVRAZ ZSMK, and new tools improving
the system’s efficiency.

Currently, the sintering and blast furnace process
is the predominant method used by steelmakers [1]. This
process involves reducing iron from ore in blast furnaces
to produce pig iron, which is then further processed in
steelmaking converters or electric furnaces, followed
by ladle refining to remove impurities [2]. However,
the metallurgical industry is known for its high consump-
tion of resources and energy. In order to reduce costs and
achieve optimal production planning, smelters are intro-
ducing investment-based and zero-cost initiatives. Produc-
tion planning involves the optimal allocation of expensive
(purchased) or insufficient (in-house) resources to maxi-
mize profit. This is particularly challenging for smelters
that purchase raw materials from third-party suppliers, as
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the charge for each furnace may consist of hundreds of
components in various combinations.

For example, EVRAZ ZSMK uses more than 110 com-
ponents in the charge for cast iron production [3]. Manual
planning is not feasible due to the complexity of concur-
rent processes, which include optimizing the charge com-
position for cost, optimizing the recycling content [4],
and analyzing production processes [5]. Since 2010, com-
mercially available process simulation models have been
used worldwide to address this challenge. To be effective,
these models should be highly flexible, which is precisely
what is needed by the Russian smelter in the current situa-
tion [6]. This paper discusses the implementation of a pro-
duction planning system at EVRAZ ZSMK, as well as new
tools that improve the system’s efficiency.

B MATHEMATICAL MODEL SUMMARY

In2019, EVRAZ ZSMK successfully deployed a math-
ematical model that covers every production stage from
ore mining to steel rolling. The system offers easy integra-
tion with third-party analysis modules. Fig. 1 shows the
main window of the Forecast process simulation system
(PSS). Initially, the system was developed to optimize the
production plan in financial terms at each site and at the
corporate level.

However, the optimization results were challenging
to interpret. For example, in cases where the system sug-
gests 100 % of composition / pellets instead of compo-
sition 2 and 3 pellets, it is not clear why such a switch
would lead to cost savings or if it would even be advanta-
geous. Therefore a new option was added to the system to
enable users to select either planning or scenario analysis
mode. In the planning mode, the system suggests an opti-
mal production plan that meets constraints, while in the
scenario mode, the system estimates costs for various pos-
sible scenarios. This enhanced the system’s efficiency but
increased user effort.

A detailed analysis of system usage statistics was con-
ducted to identify bottlenecks, which revealed that only
30 out of 3000 scenarios analyzed in 2020 were imple-
mented. Moreover, the new scenario mode considerably
increased user efforts and the number of simulation runs.
The total number of analysis cases run was more than
11,545, indicating that each scenario had to undergo


https://fermet.misis.ru/index.php/jour/search/?subject=математическое моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=оптимизация
https://fermet.misis.ru/index.php/jour/search/?subject=математическая модель
https://fermet.misis.ru/index.php/jour/search/?subject=планирование производства
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Fig. 1. Main window of the “Forecast” process simulation system
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3 — 4 runs to ensure error-free results. The study results
are illustrated in Fig. 2.

After analyzing the results, we developed special pro-
ductivity-boosting tools for the system users. In addition,
we added a simulation experiment capability to the sys-
tem. With the rise of resource-saving technologies, com-
putational experiments have become necessary to analyze
processes and system behavior. As such, the company
required a simulation tool for such experiments.

A computational experiment typically involves several
steps. First, the input data is entered and validated. Fol-

14,000
12,000 11,545
“ Scenario mode 10,314
§ 10,000 |- deployed
S 8000 | i
$ |
S; 6000 | 5716
|
S 4000 | |
- |
2000 307 |
o L[ | L I
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Fig. 2. System use statistics
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lowing this, physical experiments are conducted to fine-
tune the mathematical model [7].

[ INPUT DATA VALIDATION

“Data Validation” tool

The input data is validated before running the solver
to identify any incorrect values. For user convenience,
the validation tool is programmed to start automatically
before each simulation run, providing brief explanations
and displaying the input data status.

Consider the report from the Abagursk Concentration
Facility (Fig. 3). The report is checked against the follow-
ing rules applied to concentration facility reports:

—the minimum reconcentrate intake should be less
than or equal to the maximum intake;

— if the maximum intake value is non-zero, the ore pre-
parability tables should report non-zero values;

— if the maximum intake value is non-zero, the precon-
centrate price should be non-zero.

“Checklist” tool

The “Checklist” tool is launched after successfully
simulating a model. It displays the solution to the opti-
mization problem and checks it for compliance with pro-
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cess constraints. The solution is then checked against the
checklist as a post-processing stage. If a rule is not satis-
fied and the solution fails to meet process requirements,
it is highlighted in red. Some of the rules checked by the
tool are:

— whether the raw o re stock is underutilized. This rule
checks for unused ore resources since in-house ore stock
should be used first;

—the sinter cake output is less than the production
capacity. This rule checks if the sinter production plan
underutilizes the available equipment capacity;

— whether the pig iron output is less than the produc-
tion capacity. This rule checks if the pig iron production
plan underutilizes the available equipment capacity.

“Chemical Composition Uploading” Tool

Entering the raw chemical composition into the sys-
tem was a time-consuming process. The mathematical
model requires an extended chemical composition for
each charge component (e.g., TiO,, ZnO, etc.). Howe-
ver, extended analysis incurs higher costs and is often
outsourced. Therefore, the in-house lab can only provide
incomplete analysis and updates the record once a quarter
or upon request.

The chemical composition data is sourced from
both lab test reports and raw material data sheets. Lab

122

reports are given priority, and if they are unavailable,
data sheets are used instead. Consequently, the chemical
compositions for all materials over the planning period
(scenario) are uploaded into the system. If a chemical
composition is updated, the new data overwrites the old
values.

These tools have significantly reduced potential data
entry errors as more than 10,000 values are entered every
month.

[ ResuLT ANALYsIs TOOLS

“Price Sensitivity Analysis” Tool

Price sensitivity analysis aims to identify the relation-
ship between raw material prices and purchase volume.
To conduct this analysis, the user specifies the material
of interest, along with lower and upper price limits. The
user also specifies the number of increments in the price
sensitivity analysis window.

Once the price sensitivity analysis is completed, the
results are presented in the form of a table and diagram, as
shown in Fig. 4. The user can export the results to Excel
by clicking on the “Export to Excel” button.

“Pipeline Processing” Tool

The batch scenario simulation tool allows for multiple
simulations to be run with varying input data within speci-
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Fig. 4. Results of price sensitivity analysis

Puc. 4. OkHoO ¢ pe3yabTaTaMy pacuyeTa aHajlu3a YyBCTBUTEIbHOCTH

fied ranges and increments. The tool window is displayed
in Fig. 5.

The results of the simulations are presented in the form
of a standard Production Report and can be exported to
Excel by clicking on the “Export to Excel” button and
specifying the path and file name. The user also has the
option to save the configuration for later use.

B “Model Factor Calculation” Tool

This tool is designed to recalculate the factors uti-
lized in several plant models, including the sinter plant,
byproduct coke-making plant, melt shop, and LD plant
models. These factors are estimated based on historical
data. In this discussion, we will specifically focus on the
factor estimation process for the sinter plant model.

The blast furnace process is responsible for the pro-
duction of pig iron from sinter, pellets, and briquettes. In
order to ensure high-performance blast furnace operation,
fine ore and concentrate are converted into larger frag-
ments, which provide better gas permeability [8].

This is typically accomplished through one of three
processes: briquetting, agglomeration sintering, or pellet-
izing. Agglomeration sintering is the most commonly used
process due to its significant advantages over the other
options. For instance, agglomeration sintering makes it
possible to utilize by-products and in-house waste, such

as sludge and furnace dust, resulting in water savings and
reduced air pollution [9].

One challenge of sinter plants is the inconsistent com-
position of the ore concentrate, furnace fuel, and flux, as
well as varying base-to-silica ratios. Estimating sinter
machine capacity based solely on ore concentrate and
factor recalculation is insufficient to achieve the required
simulation accuracy. Instead, only machine learning on
historical datasets can effectively estimate every factor
that affects the sinter machine’s capacity and sinter cake
quality. Market price analysis over the last five years has
shown that the price of sinter cake made from purchased
ore concentrate is lower than that of purchased pellets. To
increase sinter cake output, several options exist, includ-
ing:

— increasing plant capacity;
— intensifying the sintering process;

—increasing yield through better sinter quality or
reducing fines;

— and using substandard sinter in the blast furnace as a
compromise [10, 11].

Charge optimization [12 — 15] is the key factor for
the sinter quality and sinter machine capacity [16 — 19]. It
is a zero-cost profit booster [12].

A regression model for the sinter plant output is as fol-
lows:
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y=by+tbx +byx,+*..+bx,

where y is the expected sinter output, tons; b, is the inter-
cept term; b, b,, ... b, are the regression coefficients; x,,
x,, ... x, are the factors affecting the sinter output.

To estimate sinter quality, the Random Forest method
was utilized due to its higher prediction accuracy when
compared to regression. The Random Forest method is an
ensemble learning method that was proposed by Leo Brei-
man and Adele Cutler. It utilizes multiple decision trees
to generate predictions. The algorithm combines two key
concepts: Breiman’s bagging and the random subspace
method by Tin Kam Ho. This method can be applied to
classification, regression, and clustering problems. The
core idea behind this method is to use a large ensemble
of decision trees, where each individual tree may produce
a poor classification quality but the collective output of
many trees produces more accurate and reliable results!.

- CONCLUSIONS

In modern times, user experience has become the most
critical aspect of simulation and optimization tools. Even
the most accurate and flexible solution can be rejected by
users due to its confusing user interface. To overcome this
issue, we applied system analysis and software adoption

! Random Forest. Wikipedia. URL: https://en.wikipedia.org/wiki/
Random_forest (Last accessed: 16.11.2021).
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rate assessment to identify and rectify any bottlenecks in
the software’s usability.
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Abstract. The selective reduction process generates products in the form of concentrates and tailing/by-products. There is high percentage of iron and
other elements in the tailings that are not extracted in selective reduction process. Properties of by-products of selective reduction were investigated
using X-ray diffraction (XRD), inductively coupled plasma optical emission spectroscopy (ICP—OES), ultraviolet-visible (UV-VIS), and scanning
electron microscopy energy dispersion spectroscopy (SEM—EDS). Based on the results of this study, the properties of iron-sulfur, iron-magnesium-
aluminium, and silica phases in the tailings can be interpreted experimentally. For future research, it can be the reference for such processes as acid
and base leaching. Pure iron extracted from tailings can be used for metal fuel in the future. The tailings composition data will help future researchers
to find optimal processes for the tailings.
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AnHomayusa. B pe3synsrate M30MparebHOTO BOCCTAHOBJICHHS O0pa3ylOTCS KOHLGHTPAThl M IyCTas 1opojaa (XBocThl). B XBocTax comepxutcs
BBICOKHH TIPOLICHT JKeNe3a U JAPYrHX 3JIEMEHTOB, KOTOPbIE HE M3BJIEKAIOTCS B MPOLECCE CEJIEKTUBHOTO BOCCTaHOBIICHHs. CBOWCTBA XBOCTOB MOCIE
M30UPaTENILHOTO BOCCTAHOBJICHHS HCCIIEI0BAINCH METOIAMH PEHTICHOCTPYKTYPHOTO aHAJIH3a, OTHKO-AIMUCCHOHHOMN CIIEKTPOMETPHH C MHIIYKTHBHO
CBSI3aHHOM IJ1a3MOM, ONITHYECKOH, YD- 1 CKaHUPYIOIIEH JIeKTPOHHON MHUKPOCKOIINH, a TAKKE YHEPTOANCIIEPCHOHHOTO MUKPOAHAIN3a HA PACTPOBOM
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QJICKTPOHHOM MHKPOCKOIIC. 3KCHepI/IMeHTaHBHO YCTaHOBJICHO, YTO XBOCTBI COIACPIKAT Cyﬂb(bl/lllbl JKEJIe3a, COCOAMHCHUA KEJIE3a C aJIFOMUHHCM
M MarfmeM, a TakXKe IHOKCHUJ KPEMHUSI. Ha ocHoBanumn TIOJIy4YCHHBIX JaHHBIX B JNaJIbHEUIIIEM BO3MOYKHA pa3pa60TI<a TEXHOJIOTHH KHUCJIIOTHOTO

U IIEJI0YHOT'0 SKCTPArupoOBaHusl MUHEPAJIOB C LCJIBIO MOJIYYEHUA YUCTOIO OKCHU A KEJI€3a, MPUMEHACMOT0 B KAYCCTBC METAJNIMYECKOTO TOIJIMBA.

Katouesule c108a: coctas, XBOCTHI, (pa3a, MUKPOCTPYKTypa

Bbaazodaprocmu: PaboTa BbINOIHEHA MPH TOAAEPKKe MUHHCTEPCTBA 00pa30BaHusl, KYJIBTYpbl, HCCICIOBAHHN U TEXHONOTUH — J{MpEeKInK BBICIIETO
00pa3oBaH¥sl, UCCIIEIOBAHUIT M TEXHOJIOTHIA B paMKax uccienoBareabckoro mpoekra PDD 2022 u qorosopa Ne NKB-968/UN2.RST/HKP.05.00/2022.
ABTOpBI BBIPOKAIOT OJAro[apHOCTh YHUBEPCUTETY MaTepHanoBeaeHus unone3uun u MccienoBarenbckoMy IEHTPY TOPHBIX TexHooruii — Harmo-
HaJBHOMY areHTCTBY HCCIICIOBAHUH M MHHOBAIMH MHIOHE3MH 32 OAACPIKKY W HCCICIOBATEIBCKIE BO3MOXKHOCTH.

Aas yumuposeanus: baxpu @., Manad A., Actytu B., Hypmxaman @., Cyxapro C., Xepnuna V., Anu B.A., ManaBan M. CocTtaB XBOCTOB IpH U30H-
parellbHOM BOCCTaHOBIICHUHY JiaTeputa. M3eecmus 6y306. Yepnas memannypeus. 2023; 66(1): 108—132.
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[ INTRODUCTION

Extraction of nickel from the widely occurring laterite
ores has become an important task of research [1 — 9]. Pre-
vious studies have shown that direct reduction roasting pro-
cess followed by magnetic separation is an effective method
for recovering nickel from laterite nickel ores [10 — 17].
To obtain nickel alloy powder with high nickel content,
iron reduction needs to be controlled in the direct reduc-
tion roasting process. Selective reduction can be achieved
by adjusting the reducing atmosphere [18 —19] and the
number of additives [20 — 22]. Li et al. [10] found that FeS
is produced by direct reduction with the Na,SO, additive.
The formation of the Fe/FeS eutectic promotes the growth
of Ni/Fe particles; simultaneously, in the magnetic separa-
tion process the nonmagnetic FeS will go to the tailings thus
achieving the purpose of selective reduction. Also, the for-
mation of FeS promotes the growth of metal particles. Jiang
etal. [25] found that Na,SO, reacts with silicates producing
low melting point nepheline and suppressing FeO reduction
by inhibiting the diffusion of the reducing gas; it can also
promote the growth of nickel-iron particles through the for-
mation of FeS. In the FeO reduction process, the diffusion
of the reducing gas was impeded due to the increase in the
amount of liquid phase in the roasting system. All of the
above studies found that FeS plays an important role in the
selective reduction of laterite nickel ore. In direct selective

reduction of laterite nickel ore, FeS also serves as a para-
magnetic film covering the FeO surfaces. That thin layer
blocks the contact between the reducing gas and FeO sup-
pressing the reduction process. Iron-rich, it can be used as
a nanoparticle’s precursor in food technology, biomedicine,
energy and fuel production, etc. [26, 27]. The best possible
application of the iron nanoparticles precursor is for metal
fuel which is illustrated in Fig. 1 [27]. Iron-rich by-product
shall be seen as a primary source for the extraction pro-
cesses to be used in the future.

[ MATERIAL AND METHODS

Data on tailings/by-products is taken from selective
reduction process at the Research Unit for Mineral Tech-
nology, National Research and Innovation Agency of
Indonesia, South Lampung, Lampung, Indonesia. First,
the by-product was brought through a 200-mesh shaker
sieve. After that the sample was dissolved in aqua regia for
5 days, diluted 50 and 1000 times, and analysed first by the
ICP-OES Analytika Jena PQ9000 (with the resulting data
converted in excel from ppm to weigh percent); and then
by the XRD PANalytical X Pert3 Powder (in the 200 mesh
sample size, the 20 is in the range of 10 — 80°, step size
0.05, and analysis data by High Score Plus) (Fig. 3). For
SEM-EDS Thermo-scientific Quatro 6 with magnification
5000x was used and Bruker for EDS.

Metal fuel redox cycle

Clean zero-carbon power

Fuel reduction
(electrolitic
metal-fuel recycling)

Metal fuel

Clean zero-carbon energy
for transportation
& power generation

Fuel oxidation

Metal-oxide
products

G =

Fig. 1. Metal fuel in the future [27]

Puc. 1. Ilpumepsl NpUMEHEHHs METAIUTMYECKOTO roprovero B Oyymiem [22]
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- RESULTS

ICP and UV-VIS Study

Table 1 gives tailing specific chemical composition:
0.74 wt% Ni, 39.45 wt% Fe, 5.1 wt% Mg. Fig. 2 gives Fe,
Ni, Mg, Mn, Al, and Co ratios in the tailings according to
their absorbance and wave lengths [28]; therefore, the same
elements are detected by UV—VIS and ICP. The agree-
ment of the ICP and UV-VIS result shows that the aggre-
gate amounts of components in both tests are the same; for
example, iron is the greatest ingredient while cobalt, nickel,
and manganese are the least ones.

XRD Study

In the sulfide phase, iron occurs in a higher percentage
than in magnesioferrite, forsterite, and quartz phases, where
there is less iron which occurs together with constituent ele-
ments magnesium or aluminium. The Rietveld refinement
calculation results agree with the XRD results in Table 2.
Significantly, it is the first time that the tailing product is
addressed as raw material.

SEM-EDS Study

This study gives the same results for the elements
and phases of the tailings which can be further identified
in microstructure. The morphology of tailings, as shown
in Fig. 4, convincingly proves that the major elements in

Table 1

Chemical composition of tailing

Tabruya 1. XuMudecKknii cOCTaB XBOCTOB

Element RE Ni | Mg | Mn | Al Co
Amount, wt% [39.45| 0.74 | 5.1 | 0.55 | 2.63 |0.074
6 .
Ni COCON;\/In F.e, AlFe Fe, Ni, Co
5 | | N1| Mg
2 4
$
s 3
S
3
S 2
<
1
O 1 1 1 1 L Il
200 250 300 350 400 450 500 550

Wave length, nm

Fig. 2. UV-VIS analysis of tailing

Puc. 2 Pesynbrarsl YO- u onTHuECKOif MUKPOCKOITMH XBOCTOB

Table 2

Rietveld refinement calculations of tailing

Tabnuya 2. ®a30BbIii cOCTAaB XBOCTOB 10 PuTBe/bay

Compound Total, %
Pyrite 32.5
Wauestite 243
Magnesioferrite 21.5
Forsterite 16.3
Quartz 5.4

Table 3

Chemical composition of tailing in EDS

Tabnuya 3. XUMHUYeCKHUH cOCTAB XBOCTOB, NMOJIYYeHHBIH
€ MOMOUIHI0 YHEPTOAUCITEPCHOHHOTO MUKPOAHAIN32

Sampling Element (%wt)
spots Fe | Ni | Mg | Al | Mn | Co
1 5748 | - 1.37 - 0.63 -
2 4777 - 3.77 | 1.70 | 0.97 —
3 37.64| - 1.99 | 5.13 | 1.03 -
4 2045 - 6.47 | 14.50 | 1.01 —
5 0.98 - - - - -

the tailing are iron-sulfur, iron-magnesium-silica-oxide,
natrium, and quartz extracted in selective reduction with
sulfur appearing in XRD. From Table 3, the magnesium-
iron-aluminium is appearing in spots 2 and 4 indicating the
magnesioferrite and forsterite phases.

- CONCLUSIONS

Based on the results, the tailing includes such phases as
iron-sulfur, iron-magnesium-aluminium, and silica which
can be interpreted so that the tailing is iron-rich and not

8000

7000
6000

5000

Intencity, counts

4000

3000 1 1 1 1 1 1
10 20 30 40 50 60 70 80

260 (Cu), grad

Fig. 3. XRD analysis of tailing:
@ — pyrite, [l — wuestite, ¢ — magnesioferrite, A — forsterite, ¥ — quartz

Puc. 3. Pe3ynbraTsl peHTT€HOCTPYKTYPHOTO aHaIM3a XBOCTOB!
@ — nuput; [l — BIocTuT; ¢ — Marnesnodeppur; A — dpopcrepurt; ¥ — Kapi
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Fig. 4. SEM EDS of tailing in x5000 (a) area magnification mode:
b — carbon, ¢ — oxygen, d — sulfur, e — natrium, f — magnesium,
g — aluminium, % — silica, i — iron

Puc. 4. Pe3ynbpraTsl 2HEProguCIepCHOHHOTO MUKPOAHAIN3a XBOCTOB
Ha PacTPOBOM NIEKTPOHHOM MHKPOCKOIIE:
a—x%5000; b — yrepon; ¢ — KHCIOPO.; d — cepa; e — HaTpHii;
f— Maruumit; g — aqOMHHHHN; /i — IByOKHCh KPEMHUSL; [ — KEJIE30

usable after process. The process under consideration can
serve as reference for further processes such as acid and
base leaching. Pure iron extracted from tailings can be used
for metal fuel in the future.
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