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Abstract

Introduction. Increasing the productivity of single-wire surfacing through raising the wire feed rate causes defects — undercuts
and poor fusion between layers, which reduces the quality of the deposited coating and increases the reject rate. To solve this
problem, multiwire surfacing techniques are being developed in a shielded gas environment which increase productivity without
compromising quality. The literature shows that the relative position of electrodes in multiwire systems affects significantly the
thermal and electrophysical characteristics of the arc, and therefore, the geometry of the reinforcement and the shape of the
fusion penetration. However, the available studies are fragmentary: there is insufficient data on the morphology of the fusion
zone, and the relationship of its parameters and specific electrode arrangement schemes under twin-arc surfacing in a shielded
environment, which leaves a scientific gap. The objective of this research is to evaluate the change in the geometric parameters
of the reinforcement of the deposited layer and the morphology of the fusion zone with different relative positions of the
electrodes under twin-arc surfacing in a shielded gas environment.

Materials and Methods. The experiment was conducted on a 6-axis Fanuc 120iD robot with an EWM Titan XQ500
power source and an experimental surfacing head consisting of two welding torches. The layers were deposited on steel
substrates of grade St3 using the GMAW Pulse method with Sv 08G2S wire with a diameter of 1.2 mm in an Ar/CO2
environment (98%/2%) under a fixed surfacing mode (WFS = 6.5 m/min for each torch, TS =4 mm/s, MW = 150°C).
The following parameters were adopted as the studied factors: distances between electrodes (z = 15, 18, 21 mm), their
angle of inclination (o= 5°, 10°). On the cross-sections of the deposited layers prepared by grinding and etching, the
geometric parameters of reinforcement (height £, width S, wetting angle y) and fusion penetration (depths a, a1, width b)
were measured. Quantitative analysis of the weld geometry was performed using Digimizer software to assess the effect
of the relative position of the electrodes on the formation of the layer.

Results. 1t has been found that the distance between the electrodes (z) affects significantly the reinforcement geometry: a
growth of z causes an increase in the layer width (S) and the wetting angle (y), but a decrease in its height (/). The axial
fusion depth (@) demonstrated a nonlinear dependence on z, reaching a maximum (~2.2 mm) at z = 18 mm. The inclination
angle (o) had a minor effect (<5%) on the reinforcement parameters, but affected significantly the shape of the main
fusion zone (a1): an increase in o decreased a1 and made the penetration more gently sloping. At z =21 mm, the impact
of o on the penetration disappeared. The relationships between the relative positions of the electrodes under twin-arc
surfacing, the geometric parameters of the reinforcement, and the depth of the fusion zone were specified.

Discussion. The explanation of the established dependences is based on the change in the thermal and electrophysical
properties of the electric arc depending on the mutual arrangement of the electrodes. The axial depth of fusion penetration
depends not only on the distance between the electrodes, but also on the volume of the weld pool. With an excessive
volume of the weld pool for a specific surfacing mode, a damping effect of heat flows from the electric arc to the base
metal occurs — the volume of the weld pool absorbs part of the heat, which causes a decrease in the depth of penetration.
The change in the arc pressure vector with an increase in the angle between the electrodes explains the decrease in the
depth of the main fusion zone.

© Skoblikov IP, Efimov EI, Murzin VV., 2025


https://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2025-25-3-208-220
mailto:iakov98sp@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2025-25-3-208-220%20%20&domain=pdf&date_stamp=2025-09-30
https://orcid.org/0009-0008-6788-9963

Skoblikov IP, et al. Study of Effect of Electrode Arrangement on Layer Geometry and Fusion Zone Morphology ...

Conclusion. The regularities of the effect of the mutual arrangement of electrodes on the geometry of the deposited layer
and the shape of the fusion zone under twin-arc surfacing in a shielded gas have been experimentally established. It is shown
that an increase in the distance between the electrodes results in an increase in the width of the bead, a decrease in its height,
and an increase in the wetting angle. It has been noted that the penetration depth depends on the volume of the weld pool.
Itis determined that the angle of inclination of the electrodes in the studied modes has an insignificant effect — less
than 5% — on the geometry of the deposited metal, although hypothetically, it can be enhanced at smaller interelectrode
distances. The data obtained extract clear trends and form the basis for further in-depth study of the thermal and
electrophysical aspects of the process of twin-arc surfacing in a shielded gas environment.

Keywords: twin-arc welding, GMAW, multiwire welding, mutual arrangement of electrodes, morphology of the
deposited layer, fusion zone, electromagnetic interaction of arcs
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AHHOTAIUSA

Beeoenue. I1oBpiieHNE MPON3BOIUTENBHOCTH OJJTHOIPOBOJIOYHOM HAIUIABKH 32 CUET YBEIMUEHUS CKOPOCTHU MOJAauH Mpo-
BOJIOKH IPUBOIMT K Ae(eKTaM — MOJpe3aM U HECIUIABICHUAM MEXIy CIIOSIMH, YTO CHI)KAeT KaueCTBO HAIUIAaBICHHOTO
TIOKPBITHS M YBeJIMUMBaeT Opak. st perieHus 3Tol mpo0ieMbl B cpejie 3alllUTHBIX T'a30B Pa3BUBAIOTCS MHOTOIPOBOJIOY-
HBIE METOZbI HAIJIABKH, TI03BOJISIOIIHE TIOBBICUTH IIPOM3BOUTEIIFHOCTD 0€3 YXyALIeH!s KauecTBa. B murepaType moka-
3aHO, YTO B3aHMMOPACIOJI0KEHNE HIIEKTPOJOB B MHOTOIIPOBOJIOYHBIX CHCTEMaX CYIIECTBEHHO BIMSET Ha TEIIO(GHU3HUE-
CKHE U IJIEKTPOoPH3NIECKUE XapaKTePUCTUKH JyTH, a CIIeJOBaTeJIbHO — HA FEOMETPHUIO YCHIIEHUS U (JOpMY IpOILIaBIIe-
Hust. OHAKO MMEIOIHecs NCCIIeA0BaHus (pparMeHTapHbl: HEOCTATOYHO JaHHBIX 10 MOP(OJIOTHN 30HBI IPOTUIABICHHS
1 B3aMMOCBSI3H €€ MapaMeTpOB ¢ KOHKPETHBIMU CXEMaMH PacIioIOKEHHsSI AIEKTPOIOB NIPH HAIUIABKE PACIICIUIEHHON y-
TOM B 3aIlIUTHOM CPeJie, YTO OCTABIIACT HAYYHbIH mpoOen. [{enb nanHoi paboThl — OLIEHUTh H3MCHEHUE T€OMETPHUCCKIX
MapaMeTpOB YCHIJICHHS! HAIUIABJICHHOTO CJIOS 1 MOP(OJIOTHH 30HBI ITPOIIABICHUS NPU PA3JIMYHBIX B3aHMOPACIIONIOKe-
HUSIX 3JIEKTPOJIOB MPH HAIUIABKE PACIIEIUIEHHON yTOH B Cpe/ie 3all[UTHOTO ra3a.

Mamepuanvt u memoosvl. JKCICPUMEHT MPOBOIIICS Ha 6-oceBoM pobote Fanuc 120iD ¢ ucrounukom nutanus EWM
Titan XQS500 u 3KCIIepUMEHTAIBHON HAIJIaBOYHOM TOJIOBKOM, COCTOSILEH U3 IBYX CBapOUYHBIX ropenok. Cion Haras-
JSUTACH Ha CTaNbHBIE TOITOKKH Mapku Ct3 Mmetogqom GMAW-Pulse npososokoit CB-081'2C muamerpom 1.2 MM B cpene
A1/CO:2 (98 %/2 %) npu 3aduxcupoBanHoM pexume HariaBku (WFS = 6,5 M/MuH Ha kaxayro ropenky, TS =4 mwm/c,
MBT = 150 °C). B kauecTBe HUcClIeAyeMbIX (HaKTOPOB MPHUHSATHI CIACIYIONIUE TapaMETPhI: PACCTOSHUS MEXKIY dJICKTPO-
mamu (z = 15, 18, 21 mm), yron ux HakioHa (o = 5°, 10°). Ha momepedyHpIX ce4eHns X HaIlUIaBJICHHBIX CIIOEB, IIOATOTOB-
JICHHBIX IUTH()OBKON U TPaBICHHUEM, U3MEPSUIMCh T€OMETPUUYCCKHE TTapaMeTPhl YCHIICHHs (BbICOTA A, mUpUHA S, Yo
CMa4yMBaHUs y) U MpoIuIaBieHus (MIyOUHBI a, a1, upuHa b). KonnvecTBeHHBIH aHAIN3 TEOMETPHH 111Ba BHITIOJIHSICS C
ncnospzoBanueM 110 Digimizer 11 OLeHKH BIWSHAS B3aHMOPACIIOI0KEHHS 3JIEKTPOAOB Ha (JOpMHUPOBAHKE CIOSI.
Pe3ynvmamut uccnedoeanus. Y CTaHOBIIEHO, 9TO PACCTOSIHHIE MEXTY JIEKTPOJAMU (Z) CYILIECTBEHHO BIUSET HA TEOMETPHIO yCH-
JICHUS: YBEJIMUYEHHUE Z MPUBOAUT K POCTY LIMPHHBI CIos (S) U yria cMadmBaHus (y), HO CHWXKECHHUIO €r0 BBICOTHI (/). [tyOuna
OCEBOTO TPOIUIABNICHHS (@) IEMOHCTPHUPYET HEMMHEHHYIO 3aBUCUMOCTD OT Z, JOCTHIasi MakcuMyMa (~2,2 MM) TpH z = 18 Mm.
Yron HakiIoHA (1) OKa3al He3HAYUTENIbHOE BIMsHUE (<5 %) Ha mapaMeTpsl yCUIICHHS, HO CYLIECTBEHHO IOBIHSUT Ha (hopMy Oc-
HOBHO# 30HBI MPOIUIABIEHUS (41): YBETMUESHHUE 0. YMEHBIIIAJIO a1 ¥ JIeTIajio MporuiaBienue oosee nosioruM. [Tpu z =21 MM BiusiHuE
0L Ha TIPOILJIaBJIeHNE Ncue3alio. BIsSBIICHBI 3aBUCHMOCTH MEKITy B3aUMOPACTIONIOKEHHUEM IIEKTPO/IOB IPU HAIUTABKE PACIIIEIIIEH-
HOH JTyTOii, TEOMETPUYECKIMI TTapaMeTpaMi YCHIICHHUS U TITyOHMHOM 30HBI IPOTUIABIICHHS.
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Oécyscoenue. OObICHEHNE YCTaHOBJICHHBIX 3aBUCHMOCTEN OCHOBAHO HAa M3MEHEHUH TEIIO()U3UUECKUX U IEKTPOdH-
3MYECKUX CBOWMCTB AJIEKTPUUYECKON AYTH B 3aBUCHMOCTH OT B3aMMHOTO PACIIONIOKEHHS 3JeKTponoB. OceBas riayOnHa
MIPOILJIABJICHUS 3aBUCHT HE TOJILKO OT PACCTOSIHUS MEXK/Y dJIEKTPOAaMH, HO M OT 00bEMa CBapOYHOI BaHHBL. [Ipu n30bI-
TOYHOM 00BbEME CBAPOYHOM BaHHBI JJIs1 KOHKPETHOTO pPeXXUMa HaIlIaBKK BO3HUKAeET 3 (deKxT neMnprpoBaHus TETUIOBBIX
MIOTOKOB OT 3JIEKTPUYECKON IyT'M K OCHOBHOMY METaJITy — 00BEM CBApOYHON BaHHBI MOTJIONIAET YacTh TEIlIa, YTO MPHU-
BOJIUT K YMCHBIIICHHUIO TTyOUHBI MPOIUTABIICHHs. VI3MeHeHHEe BEeKTOpa JaBICHUS TyTH MPY YBEITUICHUH YTIIa MEXKTY dJICK-
TPOJaMH OOBSCHAET YMEHBIICHNE ITyOHMHBI OCHOBHOM 30HBI ITPOIIIABIICHNUSI.

3axnrouenue. JKCTIEPUMEHTAIIFHO YCTAHOBIIEHBI 3aKOHOMEPHOCTH BIMSIHIISL B3aIMHOTO PACTIONIOKEHHS AJIEKTPOIOB HA TEOMET-
PO HAILTABJIEHHOTO CJIOS ¥ ()OpMY 30HBI TIPOIUIABIICHHS TIPH HAIUTABKE PACIICIDIEHHO TyTroi B 3amuTHOM rase. [lokazano, 9To
YBEJIMUCHIE PACCTOSHIS MEXKITY AJIEKTPOIAMH MPHUBOWT K POCTY IIHUPHHEI BAINKA, YMEHBIIICHHIO €TO BHICOTHI M YBEIIITICHUIO
yria cMaduBanus. OTMeUeHo, YTO TIyOWHA IMPOIUIABIICHUS 3aBUCHT OT 00BEMa CBApOYHOM BaHHBL OmMpemeneHo, 4yTo yroi
HAKJIOHA 3JIEKTPOJIOB B UCCIIEIOBAHHBIX PEKIMAaX OKa3bIBaJl HE3HAYMTENHHOE BIMSHNE — MEeHee 5 % — Ha TeOMETPHIO HaIlIaB-
JICHHOTO METAJIA, XOTSI TUIIOTETHYECKH OHO MOYKET YCHIIMBATHCS TIPU MEHBIIIMX MEXKAJIEKTPOIHBIX paccTossHUsX. [lomyyeHHbIe
JIaHHBIE BBIBIIIIOT YETKUE TEHACHIIMN U (JOPMUPYIOT OCHOBY JUISl JAIIBHEHIIEro YriTyOJIEHHOTO H3yUeHHs TeTUIO(PU3NUECKIX 1

SHGKTpO(l)I/BI/I‘ICCKI/]X ACIICKTOB IPOICCCa HATLUTABKU paCIIIeHJ'IéHHOﬁ AyT ol B CpCAC 3alIUTHOIO Ira3a.

KuroueBble ciioBa: HamiaBka paciiersieHHod ayroi, GMAW, MHoOronpoBojiouHasi CBapka, B3aMMHOE PacroJIOKEHUE

3JIEKTPOJI0B, MOP(OIIOTHS HATIABJICHHOTO CJI0S, 30Ha MPOIUIABJICHHS, SIIEKTPOMAarHUTHOE B3aHMOJICHCTBHE IyT

BiarogapHocTu. ABTOPHI BRIPAXKArOT HCKPEHHIOIO TPHU3HATEHHOCT pykoBomTersiM Kommaamn OO0 «TpuHITEX — IupeKTopy
®.A. Illamparo n Bemymemy wkeHepy A.U. KypakuHy 3a TpOsBICHHBI HHTEpEC K HWCCICNOBAHWIO W IIPEIOCTABICHHYIO

BO3MOYKHOCTB MPOBEICHHS PAOOT Ha MPOM3BO/ICTBEHHBIX 0OBEKTAX KOMIIAHHH.

Jnst murupoBanust. Cxoomikos LI, E¢umos E.N., Myp3un B.B. UccnenoBanue BiavsiHuS B3aMOPACTIONIOKEHHS SJIEKTPO/IOB
Ha TEOMETPUYECKHE TNapaMeTpbl CJos ¥ MOp(OIOrui0 30HBI TPOIUIABICHUS TPH HAIUIABKE PACIICIUICHHOH JIyroi.
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Introduction. The development of welding and surfacing technologies plays a key role in the automotive industry,
shipbuilding, energy, and other branches of mechanical engineering, where high performance characteristics of parts are
required. Gas-shielded arc surfacing and welding remain among the most common techniques for obtaining wear-resistant
and corrosion-resistant surface layers. One of the tasks of modern welding production is to increase the productivity of
surfacing while maintaining quality. Currently, this task is relevant in additive technologies based on GMAW, where it
is often required to increase the deposition rate to reduce production times and costs [1]. This is especially urgent in the
manufacture of large-sized parts in shipbuilding, aerospace, and other industries [2]. The use of multiwire deposition also
allows for the control of the chemical composition of the deposited metal using filler wires with different chemical
compositions [3].

Achieving greater productivity by simply increasing the wire feed speed and/or welding line speed in traditional
single-wire gas-shielded welding and surfacing processes results in defects such as undercuts or humping. According
to [4], undercuts are caused by high heat input, while humping is explained by the high instantaneous cooling rate of
the weldpool, due to the excessive tool speed for the selected surfacing mode.

From papers [5—7] devoted to the study of defect formation in the process of high-speed welding, it follows that the
maximum productivity of single-wire welding/surfacing systems in a shielding gas, providing defect-free formation, is in
the region of 3—4 kg/h for steel wires. This assessment is comparable to the conclusions of paper [8], devoted to the study
of multiwire welding.

The authors of [8] reviewed multiwire welding/surfacing and compared this method to traditional single-wire
processes. One of the conclusions is that a significant increase in surfacing productivity is achieved not by increasing the
wire feed rate or the diameter of the fed wire in a single-wire system, but by increasing the number of melted wires using
a single working tool. In [2], numerous techniques of surfacing in a shielded gas environment using several consumable
electrodes are distinguished. However, there is no detailed description of the surfacing system, where two electrodes are
connected to one power source. It is briefly mentioned that this surfacing process is unstable, and its implementation
requires systems for forced control of the surfacing mode, providing a uniform speed of wire melting. The authors of
paper [9] confirm that the double-wire surfacing is not stable when working at high voltages (27-33 V): the electric arc
burns alternately on each electrode with a certain frequency. However, when the voltage is reduced to 26 V, a V-shaped
stable arc is formed, providing a globular transfer of metal into the weldpool. The globule is formed due to the merging
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of electrode metal droplets under the action of the electromagnetic field generated by the flow of electric current through
the electrodes. It should be noted that the study in [9] was conducted using modified equipment for submerged arc welding
and a power source providing a hard/flat volt-ampere characteristic (VAC), typical for submerged arc welding or welding
in a shielded gas environment with short circuits. In [10], the authors studied the process of twin-arc welding using a
pulsed surfacing mode. This mode provides stable droplet transfer of metal according to the mechanism: one drop per
pulse (ODPP). To control the droplet size, the authors have proposed a technique based on the dependence of the droplet
diameter on the median value of the pulse current. It is found that this adjustment is required, since the force of their
mutual attraction to each other depends on the size of the droplets. When droplets of molten metal collide in the arc gap,
the arc combustion is destabilized.

The arrangement of electrodes in the welding/surfacing process plays a key role that determines the form of
reinforcement of the deposited metal and the fusion zone, as well as the formation of defects. Among the multiwire
surfacing techniques, systems with a longitudinal or transverse arrangement of the working tool relative to the movement
vector are distinguished. The process with a longitudinal arrangement of electrodes is called tandem. This arrangement
of electrodes is typical for systems that perform welded joints [11]. For surfacing, a transverse arrangement of electrodes
relative to the displacement vector of the working tool is typical [11].

In addition to the spatial arrangement of the electrodes, the shape of the reinforcement and the fusion zone are
significantly affected by the positioning of the electrodes relative to each other. The electrodes can be spaced apart or
brought together at a certain distance or tilted relative to each other [11]. The distance between the electrodes during twin-
arc surfacing has a significant effect on the pressure of the electric arc and the heat distribution in it. The authors [11]
performed numerical simulation of the thermal fields of an electric twin-arc without a gap and with a gap of 1 mm between
the electrodes. In this case, the electrodes were located in parallel. When surfacing with a gap, a decrease in the electric
arc pressure of 1.3 times was calculated, and compared to single-wire surfacing — by 4.2 times. According to the
experiments conducted in this work, it was determined that when surfacing with a gap, the penetration depth decreased,
and the width of the deposited metal increased.

Based on the above, it follows that twin-arc surfacing in a shielded gas is of interest to heavy industry, including those
using additive methods of electric arc deposition. This process is capable of providing stable burning of an electric arc
when using pulsed surfacing modes, but requires detailed adjustment of current pulses for metal transfer in the ODPP
mode. The use of two wires in one welding head allows for a significant reduction in electric arc pressure compared to
traditional single-wire welding systems. When the electrodes are moved apart from each other, the electric arc pressure
decreases, which changes the shape of the reinforcement and the penetration zone.

Based on the analysis, it has been revealed that there is no comprehensive study of the effect of the relative position
of electrodes under multiwire twin-arc surfacing in a shielded gas environment on:

— thermal characteristics of the electric arc;

— pressure distribution in the electric arc;

— geometric parameters of the reinforcement shape and the fusion zone of the base metal;

— micro- and macrostructure.

The research objective is to systematically evaluate the effect of the working tool configuration on the geometric
parameters of the reinforcement and the shape of the fusion under twin-arc surfacing in a shielded gas environment. To
perform this study, a designed surfacing head was used, consisting of two welding torches fixed on a bracket that allowed
them to adjust their relative position to each other. The analysis of the geometric parameters of the reinforcement shape
and the fusion zone was performed on macrosections.

The following tasks were set within the framework of the objective:

— validate the selection of factors for experimental verification;

— develop and implement an experimental plan with a number of repetitions that allows calculating the confidential
intervals for key indicators; perform measurements of the geometric parameters of the deposited layer of the fusion zone;

— conduct a statistical analysis of the results with an assessment of the significance of factors and their interactions;

— formulate practical recommendations for optimizing the process.

Materials and Methods. A 6-axis Fanuc 120iD robot was used in conjunction with an EWM Titan XQ500 power
source to conduct the research. The working tool was an experimental surfacing head consisting of two welding torches
mounted on an adjustable bracket. A ruler and a digital level were used to adjust the relative position of the welding
torches. Figure 1 shows a photo and an installation diagram.
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Fig. 1. Laboratory setup: a — laboratory setup diagram; » — photo of the laboratory setup

The substrates were made of St3 steel sheets with dimensions of 150x70%20 mm. Surfacing was performed by the
GMAW-Pulse method using Sv-08G2S welding wire with a diameter of 1.2 mm. The chemical composition of the wire
is given in Table 1. A mixture of argon (98%) and carbon dioxide (2%) was used as a shielded gas environment. The
temperature of the substrate preheating was controlled using a HIKMICRO B20 thermal imager. To visualize the
macrostructure of the deposited layer and the heat-affected zone, samples were etched by an electrolytic method in a
concentrated solution of sodium chloride (NaCl). The results were analyzed using Digimizer software.

Table 1
Chemical Composition of Wire Sv-08G2S (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 following parameters were selected as independent factors to determine the relative position of the torches: the
distance between the electrodes (z) and their angle of inclination relative to the vertical (). The surfacing was performed
with the same extension (SO) equal to 20 mm. Figure 2 shows a schematic representation of the described parameters.
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Fig. 2. Parameters under study

The layers were deposited with a wire feed rate (WFS) of 6.5 m/min on each torch and a constant linear speed (TS)
of 4 mm/sec. Current (/) and voltage (U) were recorded during deposition. Substrates with identical overall dimensions
were used to maintain a similar thermal pattern. Before depositing the layer, the substrates were cleaned to a metallic
shine and heated to a temperature (MBT) of 150°C. Heating was performed with a gas torch. The shielded gas flow rate
for each torch was 15 I/min. Table 2 shows the deposition mode values.

Table 2
Surfacing Mode
WFS, m/min ILA| UB TS, mm/s MBT, °C SO, mm Gas consumption, 1/min
6.5 420 | 25 4 150 20 15

The determination of the limiting values of the factors was carried out on account of the design features of the
working tool and the conditions for the formation of the deposited metal. The minimum value a, that could be set for
the working tool was 5°, and the maximum was 10°. The minimum value of parameter Z, equal to 15 mm, was also
determined by the design of the surfacing head. The maximum value of parameter Z was taken to be equal to 21 mm,
since with a larger distance between the electrodes under the same surfacing mode it was not possible to obtain a
continuous layer. To assess the effect of the selected factors, it was decided to conduct two single-factor experiments,
where the grouping value was the angle of inclination of the electrodes. Table 3 shows the experimental plan taking
into account the boundary conditions.

Table 3
Test Plan
Experiment z, mm a, °
1 15 5
2 18 5
3 21 5
4 15 10
5 18 10
6 21 10

Sampling was carried out on a section equal to 3/4 of the length of the deposited layer. It was assumed that on this
section of the layer the thermal picture during deposition of the layer was identical. Figure 3 shows a photograph of the
selection of samples for the study.

Fig. 3. Sampling
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After cutting out the samples, grinding and etching of the cross-sections of the deposited layers were performed.
Figure 4 shows the macrostructure of the cross-sections of the deposited layers.

Fig. 4. Photo of the macrostructure of the deposited metal

To quantify the impact of the relative position of the electrodes on the formation of the layer, the Digimizer program
outlined and measured the areas of the layer cross-section that characterized the reinforcement and the fusion zone. The
following geometric parameters of the bead were selected as a response to the variable factors: layer height (%), layer
width (S), bead wetting angle (y).

Analyzing the fusion shape of each deposited layer, several zones with similar geometric characteristics can be
identified. The first zone (P;), characteristic of all deposition modes, is located on the layer axis. The second zone (P,)
occurs on both sides of the axial zone and is called the main zone. Figure 5 shows a schematic representation of the fusion
zones under study.

Depending on the relative position of the electrodes, the shape of the fusion changes — it changes its depth (a or a;)
and width (b). Figure 6 shows a schematic representation of the specified parameters.

Fig. 6. Layer cross-section shape diagram

Research Results. Figure 7 shows photographs of the macrostructure of the deposited metal with reference points
applied to them for measuring the shape of the deposited layer and the fusion zone in the Digimizer program. Figure 8
shows graphs reflecting the geometric parameters of the reinforcement and the fusion zone for each deposited layer. The
measurements are performed in the Digimizer program. The graphs are grouped according to the criterion of the angle of
inclination of the electrodes relative to the vertical.

https://vestnik-donstu.ru

Fig. 7. Determination of boundaries of geometric parameters of reinforcement and fusion zone
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Height/depth, mm

Height/depth, mm

Based on the data obtained, graphs were constructed to assess the magnitude and nature of the responses under study.
Figures 9-11 show graphs describing the change in the geometric characteristics of the gain depending on the relative
position of the electrodes. Figures 12—13 show graphs illustrating how the width and depth of fusion on the layer axis and
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Fig. 9. Change in gain width from relative position of electrodes:

a — dependence of layer width on angle of inclination of electrodes a;

b — dependence of layer width on distance between electrodes z
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The results of the measurements show that the width, height and wetting angle of the deposited layer depend on the
distance between the electrodes. As the distance between the electrodes grows, the width of the layer increases, its height
decreases, and the wetting angle becomes larger.

The impact of the angle between the burners on the roller geometry is determined to be insignificant. When changing
the angle of inclination between the burners, the studied geometric characteristics of the reinforcement change by an
amount not exceeding 5%.
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Fig. 12. Depth and width of fusion in different zones:
a — dependence of axial fusion depth on electrode inclination angle a;
b — dependence of axial fusion depth on distance between electrodes z;
¢ — dependence of main fusion depth on electrode inclination angle a;
d — width of axial fusion depth depending on electrode inclination angle a

It follows from the measurement results that with relatively close electrode position, the change in the axial fusion
depth is insignificant. The main effect on the axial depth is exerted by the distance between the electrodes.

The change in the width of the axial fusion zone is determined by the angle of the electrodes: with a growth in the
angle between the electrodes, the width of the axial zone increases. The depth of fusion penetration in the main zone also
depends on the angle between the electrodes — with an increase in the angle, the depth of axial fusion decreases. However,
with a relatively large distance between the electrodes, the effect of the angle on the change in the width and depth of
individual fusion zones is absent. The dependence of the cross-sectional area of the melted metal on the relative position
of the electrodes has not been established.

Discussion. Dependences have been identified that confirm the effect of the angle and distance between the electrodes
on the shape of the fusion and the geometric parameters of the deposited layer.

The change in the geometry of the deposited layer depending on the distance between the electrodes occurs due to the
different distribution of the mass of molten metal over the deposited surface. When the heat sources are separated, a
weldpool with a different mirror area is formed. As a result, with an increase in the distance between the electrodes, the
deposited layers become wider, the layer height — smaller, and the wetting angle increases.

Changing the angle of inclination of the electrodes relative to the vertical plane with a constant distance between the
electrodes does not have a significant effect on the geometric parameters of the deposited layer. The lack of significant
effect on the shape of the reinforcement is explained by the fact that the angle of inclination determines the vector of the
electric arc pressure and the force of interaction of electromagnetic fields, but does not determine the area of the weldpool
mirror. These results agree with theoretical expectations.

Based on the analysis of the data on the shape of the fusion, it follows that both factors — the angle of inclination of
the electrodes and the distance between them — are significant. This is explained by the fact that these parameters affect
the interaction of electromagnetic fields that arise when electric current flows through the electrodes. This interaction, in
turn, affects the distribution of heat in the electric arc and its pressure on the weldpool mirror.

When unidirectional electric current flows through conductors, an electromagnetic vacuum is created in the space
between them. For this reason, a concentration of charged particles occurs in the interelectrode space. The effect of
convergence of electric arcs under surfacing and the rush of plasma flows into the space between the electrodes is
observed. This interaction is mentioned in [11-13]. Figure 13 shows an image of the combustion process of electric arcs,
taken during the experiment.
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Fig. 13. Image of droplet transfer during surfacing of a layer with parameters:
Z=18 mm; a=10°

Due to the plasma cloud between the electrodes, an axial fusion zone is formed. As the distance between the electrodes
increases, the intensity of the interaction of the electromagnetic fields decreases, and the fusion penetration depth in the
axial zone also decreases. With a distance between the electrodes of 18 mm and 21 mm, the axial fusion depth is 2.2 mm
and 1 mm, respectively. However, with a relatively small distance between the electrodes (15 mm), the fusion depth in
the axial zone is 0.9 mm. Based on the results obtained in [11], it follows that with a decrease in the distance between the
electrodes, the electric arc pressure and the concentration of ionized gas in the area between the electrodes increase.
Consequently, the value of the axial fusion depth should increase — which does not correspond to the data obtained.

This discrepancy is probably due to the fact that with a distance between the electrodes equal to 15 mm, a weldpool
with a smaller mirror is formed during surfacing than when surfacing with a distance of 18 mm. This fact is confirmed
by the smaller layer width obtained during the experiment. A weldpool with a relatively smaller mirror area, but the same
volume of molten metal, has a greater thickness. Therefore, it can be concluded that a thicker layer of liquid metal prevents
heat transfer from the plasma cloud and molten metal droplets to the base metal. As a result, the axial fusion depth in this
experiment does not correspond to the theoretical expectation.

The effect of the angle of inclination of the electrode relative to the vertical plane on the depth of the axial fusion zone
has not been determined. Most likely, the absence of this effect is explained by the significant distance between the
electrodes. When the electrodes are brought closer together, the intensity of the interaction of electromagnetic fields will
increase — and this factor will begin to have weight when assessing the axial fusion depth. To confirm this hypothesis,
additional research is required.

In turn, the main depth of fusion penetration changes its values slightly with a change in the angle of inclination of
the electrodes due to a change in the interaction of electromagnetic fields and a change in the pressure vector of the electric
arc. With an increase in the inclination of the electrodes relative to each other, the vector of the pressure force of the
electric arc is not perpendicular to the surface, but tends to the axis of the deposited layer. Taking into account the mutual
attraction of the electric arcs, the main fusion zone has a flat, rather than pointed shape — as in surfacing with parallel
torches to the vertical plane [13].

Conclusion. Thus, the following can be noted: surfacing using a twin-arc in a shielded gas environment is of interest
to industry, in particular for high-performance surfacing and electric arc additive manufacturing technology. According
to the literature review, this process has not been fully disclosed in terms of the interaction of electromagnetic fields, the
distribution of the thermal field in an electric arc, as well as the morphology of the micro- and macrostructure of the
deposited metal depending on the relative position of the electrodes under twin-arc surfacing.

As for the work done, the data obtained are insufficient to build a mathematical model that makes it possible to
predetermine the geometric parameters of the deposited layer and the fusion shape, but they are sufficient to form an idea
of the trends and patterns in the deposited and molten metal under twin-arc surfacing in a shielded gas environment with
different mutual arrangements of the electrodes.

The following dependences are defined:

1. As the distance between the electrodes grows, the width of the deposited layer increases, the height decreases,
and the wetting angle increases — this effect is related to the redistribution of the volume of molten metal over the
deposited surface.
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2. The depth of fusion penetration in the axial zone depends on the volume and area of the weldpool mirror, as well
as on the distance between the electrodes. As the distance grows, the depth of axial fusion increases to a critical value, at
which maximum heat transfer from the electric arc to the base metal is reached. With a further growth of distance, the
axial depth of fusion penetration decreases. As the distance between the electrodes decreases, the area of the weldpool
mirror decreases, which leads to the formation of a layer of liquid metal that dampens the heat from the electric arc.

3. During this experiment, the angle of inclination of the electrodes has a minor effect on the geometry of the deposited
layer — changes do not exceed 5%. However, it is hypothesized that with a closer arrangement of the electrodes, this
effect will be more noticeable.

4.1t is noted that with an increase in the angle of inclination of the electrodes, the depth of the main fusion zone
decreases and becomes flatter, and with a distance between the electrodes equal to 21 mm, the effect of the angle of
inclination on the width and depth of individual fusion zones is practically absent.

This study serves as a starting point for further research of the thermophysical and electrophysical properties of an
electric twin-arc in a shielded gas environment depending on the relative position of the electrodes.
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