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Abstract. The paper considers research of quality of the electric arc coating obtained using flux-cored wire of the Fe—C—Si—Mn—Cr—W-V system
with additives of carbon-fluorine-containing material and titanium. The formation of an electric arc coating was carried out using an automatic arc
welding machine ASAW-1250 with a new chromium-containing flux-cored wire on plates made of St3 steel. To exclude mixing of the deposited metal
with the substrate steel, multilayer surfacing was conducted. The surfacing mode was calculated and refined experimentally. The authors studied
the composition and properties of the surface of the electric arc coating after surfacing. As a substitute for amorphous carbon they used a carbon-
fluorine-containing material (dust of gas purification of aluminum production). Surfacing was carried out under a flux made from slag produced
by silicomanganese with a high content of sulfur. A regression analysis of influence of the deposited layer’s chemical composition on its hardness
and wear rate was carried out and mathematical models of the investigated performance characteristics of the electric arc coating were obtained. With
an increase in the content of chromium, tungsten, carbon and silicon, hardness of the deposited metal and its resistance to abrasive wear increase.
The results of the conducted research make it possible to develop measures ensuring the required level of performance characteristics of the electric
arc coating and can be used to make a forecast of hardness of the deposited layer and its wear resistance when the chemical composition of the metal
changes, to predict the operational resistance of rolling rolls deposited with wires of the PP-Np-35V9Kh3SF type. Mathematical models of hardness
of the deposited layer and its wear resistance help to clarify the mechanism of hardening and formation of protective properties of the surface layers
of rolling rolls by means of electric arc coatings deposited with flux-cored wires.
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PA3PABOTKA NMOPOLLKOBOWU NPOBOJIOKKU CUCTEMBbI
Fe-C-Si-Mn-Cr-W -V Cc NPUCAOKAMMU
YINEPOASPTOPCOAEPXALLErO MATEPUAJIA U TUTAHA
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AnHomayus. B paGote nccienyercs KauecTBO JIEKTPOIYrOBOTO MOKPBITHS, MOTYy4EHHOTO C HCHOJIb30BAHUEM IIOPOIIKOBOH MPOBOJIOKH CHCTEMBI
Fe—C-Si—Mn-Cr—W-V c¢ npucankamu yriepoadropconepxaiiero Marepuaia u ThtaHa. OOPMHPOBAHHE SICKTPOIYTOBOTO MOKPHITHS
OCYILIECTBIISIETCS C IOMOILBIO anmapara Juisi aBToMaTHueckoit ayrosoit capk ASAW-1250 ¢ npruMeHeHreM HOBOH XpoMcoep Kallield HOpOIIKOBOH
IIPOBOJIOKU HA IUIACTUHBI U3 cTanu Mapku Cr3. [ MCKIIOYCHHS IepEMEIIMBAHUS HAIUIABIIEMOIO METAJLIa CO CTalb0 IIOIOKKH HPOBOMST
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MHOTOCJIOHHYIO HarIaBKy. PexuM HarlaBKu pacCUUTBIBACTCS M YTOUHSIETCS DKCIIEPUMEHTAILHBIM ITyTeM. ABTOPBI HCCIIEZ0BAIN COCTAB U CBOWCTBA
MOBEPXHOCTH MIEKTPOLYTOBOrO MOKPHITHS IOCTIE HAIUTABKH. B KauecTBe 3aMeHHTEIsI aMOP(HOTO yITIepo/ia HCTIONb3yeTcs yrepoadTopconep ramui
Matepua (IblIb Ta3004MCTKU aTIOMHHUEBOTO MPOM3BO/CTBA). HamnaBky ocylecTBIsn 1oz (I0coM, H3rOTOBICHHBIM M3 IIIaKa IPOU3BOJCTBA
CHJINKOMApraHIa ¢ IOBBIIMICHHBIM COIEp:KaHHEM cepbl. [IpoBeNeHHBIH PerpecCHOHHBIN aHANU3 IIOKA3bIBACT BIHMSHHE XHMHYECKOTO COCTaBa
HAIJIaBJCHHOTO CJIOSl Ha €ro TBEPAOCTh M CKOPOCTh M3HOcA. B paboTe momydyeHbl MaTeMaTHUeCKHE MOJETH MCCIEIyeMBIX KCIUTyaTallHOHHBIX
XapAKTEPHUCTHK 3JIEKTPOIYTOBOTO MOKPHITHSA. IIpn yBenMYeHHH COIep)KaHHsA XpoMa, Bomb(dpama, yriepofa U KpeMHUS HOBBIIIAIOTCA TBEPIOCTD
HAIUIABJICHHOTO METayla M YCTOMYMBOCTH €ro K aOpa3sMBHOMY W3HOCY. Pe3ynbTaTbl NMPOBEEHHBIX HCCIEAOBAHUH MO3BOJSIIOT BHIPAbOTAThH
MEPOIPHUATHSA IS 00ecIedeHnst TpeOyeMOTro YPOBHS SKCILTyaTal[HOHHBIX XapaKTePUCTUK IEKTPOLYTOBOTO IIOKPBITHS U MOTYT HCIIONIb30BAThCS IS
COCTaBJICHHs IPOTHO3a TBEPIOCTH HAIJIABJIEHHOTO CJI0S M €I0 M3HOCOCTOMKOCTH NPH M3MEHEHUH XUMHYECKOTO COCTaBa MeTajlla, IPOrHO3UpOBaTh
9KCIUTYaTaI[IOHHYI0 CTOHKOCTh IMPOKATHBIX BAJIKOB, HAIUIABICHHBIX TpoBookamu Trma [1I1-Hn-35B9X3C®. Maremarndeckne MOeIN TBEPIOCTH
HAIUIABJICHHOTO CJIOSl M €10 M3HOCOCTOMKOCTHU MO3BOJISIIOT YTOUHUTh MEXaHU3M YIPOUHEHUsI M (JOPMUPOBAHMS 3AILUTHBIX CBOWCTB MOBEPXHOCTHBIX

CJIOCB ITPOKATHBIX BAJIKOB ITOCPEACTBOM DJICKTPOAYTOBBIX HOKpLITPIﬁ, HaIUIaBJICHHBIX ITOPOIIKOBBIMHA ITPOBOJIOKAMU.

Kawueswle cao8a: TIOPOIIKOBAsI IIPOBOJIOKA, SJIICKTPOAYTOBOC IIOKPBITHE, MHOTOCITOMHAS HaIllJlaBKa, ITIPOKATHBIC BaJIKH, TBEPAOCTh, CKOPOCTb U3HOCA
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[ INTRODUCTION

Rolling rolls constitute the primary technological tool
in the steel mill rolling process. During their operation,
amidst the plastic deformation of the metal, these rolls
endure significant specific pressures and thermal effects,
leading to intensive wear [1 —3]. In light of this, the issue
of roller repair quality has become more critical. Recently,
there has been a notable increase in the widespread applica-
tion of restorative arc surfacing to repair rolling mill rolls,
using powder wires [2; 4; 5]. However, the use of flux-cored
wires for surface welding comes with various drawbacks.
In order to ensure the execution of high-quality repair pro-
cedures, there arises an essential need to enhance the com-
position of the wire charge and refine its application tech-
nique [6 — 8]. Consequently, the theoretical and experimental
exploration of the physical characteristics, processes, and
mechanisms involved in reinforcing and developing protec-
tive properties within the surface layers of rolls through elect-
ric arc coatings, deposited using flux-cored wires, remains
relevant and holds scientific and practical significance.

It is worth mentioning that the utilization of presently
employed flux-cored wires for the surfacing of rolling rolls
is linked to a series of defects that emerge during the sur-
facing process. These include the high cost and scarcity
of surfacing materials, along with the imperfect nature
of surfacing technologies [9 — 11]. Identifying and rectifying
the flawed structure of these coatings, which contributes
to their premature deterioration, holds significant impor-
tance [12 — 14]. The advancement of technological surfacing
materials [15 — 17], capable of yielding low-carbon martens-
ite structures in the deposited metal, is a subject of interest.

Flux-cored wires within the Fe—C—-Si—Mn—-Cr-W-V
system find extensive application in the surfacing of rolling
rolls [18 — 20]. Simultaneously, for the restoration of rolls
that operate under the most demanding conditions, the flux-
cored wires of the PP-Np-35V9Kh3SF grade in accordance
with the State Standard GOST 26101-84 are predomi-
nantly employed [19 —21]. By modifying the composi-
tion of the charge within these flux-cored wires and incor-
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porating several elements into their makeup, it becomes
feasible to enhance the wear resistance of the deposited
layer and extend the operational lifespan of the depo-
sited rolls. Enhancing and altering the chemical compo-
sition of the flux-cored wires employed in surfacing pre-
sents a multifaceted scientific and manufacturing challenge,
requiring a solution that meets the criteria of both economic
viability and environmental sustainability [21 — 23].

The objective of this study is to establish patterns gover-
ning the augmentation of wear resistance and hardness in
electric arc coatings applied to rolling rolls via the use
of flux-cored wires within the Fe—C—-Si—Mn—-Cr—-W-V
system. This enhancement is achieved through the intro-
duction of titanium and carbon-fluorine-containing material
into their composition.

[l MATERIALS AND METHODS

The processes involved in surfacing and the fabrica-
tion of flux-cored wire, as well as the formulation of the filler
for the flux-cored wire under investigation and the welding
flux, are elaborated upon in references [20 — 22].

In the pursuit of developing a new flux-cored wire,
a comparative benchmark was established using wire
PP-Np-35VI9Kh3SF, produced with graphite grade GL-1
(sample 7). Subsequently, adjustments were made to the con-
centrations of titanium (samples 2 — 4) and the carbon-fluo-
rine-containing material (samples 5 — 9) for comparison.

Before commencing the production of flux-cored
wires, the quantities of powder materials were prelimina-
rily calculated. These materials were meticulously weighed
using laboratory analytical scales AUX 120. The blending
ofthe powders was conducted on laboratory rotary mixers for
a minimum of 30 min. The manufacturing of the flux-cored
wire was executed using a laboratory machine: the strip was
drawn through a die, resulting in the formation of the flux-
cored wire, which was then wound onto a drum.

The surfacing of electric arc coatings was conducted
using an ASAW-1250 welding tractor, employing a cus-
tom-made flux-cored wire on steel plates in five distinct
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layers. This stratification aimed to prevent the mingling
of the deposited metal with the underlying substrate
steel. The surfacing parameters were calculated and fine-
tuned through experimental adjustments. Post-surfacing,
an analysis of the composition and properties of the resul-
ting electric arc coatings were undertaken.

The chemical composition of the deposited coatings
was determined using X-ray fluorescence via an XRF-1800
spectrometer and atomic emission analysis with a DFS-71
spectrometer. For several samples, the metal’s chemical
composition was ascertained using chemical techniques:
carbon content was measured in accordance with State
Standard GOST 12344-2003, sulfur levels were deter-
mined following State Standard GOST 123452001, and
phosphorus content was evaluated adhering to State Stan-
dard GOST 12347-77.

Samples designated for macro- and microstructure
examination, hardness testing, and wear resistance analy-
sis were prepared using a methodology encompassing cut-
ting via a KKS 315L cutting machine, subsequent grinding
on a 3D725 surface grinder, and final polishing utilizing
a FROMMIA 835 SE polishing machine.

The configuration of sample cutting is depicted in Fig. 1.

In order to assess the mechanical properties, macro-
sections measuring 20x55x14 mm were derived from
the cut samples. Hardness measurements were conducted
using the Rockwell method on a TK-14-250 hardness tes-
ter, following the specifications outlined in State Standard
GOST 9013-59. This involved indenting a conical diamond
tip with an apex angle of 120°.

180
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Fig. 1. Scheme of samples cutting for testing:
1 and 2 — for obtaining macro- and micro-plates;
3 and 4 — for tests on hardness and wear resistance;
5 — for hydrogen content determination

Puc. 1. Cxema BbIpe3ku 00pasos
JUISL IPOBEJICHUSI UCIIBITAHUI U aHaIn3a:
1 ¥ 2 — 1715l U3TOTOBJIEHUS] MAKPO- M MUKPOLLIH(OB;
3 1 4 — U1 UCTIBITAaHUHN HA TBEPAOCTh U UBHOCOCTOUKOCTB;
5 — Ju1s ONpeZeNIeHusl CollepKaHus BOIOpoaa

Wear tests are presently conducted in accordance with
State Standard GOST 23.208-79. This standard pertains
to both metallic materials and metallic coatings, stipula-
ting the method for evaluating their resistance to abrasive
wear during friction against loosely bound abrasive par-
ticles. The core of this method involves rubbing test and
reference material samples against abrasive particles intro-
duced into the friction zone and pressed onto the sample
by a rotating rubber roller. The wear of these test and
reference material samples is measured, with the wear
resistance of the test material estimated through a com-
parison of the wear on the reference and test samples.
The outcomes are processed based on the recorded weight
of the samples prior to and post the tests, determining
the arithmetic mean values of weight loss for both the refe-
rence sample and the samples under study.

In order to analyze the influence of the chemical com-
position of flux-cored wires on the wear rate (degree) and
hardness of electric arc coatings, we employed multifacto-
rial correlation analysis. This approach enables us to scruti-
nize the patterns of changes in specific indicators as a func-
tion of various factors. Initially, we identified the factors
affecting the indicator in question, selecting the most sig-
nificant among them. Subsequently, we examined the initial
data for reliability, uniformity, and adherence to the normal
distribution law. This allowed us to formulate a model
of the factor system, using deterministic factor analysis
given the presence of independent factor characteristics in
the systems being studied.

The rate of abrasion of the deposited layer of the test
samples was determined through wear tests performed on a
2070 SMT-1 machine. The fundamental kinematic diagram
of this machine is presented in Fig. 2. The lower sample’s
shaft rotation frequency measurement range (range 4) was
75 — 750 min~!, while the friction torque measurement
range (range /) spanned 1 — 10 N-m. The friction machine
2070 SMT-1 can function with both closed and open power
circuits, and operates as follows: power is transmitted from
the electric motor 2 to both the lower 5 and upper 6 sam-
ples via a belt drive /0. Sample 6 is mounted on the shaft
of the folding carriage 7, which is counterbalanced by
the spring mechanism 8. An elastic torsion sensor 9 for fric-
tion torque, along with a non-contact current collector, is
installed on the drive shaft of the lower sample, with its
signal relayed control panel.

The samples are subjected to loading through a spring
bar mechanism 4. The applied normal force is adjusted by
manipulating the loading unit’s handle, with the measure-
ments conveyed to the control panel via a flexible link con-
nected to a resistor situated within this unit.

The rotation speed is measured utilizing a rate genera-
tor 3, positioned on the engine shaft, while the rotations
of the lower sample 5 are counted by means of a non-con-
tact sensor /. The shaft-bushing employed for sample wear,
which is crafted from P18 steel, is incorporated.
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Fig. 2. Basic kinematic scheme of the 2070 CMT-1 machine:
1 — contactless speed sensor; 2 — electric motor; 3 — rate generator;
4 — loading unit (spring mechanism);
5 and 6 — lower and upper samples; 7 — carriage;
8 — spring mechanism; 9 — friction torque sensor;
10 — flat-toothed belt drive

Puc. 2. [IpuHnmnmanbpHas KHHEMaTHIecKas cxema
mamunel 2070 CMT-1:
| — OECKOHTAKTHBIN TaTYMK KOJINYECTBA 000POTOB;
2 — DJIEKTPOJBUTaTENb; 3 — TaXOT€HEPaTop;
4 — y3en HarpykKeHus (IPYKUHHBIH MEXaHHU3M);
5 M 6 — HWKHUIA ¥ BEpXHUI 00pasiibl; 7 — KapeTKa;
8 — Ipy>XUHHBII MeXaHU3M; 9 — TaTYUK MOMEHTA TPCHUS,
10 — ntocko3y0bast peMeHHas repeiada

[ RESULTS AND DISCUSSION

The chemical composition of the deposited layer
obtained using the experimental powder wire is outlined in
Table 1, and the wear rates of the samples are summarized
in Table 2.

Variations in hardness and wear rate concerning the con-
tent of different elements are visualized in Fig. 3.

The utilization of mathematical and statistical methods
has facilitated the development of a mathematical
model depicting the influence of the chemical composi-
tion of the deposited layer on its hardness and wear rate.

The validity of the acquired relationships was assessed
through the mean approximation error, calculated as fol-
lows

-7

100,
Y,

1 m
b2

where m represents the number of observations; )71. stands
for the calculated resultant indicator; ¥ . corresponds
to the actual value of resultant indicator.

Regression analysis of the influence of the chemical
composition of the deposited layer on its hardness and wear
rate is expressed by the following equations:

— HRC hardness:

—39.056 + 58.725C + 4.983Si + 37.87Mn +
+6.058Cr — 7.096Cu — 107.503Mo — 0.341V — 0.435W

(approximation error is 0.0012 %);

— wear rate, g/rot:

—0.0000741 + 0.00042C — 0.00043Si +
+0.000258Mn — 0.00022Cr + 0.000398Cu +
+0.00419Mo — 0.00019V + 0.0000372W

(approximation error is 0.0011 %).

The hardness and resistance to abrasive wear
of the deposited metal exhibit an increase with an escala-
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Table 1
Chemical composition of the deposited layers
Tabnuya 1. XuMU4YeCKUii COCTAB HAILIABJIEHHBIX CJI0€B
Content of elements, wt. %
Sample - - — HRC
C Si [ Mn | Cr | Cu | Mo | V W | Ni P S Al Co | Nb Ti
1 039 |1.26 | 1.69|3.43]0.14|0.11 | 0.21 | 8.76 | 0.12 | 0.037 | 0.022 | 0.060 | 0.04 | 0.010 | 0.020 | 58.2
2 037|131 174|325/ 0.13 ] 0.11 | 0.20 | 8.19 | 0.12 | 0.034 | 0.021 | 0.110 | 0.04 | 0.010 | 0.030 | 58.4
3 0.39 | 1.23 | 1.76 | 3.35 1 0.17 | 0.10 | 0.20 | 8.38 | 0.10 | 0.032{0.022 | 0.100 | 0.03 | 0.020 | 0.030 | 54.5
4 0.35|1.18 | 1.73 { 3.03 | 0.18 | 0.09 | 0.19 | 7.42 | 0.13 | 0.031 | 0.021 | 0.090 | 0.04 | 0.020 | 0.030 | 57.0
5 0.17 1 0.92 | 1.76 | 1.43 | 0.06 | 0.05 | 0.06 | 3.68 | 0.07 | 0.018 | 0.029 | 0.020 | 0.02 | 0.010 | 0.006 | 43.4
6 0.18 1 0.83 | 1.55 | 0.84 | 0.06 | 0.03 | 0.04 | 2.23 | 0.06 | 0.014 | 0.033 | 0.009 | 0.01 {0.010 | 0.007 | 34.8
7 0.1510.96 | 1.66 | 1.12 | 0.07 | 0.03 | 0.06 | 3.31 | 0.07 | 0.017 | 0.036 | 0.008 | 0.01 | 0.006 | 0.007 | 39.0
8 0.09 | 0.76 | 1.46 | 0.60 | 0.06 | 0.02 | 0.03 | 1.50 | 0.06 | 0.013 | 0.033 | 0.004 | 0.01 | 0.006 | 0.006 | 25.7
9 0.10 | 1.03 | 1.75 | 1.12 | 0.07 | 0.05 | 0.05 | 3.48 | 0.07 | 0.019 | 0.046 | 0.004 | 0.02 | 0.007 | 0.006 | 37.6
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Table 2

Wear rate of the samples

Tabnuya 2. CkopocTh H3HOCA 00pPa31I0B

Sample Sample weight, g Number of Wear resistance
s before wear, m, after wear, m, difference | rotations (V) Am-107
1 86.0384 85.9819 0.0565 2500 2.26
2 90.1120 90.0561 0.0559 2445 2.29
3 102.6680 102.5870 0.0810 2780 291
4 105.5680 105.5010 0.0668 2580 2.59
5 85.6461 85.4218 0.2243 2300 9.75
6 100.0260 99.8323 0.1939 2300 8.43
7 115.5400 115.4650 0.0757 3380 2.24
8 94.4399 94.3375 0.1024 2570 3.98
9 112.6090 112.3920 0.2170 2500 8.68
70 ) =87.858x +24.021 ¢4 12 70 y=57.249x + 14902 5 12
60 - R =0.88 10 = 60 - R’ =0.90, 410 o
3 50 e 2 50 F )
5] 8 o 18 .
S 40 S 5 awf =
£ 6 g = 16 g
S 80t E O 30Ff =
[ (] 4 5 K 8 44 -
T 20 § = 20f 5 5
o y=-18369x+9.7954" mmw| , © B e TN E S ECTCal I PR
i R =056 i R=043
0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.7 08 09 10 11 1.2 13 14
Carbon content, wt. % Silicon content, wt. %
70 12 70 12
=9.6254x +25.967 ¢ ) =4.0005x +24.531 d
60 - R=093 10 < 60 - =09 o 10 <
2 50 o % 50 5
5] 8 . Q 18 .
S 40t s £ 4wt S
= 6 4 £ 16
o 30 5 o 30 £
M 4 = m ' T 4 =
T 20 |- S T 20 S
0b y=-19728x+93158 ™ mm| , = 0l y=-0783x+93824"™ mml, =
R =057 R =053
0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0
0.5 10 15 20 25 30 35 17 2 3 4 65 6 7 8 9

Chromium content, wt. %

Tungsten content, wt. %

Fig. 3. Dependences of the deposited metal properties on content of carbon (a), silicon (b), chromium (c¢) and tungsten (d):
[l - hardness; @ — wear rate; / — linear hardness; 2 — linear wear rate

Puc. 3. 3aBHCHMOCTH CBOICTB HAILIABICHHOTO METaJlIa OT Coflepkanust yriepoaa (a), kpemuus (b), xpoma (¢) u Bonbdpama (d):
[l - tBeprocts; @ — cKopocTh M3HOCA; [ — IMHENHAs TBEPAOCTD; 2 — IMHENHAs CKOPOCTh U3HOCA

tion in the concentration of chromium, tungsten, carbon,
and silicon. The depicted relationships facilitate the predic-
tion of hardness and wear rate outcomes when modifying
the chemical composition of the deposited layers.

- CONCLUSIONS

A regression analysis was undertaken to investigate
the impact of the chemical composition of the deposited layer

on both its hardness and wear rate. Consequently, mathemati-
cal models were derived to represent the examined opera-
tional attributes of the electric arc coating. Notably, the hard-
ness of the deposited metal and its resistance to abrasive wear
exhibit an augmentation with an increase in the concentra-
tions of chromium, tungsten, carbon, and silicon.

The findings from these studies offer the potential
to formulate strategies aimed at guaranteeing the desired
level of operational attributes for the electric arc coat-
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ing. Furthermore, they can be employed to prognosticate
the hardness of the deposited layer and its wear resis-
tance in response to variations in the chemical composi-
tion of the deposited metal. Additionally, they enable
the anticipation of the operational longevity of rolls coated
with wires of the PP-Np-35VI9Kh3SF grade.

The mathematical models delineating the hardness

of the deposited layer and its wear resistance provide
insights that aid in clarifying the mechanism underlying
the strengthening and development of protective properties
within the surface layers of rolling rolls, achieved through
the application of electric arc coatings deposited using flux-
cored wires.
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