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Abstract

Introduction. Improving the efficiency of arc surfacing with a consumable electrode is one of the key vectors in the
development of modern manufacturing. Split-arc gas-shielded welding with a consumable electrode is of particular
interest. The electrode arrangement in this welding process affects the fusion zone, namely its shape and curvature. The
shape of the penetration zone significantly affects the property gradient and the operational reliability of the coating. The
effect of the electrode arrangement on the curvature of the penetration front remains quantitatively unassessed. The
objective of this study is to quantitatively evaluate and determine the correlation of the curvature of the penetration shape
depending on the relative arrangement of the electrodes.

Materials and Methods. The effect of electrode positioning on the penetration shape was studied by building up six layers
and subsequently analyzing the fusion shape in the base metal. The selected influencing parameters were the interelectrode
distance (z) and the electrode inclination angle (o). The surfacing process was performed in an Ar/CO: shielding gas
atmosphere in a ratio of 98/2%. To make the fusion zone visible, the transverse cross-sections of the layers were subjected
to etching. The fusion zone boundaries were digitized. A 6th-degree polynomial was used to determine the functions
describing the penetration shape. The obtained functions were differentiated to analyze the fusion shape. The first-order
derivative was used to determine the number of extremes. To assess the curvature of the penetration shape, the average
value of the absolute second derivative was calculated over the range of values within the layer width. Correlation was
established using Pearson's method.

Results. As a result of the conducted experiment, a quantitative assessment of the curvature of the penetration shape
depending on the relative arrangement of the electrodes was performed. Functions describing the penetration shapes were
determined. The curvature of the obtained shapes and the number of extremes were calculated. Correlation coefficients
between the interelectrode distance, the electrode inclination angle, the penetration curvature, and the number of extremes
were determined. It was found that the curvature of the penetration shape and the number of extremes weakly depend on
the interelectrode distance. The electrode inclination angle determines the penetration curvature to a greater extent. A
damping effect of the heat flux of the electric arc by the volume of the weld pool was identified at an interelectrode
distance of 15 mm.

Discussion. In each experiment, the base metal fusion zone displayed a saddle-shaped geometry. Increasing the electrode
included angle resulted in a shallower penetration shape, attributed to an alteration in the vector of electromagnetic forces
that govern plasma streams and molten metal droplet transfer. The damping effect occurred because reducing the
interelectrode distance enlarged the weld pool. A layer of molten metal, possessing high heat capacity but low thermal
conductivity, separated the electric arc from the base metal, thus damping the heat flux from the arc.

Conclusion. The conducted study made it possible to quantitatively assess the effect of the electrode arrangement on the
curvature of the penetration shape, as well as to determine the degree of influence of the interelectrode distance and the
electrode inclination angle on the curvature of the penetration shape. The interelectrode distance was found to have a weak
effect on both the fusion shape curvature and the number of extremes. The correlation coefficients for these parameters
were —0.22 and 0.43. The effect of the electrode inclination angle on both the fusion shape curvature and the number of
extremes was considered substantial. The correlation coefficients for these parameters were —0.65 and —0.71. As the angle
of inclination of the electrodes relative to the vertical increased, the curvature of the penetration shape decreased.
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AHHOTaLMA

Beseoenue. 1loBeimenne 3 (heKTHBHOCTH AyTOBOW HAIUTABKH IUIABSAIIMMCS SJIEKTPOIOM SIBISICTCS OJXHUM U3 KITIOUEBBIX
HATIPaBJICHUH Pa3BUTUS COBPEMEHHOTO MPou3BoAcTBa. OcOOBIi HHTEPEC MPEACTABISACT HAIUIABKA PACHICIUICHHBIM ILTa-
BSIIIUMCS DJICKTPOJIOM B Cpelie 3allluTHOro rasza. B3aumopacnonoskeHue 3JeKTposoB Ul JaHHOTO CIOco0a HaIlIaBKU
CKa3bIBACTCs Ha 30HE MPOIUIABJICHUS, @ UMCHHO Ha e¢ (opMme U KpuBu3He. DopMa MpoIUIaBiIeHUs BIUSICT HA TPATHUCHT
CBOMCTB M JKCIUTyaTallMOHHYIO HAJEXHOCTb MOKPHITUS. BiusHHE B3auMOpPACMONIOKEHUS 3JIEKTPOJIOB HAa KPUBU3HY
(poHTa POIUIABIEHHS OCTAETCS KOJIUIECTBEHHO HE OIIEHEHHBIM. 1[e1b10 HaCTOSIIET0 NCCIIeA0BaHUS SBISIOTCS OIIpeie-
JICHUE KOPPESAINH KPUBU3HBI (DOPMBI IPOILTABICHUS B 3aBHCUMOCTH OT B3aUMOPACIIONOKEHHS IEKTPOJIOB U €€ KOJH-
YeCTBEHHAS OIICHKA.

Mamepuanst u memoost. ViccnenoBanve BIUSHUS B3aUMOPACIOIOKECHUS IIEKTPOIOB HA ()OPMY MPOTUIABICHHS TPOBO-
JTAIIOCH IyTE€M HAIUIaBKH IIECTH CIOEB U MOCIEIYIOMEro aHaau3a GopMBbl IPOIUIABICHUS OCHOBHOTO MeTajuia. B kaue-
CTBE BIMSAIOMIMX (DAKTOPOB OBUTH BBIOpAHBI PACCTOSHHE MEXKIY JJIEKTpPOoJaMu (z) M yroi ux HakioHa (o). ITporecc
HATIJIAaBKU OCYIIECTBILLICA B cpene 3amuTHOro raza Ar/CO; B cooTHomeHuu 98/2 %. i BhISBICHHS 30HBI MIPOILIABIIC-
HUS TIONICPEYHBIC CEYCHUS CIIOCB OBUIM MPOTpPAaBJICHEL. [ paHMIBI 30H MpOIUIaBICHUS onudpoBanel. s onpeneieHus
(GyHKIUH, onmuCchHIBalONMX (HOpMY HPOILIABICHHS, UCIIOIH30BAJICS TOJHMHOM cTeneHu 6. J{is aHanm3a popMBbl MPOILIaB-
JICHHS BBIMOJHSUIOCH U QepeHIMpOBaHUE MOMyYeHHBIX QyHKIui. [uddepennunan nepBoro mopsaka UCHONb30BaICS
JUTS OTIPENICIICHUS KOJIMYECTBA IKCTPEMYMOB. J{JIsl OIIEHKH KPUBHU3HEI (POPMBI MIPOTLIABICHHUS HCIOIB30BAJICS METO] pac-
YyeTa CpeTHEro 3HAYEHUsI MOJIYJIsl BTOPOM MPOW3BOAHON /JIs 3HAYEHUH, JIekKAITUX B MpeJesax IMHUPUHBI CI0sl. Y CTaHOB-
JICHWE KOPPEILIIUY BBIITOHSUIOCH 110 MeToauke [Tnpcona.

Pesynemamul uccnedosanua. B xone mpoBeIEHHOTO SKCIEPUMEHTA JaHAa KOJMYECTBEHHAS OLEHKA KPUBU3HBI (OPMBI
MIPOIUIABJICHHUS B 3aBHCHMOCTH OT B3aMMOPACTIONOKEHHUS 3IeKTpooB. OrnpeneneHs! (yHKINH, OTICHIBAIONINE TPOQIIIN
MIPOIUIAaBJICHHUS. BEIYHCIIeHBI KPUBH3HA MTOTYYSHHBIX TPOQUIIEH U KOIMYECTBO IKCTPEMYMOB. Y CTAHOBJICHBI KO3 GHUIIH-
€HTHI KOPPEJAUU MEXITy MEXKIICKTPOIHEIM PACCTOSTHAEM, YIIIOM HAKJIOHA AJIEKTPOAOB, KPUBU3HOW TPOTLIABICHUS U
KOJIMYECTBOM IKCTpeMyMoB. CAenaH BBIBOA O TOM, YTO KpHUBU3HA (DOPMBI MPOIUIABICHUS U KOJIHMYECTBO SKCTPEMYMOB
c11a00 3aBHUCAT OT MEKAIECKTPOIHOTO PACCTOSHUSA. YTOJ HAKIOHA YJICKTPOIOB B OOJBINEH CTEIIEHH ONIPEIEIIICT KPUBU3HY
MpoIUIaBJICHUS. BEIsiBIICH 3 pekT aeMupoBaHus TEIDIOBOTO MOTOKA IEKTPUICCKOM AyTH 00hEMOM CBapOYHOI BAHHEI
TP MEKIIEKTPOTHOM PACCTOSIHAU B 15 MM.

Oécyacoenue. 30Ha MPOILIABICHUS] OCHOBHOTO METaJlJIa JUIsl KaX/IOTO OIbITa UMEET CeIUIoBaTyto GopMmy. YBenuyeHue
yrJia pa3Baja 3JIeKTPOIOB PUBOAUT K (POPMHUPOBAHUIO Oosiee nosoroi (JopMbl NPOIUIABICHHS H3-32 N3MEHEHHSI BEKTOpa
JIEHCTBUS AJIEKTPOMArHUTHBIX CHJI, BIUSIOMIMX HA MOTOKH IJIa3Mbl M KaIlId pacIIaBI€HHOTO MeTaula. Bo3HUKHOBEHME
nemipupyromero 3gpdexra oObSICHIETCS TEM, YTO NPU COMKEHUH DIIEKTPOAOB 00bEM CBapOUYHOI BaHHBI yBEJIUYHBA-
ercst. Mex 1y MeKTpUYecKOr Tyroi 1 OCHOBHBIM METAJIIOM BO3HHKAET IMPOCIOHKa JKUAKOTO METaljIa C BRICOKOH TeTIo-
€MKOCTBIO M HA3KOH TEIUIONPOBOJHOCTHIO, 38 CUET STOT0 MPOMCXOINUT ASMII(UPOBAHHE TEIDIA OT AIIEKTPUICCKOH IyTH.
3aknouenue. [IpoBenEHHOE HCCIIEIOBaHIE TIO3BOJIIIO KOJIMIECTBEHHO OIICHHUTH BIMSTHHAE B3aUMOPACIIONIOKECHHUS IIEKTPO-
OB Ha KPUBU3HY (POPMBI MPOTUIABICHIS, 8 TAaKXKe OMPEACTUTh CTCTICHb BIUSHUS MEXIJICKTPOTHOTO PACCTOSHUSA U yIiia
HaKJIOHA JICKTPOIOB Ha KPUBU3HY (YOPMBI IIPOIUIABICHAS. Y CTAHOBJICHO Ca00¢e BIMSTHUE MEKIIECKTPOTHOTO PACCTOSHHS
Ha KPUBU3HY (OPMBI MPOTUIABICHUS M KOJIMIECTBO IKCTPeMyMOB. Koa(pHITMEHTHI KOPPEISIH 11 JaHHBIX ITapaMeTPOB
paBubl —0,22 u 0,43. BriusiHue yriia HaKJIOHA 3JIEKTPOIOB Ha KPUBU3HY (POPMBI MPOIUIABJICHHS M KOJHYECTBO IKCTPEMYMOB
OIICHHMBAETCS Kak cymiecTBeHHOe. Ko puIMeHThl Koppesiuu i JaHHbIX napametpos paBHbl —0,65 u —0,71. C yBenu-
YEHHEM YIJjIa HAaKJIOHA DJIEKTPOJIOB OTHOCHTEIBHO BEPTHKAIN KPHUBU3HA (JOPMBI IPOTUIABIICHHST YMEHbBIIAETCSI.


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2026-26-2-2288
mailto:iakov98sp@gmail.com
https://orcid.org/0009-0008-6788-9963
https://orcid.org/0000-0001-6804-4454

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2288. eISSN 2687-1653

KiioueBble ¢JI0Ba: HaruIaBKa pacieruieHHol xyroil, GMAW, MHOTOIIpOBOJIOYHAS HAIIABKa, B3AUMHOE PACTIONIOKCHHE
3NEKTPOIOB, 30HA IIPOIIIABICHIS

BaarogapHocTH. ABTOpPBI BBIPAKAIOT OJIArOIaPHOCTH PENAKIMOHHOW KOJUICTHW JKypHAla W PELCH3CHTY 3a
po¢eCCHOHANIBHBIN aHANIN3 CTATEH M PEKOMEH/IAIINH IS €€ KOPPEKTHPOBKH.

Jdas muruposBanus. CrxoOmukos S.IT., Canoxkos C.b. KommdecTBeHHass orneHka KpPUBH3HBI ()OPMBI TPOILIABICHUS B
3aBHCHMOCTH OT B3aHMOPACIIOJIOKEHHS JIEKTPO/IOB MPH HAIIABKE PACIEIUIEHHON JYTOH B cpejie 3aluTHOrO raza. Advanced
Engineering Research (Rostov-on-Don). 2026;26(2):2288 https://doi.org/10.23947/2687-1653-2026-26-2-2288

Introduction. In the current era of industrial development and additive manufacturing, improving the productivity of
manufacturing processes is key to competitiveness, as it reduces cycle times and lowers product costs. These processes
include the application of metal coatings using gas-shielded metal arc welding (GMAW) [1]. It is known that boosting
the deposition rate of this welding process through higher wire feed speeds results in increased arc energy. This, in turn,
causes deeper penetration into the base metal, along with spatter, undercutting, and the expulsion of alloying elements.

An alternative strategy for enhancing the deposition rate of this welding process exists. Instead of raising the wire
feed speed, this approach increases the number of wires delivered to the weld pool. Paper [2] reports the outcomes of
investigations into this method. One conclusion is that adding more wires to the welding system yields an exponential
productivity gain, owing to more efficient utilization of the arc thermal energy.

Split-electrode surfacing is a multiwire surfacing method developed on the basis of the aforementioned approach. The
essence of this method is that not one, but several filler wires are fed through the current lead. The current lead is connected
to a single current source [3]. Surfacing by this method is used to solve problems related to the application of anticorrosion
and wear-resistant coatings or the repair of components.

When depositing anticorrosion coatings, minimal base metal penetration with a uniform fusion line is required. This
penetration characteristic provides a minimum content of the base metal in the deposited layer. In [4], the influence of the
type of current on the shape of penetration during surfacing with a split electrode under a flux layer is studied. The effect
of the distance between the electrodes on the shape of penetration is indirectly presented. The study notes that when
surfacing with an interelectrode distance of 10—12 mm, a saddle-shaped penetration is formed. However, this penetration
shape is acceptable for anticorrosion surfacing, provided no fusion defect exists at the saddle top, and the base metal
content stays within 15-25%. The study does not assess the curvature of the penetration shape or establish a correlation
between it and the relative position of the electrodes.

The authors of article [5] note that when applying wear-resistant coatings, the use of a curved penetration shape
provides more reliable adhesion of the layers to the base metal, in contrast to a flat penetration shape. In [6], devoted to a
comprehensive study of penetration shapes in various arc surfacing methods, it is emphasized that the curvature of the
penetration shape determines the nature of the transition of the deposited metal to the base metal, which affects the stress
concentration in the deposited metal, determines the gradient of mixing of the base metal in the deposited metal, and
affects the properties of the deposited metal.

The authors [7] successfully applied the double-wire surfacing method to additive manufacturing. This makes the
method attractive for repairs and additive manufacturing, where layer-to-layer metal transfer behavior is crucial. Thus, it
can be concluded that, when solving problems related to the application of functional coatings, one of the quality
parameters is the morphology of the base metal penetration zone.

The impact of the relative positioning of the electrodes on the penetration shape is due to changes in the
electromagnetic forces in the arc gap and the characteristics of heat and mass transfer. In exploring this topic, the authors
analyzed a number of studies devoted to the processes occurring in the arc gap during surfacing by this method. In [8],
the forces acting on the droplet and molten metal under surfacing with a consumable electrode with a pulsed power supply
were determined, and in [9], the change in these forces within two adjacent electrodes was described. It was established
that when the electrodes were located close together, the droplet of molten metal and the plasma flow were affected by
the Lorentz force directed into the interelectrode space. This force changes the droplet trajectory and lowers arc pressure.
Paper [10] describes the process of modeling the heat distribution in an electric arc arising on a split electrode, and it is
found that the heat distribution in a split arc depends on the distance between electrodes and the current strength. At
certain values of current strength and interelectrode distance, the thermal field in the electric arc takes on a single-peak
or double-peak structure. This heat flux distribution is an important factor that determine the shape of the penetration.
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In [11], two key parameters of electrode positioning that affect the weld penetration shape are identified. These
parameters are the electrode angle relative to the vertical and the distance between the electrodes. Thus, it is found that
when selecting the optimal welding mode, it is required to determine not only the current strength but also the electrode
positioning. This conclusion is consistent with the conclusion reached by the authors of article [10]. In [12], it has been
found that the inclination angle of the working head affects the deposited layer morphology in forehand surfacing. The
optimal inclination angle was found to be in the range of 10 to 30°. With this head position, it was possible to obtain
layers 25 mm wide with a base metal content of 30-33%. The distance between the electrodes was 6 mm. Inconel 625 wire
was used as the electrodes. Surfacing was performed under a flux layer.

From the analysis of the literature on this subject, it may be concluded that investigating the fusion shape in split-arc
gas-shielded welding is of high relevance for applying functional coatings, repairing parts, and additive manufacturing.
The relative positioning of the electrodes during surfacing by this method significantly affects the forces acting in the arc
gap and the heat and mass transfer of the electrode metal. The change in the penetration shape depending on the distance
between the electrodes and the angle of inclination of the electrodes for such a surfacing process has not been fully studied.
The identified knowledge gap is the absence of quantitative data relating penetration shape to electrode spacing and
inclination angle with respect to the vertical plane. Therefore, the objective of this study is to quantify and determine the
correlation between penetration shape curvature and electrode relative positioning. To achieve this goal, the following
tasks must be addressed:

1. Determine the number of extremes and the function curvature describing the weld penetration shape for each
experiment.

2. Determine the correlation values of the interelectrode distance with the weld penetration shape curvature and the
number of extremes, as well as the correlation values of the electrode inclination angle with the weld penetration shape
curvature and the number of extremes.

Materials and Methods. To assess the curvature of the penetration shape depending on the electrode positioning, flat
layers were deposited with different distances between the electrodes and the angle between them. The working tool was
moved using a Fanuc 120iD robot (Japan). The electric arc was powered from a pulsed power supply EWM Titan XQ500
(Germany). The surfacing head consisted of two burners mounted on an adjustable bracket. The substrates used were
St3 (GOST 380- 2005) steel plates, measuring 150x70x20 mm. Surfacing was performed in GMAW-Pulse mode using
Sv-08G2S (GOST 2246-70) wire with a diameter of 1.2 mm. The chemical composition of the wire is presented in
Table 1. A mixture of Ar (98%) and CO- (2%) was used as a shielding gas. This gas mixture, compared to mixtures with
a higher CO: content, has a reduced oxidizing capacity, resulting in fewer nonmetallic inclusions under surfacing. To
visualize the macrostructure of the deposited layer, samples were electrolytically etched in a sodium chloride (NaCl)
solution with a concentration of 200 g/L. Before etching, the samples were polished. Etching was performed at a current
density of 7-10 A/dm?. A 12Kh18N10T (GOST 5632-2014) steel rod with a swab attached to the end served as the
cathode. Etching was performed through rubbing the sample until the structure was revealed. This etching method was
selected as one of the available methods at the time of the study. Penetration shape measurements were performed using
Digimizer software (version 6.5.1).

Table 1
Chemical Composition of Wire Sv-08G2S (GOST 2246-70) (wt.%)
C Si Mn P S Ni Cr Cu
0.05-0.11 0.70-0.95 1.80-1.90 <0.030 <0.025 <0.025 <0.020 <0.025

The distance between the electrodes (z) and their angle of inclination (a) relative to the vertical plane were selected as
independent factors determining the relative positioning of the torches. During the experiment, surfacing was performed
with a uniform overhang (SO) of 20 mm. Figure 1 shows the electrode arrangement under surfacing and the parameters
studied.
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SO

z

Fig. 1. Layout diagram [11]

The layers were deposited at a wire feed speed (WFS) of 6.5 m/min for a single torch. Since two torches were used
during the deposition process, the total wire feed speed was 13 m/min. The working tool moved at a constant linear speed
(TS) of 4 mm/s. During the deposition process, current (I) and voltage (U) were recorded using the ammeter and voltmeter
integrated into the power source. During the experiments, identical substrates were used to maintain a similar thermal
pattern. Before depositing the layer, the substrates were cleaned to a metallic luster and preheated to a temperature (MPT)
of 150 °C. Preheating was performed with a gas torch to simulate actual process conditions under which production work
is carried out. Temperature monitoring was performed with a HIKMICRO B20 thermal imager (China). The shielding
gas flow rate for each torch was 15 I/min. The total gas flow rate was 30 I/min. Table 2 shows the deposition mode.

Table 2
Surfacing Mode
WFS, m/min LA U,B TS, mm/s MPT,°C SO, mm Gas, I/min
13 420 25 4 150 20 30

The experimental design included six runs with different z (1Cr, 18, 21 mm) and a (5°, 10°) parameters. Samples for
analysis were collected from a section comprising 3/4 of the deposited layer length. The experimental design is presented

in Table 3. Figure 2 shows a photograph of a sample with its dissection line.

Experimental Design

Table 3

Run Z, mm a,
1 15 5
2 18 5
3 21 5
4 15 10
5 18 10
6 21 10

Fig. 2. Appearance of the sample
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To assess the influence of the relative positioning of the electrodes on the penetration shape, its boundaries were
determined in the Digimizer program. Figure 3 shows a photograph of macrosections with the boundaries outlined.

Fig. 3. Photo of macrosections with outlined boundaries [5]

Since during split-arc surfacing two heat sources are located symmetrically relative to the motion vector, the shape of
the penetration is conditionally symmetrical. To assess the penetration shape, it was decided to mirror and superimpose
the measured values on each other relative to the layer axis, and invert the values along the Y axis. Figure 4 shows this
technique. As a result of the operation performed, it was possible to present the data as points in the XY, where X — the
width of penetration from the layer axis, and Y — the depth of penetration. Moreover, the Y axis is the axis of the

deposited layer.

40 3
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a, & ol (3
2 < 0.0 37 8 o o oo,
Z 20 10 f"owlo 20 ™ Z 1|, et e ®
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Fig. 4. Data processing

To assess the curvature of the penetration shape based on the measured data, the regression function of each profile
was determined. A sixth-degree polynomial was used to describe all curves. The first derivative of the equations
describing the form of penetration was used to determine the number of extremes. The second derivative was used to
quantify curvature. The curvature of the penetration shape for each experiment was calculated as the average value of the
modulus of the second derivative for points lying within the layer width. The correlation between the curvature of the
penetration shape and the extremes depending on the distance between the electrodes and the angle of their inclination
was calculated by the Pearson method.

Research Results. Regression equations describing the shape of the penetration were determined. The coefficient of
determination was greater than 0.9. The equations are presented in Table 4.

Table 4
Regression Equations

No. X"6 X"5 X" X"3 X"2 XM Const R?

515 —0.000075 0.002839 —0.0385 0.216 -0.41 0.15 0.83 091
1015 —0.000003 —0.000049 0.0039 —0.050 0.17 0.16 0.75 0.90
518 —0.000070 0.002942 —0.0449 0.296 -0.77 0.46 1.87 0.93
1018 —0.000013 0.000466 —0.0058 0.027 —0.04 -0.02 2.08 0.92
521 —0.000035 0.001672 -0.0292 0.222 —0.67 0.60 1.02 0.92
1021 —0.000052 0.002405 —0.0413 0.315 —-0.99 1.00 0.65 0.92

Figure 5 shows graphs illustrating the shape of the penetration and the pattern of its change depending on the angle of
inclination of the electrodes at the same distance between them. Figure 6 shows graphs describing the shape of the
penetration and the pattern of its change depending on the distance between the electrodes for experiments with a fixed

angle of inclination.


https://vestnik-donstu.ru/

Advanced Engineering Research (Rostov-on-Don). 2026;26(2):2288. eISSN 2687-1653

Y, mm

2.0

1.5

e
0.0 0 2 4 6 8 10 12 X, mm

— 515 — 1015

a)

Y, mm

2.5

2.0

0.0 2.5 5.0 7.5 10.0 12.5 X, mm
— 518 —— 1018

Y, mm

2.0

0.0 25 5.0 7.5 10.0 12.5 15.0 X, mm
— 521 — 1021

o

Fig. 5. Penetration shape and behavior for an angle of 5 and 10°:
a— forz=15 mm; b — forz= 18 mm; ¢ — for z=21 mm
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Fig. 6. Penetration shape and behavior at Z =15, 18, 21 mm:
a — angle of inclination of electrodes 5°; b — angle of inclination of electrodes 10°
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It can be seen from the graphs that all experiments exhibit a curved, saddle shape of penetration. Depending on the
electrode arrangement, the penetration profiles display either one or two extremes.

Graphs illustrating how the curvature of the penetration shape varies with electrode positioning are shown in Figure 7.
The digits 1 and 2 denote the number of extremes present on the penetration shape curve.
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For experiments with an interelectrode distance of 21 mm, the curvature of the penetration shape lies in the region of
0.15 mm™'. The fusion zone has two extremes. For experiments with a distance between electrodes of 18 and 15 mm, the
amount of curvature of the penetration shape depends on the angle of inclination of the electrodes. At an inclination angle
of 10°, the penetration shape has a curvature of 0.03 mm™ and 0.14 mm’!, respectively. The number of extremes is equal
to one. As the angle decreases to 5°, the curvature increases to 0.19 mm™ and 0.24 mm’!, respectively. The number of
extremes becomes equal to two.

Table 5 shows the matrix obtained during the evaluation of the correlation value of the curvature of the penetration
shape and the number of extremes depending on the distance between the electrodes and their angle of inclination.

Table 5
Correlation Matrix
Z o Curvature Extremes
4 1 —0.08 -0.22 0.43
a —-0.08 1 —0.65 -0.71
Curvature -0.22 —0.65 1 0.36
Extremes 0.43 -0.71 0.36 1

The correlation coefficient of the distance between the electrodes with the curvature of the penetration shape is —0.22,
and with the number of extremes — 0.43. The correlation coefficient of the slope angle with the curvature of the
penetration shape is —0.65, and with the number of extremes — —0.71.
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Discussion. The penetration shape of the base metal is characterized by the presence of an axial zone (P1) and a
primary zone (P2) of penetration. The primary zone of penetration is formed directly under the action of the heat source.
The formation of the axial zone of penetration is caused by the superposition of thermal fields from each heat source and
the thermal effect of plasma flows rushing into the area between the electrodes [13]. Figure 8 shows a schematic
representation of the fusion zone during split-arc surfacing.

Y4

Fig. 8. Schematic representation of the fusion zone during surfacing with a split electrode

The analysis of the penetration shape curvature shows that at an interelectrode distance of 21 mm, it is independent
of the electrode inclination angle. When surfacing with this electrode positioning, the electric arcs behave as independent
heat sources. This is evidenced by the similar penetration shape, a shape curvature value of approximately 0.15 mm™!, and
an equal number of extremes. As the interelectrode distance decreases to 18 or 15 mm, the penetration shape curvature
becomes dependent on the electrode inclination angle. With increasing electrode inclination, penetration becomes flatter.
This is evidenced by a decrease in penetration shape curvature and the number of extremes. For tests with an 18 mm
electrode spacing, penetration curvature decreases by 84%, while for tests with a 15 mm electrode spacing, it
decreases by 42%.

According to the results of the correlation assessment, the relationship between the interelectrode distance (z) and the
curvature of the penetration shape is weak (Pearson's coefficient »=-0.22), and the relationship between the
interelectrode distance and the number of extremes is moderate (»=-0.43 The correlation between the electrode
inclination angle (a) and the curvature of the penetration shape is determined as moderate, close to strong (» =—0.65),
while the correlation of the inclination angle with the number of extrema is estimated as strong (» =—0.71).

The change in the curvature of the penetration shape depending on the relative positioning of the electrodes is
associated with a change in the vector of forces acting on the droplet in the arc. The forces acting on the droplet during
GMAW surfacing were analyzed in [14]. When the droplet detaches, it is acted upon by gravity, electromagnetic force,
and the force caused by the plasma flows. During split-electrode welding, the interaction of electromagnetic fields from
adjacent arcs generates a Lorentz force that deflects the arc column and droplet toward the weld axis [15]. As a result, the
molten metal droplets fall not directly under the electrode, but with a shift toward the weld axis. This is confirmed by the
results of high-speed video recording of the tandem welding process, presented in [16]. This shift results in the formation
of a shallower penetration shape.

Notably, the minimum penetration curvature, equal to 0.03 mm™', occurs at an interelectrode distance of 18 mm and
an inclination angle of 10° to the vertical. As the electrodes approach 15 mm, the penetration shape becomes steeper,
despite the closer heat sources and the increased radial component of the electromagnetic force.

A comparison of the experimental results shows that when surfacing with the parameter z= 15 mm, the width of the
deposited layer is smaller. However, due to the equal volume of molten electrode material, the thickness (or height) of
this layer is greater. Figure 9 shows a graph of the dependence of the height and width of the deposited layer on the
location of the electrodes [11].
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Fig. 9. Layer dimensions depending on the electrode arrangement:
a — layer height; b — layer width [11]
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Therefore, it can be concluded that surfacing with a smaller interelectrode distance results in a thicker weld pool. A
layer of liquid metal with high heat capacity and low thermal conductivity is formed between the electric arc and the base
metal. This dampens the heat flow and reduces temperature fluctuations in the weld pool. This effect is described in [17].

Practically, these results clarify the effects of electrode arrangement and can guide the selection of welding conditions
for other filler materials. For the application of anticorrosion coatings, it is recommended to use a welding mode with an
electrode inclination angle of 10° and a spacing of 15-18 mm. This relative position of the electrodes allows for a fusion
zone with less curvature. This provides a uniform distribution of chemical elements in the deposited layer. For repair
welding, it is recommended to select an electrode positioning with an inclination angle of 5° and an interelectrode distance
of 15 mm. In this case, the weld penetration shape has the greatest curvature, resulting in a stronger bond between the
weld and the base metal compared to a weld with a flat penetration shape [6].

The results of this study indicate that the distance between electrodes has only a weak effect on both the penetration
shape curvature and the number of extremes. The correlation coefficient for these parameters is —0.22 and 0.43. The effect
of the electrode inclination angle relative to the vertical on the weld penetration shape curvature and the number of
extremes is estimated to be significant. The correlation coefficient for these parameters is —0.65 and —0.71. As the
electrode inclination angle increases relative to the vertical, the weld penetration shape curvature decreases.

Surfacing with an 18 mm interelectrode distance and a 5° decrease in electrode inclination angle resulted in an 84%
reduction in penetration curvature. For tests with a 15 mm interelectrode distance, the reduction was 42%.

It is determined that the curvature of the penetration shape depends on the thickness of the weld pool, which is
explained by the damping of the thermal flow by the layer of molten metal.

Conclusion. This paper assessed the effect of the relative electrode positioning on the penetration shape curvature
under gas-shielded welding with a split electrode. Regression functions describing the penetration shape for each of the
six experiments were determined, the number of extremes was established, and the curvature of each penetration curve
was calculated. Correlation coefficients for the parameters studied were estimated.

It was shown that for all electrode configurations considered, the penetration shape was curved and saddle-shaped. It
was found that at an interelectrode distance of z=21 mm, the penetration shape curvature was independent of the electrode
inclination angle and was approximately 0.15 mm™, and the arcs behaved as independent heat sources. As the distance
decreased to z = 18 mm and z = 15 mm, the penetration shape curvature became significantly dependent on the electrode
inclination angle a. As the angle increased, the penetration shape became flatter, indicating increased electromagnetic
interaction between the arcs and a shift in electrode metal droplets toward the weld axis.

The results of the correlation analysis show that the relationship between the interelectrode distance z and the curvature
of the weld penetration shape is weak (r =—0.22), while the electrode inclination angle a exhibits a moderate, close to
strong correlation with the curvature of the weld penetration shape (r = —0.65) and a strong correlation with the number
of extremes (»=—0.71). Thus, the electrode inclination angle is a more significant control parameter of the weld
penetration shape than the interelectrode distance.

The results obtained are applicable only to the conditions of the study conducted. When using other brands of filler
wire, the quantitative indicators will differ, but the physical mechanisms determining the effect of the relative positioning
of the electrodes on the penetration pattern remain unchanged.

The practical value of this study is that the data obtained enable a reasonable approach to the selection of electrode
arrangement for functional coating deposition, when the shape and curvature of the penetration directly determine the
content of the base metal in the deposited layer and the stress concentration characteristics.

Promising future work includes modeling heat and mass transfer in split-arc surfacing for various electrode
arrangements and developing a finite element heat source model for this process.
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