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Urgent problems of welding railway rails 
under martial law in Ukraine
I.V. Ziakhor1, Ye.V. Antipin1, O.V. Didkovskyi1, A.M. Levchuk1, V.V. Kalyuzhny2, 
V.V. Ozyumenko2, P.M. Rudenko1, Yu.A. Shylo1

1E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 
2Branch “Center for Track Construction and Repair” of the JSC “Ukrainian Railways” 
5B Zaliznychne Shosse, 01103, Kyiv, Ukraine

ABSTRACT
Rail joining in stationary and field conditions is mainly performed by flash butt welding (FBW), which has been success-
fully used for many years on the railways of Ukraine and abroad. The article analyzes the critical challenges for ensuring 
the operability of the railway infrastructure under martial law in Ukraine. To solve urgent problems, the E.O. Paton Electric 
Welding Institute of the NAS of Ukraine (PWI) together with the Branch “Center for Track Construction and Repair” of the 
JSC “Ukrainian Railways” have developed a set of measures to ensure high-quality welding of rails in stationary and field con-
ditions during the repair and construction of continuous welded rails in accordance with the requirements of acting regulatory 
documents. The results of works (research, technological, scientific and technical expertises) on the implementation of these 
measures for the period of 2022‒2025 are presented. In particular, the technical condition of rail welding machines was suc-
cessfully audited, the technology was improved and technological modes of FBW of railway rails were practiced, the system 
of quality assurance of joints during FBW of railway rails was improved, new revisions of regulatory documents for FBW of 
railway rails were prepared, the works are being conducted to update the design of FBW machines, cooperation with companies 
is developed to renew the production of rail welding equipment in Ukraine.

KEYWORDS: railway rails, welded joint, flash butt welding, railroad frog

INTRODUCTION
Continuous welded rail (CWR) is considered a pro-
gressive construction method for railway track super-
structures in modern operations [1]. Rail joining in 
stationary and field conditions is mainly performed by 
flash butt welding (FBW), which has been successful-
ly used for many years on the railways of Ukraine and 
abroad [2]. Since the 1950s, the PWI has been a world 
leader in the field of development of technologies and 
equipment for FBW of railway rails [3‒5].

Under the general supervision of Academician 
B.E. Paton and the direct supervision of Academicians 
of the NAS of Ukraine V.K. Lebedev and S.I. Ku-
chuk-Yatsenko, PWI created the world’s first highly 
efficient mobile equipment for FBW of railway rails in 
the field conditions. It is based on the original design 
of the secondary circuit of welding transformers with 
reduced short-circuit resistance and the technology of 
continuous flash butt welding with a programmable 
variation of the FBW process basic parameters. The 
unique welding equipment was created [4, 5], which, 
unlike the best foreign analogues, was distinguished 
by significantly smaller dimensions, lower weight and 
power consumption, high efficiency, and full automa-
tion of the welding process, which provided the abili-
ty to weld rails at the track laying location.

The first mobile rail welding machines were pro-
duced by PWI, and since 1961, the Kakhovka Elec-
tric Welding Equipment Plant has mastered the serial 
production of mobile (K155, K255, K255L, K355) 
and stationary (K190, K190M, K190PA) rail weld-
ing machines, which have successfully operated in 
Ukraine and dozens of countries on all continents 
[4]. The equipment and licenses for technological 
developments of PWI were purchased by a number 
of leading foreign companies, including Plasser & 
Theurer (Austria), Holland and Progress Rail Services 
(USA), Network Rail (UK). When travelling by rail 
in Ukraine, the USA, China, the European Union and 
many other countries, most passengers do not realize 
that the welded rail butts are made using technologies 
and equipment developed at PWI. This also applies to 
subway tracks in Kyiv, Washington, New York, Sin-
gapore, Shanghai, Beijing, Bangkok and other cities. 
Rail welding enterprises of the JSC “Ukrainian Rail-
ways” use exclusively technologies and equipment 
for FBW developed by PWI.

In the 2000s, based on the results of fundamen-
tal research, PWI developed and implemented the 
technology for FBW of rails with pulsating heating 
mode (pulsating flashing), designed and mastered 
the production of a new generation of mobile (K900, 
K920, K921, K922, K930, K945, K950, K960, K963, 
K1045) and stationary (K1000, K924) rail welding 
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machines. They are the first in the world to implement 
a number of innovative technical solutions protected 
by international patents in the field of welding tech-
nology, design of welding machines, principles of rail 
alignment, FBW process control systems and quality 
testing of rail welded joints [6‒10].

The russian military invasion of Ukraine in 2022 
led to a number of critical challenges for ensuring the 
operability of the railway infrastructure under mar-
tial law. These challenges include the suspension of 
domestic rail production by Azovstal Metallurgical 
Combine as a result of the occupation, which has 
raised the issue of welding used [11]and new [12–17] 
rails of different grades and manufacturers, with vari-
ous heat treatment modes, in particular, in a heteroge-
neous combination; suspension of production of do-
mestic rail welding equipment by Kakhovka Electric 
Welding Equipment Plant (KZESO PJSC), which led 
to the disruption of the delivery of a stationary K924 
machine for FBW of railroad frogs to JSC “Dnieper 
Railway Switch Plant” and eight newest KSM007 rail 
welding complexes equipped with K922-1 machines 
to the JSC “Ukrainian Railways”, and necessitated an 
urgent solution to the problem of extending the opera-
tional life of existing welding equipment.

To solve the above problems, PWI together with 
the Branch “Center for Track Construction and Re-
pair” (CTCR) of the JSC “Ukrainian Railways” de-
veloped a set of measures to ensure high-quality rail 
welding in stationary and field conditions during the 
repair and construction of CWR in accordance with 
the requirements of acting regulatory documents 
[11‒13]. The mentioned set of measures includes 
organizational, research, design and technological 
works, scientific and technical expertise.

The following tasks were identified as the most ur-
gent and priority ones:

● establishing the causes for the non-compliance 
of some welded joints of railway rails of different 
grades and plants-manufacturers with the require-
ments of regulatory documents;

● audit of the technical condition of rail welding 
equipment available at the JSC “Ukrainian Railways” 
and development of measures to extend its operation-
al life;

● improvement of technology and optimizing 
technological modes for FBW of railway rails of con-
verter production;

● improving the quality assurance system for 
joints during FBW of railway rails;

● preparation of recommendations and amend-
ments to existing regulatory documents, development 
of a new revision of technical specifications for FBW 
of railway rails;

● improving the design of mobile rail welding ma-
chines;

● search for companies that have the production 
capacity to renew the production of FBW equipment.

THE AIM
of the article is to provide brief information on the 
results of works for the period of 2022‒2025 to im-
plement the developed set of measures for ensuring 
high-quality welding of railway rails under martial 
law in Ukraine.

establishing OF THE CAUSES OF 
NON-COMPLIANCE OF SOME WELDED 
to joints of railway rails WITH 
THE REQUIREMENTS OF REGULATORY 
DOCUMENTS
At the request of the Branch “CTCR” of the JSC 
“Ukrainian Railways”, PWI specialists performed scien-
tific and technical expertise of the causes for non-com-
pliance of welded joints of rails of various grades from 
different manufacturers with the requirements of regu-
latory documents, in particular, during their mechanical 
tests in accordance with the requirements of acting stan-
dards [11‒13]. Based on the results of in-process con-
trol, analysis of welding protocols, macroanalysis and 
metallographic examinations of rail joints, fractographic 
examinations of fractures of rail welded joints, the caus-
es of their fracture during mechanical tests for static 
bending and under cyclic loads during the operation of 
the railway track were determined. The methods of mac-
roanalysis, microanalysis, hardness (NOVOTEST TC-
GPB) and microhardness (M400, Leco) measurements, 
optical microscopy (Neophot-32), scanning electron mi-
croscopy (SEM), energy dispersive X-ray microanalysis 
(EDXMA), Auger electron spectroscopy (Auger-micro-
probe JAMP-9500F, JEOL with built-in EDS spectrom-
eter OXFORD EDS INCA Energy 350) were used [18].

As an illustration of the scope of the complex of 
works carried out in this area, below is a fragment of 
the report of the scientific and technical expertise of 
the causes for non-compliance with the requirements 
of regulatory documents (fracture during static bend-
ing tests) of the welded joint of R65 type rails of E76F 
grade, made by continuous FBW using K355 mobile 
rail welding machine. The subject of the study is the 
defects in the rail foot according to code 66.3 and the 
defect in the rail web according to code 56.3 detected 
at the fracture (Figure 1) of the rail welded joint [19].

The fracture of a rail welded joint butt is heteroge-
neous in terms of the macrogeometry of the fracture 
surface [20], since it has geometric zones with different 
macrorelief of the fracture surface. According to the sur-
face condition and fracture micromechanism, the frac-
ture in the head and the bulk part of the web and foot is 
crystalline, quasi-brittle and intergranular [21, 22].
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Defects in the form of dark spots without metallic 
luster and signs of crystalline fracture (Figure 2) are 
observed in the rail web at fracture regions Nos 1, 3 
(see Figure 1, a). The total area of these defects is 
about 60 mm2, which indicates that the rail welded 
joint does not meet the requirements [11‒13].

The chemical composition of the dark areas ap-
proximately corresponds to the composition of iron 
oxide FeO (Figure 2, b). According to [21], this type 
of defect can be attributed to group 4 “Lack of fu-
sion” of subgroup P401 “No weld» or subgroup P403 
“Insufficient fusion (stuck weld)”. The most probable 
cause for the formation of such defects is a violation 
of the flashing process before upsetting at the stage of 
intensive flashing.

In region 2 of the fracture, a defect of 0.3‒2×10 mm 
in size was found in the rail web (Figure 3, a) in the 
form of a light spot with a metallic luster without 
signs of crystalline fracture. The defect is elongated 
in the transverse direction of the web; its total area is 

about 18 mm2, which exceeds the admissible maxi-
mum value according to [11‒13]. The fracture surface 
in regions 2 and 3 has no signs of crystalline frac-
ture, has the appearance of a locally melted surface 
with a slight metallic luster, the main component is 
iron (about 85 %) with a small oxygen content (about 
6  %). In terms of chemical composition, numerous 
inclusions located on the surface of the defect corre-
spond to ferromanganese silicates present in the base 
metal of rail steel, which indicates their metallurgical 
origin [23].

Metallographic examinations of regions of the 
heat-affected zone (HAZ) adjacent to the welded butt 
fracture revealed that the total width of the HAZ sig-
nificantly exceeds the requirements of [17], which 
regulates the admissible value of the HAZ width with-
in 20‒45 mm. The significant increase in the HAZ 
width compared to the requirements of [17] could be 
caused by several factors, namely: rails overheating 
(excessive heat input into the welded butt), long-term 

Figure 1. Fracture of welded rail (a), defects in the rail web (b) and foot (c, d)

Figure 2. SEM images of fracture regions No. 1 (a) and No. 1.1 (b) after ion etching with Ar+ ions at 3 keV to a depth of 60 nm, Auger 
spectrometry results of region No. 1.1



6

I.V. Ziakhor et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

short circuit of rail ends during flashing, excessively 
long flashing process.

Defects were detected in the fracture regions of the 
rail foot (Figure 1, c — regions 4, 5), which are de-
fects of group 3 “Solid inclusions”, P306 “Inclusion 
of cast metal (Solidified residual molten material en-
closed in the joint including impurities)” [21].

Defects in rail foots (group 3, P306) are relative-
ly hard to detect with existing ultrasonic flaw detec-
tors after welding a joint, as they have a monolithic 
structure of overheated metal oxidized along the grain 
boundaries without any cavities. During ultrasonic in-
spection with existing flaw detectors, such defects can 
be interpreted as structural noise.

The probable causes for the formation of the above 
defects and the non-compliance of the rail welded joint 
with regulatory requirements [11‒13, 17] are the combi-
nation of several factors, in particular, excessive heat in-
put into the rail welded joint, local oxidation of rail ends 
at the stage of intensive flashing, and the penetration of 
overheated metal into the joint plane when cutting burr. 
It was revealed that the zone of initial crack propagation 
and welded rail welded joint fracture were caused by de-
fects in the rail foot; rail welded joint fracture was caused 
by the location of defects in the tensile stress zone.

The main results of scientific and technical exper-
tises of the causes for non-compliance of rail welded 
joints with the requirements of regulatory documents 
are presented in the conclusions, which include the 
classification of rail welded joint fracture by macroge-
ometry of the fracture surface, fracture characteristics 
by surface condition and fracture micromechanism, 

classification of defects, conclusions on compliance 
of the rail welded joint with regulatory requirements, 
substantiation of probable causes of defects and caus-
es of rail welded joint fracture, assessment of the 
possibility of detecting existing defects by ultrasonic 
inspection methods.

Based on the results of scientific and technical ex-
pertises of welded joints of R65 type rails of various 
grades (E76F, K76, K76F, R350HT) and of different 
plants-manufacturers, produced by mobile rail weld-
ing machines K355, K900, K922-1 during 2024–2025, 
PWI experts developed recommendations to prevent 
arising of defects in rail welded joints and to reliably 
detect probable defects during non-destructive testing 
of joints, as well as a list of practical measures for their 
implementation. The main measures to prevent defec-
tive welded joints in the CWR are the improvement 
of technology and optimizing technological modes 
of FBW of rails of different grades, strict compliance 
by personnel with the requirements [11–13] for auxil-
iary and welding works; the use of welding machines 
equipped with systems for recording the basic param-
eters of the FBW process; monitoring of rail welding 
technology based on electronic reports from rail weld-
ing enterprises of the JSC “Ukrainian Railways”. The 
use of phased array technology for ultrasonic inspec-
tion of rail welded joints is also recommended.

AUDIT OF THE TECHNICAL CONDITION 
OF RAIL WELDING EQUIPMENT
During the reporting period, PWI specialists conduct-
ed an audit of the technical condition of welding ma-

Figure 3. SEM images of the fracture surface in region 2 (see Figure 1): (a) and locations 1, 2 and 2.1 (b, c)
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chines at all rail welding enterprises (RWE) of the JSC 
“Ukrainian Railways”, in particular, stationary K1000 
and mobile K355A, K900, K920 and K922-1 ma-
chines. As a result of the performed works, the existing 
problems listed in the technical condition reports of the 
equipment were identified; together with the Branch 
“CTCR” of the JSC “Ukrainian Railways”, a set of 
measures was developed to maintain the specified tech-
nical characteristics and extend the operational life of 
rail welding machines as part of KZM 005, KZM 007, 
KRZM 3, KRZM 4 and KRZ 1 complexes (Figure 4), 
new contracts for similar works were concluded, and 
fruitful cooperation in this area continues.

IMPROVEMENT OF TECHNOLOGY AND 
optimizing TECHNOLOGICAL MODES 
OF FBW OF RAILWAY RAILS 
OF CONVERTER PRODUCTION
After Azovstal Metallurgical Combine suspended the 
production of domestic rails in 2022 as a result of the 
occupation of Mariupol, Ukrainian railways began 
the use of R65 (60EI) rails of converter production of 
various grades with different heat-treatment modes, 
which are purchased from different manufacturers 
and received as humanitarian aid. Rail welding en-
terprises of the JSC “Ukrainian Railways” together 
with PWI had to solve the problem of improving the 
technology and optimizing technological modes of 
FBW of rails of different grades (R350HT, R350LHT, 
R400HT), in particular, in a heterogeneous combina-
tion, in short terms. A similar problem arose with used 

rails of open-hearth and converter production of M76, 
E76, E76F, K76 and K76F grades, which, when lay-
ing in the railway track, must be welded together and 
in a heterogeneous combination.

In previous years, the technological modes of FBW 
of rails were determined experimentally for the avail-
able type of rails and a specific rail welding machine. 
The requirements of acting regulatory documents 
[11–13] regulate the admissible ranges of variation in 
certain parameters of FBW of rails, in particular, the 
voltage of the primary circuit of welding transformers 
and the value of displacement at different stages of the 
FBW process, upsetting pressure, displacement rate 
during flashing, forcing and upsetting, time of upset-
ting under current, etc. Based on the analysis of the re-
sults of many years of practical experience in FBW of 
rails at rail welding enterprises of the JSC “Ukrainian 
Railways”, mechanical tests and metallographic ex-
aminations of welded joins, it was found that ensuring 
the technological parameters of FBW within certain 
limits is a necessary but not sufficient condition for 
producing welded joints of rails that meet the require-
ments [11‒13].

Moreover, ensuring the compliance of rail welded 
joints with the requirements of the national standard 
[17], harmonized with the relevant European regula-
tory document, provides for certain parameters of the 
HAZ, namely: the admissible range of HAZ width 
values (minimum HHAZ  min and maximum HHAZ  max 
values) and its nonuniformity along the length and 
cross-section of the rails, and additionally contains 

Figure 4. Mobile K922-1 machines as part of rail welding KZM 005 (a), KZM 007 (b) and KRZ 1 (c) complexes
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requirements for the microstructure of the metal in 
the HAZ — there shall be no evidence of martensite 
or bainite at 100× magnification in the visible heat af-
fected zone.

The development and approval of the FBW mode 
for each rail grade in a specific rail welding machine 
required conducting a complex of works, including 
mechanical testing, metallographic and factographic 
examinations, non-destructive testing, determination 
of hardness distribution, etc. Until now, no reliable 
algorithm has been determined to ensure the qual-
ity of welded rail joints at varying external factors 
(condition of the welding machine, diesel genera-
tor parameters, quality of rail end preparation, etc.). 
The development of the mentioned algorithm for rail 
joint quality was based on the idea of Academician 
of the NASU S.I. K uchuk-Yatsenko to use the val-
ue of the total heat input Qfl in the rail flashing pro-
cess as a complex parameter that takes into account 
the influence of other energy parameters of the FBW 
process on the temperature distribution in the HAZ, 
microstructure formation and mechanical properties 
of welded rail joints. The implementation of this idea 
consisted in determination and scientific substanti-
ation of the range of changes in Qfl during FBW of 
modern rails of converter production, which ensures 
that welded joints meet the requirements of acting 
standards. From a practical point of view, this will 

significantly reduce the time and scope of research 
and testing when developing and optimizing FBW 
process modes for different rail grades, regardless of 
the electric mains parameters, condition of the rail 
welding machine, etc. Below is a brief description of 
the conducted research and the obtained results. 

The calculations of variation in the thermal effi-
ciency of the rail heating processes at continuous 
flashing (CF) and pulsating flashing (PF) established 
that at CF of rails, the value of the efficiency decreas-
es from 0.7 (in the initial period) to 0.45 at tfl = 180 s, 
and at PF, the efficiency decreases from 0.9 in the ini-
tial flashing period to 0.7 at tfl = 80 s (Figure 5). Our 
calculations substantiate the use of PF as a basic pro-
cess in the development of an efficient FBW technol-
ogy for modern railway rails of converter production.

A computational study of heating R65 (60E1) type 
rails at PF with a programmable voltage U variation 
(Figure 6) at different stages of the flashing process 
was carried out.

Mathematical models and appropriate computer 
simulation tools for the kinetics of temperature fields 
during FBW of railway rails were developed jointly 
with the Department 34 of PWI. The numerical solu-
tion of the nonstationary thermal conductivity equa-
tion was used along with a set of necessary labora-
tory measurements of the influence of FBW process 
parameters on temperature cycles in the welded rails. 
This made it possible to take into account the multiph-
ysical processes of rail end flashing and determine the 
characteristic thermal efficiency of the FBW process.

The mathematical model was used to calculate 
the thermal cycles and temperature distribution in the 
HAZ during FBW of R65 type rails of K76F grade. 
When performing the calculations, the values of the 
basic parameters of FBW modes (Table 1) were set 
within the limits provided for in [13].

To assess the reliability of the mathematical mod-
el, experimental studies of thermal cycles were car-
ried out and the temperature distribution in welded 
joints produced by FBW was determined according 
to Table  1. Experiments to study thermal cycles at 
FBW were performed in stationary K1000 and mobile 
K922-1 machines (Figure 7). A system of thermocou-
ples was used, mounted in the rail head at different 
distances from the rail end in a step of 5 mm. The first 
thermocouple was placed at a distance of 18 mm from 
the rail end, which involved placing it at a distance of 
5 mm from the joint line (JL) after the FBW process.

A comparative analysis of the calculated and ex-
perimental data of the study of thermal cycles during 
flashing (Figure 8) shows that the mathematical mod-
el has a calculation error of about 8 %, which makes it 
possible to predict the kinetics of the temperature field 

Figure 5. Variation in efficiency over time at FBW: 1 — PF; 2 — 
CF (calculated data)

Figure 6. FBW process cyclogram with a programmable primary 
voltage variation: 1 — voltage, 2 — current, 3 — welding allowance
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in rails at FBW with satisfactory accuracy. This makes 
it possible to use a mathematical model to study the 
influence of the basic FBW parameters on the heat-
ing and cooling processes of rail welded joints. It was 
found that the maximum value of the cooling rate in 
the welded joint and HAZ is achieved along the JL, 
where the heating temperature in the FBW process 
was maximum.

Using the developed mathematical model, the ef-
fect on the efficiency of the heating process and the 
temperature distribution in the welded joint zone of 
R65 (60E1) type rails of the FBW process parame-
ters was studied, namely: the primary voltage U of 
the power source at different stages of the flashing 
process (U1‒U3), the allowance Δf of the progressive 
flashing stage, the flashing duration tfl, and the val-
ue of the heat input Qfl). The temperature distribution 
along the axis of the rail welded joint at FBW with 
different values of voltage U at stage 2 of the process 
is shown in Figure 9.

Based on the obtained results, the use of the FBW 
process with a programmable variation of the pow-
er supply voltage in time is substantiated, the cyclo-
gram of the flashing process is specified, which pro-
vides for a stage-by-stage variation of U in the range 
U1 = 355‒440 V at the first stage of flashing, in the 

range U2 = 250‒300 V at the second stage (quasi-sta-
tionary heating), and within U3 = 355‒440 V at the 
third stage (progressive flashing).

The temperature distribution along the axis of the 
welded rail joint at FBW at different flashing process 
duration tfl was determined. The calculation results for 
tfl = 90 and 120 s are shown in Figure 10. The criteria 
for selecting the minimum allowable tfl was to achieve 
a temperature distribution along the axis of the flashed 
rails, at which the conditions for upsetting by a set 

Table 1. FBW mode of K76F rails

Parameter Value

Primary voltage at different stages of flashing U, V U1 = 400, U2 = 305, U3 = 400

Mean value of the primary current I at different stages of flashing, A I1 = 420, I2 = 380, I3 = 420

Total flashing time tfl (t1,2,3 – by stages), s Tfl = 80 (t1 = 30, t2 = 45, t3 = 5)

Upsetting time under current, s 1

Total displacement for total flashing Δfl (Δ1,2,3 – by stages), mm 14 (Δ1 = 3, Δ2 = 7, Δ3 = 4)

Upsetting value Δups, mm 12

Calculated heat input value Qfl, MJ 12.8

Figure 7. Rail welding K1000 (a) and K922-1 (b) machines

Figure 8. Calculated (dashed lines) and experimental (solid lines) 
thermal cycles at FBW of R65 (60E1) rails of K76F grade at dif-
ferent distances from the JL
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value of upsetting displacement Δups = 12 mm (the 
width of the HAZ with a heating temperature of up to 
1000 °C should exceed Δups = 12 mm) are ensured. As 
is seen from the obtained data, for tfl = 90 s and more, 
the above condition is met.

The dependence of the minimum HHAZ min and the 
maximum HHAZ  max values of the welded joint HAZ 
width (according to the requirements of [17]) on the 
duration of the flashing process tfl in the range from 50 
to 140 s was determined by calculations. It was estab-
lished that during PF of railway rails of R65 (60E1) 
type, with an increase in tfl in the range from 50 to 
140 s, the value of heat input Qfl varies in the range 
of Qfl = 9‒18 MJ, while the value of HHAZ min increases 
from 16 to 22 mm, and the value of HHAZ max — from 
36 to 54 mm.

An important parameter of the thermal cycle in 
FBW of rails is the cooling rate W8/5 of the welded 
joint metal in the temperature range of 800‒500 °С. 
This parameter determines the presence or absence of 
hardening structures, pearlite dispersion, strength and 
hardness indices in the HAZ of the welded joint. The 
dependence of the cooling rate W8/5 of welded joints 

after FBW of R65 (60E1) type rail of K76F grade on 
the value of Qfl was studied by calculation. When cal-
culating the cooling rate W8/5 of metal in the HAZ of 
the joints, the value of Qfl varied within the above lim-
its, namely: tfl = 50‒140 s, Qfl = 9‒18 MJ.

To evaluate the structural state of the metal in the 
HAZ of R65 rail joints of K76F grade, the continu-
ous cooling transformation diagram (CCT diagram) 
of K76F rail steel was used [14]. The aim of the study 
was to determine the range of changes in the value 
of heat input Qfl, in which there are no hardening 
structures (martensite) in the welded joint of rails, the 
pearlite structure of the HAZ metal is ensured, and 
hardness values are achieved in accordance with the 
requirements [11–13, 17]. During the calculations, 
the values of current, flashing displacement and time, 
upsetting displacement and heat input were set for 
three different FBW modes (Table 2). The calculated 
temperature distribution in the HAZ of joints at FBW 
of R65 (60E1) rails of K76F grade for modes 1‒3 is 
shown in Figure 11.

To assess the structural state of the metal in the 
HAZ of rail joints, the calculated cooling curves (log-
arithmic time scale) for different FBW modes were 
superimposed on the continuous cooling transforma-
tion diagram of K76F rail steel. The CCT diagram of 
K76F steel with the maximum carbon content within 
the regulatory requirements [24] and the calculated 
cooling curves of joints for the value of heat input 
Qfl = 9.0, 9.7, 12.6 and 16.2 MJ at FBW are shown 
in Figure 12. Analysis of the data in Figure 12 shows 
that for Qfl = 9 MJ (within mode 1), the maximum 
cooling rate along the JL is W8/5 = 8.7 °С/s, the cool-
ing curve is partially contained within the bainite 
region, and the hardness value reaches 395 HV30. 
The presence of bainite in the structure of the to ints 
of rail welded joint metal is not allowed, therefore, 
mode 1 at a value Qfl = 9 MJ is unacceptable accord-
ing to the criterion of the structural state of the metal 
in the joint zone when examining the microstructure 
[17]. For Qfl  =  12.6 MJ (within mode 2), the cool-
ing rate along the JL is W8/5 = 3.75 °C/s, the cooling 
curve is within the pearlite transformation region, the 
hardness value reaches 380 HV30, which meets the 

Figure 9. Temperature distribution along the axis of the welded 
rail joint at FBW with different voltage U at stage 2 of the flashing 
process (see Figure 6)

Figure 10. Temperature distribution along the axis of the welded 
rail joint at FBW with different value of flashing time tfl, s: 1 — 
120; 2 — 90

Table 2. FBW modes of R65 rails of K76F grade

Parameter
Values for FBW modes

Mode 1 Mode 2 Mode 3

Flashing time tfl, s 50‒60 70‒90 110‒140

Flashing current I, А 370-390

Flashing displacement Δfl, mm 7‒8 9‒12 14‒15

Value of heat input Qfl, МJ 9‒10.8 11.5‒14.0 14.4‒18
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requirements of acting regulatory documents. For 
Qfl = 16.2 MJ (within mode 3), the cooling rate along 
the JL is W8/5 = 2.75 °C/s, the cooling curve is com-
pletely within the pearlite transformation region, and 
the hardness value reaches 368 HV30. Consequently, 
during FBW at modes 2 and 3, rail welded joints meet 
the regulatory requirements in terms of the structural 
state of the metal in the joint zone [17].

Thus, the minimum values of the flashing time 
tfl.mi = 55 s and heat input Qfl.min = 9.7 MJ at FBW of 
heat-strengthened K76F rails with a maximum car-
bon content within the regulatory requirements, at 
which the cooling rate along the JL does not exceed 
W8/5 = 7.0 °C/s and the absence of bainite and marten-
site in the joint zone is ensured, were determined by 
calculation.

The technological modes of FBW of R65 (60E1) 
type rails of K76F and R350HT grades were opti-
mized based on the results of mechanical tests and 
metallographic examinations. Bend testing [11‒13, 
17] of welded rail joints made using different FBW 
modes were performed (see Table 2). The test results 
are shown in Tables 3 and 4.

Obviously, only mode 2 meets the regulatory re-
quirements for the values of bend test deflection and 
force of welded K76F and R350HT rail joints. After 
the bend testing of welded K76F rail joints produced 
by FBW at mode 1, fracture analysis was performed. 
Defects are observed in the fractures (Figure 13), 
which are defined as “flat spots” [23, 25, 26] with a 
total area of more than 15 mm2, which do not corre-
spond to [11–13]. FSs are distinguished on the frac-
ture surface by an undeveloped relief and are gray 
in color. In the structure of FSs, there are numerous 

melted inclusions (Figure 13), which are based on 
particles of complex oxides several microns in size, 
which include manganese, silicon.

An increase in the heat input during FBW (mode 3) 
leads to a decrease in indices of bend test rail weld-
ed joints. This is primarily predetermined by an in-
crease in the grain size along the JL and in the HAZ 
and the development of the process of pre-eutectoid 
ferrite precipitation along the boundaries of primary 
austenitic grains [25]. Thus, mode 3 (tfl = 110‒140 s, 
Qfl  =  14.4‒18 MJ) does not meet the requirements 
[11‒13], although it is acceptable according to the mi-
cro examination requirements of the rail welded joints 
[17]. At FBW at mode 2, the regulatory requirements 
for welded joints of rails of K76F and R350HT grades 
are met by both criteria: structural state of the metal 
and indices of mechanical properties of joints during 
bending tests.

Figure 11. Temperature distribution in the HAZ before upsetting 
at PF of R65 (60E1) rails at modes 1–3

Figure 12. CCT diagram of K76F steel [24] and calculated curves of cooling rails made by FBW with different value of heat input Qfl, MJ
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Metallographic examinations of welded joints of 
K76F and R350HT rails produced by FBW at mode 2 
were performed. The macrosection, microstructure, 
SEM image of the metal in the joint zone and the 
hardness distribution for the joint of R350HT rails are 
shown in Figure 14. Within the HAZ, a decrease in 
hardness to 280 HV 30 is observed, which is prede-
termined by the process of cementite spheroidization 
in the zone of partial recrystallization. This is typical 

for welded joints of heat-strengthened rails made of 
eutectoid grade steels [26‒30]. The length of such ar-
eas on both sides of the JL does not exceed 4 mm, the 
total width of the HAZ is 24‒29 mm, which meets the 
requirements of [17].

Based on the results of calculations and experimen-
tal studies of thermal cycles at FBW, macroanalysis, 
metallographic examinations, and mechanical tests of 
welded joints of rails, the general range of changes 
in Qfl at FBW of heat-strengthened rails of K76F and 
R350HT grades was determined, which ensures the 
formation of high-quality joints that meet the require-
ments of acting regulatory documents for rail welded 
joints, namely the value of heat input during flashing 
should be Qfl = 11.88‒14.0 MJ. Varying the value of 
heat input Qfl within certain limits ensures a set cool-
ing rate of welded rail joints in the austenite transfor-
mation temperature range and causes the formation of 
highly dispersed lamellar pearlite without structural 
components of martensite and bainite.

The determined range of optimal Qfl values was 
used in developing and optimizing technological 
modes of FBW of rails of different grades and man-
ufacturers, regardless of the parameters of the power 
mains and the condition of the rail welding machine. 
Based on the research results, the FBW technology 
for heat-strengthened rails was improved [31], a unit 
of measuring transducers was developed [32], and an 
algorithm for controlling the FBW process with a reg-
ulated cooling mode for welded joints [33] was adapt-
ed to the existing programs of the control system of 
K922-1 and K1000 rail welding machines. Due to the 
dosed heat input in the flashing process during FBW, 
the ability to regulate cooling of to rail welded joints 
was implemented to ensure their compliance with the 
requirements of acting standards for the indices of 
hardness and structural state of the joint zone metal 
(absence of martensite and bainite).

The above procedure of calculation and experi-
mental studies was used to determine the admissible 
ranges of variation in the technological parameters of 
the FBW process of railroad frogs. Replacing M76 
rails of open-hearth steel with heat-strengthened K76F 
and R350HT rails of converter steel required im-
provement of the FBW technology of the frog core of 
110G13L steel with rail ends of K76F steel through a 
transition element (TE) of austenitic chromium-nickel 
08Kh18N10T steel. The problems typical of welding 
dissimilar steels are associated with structural and 
chemical heterogeneity of the joint zone, the proba-
bility of forming a brittle interlayer of variable chemi-
cal composition, in particular, areas with a martensitic 
structure. The problem was solved by applying FBW 
technology by pulsating flashing, which ensures the 

Table 3. Test results of welded joints of R65 rails of K76F grade

Mode 
number

Bend test 
force, kN

Bend test 
deflection, mm

Requirements [13] ≥1650 ≥30

Mode 1 1950‒2250 
1950

27–32 
28

Mode 2 2000‒2300 
2150

35–45 
38

Mode 3 1800‒2000 
1900

25–34 
29

Table 4. Test results of welded joints of 60E1 rails of R350HT 
grade

FBW 
mode

Bend test 
force, kN

Bend test 
deflection, mm

Requirements [13] ≥1650 ≥30

Mode 1 1900‒2100 
1900

27–31 
28

Mode 2 2100‒2350 
2200

34–41 
37

Figure 13. SEM image and micro EDXMA results of a flat spot in 
the fracture of K76F rail joints at FBW, mode 1
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implementation of specified thermal cycles to prevent 
the formation of brittle structural components in the 
combined joint of 110G13L, 08Kh18N10T and K76F 
steels and to produce a regulated pearlite structure in 
the HAZ of K76F rail steel [32].

Using the algorithm for numerical solution of the 
three-dimensional thermal conductivity equation un-
der initial and boundary conditions corresponding 
to the actual welding conditions for the specimens, 
thermal cycles during FBW of K76F steel with the 
TE from 08Kh18N10T austenitic steel (joint 1) and 

110G13L steel with the TE from 08Kh18N10T steel 
(joint 2) were obtained. The ranges of variation in the 
basic technological parameters of the FBW process 
were determined, at which, in the process of flashing 
rails of K76F, 110G13L, and 08Kh18N10T steels, 
their uniform heating along the cross-section and 
length is ensured, sufficient to perform deformation 
by a specified value during the upsetting.

The influence of the thermal cycle of FBW of the 
second joint on the structural stability of the metal in 
the HAZ of the first joint was evaluated using calcu-

Figure 14. Macrosection (a), microstructure ×100 (b), SEM images, ×5000 (c), ×20000 (d) and hardness distribution in the R350HT 
rail welded joint at FBW (e), mode 2
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lated and experimental data. It was found that the ab-
sence of brittle chromium carbides in the HAZ of both 
joint of the railroad frog is ensured by implementing 
the set temperature and time conditions of FBW by 
pulsating flashing, under which there is no signifi-
cant diffusion of carbon in the joint zone of K76F and 
08Kh18N10T steels, provided that the width of the 
TE of 08Kh18N10T steel is optimized.

Possible structural changes were evaluated in 
the metal of the first joint on the side of K76F steel 
at the TE width of hTE = 10 mm at different distanc-
es L from the JL of K76F + 08Kh18N10T steels: 
L = 0, 5, 10 and 15 mm [33]. In particular, it was 
found that the thermal cycle of FBW of the sec-
ond joint at a set value of heat input Qfl can lead 
to heating of K76F steel in the joint zone of the 
first butt to a temperature below or above the tem-
perature of structural transformations TAc1 = 735 °C, 
TAc3 = 760 °C (Figure 15), depending on the width 
of the TE of 08Kh18N10T steel.

For a set FBW mode of the second joint, the min-
imum width of the TE of 08Kh18N10T steel was 
determined, at which no heating of joint 1 to tem-
peratures T > TAc1

 occurs and negative structural trans-
formations in joint 1 are excluded. In particular, it was 
found that for the FBW mode of the second joint with 
the heat input value Qfl = 14.4 MJ at the TE width 
hTE ≥ 21 mm, the first joint is heated to a temperature 
lower than TAc1 = 735 °С, which potentially does not 
lead to the formation of hardening structures in the 
joint of K76F+08Kh18N10T steels, and the heating 
mode corresponds to a short-term “tempering” for 
K76F steel [33].

Using the improved FBW technology, a pearlite 
structure of a set dispersion (sorbitic-troostite) is pro-
duced in joint 1 on the side of K76F rail steel; welded 
railroad frogs meet the requirements of acting stan-
dards [34].

IMPROVEMENT OF THE QUALITY ASSURANCE 
SYSTEM FOR FBW OF RAILWAY RAILS
The FBW Department of PWI has developed, put into 
production, and has been successfully using comput-
erized systems for quality assurance of joints using 
various pressure welding methods for many years. 
For FBW of railway rails, a three-level quality as-
surance system for rail welded joints was developed, 
which provides for:

● level 1 — development of an effective technolo-
gy and approval of FBW modes for specific types and 
grades of railway rails in accordance with the require-
ments of acting regulatory documents;

● level 2 — in-process control of the basic pa-
rameters of the FBW process under actual production 
conditions, comparison with the established admis-
sible limits of their deviations, issuance of a report 
(protocols) on the compliance of welded joints with 
the established requirements;

● level 3 — statistical analysis of rail FBW pro-
tocols performed at all FBW machines and submitted 
to the diagnostic center of the JSC “Ukrainian Rail-
ways”.

The implementation of level 1 of the quality assur-
ance system is based on the requirements for welded 
joints of railway rails provided in [11–13, 17]. When 
developing FBW technology and modes for the ex-
isting type and grade of railway rails, as well as a 
specific rail welding complex, the specialists of the 
FBW Department use the results of destructive and 
non-destructive testing, metallographic examinations 
of rail welded joints produced at PWI testing labora-
tory certified in accordance with the requirements of 
DSTU EN ISO/IEC 17025:2019.

In order to implement level 2 of quality assurance, 
i.e. to ensure stable reproduction of the rail welding 
process and testing of its basic parameters, a computer-
ized FBW process monitoring and control system was 
developed, which allows maintaining the optimal flash-
ing mode under actual production conditions largely 
regardless of operating conditions. The system is based 
on the use of an industrial computer, controller and 
appropriate sensors. During welding of each joint, the 
process parameters can be self-adjusted, which ensures 
optimization of programs for their variation at all stag-
es of flashing and in general during the welding period. 
The computerized control system records the basic pa-
rameters of the FBW process, determines their admis-
sible deviations from the set values and, in accordance 
with the established algorithms, assesses the quality of 
the joints immediately after welding [37].

Statistical analysis of rail welding protocols (level 3) 
ensures timely detection of systematic deviations of the 
basic FBW parameters, process optimization and the 
ability to diagnose the operating rail welding equipment. 

Figure 15. Thermal cycles in the first joint on the side of K76F 
steel at FBW of the second joint at hTE = 10 mm width (experi-
mental data)
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The results of calculations are presented in the form of 
tables, diagrams and histograms and visually represent 
the progress of the welding process, as well as its depen-
dence on a particular rail welding machine, FBW modes 
and rail grade. Statistical analysis of rail FBW protocols 
was successfully implemented in cooperation with the 
JSC “Ukrainian Railways”.

In 2024‒2025, remote monitoring for compliance 
of FBW technology of all welded rail joints with elec-
tronic welding reports sent to the Diagnostic Center of 
the JSC “Ukrainian Railways” from each rail welding 
machine equipped with a computerized quality con-
trol system was established.

PREPARATION OF RECOMMENDATIONS 
AND AMENDMENTS TO ACTING REGULATORY 
DOCUMENTS, DEVELOPMENT 
OF A NEW REVISION OF TECHNICAL 
SPECIFICATIONS FOR FBW OF RAILWAY RAILS
In 2024, based on the results of research works and con-
tracts, PWI specialists developed recommendations for 
amending and supplementing the acting technical spec-
ifications for welding railway rails [11‒13], which were 
fully taken into account in the new revision of the regula-
tory documents [36, 37]. An assessment of the results of 
the joint works is described in a letter from the Director 
of the CTCR Branch of the JSC “Ukrainian Railways”, 
which states that “as a result of the implementation of 
the agreements, the technical condition of rail welding 
machines has been significantly improved to ensure train 
safety and the sustainable operation of the railway infra-
structure under martial law in Ukraine”.

UPDATING THE DESIGN OF FBW MACHINES, 
renewal of PRODUCTION 
OF RAIL WELDING COMPLEXES
To meet the needs of the JSC “Ukrainian Railways” 
and other partners, the problem of renewal of produc-
tion of rail welding machines developed by PWI is 
extremely relevant. The successful solution of this 
problem is inseparably associated with updating the 
design of mobile and stationary machines for FBW 
of rails to meet the technical requirements of the cus-
tomer and the production capabilities of equipment 
manufacturing companies.

In 2023, the Czech company SaZ s.r.o., in close 
cooperation with PWI, launched the serial production 
of double-track WELDERLINER rail welding com-
plexes (Figure 16) equipped with K922-1 mobile ma-
chines that implement pulsed FBW technology. This 
event was preceeded by a significant improvement in 
the design documentation of the K922-1 machine to 
meet the manufacturer’s technical requirements, de-
sign and technological support for the production of 

rail welding machines, which was carried out by PWI 
specialists.

The WELDERLINER complexes have success-
fully passed the comprehensive tests required by the 
European standard EN 14587-2:2009 for FBW of 
rails. The K922-1 mobile machine, which is an orig-
inal development of PWI, is equipped with a modern 
computerized system for multifactor control of weld-
ing parameters, high-speed hydraulic drives, as well 
as a device for burr removing in the hot state without 
unclamping the welded rail section to cool the welded 
joint to a set temperature. 

In 2024, PWI developed the design documenta-
tion for RW Equipment & Consulting LLC (USA) for 
the RW1060 mobile rail welding machine, which is 
an updated version of the K1045 machine for FBW 
of railway rails in hard-to-reach locations. A batch 
of K1045 machines was previously produced by the 
SE “Pressure Welding Engineering Center” (PWEC) 
of the STC “The E.O. Paton Electric Welding Insti-
tute” by order of the Progress Rail Services, USA. 
The RW1060 machine has an updated design of the 
current supply circuit, which provides significant ad-
vantages in the operation of equipment in subway 
tunnels, when welding railroad frogs with rails in the 
railway track. For example, by using unique new de-
sign of transformers, including a new approach to the 
design of current leads, it became possible to reduce 
the outer width of the opened machine when setting 
on rails to be welded from 597 mm to 438 mm (in the 
plane of the head of the rail being welded), which is 
a critical moment for this type of welding machines. 
During the production of the RW1060 welding head 
(Figure 17) at the PWEC, specialists from the Flash 
Butt Welding Department of PWI provided a design 
support during the production, and improvements 
were promptly made to enhance the manufacturabili-
ty of the machine’s components and mechanisms. The 
main design solutions implemented in the K1045 and 
RW1060 machines are patented in Ukraine [40‒43].

In 2024, PWI launched cooperation with the 
French company Yardway Railquip France SAS to 
provide services on the technology support and main-
tenance of mobile equipment for FBW of rails. The 
successful development of cooperation is expected 
to open up additional opportunities for expanding the 
use of PWI developments abroad. 

In order to renew the production of stationary 
K1000 rail welding machines to meet the needs of the 
JSC “Ukrainian Railways”, PWI and the company 
“Rail Systems” signed a license agreement to grant 
the right to use the design, manufacturing technology 
and operation of FBW machines in stationary con-
ditions. In 2024, “Rail Systems” has already gained 
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successful experience in overhauling K1000 ma-
chines by order of rail welding enterprises of the JSC 
“Ukrainian Railways”.

Long-term cooperation with the Dnieper JSC “Rail-
way Switch Plant” continues to support the technologi-
cal process of manufacturing railroad frogs, in particular, 
using the FBW technology for frog cores of high-wear 
110G13L steel with rails made of eutectoid grade steel 
through TE of austenitic chromium-nickel stainless 
steel. In 2023‒2025, PWI successfully performed works 
on consulting support of the technology for FBW of 
frogs, audit of the technical condition of the K924M ma-
chine, manufacturing of welding circuit elements, devel-
opment of a set of measures to ensure the specified tech-
nical characteristics of the K924M machine and extend 
its operational life.

Thanks to the joint efforts of the JSC “Ukrainian 
Railways”, PWI and foreign partner companies, criti-
cal challenges are being successfully overcome to en-
sure the operability of the railway infrastructure under 
martial law in Ukraine and to expand the use of PWI 
developments abroad.

Conclusions
1. The critical challenges for ensuring the operability of 
the railway infrastructure under martial law in Ukraine 
were analyzed. The suspension of domestic rail pro-
duction by Azovstal Metallurgical Combine as a result 
of the occupation has raised the issue of welding used 
rails and new rails of different grades, from different 
manufacturers and with various heat treatment modes, 
in particular a heterogeneous combination. The prob-

Figure 16. Mobile K922-1 machine (a), double-track WELDERLINER rail welding complex (b, c)

Figure 17. Welding head of the RW1060 machine for FBW of railway rails in hard-to-reach locations
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lem of extending the service life of existing welding 
equipment is also relevant.

2. To solve the existing problems, a set of mea-
sures was developed to ensure high-quality welding 
of rails in stationary and field conditions during the 
repair and construction of continuous welded rails in 
Ukraine in accordance with the requirements of regu-
latory documents.

3. Implementation of the developed set of mea-
sures in 2022‒2025 allowed solving a number of 
problems related to the FBW of railway rails:

● the causes for non-compliance of some rail weld-
ed joints of different grades with the requirements of 
regulatory documents were identified, recommenda-
tions were developed to prevent defects and reliably 
detect probable defects during non-destructive testing 
of rail welded joints;

● an audit of the technical condition of rail weld-
ing equipment available at the JSC “Ukrainian Rail-
ways” was conducted and measures were developed 
to extend its operational life;

● the technology was improved and the process 
modes of FBW of heat-strengthened railway rails of 
converter production were optimized;

● quality assurance systems for joints during FBW 
of railway rails were optimized;

● designs of mobile rail welding machines were 
updated, production of equipment for FBW of rails 
was renewed.

4. Thanks to the joint efforts of PWI of the NAS 
of Ukraine, structural units of the JSC “Ukrainian 
Railways”, domestic and foreign partner companies, 
critical challenges are being successfully overcome 
to ensure the operability of the railway infrastructure 
under martial law in Ukraine and expand the use of 
domestic developments abroad.
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ABSTRACT
The purpose of the research presented in this article is to develop a technology for press magnetically impelled arc butt welding 
(MIAB welding) using a pulsed increase in welding current and controlled precision allowance of the upset during the forma-
tion of joints of pipe steels and parts of the automotive industry. The main attention is paid to reducing energy consumption 
while ensuring high-quality welded joints. During welding, operational control of the main technological parameters was 
carried out: welding current, voltage, displacement and force at the moment of upset. To study the processes occurring in the 
arc gap between the ends of the pipes, high-speed video recording with a resolution of up to 4500 frames/s, as well as oscillog-
raphy of the welding cycle parameters, was used. The resulting welded joints were tested in accordance with the requirements 
of international standards for gas and oil pipelines (API, DNV), which allowed assessinging their mechanical characteristics, 
reliability, and compliance with industrial application requirements.

KEYWORDS: technology of magnetically impelled arc butt welding, radial component induction of the control magnetic 
field, pulsed welding current, controlled upset allowance, formation of pipe joints

INTRODUCTION
MIAB welding is an innovative process that combines 
the advantages of heat treatment and mechanical butt 
welding of steel pipes and tubular parts. Process has 
found application in various industries due to its high 
productivity, stability of the quality of welded joints, 
as well as a high level of mechanization and automa-
tion of the technological process. The peculiarity of 
the automatic mode of MIAB welding is to signifi-
cantly reduce the influence of the human factor on the 
quality of joints, which makes it especially effective 
for the manufacture of structures of critical purpose.

During the research, it was found that the influ-
ence of thermal and deformation cycles with the use 
of pulsed increase in welding current before the upset 
and the implementation of a controlled upset allow-
ance contributes to the formation of joints with opti-
mal characteristics according to the technical require-
ments of enterprises.

INDUSTRIAL APPLICATION
The main advantages of the MIAB welding process 
include high productivity due to the potentially high 
level of automation, as well as a reduction in the cost 
of manufacturing welded pipe joints. This process is 
particularly promising for use in the automotive indus-
try, power plants, boiler production, pipelines for var-
ious purposes, oil refining and petrochemical plants, 
ships and other industries where liquids and gases are 
transported under high pressure and temperature, and 

where increased requirements are placed on the reli-
ability and accuracy of welded joints.

Due to the short welding cycle and high reproduc-
ibility of the quality of joints, process is an effective 
solution for mass industrial production. The results of 
scientific research in the field of MIAB welding have 
been successfully implemented in practice. In par-
ticular, the results of a number of studies have been 
applied during the construction of pipelines, which 
confirmed the feasibility and effectiveness of imple-
menting this process in industrial conditions [1‒13]. 
MIAB welding technology and equipments devel-
oped at the E.O. Paton Welding Institute (PWI) have 
found practical use in welding pipelines with a diam-
eter of up to 100 mm.

The MIAB welding is used in the automotive indus-
try to join the drive shafts, cardan shafts, air springs, 
shock absorber assemblies and brake pipes. Industrial 
use in the automotive industry has been achieved by 
the development of technology and industrial equip-
ment for Magnetarc welding by KUKA, Germany and 
for MIAB welding by PWI, Ukraine [14‒16].

RESEARCH PROGRESS
For a comprehensive study of welding in a wide range 
of standard sizes of steel pipes and tubular parts with a 
diameter of Ø20‒300 mm, K872, MD-205 and MD101 
machines were used. Steel grades and their mechanical 
properties are given in Tables 2 and 4. Welding was per-
formed in machines developed at the PWI. The experi-
mental K-872 machine is shown in Figure 1.
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The main technical characteristics of the pilot ma-
chines are presented in Table 1.

The K872 and MD205 installations include (Fig-
ure 2, a): welding machine (1), protection (2), pump-
ing station (3), hydraulic system (4), computerized 
control system (5), welding current source (6), con-
trol panel (7), hydraulic hoses (8), electric cables (9). 
Figure 2, b shows the MD205 industrial installation 
for welding tubular parts of hydraulic cylinder bodies.

The design of the modernized MD101 machine with 
a developed hydraulic drive for welding pipes with a di-
ameter of up to Ø60 mm is presented in Figure 3.

To carry out the work, the equipment was modern-
ized in the following areas:

1. The hydraulic systems of the machines were im-
proved with the possibility of a controlled upset with 
a given allowance.

2. A system for pulsed increase of the welding cur-
rent before upset was developed.

3. The control program and the system for record-
ing technological parameters of welding were im-
proved to perform the above developments.

The block diagrams of the welding machine after 
modernization are shown in Figure 4.

To ensure the implementation of the quality con-
trol algorithm, the control system was modernized on 
the basis of an industrial computer. 3 Lincoln Linc 
635SA welding rectifiers connected in parallel were 
used to power the arc. Supercapacitors were also used 
to create a pulsed increase in current [17].

FUNCTIONING OF THE CONTROL 
PROGRAM AND Recording OF 
TECHNOLOGICAL WELDING PARAMETERS
Preparation of the machine actuators for the welding 
process is carried out in the following sequence:

● turning on the control cabinet, starting the con-
trol program and recording parameters;

● turning on the pumping station and power source;
● installing pipes in the welding position.
After checking the compliance of the equipment 

state with the initial conditions for starting the pro-
cess, the message “System ready” appears in the main 
window of the control program, indicating the readi-
ness of the hardware for welding.

After pressing the “Welding” button, all remote con-
trols are blocked, except for the “Stop welding” and 
“Emergency stop” buttons. The pipe welding process 
occurs automatically without the use of shielding gases.

A welding quality control algorithm has been de-
veloped based on the analysis of process parameters, 
covering three key stages:

1. Heating — the period of formation of the tem-
perature field at the ends of the pipes being welded;

2. Welding current pulse — ensuring a protective 
environment in the arc gap due to intensive surface 
renewal;

3. Controlled upset — formation of a joint in the 
solid phase.

The conclusion about the quality of the produced 
welded joint with a certain degree of probability is 
made on the basis of logical rules formed based on 
the results of research into the technological features 
of the MIAB welding process.

The developed system for controlling and record-
ing technological parameters of the welding process 
significantly expands the capabilities of personnel 
during the operation of welding equipment. It allows 
changing the settings and algorithms of the equip-
ment’s operation without significant resource costs. 
In addition, the system provides remote monitoring of 
welding operations at remote sites, as well as quality 
control without the need for direct intervention in the 
production process [18].

The program window displays the technological 
parameters of the welding machine, which are con-
trolled by the system.

It is possible to automatically switch to another 
welding mode in case of a change in the pipe diame-
ter. During each start of the welding cycle, the system 
automatically performs the following actions:

● creates a technological process data file;
● forms a welding progress diagram;
● makes appropriate changes to the report file.
These operations are performed regardless of the 

progress of the welding process and are completed af-
ter its completion. Documentation of welding param-
eters is carried out in automatic mode, which allows:

● assessing the level of deviation of technological 
parameters from the specified values;

● correcting the parameters if necessary.

STUDYING THE INFLUENCE OF THE MAIN 
TECHNOLOGICAL PARAMETERS ON THE 
NATURE OF THE MIAB WELDING PROCESS
Studies of the processes occurring in the arc gap 
during heating of the pipe ends by an electric arc mov-

Table 1. Basic technical characteristics of machines power consumption, kVA

Machine type Pipe diameter, 
mm

Wall thickness, 
mm

Productivity, 
joints/h Upset force, kN Power 

consumption, kVA Weight, kg

MD101 10‒61 1‒5 120 40 30 230
K872 32‒220 3‒10 60 280 150 2700

MD205 32–240 3‒11 60 350 170 2300
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ing at high speed (up to Va = 130 m/s) were carried out 
on tubular parts with a diameter of up to Ø200 mm 
and a wall thickness of up to δ = 10 mm. High-speed 
video recording was used to monitor the process.

The main parameters of the process — magnetic 
field induction, welding current and arc voltage — 
varied within the limits characteristic of the modes 
adopted for process when welding pipes of the spec-
ified type. At the same time, computer record of the 
specified parameters was carried out.

The studies carried out within the framework of 
this work were aimed at developing a technology 
for butt-joining of steel pipes adapted for operation 
in both field and stationary conditions. Welding was 
carried out on samples of various steel grades, in par-
ticular: X60, X70, X80, St35, 09G2S, JIS STPG410, 
ASTM A615 Grade 520. The chemical composition 
of the steels is given in Table 2.

Uniform heating of the surfaces of the pipes be-
ing welded is determined by the stability of the arc 
movement under the influence of an external control 
magnetic field (CMF). The speed of the arc movement 
depends on the following factors:

● the magnitude of the welding current;
● CMF induction;
● the gap between the pipe ends;

● the quality of edge preparation.
The position of the arc at the ends of the weld-

ed parts is determined both by the distribution of the 
control magnetic field induction and the influence of 
the ferromagnetic masses of the steel pipes on the arc. 
The results of the studies have shown that when weld-
ing steel products, the electric arc after excitation at 
the outer edges, under the influence of the ferromag-
netic masses of the parts and the radial component of 
the CMF induction, is shifted in the arc gap to the 
inner region of the ends, Figure 5.

Figure 1. Machine K-872 for experimental studies

Figure 2. MD205 pipe welding machine, where: a — equipment for MIAB; b — MD205 machine in production

Figure 3. Machine MD-101
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It was established that the optimal gap for welding 
pipes with a diameter of Ø150 mm is δ = 1.9±0.2 mm. 
The results of the studies showed that when the CMF 
induction is less than Вr = 70 mT, the arc movement 
is unstable. An insufficient level of induction leads 
to oscillations of the arc column, especially when 
the pipes are horizontally placed, which causes local 
overheating and the formation of molten metal in the 
lower part of the welding zone. As a result, a crater is 
formed in the gap between the pipe ends (Figure 6).

Stable arc movement along the pipe ends is 
achieved when the radial component of the CMP 
induction is within Br = 110–180 mT (Figure 7, a). 

Under such conditions, relatively uniform heating of 
the ends is ensured, which is a necessary condition 
for plastic deformation of the material during upset 
(Figure 7, b).

The heating time with other parameters remaining 
constant is in a narrow range. Its value depends on the 
current and arc voltage, and a change in one of these 
parameters affects the change in the other. Excessive 
heating of the pipe ends can lead to the formation of 
liquid bridges between the pipes, which disrupts the 
stable movement of the arc in the gap.

The size of the arc gap largely determines the quality 
of welded joints. This parameter depends on the require-
ments for the stability of arc excitation and its stable 
movement. In the studied range of pipes, the value of the 
arc gap, as experiments have shown, varies within δ = 
1.7‒2.1 mm. Figure 8, a‒f shows photographs illustrat-
ing the behavior of the arc in the gap during heating of 
the ends at different stages of pipe welding.

The welding arc current was Ia = 200‒250 A, the 
arc voltage U2 = 25±2 V. After the arc is excited be-
tween the ends, the speed of its movement during 
heating constantly increases, from Va = 50 m/s reach-
ing Va = 240 m/s depending on the diameter of the 

Table 2. Chemical composition of steels, %

Type steel 09G2S St35 API X70 DIN 
17100 St52-3

ASTM A615 
Grade 520 JIS STPG410 ASTM 

A106/API5L

С 0.11 0.39 0.030 0.18 0.159 0.25 0.28
Si 0.75 0.35 0.156 0.52 0.172 0.34 0.25

Mn 1.38 0.75 1.45 1.35 1.19 0.9 1.20
P 0.015 0.035 0.004 0.02 0.012 0.024 0.030
S 0.016 0.04 0.004 0.03 0.006 0.033 0.030

Cu 0.05 0.25 0.30 0.28 0.13 - 0.50
Ni 0.05 0.25 0.14 0.24 0.04 0.001 0.50
Cr 0.25 0.25 0.14 0.24 0.04 0.001 0.50
Mo 0.05 ‒ 0.20 ‒ 0.002 ‒ 0.15
Ti ‒ ‒ 0.022 ‒ 0.002 ‒ ‒
Nb ‒ ‒ 0.062 ‒ 0.002 ‒ ‒
Al 0.01 ‒ ‒ ‒ 0.03 ‒ ‒

Figure 4. Block diagram of the welding machine

Figure 5. Displacement of the arc to the inner area of the butts Figure 6. Molten metal crater
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pipes (Figure 8, a). As the temperature of the ends in-
creases, the thickness of the melt increases (Figure 8, 
b), which is held on the surface of the ends by surface 
tension forces. When a certain thickness is reached, 
the melt, under the influence of forces, rotates the 
arc along the heated ends (Figure 8, c), and begins 
to move in the same direction. The regulated speed 
of this movement under certain conditions can reach 
Vm = 3 m/s. The movement of the melt is due to the ac-
tion of electrodynamic forces and the gas pressure in 
the arc gap formed by the arc column. This movement 
contributes to the stirring of the molten metal layer. 
Before upseting, the melt layer is evenly distributed 
along the perimeter of the pipe and the thickness of its 
butts (Figure 8, d).

In the initial period of upset, the gap between the 
butts decreases, and the arc discharge stops at the time 
of closing the gap (Figure 8, e), a continuous layer of 
molten metal begins to form between the butts (Fig-
ure 8, f), which, under the action of the magnetic field 
(current supply through the ends does not stop), contin-

ues to move in circular trajectories. This contributes to 
the renewal of the melt and the formation of a continu-
ous layer over the entire cross-section of the pipes being 
welded. At the moment of closing the gap, the melt is 
squeezed out of the joint, and deformation of the heated 
metal layers in the solid state occurs [19].

The magnitude and direction of the CMF induction 
have a great influence on the nature of the shift of the ac-
tive spots of the welding arc. It was found that in the pro-
cess of welding under the action of an external magnetic 
field, the arc speed during heating reaches Va = 120‒140 
m/s depending on the diameter of the pipes, while initial-
ly the cathode plasma flow of the arc column is displaced 
relative to the anode (Figure 9). Having reached the an-
ode, the cathode plasma flow of the arc forms a new an-
ode spot. A movement of both the anode and cathode 
active spots of the arc is observed.

In order to study the nature of changes in the linear 
velocity of the arc, a series of experiments were con-
ducted on welding pipes Ø121×8 mm, during which 

Figure 7. Pipe welding process, where: a — MIAB welding; b — 
pipe butts after heating

Figure 8. Stages of pipe welding, where: a — the beginning of arc movement under the action of the CMF; b — the formation of a 
layer of melt on the ends of the pipes; c — the movement of the melt during the heating process; d — the renewal of the melt before 
upset; e — the beginning of upset; f — the formation of a welded joint

Figure 9. Movement of the cathodic and anodic plasma flow of 
the arc column
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the technological parameters of the process were 
varied. In particular, the pulse of the welding current 
before the upset stage was varied within wide limits. 
Figure 10 shows a graphic record of changes in the 
main heating parameters. The rectangle on the graph 
highlights a section covering the period from the mo-
ment of the start of the pulsed increase in the welding 
current to the start of the upset under current. This 
section is presented in more detail in Figure 11, which 
made it possible to analyze the shape of the pulse and 
the nature of changes in the welding current both be-
fore the upset and directly during its execution.

When the welding arc current increases, the arc 
travel speed sharply accelerates (up to 240 m/s), which 
leads to intensive renewal of the welding surfaces and 
creates a protective environment. Experiments have 
shown that the magnitude of the pulse current before 
the upset should be higher than the heating current. A 
relatively uniform layer of liquid metal with a thickness 
of up to δlm = 0.5 mm remains on the melted ends, which 
contributes to the formation of welded joints. The opti-
mal pulse current has been established for each pipe size 
up to Ø200 mm. Changes in the pulse current by ±5 % 

from the optimal do not significantly affect the quality 
of the joints. The duration of the current pulse is within 
t = 0.2‒0.6 s. At smaller (t < 0.2 s) values of the current 
pulse duration, the moving arc does not have time to 
completely renew the layer of molten metal saturated 
with gases from the end surfaces. In this case, the quali-
ty of the welded joints is low. Maintaining an increased 
current value for more than t = 0.7 s leads to increased 
consumption of heated metal of the pipe ends and a de-
crease in the quality of the welded joint. The upset is 
determined by the speed of closing the arc gap between 
the welded pipe ends and the formation of the welded 
joint. This ensuring conditions under which the liquid 
metal layer is preserved on the ends and controlled de-
formation of the HAZ occurs according to the specified 
allowance. The time of crystallization of the metal layer 
on the ends depends on many factors that accompany 
cooling. For pipes it ranges within t = 0.01‒0.025 s. In-
terruptions of the current at the final stages of the heat-
ing process before upset lead to oxidation of the ends 
and crystallization of the liquid layer on the pipe ends.

It was experimentally determined that at upset rates 
less than Vupset = 40 mm/s, oxides are observed in weld-

Figure 10. Main parameters of the pipe welding process
Figure 11. Welding arc current pulse before pipe upset

Figure 12. Diagram of the pipe welding process, where: 1 — position of the moving part of the machine; 2 — area of controlled upset; 
3 — arc voltage; 4 — welding current; 5 — energy accumulated during the pipe heating process
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ed joints, which significantly reduces the ductility of the 
joints and the strength properties of the joints.

The given scope of work allowed drawing the fol-
lowing conclusions:

Maintaining the setting and electrical parameters 
of welding within the permissible values leads to pro-
ducing high-quality welded joints.

Defects along the joint line (oxides and matte spots) 
up to 2 mm2 in size belong to defects of the base metal 
that fall into the joint. As tests have shown, these de-
fects do not affect the qualing of welded joints.

MIAB WELDING TECHNOLOGY 
WITH PULSED HEATING 
AND CONTROLLED UPSET FOR FORMING 
WELDED PipeS JOINT
In the process of welding pipes, for example 
Ø140×8 mm, the system allows you to get a graphical 
representation of the process, which makes it possible 
to visually assessing the progress of the welding pro-
cess, Figure 12. The welding current can be divided 
into three stages, and the welding time — into four 
stages. For welding pipes, the current I1 is used for 
approximately t1 = 0.5 s, during which the welding 
pipes are briefly compressed to a short circuit and 
the welding rectifier is turned on. t2 is the time pe-
riod during which the short-circuited pipe ends are 
taken to the arc gap, after which an arc is excited be-
tween them. At the time stage t2, the arc begins to ro-
tate in the gap and heat the pipe ends, the arc current 
I2 = 490‒510 A. At the time stage t3, the welding cur-
rent increases to I3 = 580‒600 A, heating of the pipe 
ends the continues. At time stage t4, the arc current 
pulse-like increases to I4 = 1500 A, the arc accelerates 
and rotates at a relatively high speed, renewing the 
surfaces of the heated pipe ends. The welding cycle 
is completed with a controlled upset with an allow-
ance S = 6.2 mm. The total time of welding of pipes 
Ø140×8 mm is t = 46 s.

The formation of welded pipe joints in MIAB weld-
ing, as in other press butt welding methods, occurs as 
a result of the joint deformation of the end surfaces of 
the pipes heated to a ductile state. Uniform heating of 
the ends is a necessary, but not sufficient condition for 
the formation of a high-quality joint. One of the key 
parameters affecting the quality of the joint is the arc 
rotation speed and the duration of heating. Too low ro-
tation speed leads to an uneven thermal field, the for-
mation of local zones of overheating or, conversely, 
underheating, which negatively affects the structure 
of the weld. Optimization of this parameter allows en-
suring the stability of the process, uniform tempera-
ture distribution along the welding zone and reducing 
the probability of internal defects. The quality of the 

welded joint can be ensured even without the use of 
gas shielding, provided that the arc rotation speed at 
the moment before the upset is sufficient for constant 
renewal of the melt layer on the entire surface of the 
ends. This prevents crystallization of the metal in the 
time intervals between the passage of the arc through 

Figure 13. Formation of a welded pipe joint without an upset 
allowance, where: a — welded joint; b — cross-section of the 
welded joint

Figure 14. Formation of a welded joint with a controlled upset, 
where: a — welded joint; b — cross-section of the welded joint
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individual sections, which, in turn, contributes to the 
formation of a uniform and strong joint.

The formation of welded joints of pipes with a 
diameter of Ø140×8 mm, made without a controlled 
allowance for upset is shown in Figure 13, a. Fig-
ure 13, b shows a cross-section of the welded joint. 
The height of the external and internal reinforcement 
is up to 7 mm, which does not meet the requirements 
of API standards.

Controlling the pipe upset allowance after weld-
ing allows a significant reduction in the height of the 

welded joint reinforcement from 1.0 to 3 mm, de-
pending on the pipe diameter, Figure 14.

Table 3 presents the main technological parame-
ters for welding pipes with controlled upset.

Mechanical tests of pipe joints were carried out 
in accordance with the requirements of API [20] and 
DNV standards. The mechanical properties of welded 
pipe joints are shown in Table 4.

All joints of the specified pipes welded by the 
MIAB method without further heat treatment demon-
strated impact toughness at test temperatures of +20, 

Table 3. Basic technological parameters for welding

Steel grade Pipe size, mm Welding time, s Upset force, kN Pipe shortening, mm

09G2S 42/4 14 40.6 3.6
JIS STPG410 60.5/5.5 19 80 4.8

St35 76/16 82 255 12.4
DIN 17100 St52-3 90/5 16 135 4.8

ASTM A615 Grade 520 121/7 27 200 6.7
ASTM A615 Grade 520 121/10 43 278 9.2

API X70 168/7 31 247 6.8
API X70 219/8 38 281 7.7

ASTM A106 API 5L 114.3/6 19 140 5.7
ASTM A106 API 5L 148.3/6 28 171 5.6

Table 4. Mechanical properties of welded pipe joints

Steel grade Pipe size, 
mm

σt, MPa KCV+20, J/cm2 KCV‒20, J/cm2 KCV‒40, J/cm2

Base metal Welded joint Base metal Welded joint Base metal Welded joint Welded joint

09G2S 42/5 469±10 465±14 56±5 68±10 58±3 69±5 ‒
JIS STPG410 60/5.5 458±10 456±10 94±4 87±3 96±3 91±4 92±3

St35 89/10 551±14 541±13 60±3 70±19 ‒ ‒ ‒
DIN 17100 St52-3 90/5 498±11 486±7 ‒ ‒ ‒ ‒ ‒

API X70 168.6/7.8 551±19 540±8 256±10 189±48 257±9 197±39 ‒
ASTM A615 Grade520 191/7 651±14 656±22 135±14 119±31 ‒ ‒ ‒

ASTM A106 API 5L 114.3/6 421±14 418±15 ‒ ‒ ‒ ‒ ‒
ASTM A106 API 5L 148.3/6 429±12 437±14 ‒ ‒ ‒ ‒ ‒

Figure 15. Parts of the automobile assortment Figure 16. Welding pipes with fittings
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–20 and –40 °C at a level not lower than 80 % of the 
corresponding indices of the base metal.

Areas of application developed at PWI, Ukraine, 
MIAB welding technology & machine:

● automotive industry — welding of automobile 
shafts for various purposes (Figure 15);

● hydraulic systems of construction machinery — 
welding of pipes with fittings (Figure 16);

● pipeline construction — welding of pipes for 
soil thermal stabilization systems (Figure 17).

TECHNICAL ADVANTAGES OF THE MIAB 
WELDING PROCESS FOR PipeS, 
PIPELINES AND AUTOMOTIVE INDUSTRIES
The process has a number of important technical ad-
vantages:

● relatively short welding time;
● high productivity, especially in mass production;
● no need in welding materials and shielding gas-

es, which reduces the cost of the process and simpli-
fies its organization;

● localized (concentrated) heating of the ends of 
welded pipes;

● minimal allowances for melting and upset;
● unpretentiousness to the cleanliness of the side 

and welded surfaces;
● no strict requirements for the accuracy of pre-

liminary preparation of parts;
● insignificant metal spatter during the process;
● the ability to control and record the main techno-

logical parameters in real time.

INNOVATIVE SOLUTIONS 
AND COMPLIANCE WITH STANDARDS
The use of this process allows you to reduce the dura-
tion of welding by up to 70 % compared to traditional 
methods.

The use of technology with pulsed welding current 
increase and precision upset in MIAB welding instal-
lations provides:

● increased energy efficiency of the welding process;

● improved technological quality of welded joints;
● reduced cost of welding equipment;
● reduced peak loads on the electrical mains by 

50‒70 % compared to traditional methods.
In addition, the MIAB welding process meets 

the requirements of the API 1104 standard, which is 
widely used in pipeline welding in many countries 
around the world. This indicates its compliance with 
international requirements for the quality, reliability 
and safety of welded joints.
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D e v e l o p e d  a t  P W I

3D PRINTING OF PARTS MADE 
OF HEAT-RESISTANT ALLOYS AND COMPOSITE MATERIALS 

BY ADDITIVE PLASMA CLADDING

• No restrictions on the dimensions of parts, machining allowance up to 1.5–3 mm
• Possibility of using several wires, powders, or a combination thereof
• Productivity 0.03–15 kg/h
• Production of spatial products from various types of alloys, 
refractory metals, composite and functionally graded metal 
matrix materials

• Volumetric alloying of parts and 
synthesis of new alloys during the 
3D printing process

3D printing of a heat-resistant alloy engine housing blank with dimensions of Ø280 mm, h — 295 mm
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Obtaining functionally-graded metal-matrix 
materials Ti‒6Al‒4V + WC in the process 
of 3D printing by the method 
of additive plasma-arc deposition
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ABSTRACT
The possibility of 3D printing by additive plasma-arc surfacing of three-dimensional products from composite functional-
ly-graded metal-matrix materials, in which the matrix is the titanium alloy Ti‒6Al‒4V and the reinforcing phase is tungsten 
carbide, has been experimentally confirmed. The technology of additive plasma-arc deposition with simultaneous feeding of 
powder or filler wire of titanium alloy Ti‒6Al‒4V Grade 5 and spherical WC powder into the plasma arc allows obtaining 
three-dimensional samples from functionally-graded metal-matrix materials of the “wall” type, in which the content of tung-
sten carbide along their height varies from 0 to 50 vol.% with a corresponding change in the hardness index from HRC 32 for 
the lower (deep) layers and up to HRC 56‒66 and higher towards the surface layers. By selecting plasma spraying modes and 
energy input, it is possible to change the hardness, microstructure, and microhardness of the matrix of the material of the depos-
ited layers, including the degree of melting of spherical WC powder particles, namely, to preserve their spherical shape with a 
microhardness of HV0.1 = 2172‒3796 or to achieve their partial and complete melting. In the case of preserving the spherical 
shape of WC particles in a matrix of titanium alloy Ti‒6Al‒4V, the presence of a metallurgical bond between them and this 
matrix is characteristic. It has been established that the tensile strength of the obtained materials for the case of additive depo-
sition with Ti‒6Al‒4V filler wire with the addition of WC powder up to 50 vol.% reaches σt = 666.8 MPa, which corresponds 
to 75 % of the tensile strength of the Ti‒6Al‒4VBT6 Grade 5 alloy of identical chemical composition (annealed sheet), which 
acts as the matrix of the studied composite material. The impact strength of the samples of wall-type joints with welded layers 
of the composite material Ti‒6Al‒4V Grade 5 alloy + WC powder reaches up to 70–80 % of the level of this parameter of the 
Ti‒6Al‒4V Grade 5 titanium alloy sheet.

KEYWORDS: 3D printing, additive plasma-arc deposition, titanium alloys, tungsten carbide, functionally-graded materials, 
structure, mechanical properties

INTRODUCTION
In modern additive manufacturing two approaches are 
predominantly used to make a finished metal product 
[1‒18]: layer-by-layer selective melting of the powder 
or direct growing of the part wall from the material in 
the powder or wire form. The energy of the laser (SLM) 
or electron beam (EBSM) is used for the processes of 
selective melting of the powder. Both these processes 
ensure forming parts according to the dimensions spec-
ified in the models. After 3D printing by these methods 
no machining of the part surface is used in most cases. 
These processes, however, have a number of disadvan-
tages, namely: limited part dimensions, need to use fine 
powders (predominantly, 20‒63, 20‒105 μm) with a 
high coefficient of sphericity; need to use several times 
greater amount of the powder than the finished part vol-
ume, when growing a part with gradient differences in 
the mechanical properties at successive application of 
powders of different chemical composition, their mix-
ing beyond the fusion zone occurs, which causes the 

need for rejection of the powder, remaining in the unit 
after printing is over.

Among additive technologies, using the deposition 
methods, the Wire Direct Energy deposition/Wire 
Arc Additive Manufacturuing/3D Metal Printing 
(DED-W/WAAM/3DMP) or WAAM processes be-
came the most widely accepted. They include the arc 
processes with application of nonconsumable or con-
sumable electrode, as well as processes with short-cir-
cuiting of the arc gap (of Cold metal Transfer (СМТ) 
type) [19‒20]. Particular attention is given to Plasma 
Metal Deposition (PMD) or additive plasma-arc depo-
sition (APAD), which uses the energy of the plasma arc 
and has considerable potential, both in terms of realiza-
tion of wide technological capabilities, and producing 
new materials during 3D printing [20].

It is necessary to note the following advantages 
and wider technological capabilities of PMD, com-
pared to WAAM methods [20]:

● broad adjustment of the 3D printing productivi-
ty (from 0.02 up to 25 kg/h) and degree of detalization 
of volumetric elements (from 2.0‒2.5 up to 10‒20 mm 
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wide) through realization of the process, both in the mode 
of microplasma deposition with a low-current plasma 
arc (at currents of 5‒35 A), and at currents of 50‒450 A 
and higher (depending on the power of the welding cur-
rent power source of plasma deposition unit);

● large range of adjustment of the energy input, 
heating zone and depth of penetration of the layers 
previously deposited by APAD, using transferred or 
non-transferred arc;

● 3D printing at straight and reverse polarity cur-
rent, alternating current, including realization of the 
process of cathodic cleaning and destruction of the 
oxide films, at surfacing of light metal and alloys with 
high-melting oxide films on their surface;

● 3D printing using from one to four filler wires, 
including those with current-conducting wire with 
preheating;

● using solid and composite (flux-cored) wires, 
powders of light alloys and refractory metals, com-
posite powders and mechanical mixtures of powders 
of alloys, metal ceramics, carbides, borides, etc., as 
filler material for 3D printing;

● realization of the process of 3D printing using a 
filler, which does not move together with the plasma-
tron during the layer deposition (metal grit, foil, thin 
metal strips), which is applied alternately after depo-
sition of each layer (process, similar to “lamination” 
or selective melting);

● possibility of igniting the plasma arc without 
adding wire or powder, which allows conducting pre-
heating of the base or deposited layers before additive 
deposition.

The objective of the work
is confirmation of the possibility of additive plas-
ma-arc deposition to produce during 3D printing spa-
tial products from functionally-graded metal-matrix 

materials, where the metal matrix contains reinforcing 
grains of refractory compounds (carbides, borides, 
etc.) of a variable composition.

To achieve this objective it is necessary to:
● using additive plasma-arc deposition with simul-

taneous feeding into the plasma arc of powder or fill-
er wire from titanium alloy Ti‒6Al‒4V Grade 5 and 
spherical WC powder, produce composite function-
ally-graded materials, where the matrix is titanium 
alloy Ti‒6Al‒4V, and tungsten carbide is the reinforc-
ing phase of a varying content;

● study the structure of the produced composite 
materials and the possibility of controlling the degree 
of melting of spherical particles of tungsten carbide in 
the titanium alloy matrix;

● determine the main physical and mechanical 
properties of the produced Ti‒6Al‒4V+WC compos-
ite materials, compared with the characteristics of 
Ti‒6Al‒4V matrix alloy.

RESEARCH MATERIALS AND METHODS
Experiments were performed in the equipment devel-
oped in cooperation by PWI and RPC PLASER Ltd 
(Ukraine) [20] (Figure 1, a, b). In order to conduct 
the research, 3D products of “wall” type of the di-
mensions from 8×4 to 8×50 mm were made, using a 
specially developed all-purpose plasmatron (Figure 1, 
c), which allows realization of the process of additive 
deposition at simultaneous feeding of one or sever-
al powders, or simultaneous feeding of the powder 
and filler wire [20–23]. The possibility of producing 
a composite volumetric functionally-graded material 
of Ti‒6Al‒4V Grade 5 alloy + WC powder by real-
ization of two technologies of additive plasma-arc 
deposition by: a) simultaneous feeding of dissimilar 
powders from two powder dispensers; b) addition of 
a mechanical mixture of powders from one feeder; 

Figure 1. Robotic complex (a) and plasmatron (b), used to produce 3D samples of “wall” type and the process of plasma-arc deposition 
(c) of a single 2 mm layer during formation of the “wall” from a composite material with simultaneous feed of Ti‒6Al‒4V wire and 
spherical WC powder (c)
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c) simultaneous feeding of a titanium alloy wire and 
tungsten carbide powder.

At the first stage of investigations plasma depo-
sition was performed using a mixture of Ti‒6Al‒4V 
and WC powders. Owing to different density of the 
powders, the mechanical mixture started separating 
into individual components in the powder feeder hop-
per, and it was difficult to predict the presence of a 
specific amount of powder in the WC deposit. 

In order to improve the stability of WC powder sup-
ply to the deposited metal, it was decided to either feed 
the WC and Ti‒6Al‒4V powder separately from dif-
ferent feeders, or feed the WC in the form of powder, 
and Ti‒6Al‒4V alloy in the form of wire. Considering 
that the coefficient of utilization of the material in the 
form of wire was higher than a similar coefficient in 
the powder, it was decided to feed the Ti‒6Al‒4V al-
loy in the form of wire. Wire 1.2 mm in diameter from 
Ti‒6Al‒4V titanium alloy was used, and the size of 
spherical particles of tungsten carbide was equal to 50–
150 μm. Samples of “wall” type were grown during 3D 
printing on a substrate from 8 mm Ti‒6Al‒4V Grade 5 
alloy. Deposition was performed on the end face of a 
sample 8 mm wide and 60 mm long.

Structural characteristics of the produced mate-
rials were studied using complex methods, which 
include measurement of hardness, microhardness, 
metallographic investigations of the structure, X-ray 
diffraction analysis and analysis of the chemical com-
position, using the procedure, described in [24‒29]. 
Rockwell hardness (HRC) was measured in Laizhou 
Weiyi HRS-150S instrument, Vickers microhardness 
(HV) — in VH1102 instrument (USA) at 100 g load. 
Microstructural studies of the materials were con-
ducted with application of a light microscope Zeiss 
Axio Imager M2m, and scanning electron microscope 
SEM-515 (Philips Company, Holland).

To determine the rupture strength of the deposited 
metal, 4 mm sheets from Ti‒6Al‒4V alloy were weld-
ed on a substrate from Ti‒6Al‒4V alloy. Sheets 4 mm 
thick were assembled with a guaranteed gap of 4 mm 
(Figure 2, a), in order to form a weld predominantly 
from filler material, namely Ti‒6Al‒4V titanium wire 
and WC powder. Here, the titanium wire feed rate 

remained unchanged, but the amount of WC powder 
was changed, to ensure its content in the weld equal 
to 30 and 50 % of the total weld volume. Mechanical 
testing for ultimate strength and relative elongation 
of the studied samples with a deposits was conduct-
ed in an electronic universal Instron-5988 system. 
Size of samples for testing in keeping the standard 
was 12.5×3.22×128.5 mm, location of rupture was in 
the deposited material in all the samples. Samples for 
testing were cut out by spark cutting in the form of 
“spades” (Figure 2, a) with titanium at the edges and a 
strip of the deposited material in the middle, from ma-
terial deposited into the gap between the two titanium 
plates (Figure 2, b). This allowed obtaining data on 
composite 3D samples of Ti‒6Al‒4V Grade 5 alloy + 
deposited layer + Ti‒6Al‒4V Grade 5 alloy.

Impact toughness testing of samples from the pro-
duced materials was conducted in Steel Research Nake 
NI300C system, using the methodology described in 
[29‒32]. Dimensions of the test samples were as fol-
lows 10.0×10.0×55.0 mm. In order to measure the im-
pact toughness of samples with a deposits, taking into 
account the zone of the deposited material fusion with 
the base, testing was conducted by two variants of 
the schemes: with application of the “frontal impact” 
(Figure 3, a) and “lateral impact” (Figure 3, b) with 

Figure 2. Schemes of sample layout when welding 4 mm sheets 
to determine the tensile strength of the weld metal

Figure 3. Schematic images of impact testing variants of samples with deposits: а — with application of “frontal impact”; b — “lateral 
impact”
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a 2 mm deep notch. Test samples of 10 mm height 
were cut out, of which 5 mm are the substrate and 5 
mm is the deposited layer. This allowed deriving data 
on two-layer samples of substrate + deposited layer, 
namely of Ti‒6Al‒4V alloy Grade 5 + deposited layer 
composite material.

INVESTIGATION RESULTS
The process of formation of a single layer 2 mm thick 
when manufacturing a 3D product of “wall” type with 
simultaneous feeding of Ti‒6Al‒4V wire and tung-
sten carbide is shown in Figure 1, c. Results of tech-
nological investigations enabled producing 3D prod-

ucts from Ti‒6Al‒4V + WC composite materials with 
adjustment of tungsten carbide content (Figure 4, a).

It is confirmed that the developed technology al-
lows producing 3D multilayer material of gradient 
type and varying the content of tungsten carbide from 
0 up to 50 % and, accordingly, the hardness by volume 
(height) from HRC 32 for the lower (deep-lying) lay-
ers from Ti‒6Al‒4V titanium alloy up to HRC 56‒66 
and higher towards the surface layers (Figure 4, b). 

No pores or other defects were found in the materi-
al of the deposited layers of the produced samples. The 
fusion lines of the deposited layers are homogeneous 
(Figure 5, a). The line of fusion with the titanium sub-
strate, on which samples of “wall” type were grown, 
is also homogeneous (Figure 5, b). For spherical WC 
particles with microhardness HV0.1 = 2172‒3796, lo-
cated in the matrix from Ti‒6Al‒4V titanium alloy, 
presence of a metallurgical bond with the matrix is 
characteristic, at their relatively uniform distribution 
in the material of this matrix (Figure 5, c, d).

Selection of plasma deposition modes and energy 
input allows varying the hardness, microstructure and 
microhardness of the matrix material of the deposited 
layers, including the degree of melting of spherical 
WC powder particles, namely reach their partial (Fig-
ure 6, a, b) or complete (Figure 6, c) melting.

So, for instance, partial melting of the carbide 
phase can be achieved along the WC/matrix interfac-

Figure 4. General view of the samples (a) and structure of a frag-
ment of a sample (b, ×10) of “wall” type from a functionally-grad-
ed Ti‒6Al‒4V + WC material with WC content varying by sample 
height

Figure 5. Microstructure of fragments of deposited layers in a sample of “wall” type from functionally-graded Ti‒6Al‒4V + WC ma-
terial: a, b — fusion lines (FL); c, d — deposited layers with WC content varying by height (a, ×50; c‒e, ×200)



33

Obtaining functionally-graded metal-matrix materials Ti–6Al–4V + WC                                                                                                                                                                                                    

                                                                                                                                                                               

es in the deposited layers (Figure 6, a, b). In this case, 
the WC particles have already lost their spherical 
shape, and an interlayer enriched in tungsten and car-
bon is observed around them, where a new structure 
with a component of a stoichiometric composition 
of (W, Ti) Cx forms. Some WC particles have almost 
melted, but their initial WC particle/matrix interfaces 
are still observed (Figure 6, a). Some particles have 
dissolved completely. Their structure corresponds to 
that of the molten interlayers along the WC particle/
matrix interfaces in the deposited layers (Figure 6, c).

For a more detailed analysis of physical and mechan-
ical properties of the produced materials, several types 
of samples made by additive deposition using powder or 
wire from Ti‒6Al‒4V alloy with addition of WC powder 
during additive deposition we studied (Table 1).

Detailed analysis of the chemical composition of the 
deposit material confirmed the presence of WC powder 
solution (Table 2, Figure 7, a, local analysis Nos 1‒6) 
in Ti‒6Al‒4V “matrix” and W content of up to 55 % 
(Table 2, Figure 7, a, b, fragments Nos 7, 8). It can be 
assumed that formation of exactly the dispersed parti-
cles of the carbide phases is observed in the volume of 
the deposited layer “matrix” (Figure 7, b).

X-ray phase analysis of the deposited layer ma-
terial revealed the presence of the following phases: 

(α + β) — Ti; WC and WC + W2C. It can be assumed 
that formation of W2C carbide leads to additional 
strengthening of the deposit “matrix” material. 

Mechanical rupture testing showed that the maxi-
mal values of σt = 641.8 and σt = 666.8 MPa are char-
acteristic for samples Nos 6 and 4 (rupture point is the 
deposited material), with WC content of up to 30 and 
50 %, respectively, which were produced by additive 
deposition, using Ti‒6Al‒4V filler wire with addi-
tion of WC powder (Table 1). Such strength values 
of the composite 3D samples of Ti‒6Al‒4V Grade 5 
alloy + deposited layer + Ti‒6Al‒4V Grade 5 alloy 
correspond to 72‒75 % of the ultimate strength of 
Ti‒6Al‒4VBT6 Grade 5 alloy (annealed sheet), iden-
tical in its chemical composition to the studied titani-
um alloy, acting as the matrix of the studied compos-
ite material [33‒36]. In the deposited layers of sample 
No. 4 the volume fraction (Vp) of WC particles in the 
lower layer is equal to 50 %. The microstructure of 
the deposit upper layer is homogeneous with the mi-
crohardness of HV = 706.0‒1055.8. In the upper zone 
of the deposit second layer WC particles are present 
in a small quantity. The lower layer microhardness is 
equal to HV = 479.4‒859.0. Thus, at transition to from 
the lower layer into the upper one, HV increases by 
30 % on average. The deposited material microstruc-

Figure 6. Microstructure of the material of Ti‒6Al‒4V + WC deposits

Table 1. Mechanical and structural parameters of the deposited layers: n is the number of the deposited layers; δ is the total thickness of 
the deposit; HRC is the maximal hardness from the deposit surface; HV is the cross-sectional microhardness; Vp is the maximal content 
of WC particles in the deposit material; σt is the rupture strength

No. Deposited material type n δ, mm HRC
HV0,1

Vp, % σt, MPa
Lower layer Upper layer

1
 Ti‒6Al‒4V + WC powders 

2 3.1 61 317.2‒346.5 373.3‒468.7 30 586.4
2 2 3.6 58 348.4‒360.2 377.3‒380.0 25 605.4
3

Ti‒6Al‒4V wire + WC powder 

6 15 53 410.7‒550.5 465.2‒1187.4 40 611.4
4 2 8 66 479.4‒859.0 706.0‒1055.8 50 666.8
5 1 3.4 54.6 321.4‒473.0 ‒ 30 584.5
6 2 6.7 55.2 346.2‒408.9 400.6‒541.9 30 641.8

Table 2. Results of elemental analysis (wt.%) of the deposit material of sample No. 6 (Ti‒6Al‒4V wire + WC powder)

No. 1 2 3 4 5 6 7 8

Ti 23.7‒21.3 37.1‒39.4 53.4‒68.9 43.5‒79.2 44.7‒59.1 50.9‒70.7 57.8‒68.3 44.9‒51.3

W 76.4‒78.7 60.6‒62.9 31.1‒46.6 20.8‒56.5 40.9‒55.3 29.3‒49.5 31.7‒42.23 48.7‒55.1
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ture in the two-layer sample No. 6 is characterized by 
30 % volume fraction of WC particles at their even 
distribution in the first and second layers and gradi-
ent-free microhardness level (Table 1).

As a result of impact toughness tests of sam-
ples of “wall” type joints with deposited layers of 
Ti‒6Al‒4V Grade 5 alloy + WC powder composite 
material the following was established: this value 
is equal to 10.75‒17.375 J/cm2 for the studied sam-
ples with the content of tungsten carbide particles 
with the volume fraction of Vp = 30 % in the depos-
it material “matrix”. The impact toughness value of 
Ti‒6Al‒4VBT6 Grade 5 alloy, used as the substrate 
for growing a wall from Ti‒6Al‒4V + WC material, 
is in the range of 19.5‒21 J/cm2. Thus, the 3D sam-
ples (10 mm in height, of which 5 mm is the substrate 
and 5 mm is the deposited layer) of different types of 
Ti‒6Al‒4V  + WC composite material, produced by 
additive plasma deposition, are characterized by the 
overall impact toughness level, which can reach 70–

80 % of that of this parameter for sheet Ti‒6Al‒4V 
Grade 5 the titanium alloy.

Fractographic studies of the fracture surface of the 
deposit material (BT6 wire+WC powder) revealed the 
following. Unmelted WC particles are characterized 
by brittle fracture (Figure 8).

The fracture mode of the deposit “matrix” material 
is predominantly mixed quasibrittle, with facet size 
of 3‒8 μm and tough component with dispersed pits 
of 1‒3 μm size. Such structural features of the mi-
crorelief of fracture surface of the deposit “matrix” 
are indicative of a set of high strength and toughness 
properties of the deposit material.

Conclusions
1. It was confirmed that the technology of plasma-arc 
additive deposition with simultaneous feeding of 
powder or filler wire of Ti‒6Al‒4V titanium alloy 
and spherical WC powder into the plasma arc allows 
producing 3D samples from functionally-graded met-

Figure 7. Material microstructure of the deposit of sample No. 6 (VT6 wire + WC powder), a×600; b — 10 times magnification of the 
fragment in Figure 7, a

Figure 8. Fractograms of fracture surface of the deposit material of sample No. 6 (VT6 wire + WC powder) (a, ×600; b, ×1200)
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al-matrix materials, where the matrix is the titanium 
alloy with WC reinforcing phase. Such a technol-
ogy realizes the possibility of varying the tungsten 
carbide content from 0 to 50 vol.% by the volume 
(sample height) and accordingly, change the hard-
ness from HRC 32 for the lower (deep-lying) layers 
to HRC 56‒66 and higher towards the surface layers. 

2. Obtained materials are characterized by a de-
fectfree structure, and the fusion lines of the deposit-
ed layers are homogeneous. By selecting the plasma 
deposition modes and energy input it is possible to 
change the hardness, microstructure and microhard-
ness of the matrix of the deposited layer material, in-
cluding the degree of melting of spherical WC pow-
der particles, namely, preserve their spherical shape 
with microhardness HV0.1 = 2172‒3796, or reach 
their partial or complete melting. In the case of preser-
vation of the spherical shape of WC particles, present 
in the matrix from Ti‒6Al‒4V titanium alloy, a char-
acteristic feature is preservation of the metallurgical 
bond with this matrix.

3. It was established that the ultimate strength 
of the produced materials reaches the value 
σt = 641.8‒666.8 MPa (rupture location is in the de-
posited material), when testing the composite samples 
of the type of Ti‒6Al‒4V Grade 5 alloy+deposited 
layer + Ti‒6Al‒4V Grade 5 alloy for the case of addi-
tive deposition of Ti‒6Al‒4V filler wire with addition 
of WC powder up to 50 vol.%. This corresponds to 
72‒75 % of the ultimate strength of Ti‒6Al‒4VBT6 
Grade 5 alloy (annealed sheet) of identical chemical 
composition, acting as the matrix of the deposited 
composite material. Impact toughness values of the 
composite material of Ti‒6Al‒4V Grade 5 alloy+de-
posited layer 10 mm in height, of which 5 mm is the 
substrate, and 5 mm is the deposited layer with 30 % 
volume fraction of WC particles in the “matrix” of 
the deposit material reaches up to 70‒80 % of the 
level of this parameters for the sheet titanium alloy 
Ti‒6Al‒4V Grade 5.
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Electrodynamic treatment for the control 
of residual stresses in welded joints made 
of light, heat-resistant alloys 
and austenitic steel
L.M. Lobanov, M.O. Pashchyn, O.L. Mikhodui, O.M. Tymoshenko

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The technology of electrodynamic treatment (EDT) of experimental specimens of thin-sheet butt welded joints made of Al-, Ni- 
and Ti-based alloys and austenitic steel was developed and implemented. Specialized assembly tooling was designed, which 
was used for automatic TIG welding of experimental specimens. The effect of EDT on the residual stress states of welded joint 
specimens was studied using the electron speckle interferometry method. It was found that EDT is an effective mechanism for 
the control of the residual stress states of welded joints made of Al and Ti alloys and austenitic steel. It is shown that in order 
to increase the effectiveness of EDT of Ni-based alloys, it is necessary to use higher values of electrodynamic effect power 
in further studies. It is also advisable to use a new treatment method based on magnetic pulsed effects on nonferromagnetic 
materials to optimize the residual stress states of welded joints made of Ni-based alloys.

KEYWORDS: Al-, Ni-, Ti-based alloys, austenitic steel, electrodynamic treatment, transport structures, welded joints, elec-
tron speckle interferometry, residual stress states, mechanical characteristics, chemical composition, treatment effectiveness, 
residual stress control

INTRODUCTION. 
RELEVANCE AND AIM OF THE STUDY
In the modern engineering practice of manufacturing 
thin-sheet welded transport structures, the tradition-
al problem of extending their service life is associ-
ated with the need in optimizing the residual stress-
strain states of welded joints. Tensile residual welding 
stresses (RWS) have a negative impact on the aero- 
and hydrodynamic characteristics, assembly accu-
racy, corrosion resistance and durability of products 
made of metal materials (MM), such as structural 
steels, aluminium, titanium, nickel-based alloys [1].

At present, new MM are used, which are an alter-
native to those traditionally used in the domestic pro-
duction of transport structures. Thus, the problem of 
minimising the level of tensile RWS in welded joints 
made of new MM is relevant.

Electrophysical methods based on the use of 
pulsed electromagnetic fields of various lengths and 
configurations are challenging to control the stress 
states [2‒12].

One of the electrophysical methods for the control 
of RWS is electrodynamic treatment (EDT) of weld-
ed joints, which proved its effectiveness in aircraft and 
shipbuilding [13‒15]. The RWS relaxation during EDT 
occurs due to the electroplastic effect based on the syn-
ergy caused by the combined action of such components 
as pulsed current and dynamic load on the welded joint 
metal. The EDT, which can be used in manual and au-
tomatic modes, is adapted for the use in the process and 

after welding, including as part of automated (robotic) 
complexes [16, 17]. The EDT provides optimal position-
ing of the working tool — the electrode device (ED) — 
relative to the weld, the ability to treat welds of large 
structures in different spatial positions.

THE AIM OF THE STUDY
is to investigate the effectiveness of EDT application 
for the control of RWS in welded joints produced 
of MM, which are perspective for manufacturing of 
welded thin-sheet transport structures.

MECHANICAL CHARACTERISTICS OF MM
Four grades of MM were studied, which are used in 
the modern production of welded structures and be-
long to the class of “well-welded” ones. MM spec-
imens were used in the form of sheets with overall 
dimensions of 500×200 mm and a thicknesses δ = 1.0 
and 3.0 mm. MM No. 1 is an Al-based alloy, further 
MM1 (Al). MM1 (Al) is used in the manufacture of 
shells, panels, fuel tanks, framework and saturation of 
transport hull structures. The chemical composition of 
MM1 (Al) is shown in Table 1.

MM No. 2 is a Ti-based alloy, further MM2 (Ti). 
MM2 (Ti) is used in the manufacture of framework, 
saturation, pipelines and hulls of transport structures. 

Table 1. Chemical composition of MM1 (Al) alloy plates

Mg, % Mn, % Fe, % Si, % Al

2.29 0.3 0.2 0.11 Other
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The chemical composition of MM2 (Ti) alloy is 
shown in Table 2.

MM No. 3 is a high-temperature Ni-based alloy, 
further MM3 (Ni). MM3 (Ni) is used for pipelines 
and load-bearing elements and parts of gas equipment 
operating at high temperatures. The chemical compo-
sition of MM3 (Ni) alloy is shown in Table 3.

MM No. 4 is a structural austenitic steel based 
on Fe‒Cr‒Ni, further MM4 (Fe‒Cr‒Ni), which is 
corrosion-resistant and is used for pipeline parts and 
load-bearing elements operating in aggressive envi-
ronments. The chemical composition of MM4 (Fe‒
Cr‒Ni) steel is shown in Table 4.

Mechanical tests of plane MM specimens for uni-
axial tension were conducted. The preparation and 
fracture of the specimens were carried out in accor-
dance with GOST 21631‒76, GOST 11701‒84, and 
GOST 1497‒84, according to which the MM spec-
imens were cut out from the sheet along the rolled 
product, and the mechanical characteristics of each 

type of MM were evaluated by four specimens. The 
geometric characteristics of the specimens are shown 
in Figure 1.

A visual evaluation of the fracture pattern of the 
specimens of the four experimental MM was carried 
out, the results of which are shown in Figure 2, where 
the specimens δ = 1 mm are shown in Figures 1 and 2 
from the top, δ = 3 mm — 3 and 4 from the top.

From the data shown in Figure 2, it can be seen 
that the specimens of MM1 (Al) alloy were fractured 
by the expressed shear and tear mechanisms, respec-
tively (Figure 2, a), almost without the formation of 
a “contraction”. The specimens of MM2 (Ti) alloy 
were fractured with the formation of a “contraction” 
mainly by the tear mechanism (Figure 2, b). In this 
case, small “shear lips” are formed along the edges of 
the fracture zone. The specimens of MM4 (Fe–Cr–Ni) 
steel (Figure 2, c) and MM3 (Ni) alloy (Figure 2, d) 
were fractured by the expressed shear and tear mech-
anisms, respectively.

The main mechanical characteristics of MM frac-
ture as a result of static tension are given in Table 5.

The results of the chemical composition data of the 
aluminium MM1 (Al) alloy (Table 1) indicate that it is 
close to the AMg2H alloy, and the value of σt — to the 
AMg6 alloy. Titanium MM2 (Ti) alloy and nickel MM3 
(Ni) alloy are characterized by high values of δу (lines 
3‒6), that creates prerequisites for the relaxation of RWS 
in the experimental MM as a result of electrodynamic 
effects and determines their prospects for the application 

Table 2. Chemical composition of MM2 (Ti) titanium alloy plates

C, % Si, % Fe, % N, % H, % O, % Ti

0.0074 0.005 0.046 0.0079 0.0011 0.16 Other

Table 3. Chemical composition of high-temperature MM3 (Ni)alloy

C, % S, % P, % Si, % Mn, % Cr, % Ti, % W, % Fe, % Al, % Mo, % Ni

0.055 0.0023 0.0019 0.13 0.28 24.44 0.43 14.37 0.075 0.25 0.75 Other

Table 4. Chemical composition of MM4 steel (Fe‒Cr‒Ni)

C, % S, % P, % Si, % Mn, % Cr, % Ni, % Mo, % W, % Nb, % V, % Fe

0.069 0.0047 0.005 0.27 0.4 14.55 5.39 0.89 0.86 0.15 0.18 Other

Table 5. Basic mechanical characteristics of MM specimens δ = 1 and 3 mm

No. Grade of ММs δ, mm
Mechanical characteristics of MM

σ0.2, MPa σt, MPa δу, %

1
MM1 (Al)

1.0 229.9/206.9 271.4 11.0/13.0
2 3.0 228.1 270.7 10.3
3

MM2 (Ti)
1.0 281.1 431.5 35.2

4 3.0 275.0 430.7 34.5
5

MM3 (Ni)
1.0 438.9 858.2 57.3

6 3.0 438.0 847.5 49.7
7

MM4 (Fe‒Cr‒Ni)
1.0 935.7 956.3 11.2

8 3.0 930.3 946.6 11.2

Figure 1. Appearance of specimens for uniaxial tensile tests, 
where l = 50 mm and l1 = 80 mm for grades 5A02 and TA2, 
l = 40 mm and l1 = 90 mm for grades GH3044 and S-06
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of EDT to them. MM4 (Fe–Cr–Ni) steel is characterized 
by rather high values of σ0.2 (lines 7‒8).

The formation of RWS in MM butt joint speci-
mens was carried out using TIG welding in Ar. TIG 
process modes for different grades of MM are pre-
sented in Table 6.

As specimens of welded joints, MM plates with 
dimensions of 500×200 mm and δ = 1 and 3 mm were 
used, cut out along the rolled product similarly to 
the specimens for mechanical tests. The TIG process 
was carried out in a specialized assembly and weld-
ing bench (Figure 3), which provided Ar blowing to 
the welding zone and the cooling weld at laminar gas 
flow from the torch nozzle at a rate of 12 l/min. The 
design of the assembly bench provided blowing of the 
gas environment in the weld root zone due to cavities 
in the forming lining, through which gas circulated 
at a flow rate of 2 l/min (Figure 3, a). The TIG torch 
was equipped with a boot-shaped casing that isolated 

the cooling weld metal from atmospheric oxygen by 
blowing the outer surface of the welded joint with ar-
gon at a flow rate of 10 l/min (Figure 3, b). Based on 
the data in Table 6, a series of welded joint specimens 
made of MM was produced.

RWS of the specimens were measured by electron 
speckle-interferometry [18]. The method was selected 
due to the need to preserve the integrity of the speci-
men after recording its initial stress state. The speci-
mens with the initial RWS distribution were subjected 
to EDT, and then the stresses were evaluated again. 
The effectiveness of EDT was determined by com-
paring the peak tensile RWS values and their distribu-
tions in the central cross-section of the specimens be-
fore and after the treatment. The longitudinal (along 
the weld) σx RWS component of the studied MM was 
evaluated, which has the greatest impact on the ser-
vice life of welded structures [1].

Figure 2. Appearance of fractured specimens δ = 1 and 3 mm: a — MM1 alloy (Al); b — MM2 alloy (Ti); c — MM4 steel (Fe–Cr–Ni); 
d — MM3 alloy (Ni)

Table 6. TIG modes — welding of MM plates δ = 1 and 3 mm

No. Material Arc voltage Ua, V Arc current Ia, A
Welding speed vw, 

mm/s
Electrode diameter 

de, mm Arc gap La, mm

1 MM1 (Al) 12.8(13.5) 120(140)
5.0

2.4

2.0
2 MM2 (Ti) 10.2(11.3) 110(130)

1.53 MM4 (Fe‒Cr‒Ni) 11.6(11.9) 140(160)
5.5

4 MM3 (Ni) 11.0(11.4) 140(160)

Note. The first value of Ua, Іa — for δ = 1 mm, other — for δ = 3 mm.

Figure 3. Appearance of the complex for TIG welding of MM: a — bench for assembly and welding of specimens; b — TIG process 
using blowing of the outer surface of the cooling weld metal (for TA2 alloy)
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EDT PROCESS FOR WELDED JOINTS OF MM
To perform EDT, a hardware complex consisting of 
a power source and an electrode device (ED) was 
used. It was previously used for the treatment of air-
craft structures [13, 14]. Before EDT, the welded joint 
specimens were fixed on a rigid base. EDT was per-
formed in a “one direction” with the ED held manu-
ally, and the distance between the EDT zones (“EDT 
pitch”) was set in the range of 5–10 mm. The treat-
ment was applied to the outer surface of the weld cen-
tre and/or base metal along the fusion lines on both 
sides of the weld. The areas of the metal surface were 
treated, where the initial (before EDT) values of ten-
sile σx were maximum (where the negative effect of 
RWS on the mechanical characteristics of the joint is 
maximum). The EDT conditions and modes for MM 
specimens are given in Table 7, where the values of 
the charging voltage and current Uch

I, dynamic (im-
pact) Uch

P of EDT components and the time period of 
their action, respectively tI and tР.

RESULTS OF EDT ON RWS OF MM SPECIMENS 
AND THEIR DISCUSSION
The distribution of the RWS σx component in the cen-
tral cross-section of the MM1 (Al) alloy specimen 
δ = 1.0 mm before and after EDT under the conditions 
given in Table 7 (line 1) is shown in Figure 4. It can 
be seen that the treatment has a positive effect on the 
distribution of σx along the fusion lines (Y = –10 and 
10  mm), where the tensile σx values after EDT de-
crease from 205 to 155 MPa.

The distribution of σx RWS in the MM1 (Al) alloy 
specimen δ = 3 mm before and after EDT under the con-
ditions given in Table 7 (line 2) is shown in Figure 5. 
It can be seen that after EDT, the initial tensile RWS 
σx = 180 MPa in the centre of the weld (Y = 0) are trans-
formed into compression σx = –15 MPa, and in the base 
metal along the fusion line (Y = –5 and 5 mm), the ten-
sile σx values also significantly decrease.

Distribution of the RWS σx component in the aus-
tenitic MM4 (Fe–Cr–Ni) steel specimen δ = 1 mm 
before and after EDT under the conditions given in 
Table 7 (line 3) is shown in Figure 6.

From Figure 6, it can be seen that in the centre of 
the weld (Y = 0), the initial (before EDT) σx are com-

pressive, and their values reach –111 MPa. This can be 
explained by the peculiarity of the structure formation 
mechanism during the formation of RWS in austenitic 
steels at rapid cooling of the weld metal. If the struc-
tural transformations of the weld metal during cooling 
occur at low temperatures, its contraction is replaced 
by a sharp expansion, and the resulting tensile stresses 
decrease and transfer to compression [19]. The con-
ditions for rapid cooling of the metal were realized 
during welding of the experimental specimens in the 
assembly bench (Figure 3, a), where inert gas was 
used to blow the weld. At the same time, in the areas 
of the base metal near the fusion lines (Y = –10 and 
Y = 10 mm), the initial tensile σx have the values of 
560 and 723 MPa, which after EDT under the condi-
tions of Table 7 (line 3) decrease to 131 and 0 MPa, 
respectively. At the same time, EDT of the base metal 
near the fusion line (Y = –10 and Y = 10 mm) con-
tributes to a decrease in compressive stresses from  
σx = –111 to –35 MPa in the centre of the weld (Y = 0). 
This can be explained by the redistribution of RWS in 
the active zone of the welded joint, which is initiated 
by the relaxation of σx near the fusion line.

The EDT of the metal of the MM4 (Fe–Cr–Ni) 
welded joint specimen δ = 3 mm was performed under 
the conditions of Table 7 (line 4), taking into account 
the results obtained for the specimen δ = 1 mm regard-
ing the reduction of compressive stresses in the centre 
of the weld initiated by the treatment of the fusion 
lines. EDT was performed along the weld centre and 
fusion lines. The distribution of RWS σx of S-06 steel 
δ = 3 mm before and after EDT is shown in Figure 7.

From the data in Figure 7, it can be seen that EDT 
has a positive effect on the distribution of σx in the 
centre of the weld (Y = 0). In this zone, the compres-
sive σx values grow from –100 to –250 MPa as a result 
of the EDT. At the same time, EDT also optimizes 
the distribution of σx along the weld metal fusion line 
(Y = 10 and Y = –10 mm), where tensile stresses are re-
duced from 400 to 0–67 MPa. In the areas (Y = 5 mm 
and Y = –5 mm), the RWS after EDT transform from 
tensile to compressive — from 220 to –100 MPa.

The distribution of the σx RWS component in the 
welded joint specimen of MM2 (Ti) alloy δ = 1 mm 
before and after EDT of the weld metal under the con-

Table 7. Modes and conditions for performing EDT of specimens of welded joints made of MM

№ MM δ, mm tI, µs tP, µs Uch
Р, V Uch

I, V Terms of execution of the EDT of MM

1
MM1 (Al)

1.0

275 325

150 300 Along the fusion line (AFL)
2 3.0 300 500 Along the weld centre (AWC)
3

MM4 (Fe‒Cr‒Ni)
1.0 200 500 AFL

4 3.0 300 500 AFL + AWC
5

MM2 (Ti)
1.0 200 300 AFL

6 3.0 250 500 AWC
7

MM3 (Ni)
1.0 250 300 AWC

8 3.0 300 500 AWC
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ditions of Table 7 (line 5) is shown in Figure 8. It can 
be seen that EDT reduces the RWS in the centre of 
the weld (Y = 0) and near the fusion lines (Y = 8 mm 
and Y = –8 mm), where the values of tensile σx after 
EDT decrease from 200 to 150 MPa and from 270 to 
180 MPa, respectively.

The distribution of the RWS σx component in the 
welded joint specimen of MM2 (Ti) alloy δ = 3 mm be-
fore and after EDT under the conditions of Table 7 (line 
6) of the weld metal is shown in Figure 9. It can be seen 
that EDT helps to optimize the distribution of RWS in 
the centre of the weld (Y = 0), where the tensile σx after 
EDT decrease from 200 to 70 MPa. It should be noted 
that the effect of EDT also extends to σx along the fusion 
line (Y = –8 and Y = 8 mm), where tensile σx decrease 
from 225–240 to 175–180 MPa, respectively.

The distribution of RWS σx in the welded joint 
specimen of nickel MM3 (Ni) alloy δ = 1 mm before 

and after EDT under the conditions of Table 7 ( line 7) 
is shown in Figure 10, from which it can be concluded 
that treatment has a significantly lower effect on the 
distribution of RWS compared to the previous results 
shown in Figures 4–9. Thus, in the centre of the weld 
(Y = 0), after EDT, the tensile σx decrease from 295 
to 263 MPa, and along the fusion lines (Y = –5 and 
Y = 5 mm) — from 310 to 280 MPa.

The distribution of RWS σx in the specimen of 
MM3 (Ni) alloy δ = 3 mm before and after EDT un-
der the conditions of Table 7 (line 8) is shown in Fig-
ure  11. As a result of the studies, it was found that 
EDT generally has a positive effect on the distribution 
of RWS in the centre of the weld (Y = 0), where the 
tensile σx after EDT decrease from 305 to 261 MPa.

The summarizing results of evaluating the im-
pact of EDT effectiveness on the control of the RWS 
σx component in the specimens of welded joints made 
of MM δ = 1 and 3 mm is presented in Table 8. From 

Figure 6. Distribution of the RWS σx component in the cross-sec-
tion of the welded joint specimen made of MM4 (Fe–Cr–Ni) steel 
δ = 1 mm before and after EDT

Figure 7. Distribution of RWS σx in the cross-section of the weld-
ed joint specimen made of MM4 (Fe–Cr–Ni) steel δ = 3 mm be-
fore and after EDT

Figure 5. Distribution of the RWS σx component in the central 
cross-section of the MM1 (Al) alloy welded joint specimen δ = 
3 mm before and after EDT

Figure 4. Distribution of the RWS σx component in the cen-
tral cross-section of the MM1 (Al) alloy welded joint specimen 
δ = 1 mm before and after EDT, where arrows indicate the EDT 
zones, as in Figures 5–11
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the mentioned results, it can be concluded that EDT is 
an effective mechanism for the control of the residual 
stress-strain states of welded joints made of Al and Ti 
alloys with a thickness of 3 mm (lines 2 and 4, respec-
tively) and austenitic steel (lines 5 and 6). At the same 
time, optimization of EDT modes within the framework 

of additional studies will increase the effectiveness of the 
electrodynamic effect for the treatment of welded joints 
of smaller thicknesses from the supplied materials (with 
respect to the results presented in lines 1 and 3).

At the same time, the results presented in lines 
7 and 8 show that in order to increase the effec-
tiveness of EDT of MM3 (Ni) alloy, it is necessary 
to use higher values of electrodynamic effect with-
in further studies. It is also advisable to use a new 
method for the treatment of welded joints made of 
MM3 (Ni) alloy, based on magnetically pulsed ef-
fects on the RWS of welded joints made of non-fer-
romagnetic MM [2, 3].

Based on the conducted studies, it should be noted 
that the use of EDT contributes to a reduction in the 
tensile RWS of thin-sheet welded joints made of the 
studied MM.

Conclusions
1. The technology for electrodynamic treatment 
(EDT) of experimental specimens of thin-sheet butt 
welded joints made of Al-, Ni- and Ti-based alloys 
and austenitic steel was developed and implemented.

Figure 10. Distribution of the RWS σx component in the cross-sec-
tion of welded joint specimen of nickel MM3 (Ni) alloy δ = 1 mm 
before and after EDT

Figure 11. Distribution of the RWS σx component in the cross-sec-
tion of welded joint specimen of MM3 (Ni) alloy δ = 3 mm before 
and after EDT

Table 8. EDT effectiveness of welded joints specimens made of 
MM

No. MM grade δ, mm σx1
*/σx2 , MPa (σx1 ‒ σx2)/

σx1, %

1
MM1 (Al)

1.0 205/150 30
2 3.0 180/–15 >100
3

MM2 (Ti)
1.0 270/180 35

4 3.0 200/70 65
5

MM4 (Fe‒Cr‒Ni)
1.0 723/0 100

6 3.0 400/0 100
7

MM3 (Ni)
1.0 295/263 11

8 3.0 305/261 15
* σx1 — maximum values of tensile RWS σx before EDT; σx2 — after 
EDT.

Figure 8. Distribution of the RWS σx component in the cross-sec-
tion of the welded joint specimen of MM2 (Ti) titanium alloy 
δ = 1 mm before and after EDT

Figure 9. Distribution of the RWS σx component in the cross-sec-
tion of the welded joint specimen of MM2 (Ti) titanium alloy 
δ = 3 mm before and after EDT
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2. The effect of EDT on the longitudinal σx compo-
nent of residual welding stresses (RWS) of the test spec-
imens was studied using electron speckle interferometry.

3. It was found that EDT provides complete elim-
ination of tensile RWS in welded joints made of Al-
based alloy and austenitic steel and reduction in RWS 
to 65 % from the initial level in Ti-based alloy.

4. It was found that EDT provides a slight decrease 
in tensile RWS (up to 15 % of the initial level) in 
welded joints made of Ni-based alloy.

5. Based on the research results, it was found that 
in order to increase the efficiency of EDT of Ni-based 
alloy, higher values of electrodynamic action energy 
or the use of a pulsed magnetic field treatment method 
are required.
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ABSTRACT
A one-dimensional model of the anode boundary layer in atmospheric pressure electric arcs with refractory cathode and evap-
orating anode is proposed for two modes of the anode metal evaporation: diffusive and convective. The corresponding systems 
of differential and algebraic equations are formulated to compute the spatial distributions of the number densities and diffusive 
flux densities of electrons, ions, and atoms; the electron temperature and the heavy particle (atoms and ions) temperature; and 
the electric potential in the plasma of the anode layer. Additionally, the model allows to calculate the heat flux introduced by 
the arc into the anode. The boundary conditions for the differential equations of this model at the boundaries of the anode layer 
with the arc column plasma and the space-charge sheath are formulated. An approach for determining the plasma parameters at 
these boundaries is also proposed for each evaporation mode.

Keywords: anode boundary layer, welding arc, modelling, evaporating anode, metal vapor, diffusive evaporation, convec-
tive evaporation

INTRODUCTION
An important feature of welding arcs is the multi-com-
ponent nature of arc plasma, which is associated with the 
presence, along with shielding gas particles, of the atoms 
and ions of metal vapor entering the arc due to evapo-
ration of electrode material or the metal being welded 
[1‒3]. Under TIG/PTA, and hybrid (TIG/PTA + laser) 
welding conditions, the main source of vapor in the arc 
is the metal being welded (anode of the arc) [4‒6], since 
evaporation of the material of a refractory cathode oper-
ating in a thermionic mode is negligible.

At the same time, even a small amount of evapo-
rated anode metal in the arc plasma of inert (shielding/
plasma-forming) gas significantly affects its ionization 
composition, thermodynamic, transport, and optical 
properties. This leads to significant changes in thermal, 
electrical and gas-dynamic characteristics of the arc col-
umn plasma and of the anode boundary layer during TIG 
welding compared to the atmospheric pressure arc dis-
charge with refractory (tungsten) cathode and non-evap-
orating, e.g. water-cooled anode [7‒8].

In TIG/PTA, and hybrid (TIG/PTA + laser) weld-
ing, the temperature on the weld pool surface changes 
in the range from the melting temperature of the metal 
being welded to the boiling temperature and higher, 
for example, due to local heating of this surface by 

focused laser beam under hybrid welding conditions. 
In this temperature range, metal evaporation from the 
anode surface may occur both in the diffusive mode 
and in the convective one [9]. In the diffusive mode 
of evaporation, which is realized when the vapor 
pressure of the anode metal is less than the ambient 
plasma pressure, the evaporated metal particles dif-
fuse into the arc plasma and it becomes multi-com-
ponent (containing atoms and ions of the shielding/
plasma-forming gas and of the anode metal). In the 
convective mode, the metal vapor pressure is greater 
than the ambient pressure. Hence, vapor expansion 
occurs from the anode surface, which displaces the 
shielding/plasma-forming gas, and the near-anode 
plasma becomes one-component (containing only at-
oms and ions of the anode metal).

For both considered evaporation modes, the influ-
ence of the anode metal evaporation on the welding 
arc plasma characteristics, as well as its effect on the 
metal being welded, is largely determined by the pro-
cesses occurring in the anode boundary layer. Thus, 
studying the anode layer of the atmospheric pressure 
electric arc in the conditions of metal evaporation 
from the anode surface is an important step toward a 
deeper understanding of TIG/PTA and hybrid (TIG/
PTA + laser) welding and toward a further improve-
ment of the corresponding technologies.
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Due to the small dimensions, high temperatures, 
rapid dynamics, and the difficulty of direct observation, 
experimental studies of anode phenomena are signifi-
cantly complicated. Therefore, theoretical investigation 
and numerical modeling are effective tools for studying 
and analyzing the physical processes occurring in the 
anode boundary layer of welding arcs.

Note that the characteristic thickness of the anode lay-
er La is usually much less than the size of the weld pool 
surface. Hence, the variations of plasma parameters inside 
the anode layer (0 ≤ x ≤ La) perpendicularly to the anode 
surface are much more rapid than the changes along this 
surface. It allows us to use the one-dimensional model of 
the anode boundary layer of arc plasma. We will consider 
the anode layer outside the region of spatial charge (sheath) 
(0 ≤ x ≤ LD) (see Figure 1), which is formed near the surface 
of the anode and has a characteristic size of the order of De-
bye length LD ~ 10‒7‒10‒8 m [10‒11]. That is, in our model, 
the plasma of the anode layer is quasi-neutral, but ionization 
and thermally non-equilibrium (the temperature of electrons 
is not equal to that of heavy particles Te ≠ Th). In addition, 
since the electron temperature of the near-anode plasma 
commonly does not exceed 12 kK [12], we will assume that 
it is singly ionized (containing only single-charged ions). In 
the convective mode of the anode metal evaporation, inside 
the anode boundary layer, the Knudsen layer for evapo-
rated atoms can be distinguished 0 ≤ x ≤ LK, the thickness 
of which is of the order of the atom-atom mean free path, 
which for copper plasma of atmospheric pressure is ~ 10‒6 
m [10]. In the arc column (x ≥ La), the arc plasma is consid-
ered to be in ionization and thermal equilibrium.

MAIN EQUATIONS 
OF ANODE BOUNDARY LAYER MODEL
At first, we introduce main equations describing sin-
gly ionized multi-component (metal-gas) plasma, 
which is not in thermal and ionization equilibrium. 
The continuity equations are [13]

	
( ) ,n u jα α α∇ + = ω

	
(1)

where α = e, im, ig, am, ag (for electrons, metal and 
gas ions and atoms, respectively). Here d

dx
∇ = ; nα is 

the number density of species α; 1u uα α
α

= ρ
ρ∑  is the 

mass-average plasma velocity, where ρα = mαnα and 
uα are the mass density and average velocity of the 
α-th plasma component; mα is the mass of the cor-
responding particle; α

α

ρ = ρ∑  is the mass density of 

whole plasma; Jα = nαυα is the diffusive flux densi-
ty of α component, where υα is its diffusive velocity; 
ωα is the term describing the variation of the number 

density of particles of α-kind due to ionization and 
recombination.

In high pressure discharges, the ionization is mainly 
driven by collisions between electrons and atoms and 
the dominant recombination mechanism is three-body 
recombination with an electron as the third body [14]. In 
this case, the production rates ωα are written as
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(2)

where kim,g are the ionization rate constants of metal 
and gas atoms, respectively, and krm,g are the corre-
sponding recombination rate constants of ions.

The momentum equations are [13]
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u z e
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(3)

Here, pα = nαkTα is the partial pressure of the α-th plas-
ma component, where k is the Boltzmann constant and 
Tα is the temperature; zα is the charge number (ze = ‒1, 
zim,ig = 1, zam,ag = 0); e is the elementary charge; φ is the 
electrostatic potential; ναβ and mαβ = mαmβ/(mα + mβ) 
are the collision frequency and reduced mass of α and 
β species; Rα

T is thermal diffusion force related to the 
gradient of electron temperature:

	
( ) ( ), 0.t e e

er C n k t C nα α α α α= ∇ =∑ 	
(4)

Note that the thermal diffusion effect due to the 
heavy particles’ temperature gradient is neglected in 
equations (4) [15].

The energy equations are [13]
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(5)

Figure 1. Scheme of the anode boundary layer
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where δae is the Kronecker delta.
The heat fluxes qα in equations (5) are assumed to 

be caused by the heat conduction and convection

	

5
2

.q h j ktα α α α= +
	

(6)

Here for heavy particles (α ≠ e) the conductive heat 
fluxes hα can be defined without taking into account 
the effect inverse to the thermal diffusion [15].

	
,h tαα α−λ ∇=

	 (7)

where λα is the thermal conductivity coefficient of 
heavy particles species α. For electrons, both mecha-
nisms (heat conduction and thermal diffusion) are tak-
en into account, and the electron heat flux he is given 
by [15]:

	

( ) ( ),e
e e e e e et kt n ah β β

β

= −λ ∇ + υ −υ∑
	

(8)

where λe is the electron thermal conductivity; ( )eaβ  are 
the kinetic coefficients.

The value we in equation (5) for electrons de-
scribes the energy losses of the electron component of 
the plasma due to atom ionization and radiation:

	
,e im im ig ig radw U U w= ω + ω +

	
(9)

where Uim and Uig are the ionization potentials of the 
metal and gas atoms, respectively; wrad is the power 
loss of electrons due to radiation.

The energy equations (5) can be written using the 
above assumption that the temperatures of all heavy par-
ticles are equal: Tα = Th(α ≠ e), but differs from the elec-
tron temperature Te ≠ Th (two-temperature plasma mod-
el). In this case, the energy equation for electrons takes 
the form (neglecting the term with meJeu∇u [13] and 
taking into account the electron continuity equation):
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where
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Summing up equations (5) for plasma heavy par-
ticles, the energy equation for heavy particles can be 
written as:
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(12)

Here

	
,h h hh t−λ ∇=

	 (13)

where h
e

β
β≠

λ = λ∑  is the thermal conductivity of 

plasma heavy particles.

DIFFUSIVE EVAPORATION 
OF ANODE METAL
We consider a multi-component singly-ionized plas-
ma of the anode boundary layer of an atmospheric 
pressure argon arc with a metal anode evaporating in 
the diffusive mode. The composition of such plasma 
is described by the number densities: ne, nig, nim, nag, 
nam. The plasma in the anode layer (beyond the sheath) 
is quasi-neutral:

	 e ig imnn n= +
	

(14)

and it is assumed to be two-temperature (Te ≠ Th).
Taking into account that atoms and ions of inert 

gas do not accumulate on the anode metal surface 
and assuming the total flux of heavy metallic parti-
cles (nuclei) from this surface Gm to be approximately 
equal to zero [16], we can write (relative to the anode 
surface):

	

( ) 0,
( ) 0.m

ag ig ag ig

am im am im

n n u j j
n n u j j g

=
+ + =

+
+ ≈

+ +

	
(15)

In this case, up to terms of order me/mg,m << 1, 
where mg,m = mag,m ≈ mig,m, the mass-average plasma 
velocity u ≈ 0 and one can consider that plasma in 
the anode layer is stationary as a whole. As a result, 
equations (15) yield:

	
, .ag ig am imj j j j= − = −

	
(16)

From the expression for the electric current in the 
plasma j0 = e(Jig + Jim) ‒ eJe we have:

	 0 .e ig imj j j j e+ −=
	 (17)

Thus, instead of five continuity equations (1) for 
diffusive fluxes Je, Jig, Jim, Jag, Jam, only two equations 
can be solved for Jig and Jim:

	
, .ig ig im imj j∇ = ω ∇ = ω

	
(18)

Other diffusive fluxes are defined with Eqs (16) 
and (17).
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Since the mass-averaged velocity of the near-anode 
plasma is assumed to be zero in the diffusive mode, then 
the pressure in the anode layer is constant (equal to at-
mospheric one). Using equation (14) we obtain

	

( )

( ).
atm ag h ig e h

am h im e h

p n kt n k t t
n kt n k t t
= + + +

+ + + 	
(19)

Taking into account that Gm ≈ 0, let us assume that 
the metal vapor in the anode layer is saturated and 
its partial pressure equals the metal vapor saturation 
pressure ps at the corresponding surface temperature 
of the anode Ts, i.e. if ps(Ts) ≤ patm, then Ts ≤ TB, where 
TB is the boiling temperature of the anode metal:

	 ( ) ( ).am h im e h s sn kt n k t t p t+ + = 	 (20)

Using Eqs (19) and (20), we can express nag and 
nam in terms of nig and nim, obtained as a result of solv-
ing equations (18):
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If Ts = TB, then ps = patm and nag = nig = 0.
Further we consider the momentum equations (3) 

for plasma components (under the condition that u = 0). 
Adding the momentum equations for different charged 
plasma particles (electrons, metal ions and gas ions) to 
each other using Eqs (16), (17) and accounting for qua-
si-neutrality condition (14), we get from Eq. (3) that
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(22)

where
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(23)

As a second equation of the system, we will 
use the momentum equation (3) for metal atoms. 
Using the relations ∇ (nagkTh) = –∇ [nigk(Te + Th)] 

and ∇ (namkTh) = –∇ [nimk(Te + Th)] following from 
Eqs (21), we get
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where
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From Eqs (22) and (24) we can find the expressions 
for Jim and Jig for the two continuity equations (18)
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Here

	
.im ig ig im∆ = α β −α β
	

(28)

Using the momentum equation (3) for electrons, 
the expression for determining ∇φ can be written as:
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The energy equation for heavy particles, which 
follows from Eq. (12) with u = 0, is
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(31)

The energy equation for electrons, which follows 
from Eq. (10) with u = 0, is

	
,

5 ( )
2 e e e eh e e h

im im ig

e

ig rad

kt h ej n k

U

j t t

U w

+

−

 ∇ = ∇ϕ− κ − − 
 

− ω ω −
	

(32)

where Je = (Jig + Jim) ‒ j0/e.
Further, we consider the boundary conditions for 

four Eqs (18), (31) and (32). At the boundary between 
the anode layer and arc column (x = La), plasma is 
assumed to be spatially homogeneous and in both 
thermal and ionization equilibrium at a temperature T0 
and pressure patm. The position of the boundary x = La 
is determined from the conditions 0

a ale h l
t t∇ =∇ =  

and 0
a a

im igl l
n n∇ =∇ = . The boundary conditions for 

corresponding equations can be written as:
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where 0
imn , 0

ign  are determined from the following 
system of equations consisting of two Saha equations, 
quasi-neutrality condition and Eqs (21) for equilibri-
um plasma
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Here

	

/20

0
0

3

2

2 2 ,) exp( e i i

a

m kt eU
h

s t
kt

α α
α

α

 π θ  = −   θ    	
(36)

where h is the Planck constant; θiα = (2Liα + 1)
(2Siα + 1) and θaα = (2Laα + 1)(2Saα + 1) are the parti-
tion functions (statistical weights) of the ion and the 
atom; Liα,aα and Siα,aα denote the total orbital and spin 
quantum number, respectively.

The system of equations (35) is a system of non-
linear algebraic equations for five unknowns 0

en , 0
imn , 

0
ign , 0

amn , 0
agn . The equation for determining T0 can 

be written as follows. Since the plasma for x ≥ La is 
equilibrium and homogeneous, the energy equations 
(31) and (32) take the form:
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(37)

Adding these equations to each other, and accounting 
for the facts that e(Jim + Jig ‒ Je) = j0 and j0 = ‒σ0∇φ, we 
obtain

	

2
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j w t
t

=
σ 	

(38)

where σ0(T0), wrad(T
0) are the electrical conductivity 

and the power loss due to radiation for a two-compo-
nent plasma at atmospheric pressure and equilibrium 
temperature T0.

In a homogeneous plasma Eqs (26), (27) and (29) 
take the form

	

0

0

0

1 ,

1

 

,

1

 

.

im ig j ig j

ig im j im j

im im ig ig j
e

jj
e

jj
e

jj j
en e

 = − β α −α β ∆

 = β α −α β ∆
 ∇ϕ = − δ + δ + δ   	

(39)

It follows (using j0 = ‒σ0∇φ):

	

1
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,w
w w w

σ =
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(40)

where w1 = 2 0 ( )e im ig ig ime n α β −α β ; w2 =

( )im ig j ig jδ β α −α β ; w3 = ( )ig im j im jδ β α −α β ; w4  = 

( )j im ig ig imδ α β −α β .
Let us now consider the boundary conditions at 

x = LD, i.e., at the boundary between the quasi-neu-
tral plasma and the space-charge sheath, which at the 
atmospheric pressure of the near-anode plasma can 
be considered as collisionless both for electrons and 
ions [17]. Since the plasma is assumed to be station-
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ary near the anode surface (u = 0) the temperature of 
the heavy particles is taken to be equal to the anode 
surface temperature

	
.|

Dh l st t=
	

(41)

And the boundary condition for the electron tempera-
ture at the sheath edge can be written in the form [18]:
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2
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(42)

where he is defined by Eq. (8); φsh is the plasma poten-
tial at the boundary between the quasi-neutral plasma 
and the space-charge sheath (electric potential of the 
anode surface is assumed to be equal to zero). The 
electron diffusive flux density at this boundary is:
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(43)

Since the sheath is assumed to be collisionless for 
ions, then ion drift velocities at the boundary x = LD 
can be defined as [19, p. 183]:
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	 (44)

where
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are the Bohm velocities for metal and gas ions. Thus,
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D D
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(46)

Hence, Eqs (44)–(46) completely define the bound-
ary conditions at x = LD for differential equations (18).

Using the condition j0 = e(Jig + Jim) ‒ eJe and 
Eqs (43), (46) we can find
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It should be noted here that the values of ne, nim, 
nig, Te, Th in expressions (43)–(47) are taken at x = LD.

The numerical solution of the system of equations 
(18), (31) and (32) together with the corresponding 
boundary conditions allows us to determine the fol-
lowing characteristics of the plasma at the anode lay-
er boundary with the space-charge sheath: nim, nig, Te, 
Th, as well as the gradients of these quantities at this 
boundary. The quasi-neutrality condition (14) and re-
lations (21) allow us to find ne, nam and nag, while re-
lations (43)‒(47) yield the values of Jim, Jig, Je, φsh at 
the sheath edge.

This enables computation of the heat flux intro-
duced by the arc into the anode metal, taking into ac-

count its evaporation in the diffusive mode. This heat 
flux can be represented as:
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where
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are the heat fluxes caused by heat conduction of elec-
trons and heavy particles;
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(50)

is the electron heat flux caused by convection, where 
the term 

D
sh e l

e jϕ  in the right-hand side of the ex-
pression (50) describes electron energy loss in the 
sheath electric field;

	

2

4

2

2

2

D

D

m bm
a sh im l

g bg
sh ig l

mq e j

m
e j

 υ
= − + ϕ + 

 
 υ

+ + ϕ       	

(51)

is the heat flux caused by initial kinetic energy of ions 
on the sheath edge and their additional acceleration in 
the electric field of the sheath;

	
( ) 0
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(52)

are the heat fluxes caused by the recombination of 
ions and absorption of electrons at the anode surface, 
where Af is the electron work function of the anode 
metal. Since 

D
e l

j , 
D

im l
j , 

D
ig l

j  are negative, the mi-
nus sign was added in the expressions for qa3, qa4, qa5 
to ensure that these heat flux components are positive.

CONVECTIVE MODE 
OF ANODE METAL EVAPORATION
Under the conditions of convective evaporation of an 
anode metal, the plasma in the anode boundary layer 
is one-component (contains only metal ions and at-
oms) and moves at a mass-average velocity u from the 
surface of the anode. In this case, the quasi-neutrality 
condition  takes the form

	 ,e imn n= 	
(53)

Taking into account that meJe + mm(Jim + Jam) = 0 
[13], up to terms of order me/mm << 1  we have
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	 0.im amj j+ ≈ 	 (54)

Then the energy equations for heavy particles (12) 
and (10) electrons  yield
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(56)

where Je = Jim ‒ j0/e.
In the convective mode of the anode metal evap-

oration we have to solve only one of the continuity 
equations (1), namely for metal ions
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	 (57)

The expression for ion flux density and the ex-
pression for determining the electrical potential of a 
one-component plasma take the form [20]
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(59)

where

	

( ),
( ),

,
.

e eam em im am

i imam mm im am

e eim em im eam em am

i eim em im

n n
n n

n n
n

γ = ν µ +
γ = ν µ +

ζ = ν µ + ν µ
ζ = −ν µ

	

(60)

Thus, Eqs (55), (56) and (57) present a system of 
three differential equations of the second order with 
respect to three unknown functions Th(x), Te(x) and 
nim(x). If we put in these equations u = 0, then they 

become equations for non-convective one-component 
plasma, which can be found in [10]. The system of 
Eqs (55), (56) and (57) also includes the parameters 
nam(x) and u(x), which can be found from the conser-
vation equations for the total particle flux and mo-
mentum flux
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(61)

where ρ(x) = mm(nim + nam) is the density of the 
plasma (here it is taken into account that me << mm, 
mm = mam ≈ mim), p(x) = nimk(Te + Th) + namkTh is the 
pressure.

Further, we will formulate the boundary condi-
tions for a system of differential equations (55), (56) 
and (57). First, we will consider the boundary con-
ditions at the boundary of the anode layer with the 
arc column (x = La), where plasma is considered to be 
both in ionization and thermal equilibrium (T0 = Te = 
= Th), as well as homogeneous.

According to Ref. [9], we will assume that pres-
sure p0 and velocity u0 are related by the Rankine–
Hugoniot conditions for a shock wave that moves 
through an external unperturbed gas under conditions 
of convective evaporation
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(62)

where patm is the atmospheric pressure (pressure in the 
external gas — argon); ρext is the density of the ex-
ternal gas for p = patm and Text = 300 K, γ = 5/3 is the 
adiabatic index for a monatomic gas.

To find the composition of plasma at x = La, we 
can use the system of equations consisting of Saha 
equation while taking into account the quasi-neutrali-
ty condition, and the partial pressures law for equilib-
rium plasma
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The equation for T0 is Eq. (38)
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Thus, the plasma parameters 0
amn , 0

imn , T0, p0, u0  at 
the boundary x = La are determined from the equations 
(62), (63) and (64), which must be supplemented by 
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one of the equations (61). Therefore, it is necessary to 
define one of the constants C1, C2.

Next, we need to find the boundary conditions at 
the other boundary of the anode layer, namely at the 
boundary with the spatial charge layer x = LD. At low 
velocity of convective motion of the metallic plasma 
from the anode surface, compared to the speed of 
sound, the parameters of the plasma atomic compo-
nent (density, velocity and temperature) almost do not 
change within the Knudsen layer [21, 22], so these pa-
rameters can be determined for x = LK. The values at 
this boundary are marked by a dash on top. Since the 
plasma here is weakly ionized im amn n  [11], ions 
and electrons do not affect the formation of the Knud-
sen layer for atoms and the approach to its description 
proposed in the [9] can be used.
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where amn , ht  and 2 /h mu kt m= ξ  are the number 
density, temperature and velocity of metal atoms at 
the boundary of the Knudsen layer; ns is the number 
density of saturated vapor atoms at the surface tem-
perature of the anode metal Ts.

The conservation equations (61) can be written as

	

0 0 0

2 0 0 0 0 2

( ) ,
( )( ) .

am im am

am h m am m im am

n u n n u
n kt m n u p m n n u

= +
+ = + + 	

(68)

Thus, to determine the six parameters, 0
amn , 0

imn , T0, 
p0, u0, u  we have six equations, respectively: (62), 
(63), (64), (68). The external parameters are j0 and Ts. 
Thus, the boundary conditions for Eqs (55), (56) and 
(57) at x = La have the form
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The temperature of heavy particles at x = LK is 
equals to

	
.

K
h hl

t t=
	

(70)

As stated above, the condition (70) set at x = LK, 
remains valid at x = LD and can be used as a boundary 
condition for Eq. (55).

The boundary condition for Eq. (56) at the bound-
ary of the spatial charge (sheath) is determined by ex-
pressions (42) and (43).

Taking into account that in the convective mode of 
the anode metal evaporation u  ≠ 0 and the near-an-
ode plasma pressure atmp p>  (ion-atom collisions in 
the sheath become essential), the ion drift velocities at 
the boundary x = LD can be defined as [20]

	

.
D

D

im
im bml

im l

ju u
n

= + = −υ
	

(71)

Here 
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υυ  [23], where υBm is the 

Bohm velocity for metal ions (45), lim is the ion-atom 
mean free path in the sheath. And finally, the bound-
ary condition for Eq. (57) is given by
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The value of the potential at the sheath edge takes 
the form
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The numerical solution of the system of equations  
(55)–(57) together with the corresponding boundary 
conditions allows determining the heat flux to the an-
ode, which is evaporated in the convective mode. This 
heat flux can be represented as (48), where qa1, qa2, 
qa3,qa6 are given by (49), (50), (52) and
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(74)

Under the conditions of convective evaporation of 
the anode metal in the energy balance of the anode 
surface the energy losses of this surface due to evapo-
ration should be taken into account

	
,ev amq n u= − λ

	 (75)

where λ is the work function of metal atoms (heat of 
vaporization per atom).

PLASMA PARAMETERS 
AT THE ANODE LAYER BOUNDARIES
In this section, some values of plasma parameters, as 
a function of Ts, T

0(j0), will be calculated for the three 
variants of the anode metal: iron, copper and alumi-
num, the outer (shielding/plasma-forming) gas being 
argon. The transition from the diffusive to the convec-
tive evaporation mode will also be considered.

As mentioned above, the transition from the diffu-
sive to the convective evaporation mode of the anode 
metal is determined by the surface temperature of the 



52

I.V. Krivtsun et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

anode Ts and the ambient gas pressure pext. For exter-
nal pressure equal to the atmospheric one (pext = patm), 
the diffusive evaporation mode is realized for Ts ≤ Tb, 
and convective mode is realized for Ts > Tb, where Tb  
is the boiling point of the anode metal.

In the diffusive mode, the plasma of the anode bound-
ary layer is multicomponent; in addition to particles of 
shielding/plasma-forming gas, it contains particles of 
the anode metal. The parameters of this multicomponent 
equilibrium plasma are defined by Eqs (35). The pres-
sure of saturated vapor ps, which enters the Eqs (35) is 
given by the Clapeyron–Clausius law

	

1 1exp .s atm
b s

p p
k t t
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Thus, we have a system of five equations (35) for 
five unknowns 0 0 0 0 0, , , ,am ag im ig en n n n n .

For the convective evaporation mode, the equa-
tions for determining the parameters of the plasma at 
the boundary between the anode layer and the arc col-
umn are (62), (63), (64) and (65). Note, that the tem-
perature of the plasma at this boundary T0 is uniquely 
determined by the current density j0 through equations 
(38) or (64), thus, T0 can be used as the external pa-
rameter in subsequent calculations.

Calculations were performed for the atmospheric 
pressure argon arc with an iron, copper and aluminum 
anode under the condition of diffusive and convective 
evaporation of the metal from the anode surface. The 
boiling point of Fe was taken equal to Tb = 3273 K, the 
heat of vaporization was taken as 354 kJ/mol [24]. The 
first ionization potential is equal to 7.9025 eV, the ground 
states of the iron atom and ion are 5D4 and 6D9/2 [25], then 
θa = 25 and θi = 30. For Cu anode, Tb = 2868 K, the heat 
of vaporization is 305 kJ/mol, the first ionization poten-
tial is 7.726 eV [26]. The ground states of the copper 
atom and ion are: 2S1/2 and 1S0 [25] (θa = 2 and θi = 1). 
For Al we have Tb = 2743 K, the heat of vaporization 
is 284 kJ/mol, the first ionization potential is 5.986 eV 
[26]. The ground states of the aluminum atom and ion 
are 2D1/2 and 1S0 [25] (θa = 9 and θi = 1).

Figure 2 shows the results of calculations for the 
iron anode. As can be seen from this figure, when the 
surface temperature reaches the boiling point of iron 
Tb, the number density of gas (Ar) atoms and ions de-
creases to zero and the plasma becomes one-compo-
nent (contains only Fe atoms and ions), i.e. there is a 
transition to the convective evaporation mode. In the 
diffusive mode, both gas and metal ions are present 
in the plasma, and in the convective mode only metal 
ions are present, the number density of which is equal 
to the number density of electrons (the blue and red 

Figure 2. Number density of gas (Ar) atoms 0
agn  (green line) and 

ions 0
ign  (black line), electrons 0

en   (red line), iron ions 0
imn  (blue 

line) and atoms 0
amn   (orange line) at the anode boundary layer 

edge vs. the temperature of the anode surface Ts for T0 = 12 kK

Figure 3. Plasma pressure p0/patm (a), metal vapor velocity u0 at the boundary between the anode layer and the arc column (solid lines) 
and velocity u  at the boundary of the Knudsen layer (dashed lines) (b) vs. the surface temperature of the anode Ts for various anode 
metals: iron (black lines), copper (green lines) and aluminum (red lines), T0 = 12 kK. Blue lines correspond to the iron anode and 
T0 = 6 kK
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lines in Figure 2 coincide for Ts > Tb). As the surface 
temperature increases, the number density of metal 
atoms in the plasma becomes higher. For other anode 
metals, the qualitative behavior of number density de-
pendencies on surface temperature remains the same.

In the convective mode (see Figure 3), the veloci-
ty of the metal vapor u0 becomes greater than zero and 
the pressure in the arc plasma p0 becomes higher than 
the atmospheric pressure; both of these values increase 
with increasing Ts. The velocity of the metal vapor at the 
boundary of the Knudsen layer a  is less than u0. The 
velocities u0 and u  depend on Ts linearly. As a result of 
the approximation, we get the following:

(Fe, Tb = 3.273 kK) u0(T0, Ts) = a(T0)(Ts [kK] ‒ Tb), 

a(T0) = 514.2 + 17.15T0 [kK]; 

u (T0, Ts) = a (T0)(Ts [kK] ‒ Tb), 

a (T0) = 673 ‒ 65.22T0 [kK] + 1.66(T0 [kK])2; 

(Cu, Tb = 2.868 kK) u0(T0, Ts) = a(T0)(Ts [kK] ‒ Tb), 

a(T0) = 567.7 + 20.52T0 [kK]; 

u (T0, Ts) = a (T0)(Ts [kK] ‒ Tb), 

a (T0) = 714.3 ‒ 77.31T0 [kK] + 2.28(T0 [kK])2; 

(Al, Tb = 2.743 kK) u0(T0, Ts) = a(T0)(Ts [kK] ‒ Tb), 

a(T0) = 577.7 + 38.18T0 [kK] ‒ 1.28(T0 [kK])2; 

u (T0, Ts) = a (T0)(Ts [kK] ‒ Tb), 

a (T0) = 859.8 ‒ 106.9T0 [kK] + 3.75(T0 [kK])2.

As can be seen from the approximation formu-
las, as well as from the comparison of the black (Fe, 
T0  =  12 kK) and blue (Fe, T0 = 6 kK) lines in Fig-
ure 3, b, with increasing T0, u  decreases, and u0 on 
the contrary increases. The calculations also showed 
that in the selected range of Ts, 

0p p≈ .

RESULTS AND CONCLUSIONS
A one-dimensional model of the anode boundary lay-
er in welding arcs under TIG/PTA, and hybrid (TIG/
PTA + laser) welding conditions (atmospheric pres-
sure inert gas electric arc with refractory cathode and 
evaporating anode) is formulated for two modes of 
the anode metal evaporation: the diffusive and con-
vective mode. The model consists of a system of the 
differential and algebraic equations for calculating the 
spatial distributions of the number densities of elec-
trons, ions and atoms, their diffusive flux densities, 
electron temperature, heavy particle (atoms and ions) 
temperature and electric potential in the plasma of the 
anode layer. The model also allows calculating the 
heat flux introduced by the arc into the anode. The 
boundary conditions for the differential equations of 
this model at the boundaries of the anode layer with 
the arc column and the space-charge sheath are deter-
mined. An approach is proposed for calculating the 
near-anode plasma parameters at these boundaries, 

both in the case of the diffusive evaporation mode of 
the anode metal and in the convective mode.

For three different anode metals (Fe, Cu, Al), the 
dependencies of the number densities of plasma parti-
cles, pressure and velocity of ionized metal vapor at the 
anode layer boundaries on the surface temperature of 
the anode Ts (in the range of 2200 K ≤ Ts ≤ Tb + 300 K) 
are calculated for both diffusive and convective modes 
of evaporation at fixed value of the arc column plasma 
temperature T0 (in the range of 6 kK ≤ T0 ≤ 12 kK).

For the atmospheric pressure argon arc with a 
refractory cathode and evaporating anode under the 
condition of its diffusive evaporation (Ts ≤ Tb) the 
near-anode plasma is multicomponent (Ar + Me). Its 
mass-average velocity is negligible (up to the diffusive 
flux of the metal heavy particles Gm [16]). The plas-
ma pressure is equal to the atmospheric pressure, and 
as the anode surface temperature increases, the num-
ber densities of metal atoms and ions in the near-an-
ode plasma also increase. It should be noted that, as 

it follows from Eq.  (76), at 1 4.605 b
s b

ktt t  ≤ + λ 
 

the fraction of the metal particles in the near-anode 
plasma is less than 1 % and it can be considered as 
one-component argon plasma.

It is shown that in the convective mode of the an-
ode metal evaporation (Ts > Tb) the velocities u0 and 

 linearly depend on Ts, and also depend on the tem-
perature of the arc column T0. The pressure at the 
boundary of the Knudsen layer p  is almost equal to 
the pressure at the boundary with the arc column p0 
under the considered conditions.
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for modeling a circumferential welded joint
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ABSTRACT
The specialized software “Girth Weld” is developed by specialists of the PWI and allows for typical cases of welded girth joints 
of pipelines and cylindrical pressure vessels to predict the mechanical properties of the weld metal and the heat-affected zone 
(HAZ), residual stresses and distortions, to determine the redistribution of the stress-strain state as a result of postweld heat 
treatment, operational and test loading, to assess the structure integrity and service life of welded structures with discontinuity 
defects that are detected by non-destructive testing or are postulated. The use of this software does not require special knowl-
edge in the calculation methods due to the full automation of the processes of creating a mathematical model of a multipass 
girth welded joint, dividing the area into finite elements, searching for a solution and visualizing the results. At the same time, 
high accuracy of predictive results is ensured with limited requirements for computer and time resources through the use of 
modern approaches to modeling physical and chemical processes during welding and effective algorithms for solving nonlinear 
problems and systems of high-order differential equations.

KEYWORDS: girth welded joint, multipass welding, software, mathematical modeling, finite element method, mechanical 
properties, residual stresses, distortions, postweld heat treatment, operational loads, defect acceptability

INTRODUCTION
With the development of computer technology, meth-
ods for solving problems of thermoviscoplastic analy-
sis and modeling changes in the material of the welded 
joint during welding heating, computational simula-
tion and mathematical modeling of welding processes 
are widely used in industry. However, the issue of ac-
cessibility of such an approach for a user with limited 
access to commercial FEM software packages such as 
SYSWELD, SIMUFACT, ABAQUS, ANSYS, etc. is 
relevant. To solve this problem, a problem-oriented 
specialized software “Girth Weld” was created, which 
is included in the “Weldprediction” software package, 
for mathematical modeling of the stress-strain state 
and mechanical properties in the zone of a butt cir-
cumferential (girth) joint produced by multipass arc 
welding, oriented for engineering and scientific appli-
cation, which does not require the user to have knowl-
edge in the calculation methods.

The computer program “Girth Weld” allows in 
the  typical cases of circumferential welded joints of 
pipelines and cylindrical pressure vessels to obtain in-
formation on the mechanical properties of the weld 
metal and the HAZ, residual technological stresses 
and distortions, to determine the redistribution of the 
stress-strain state as a result of postweld heat treat-
ment (PWHT), the influence of operational and test 
loads, and to predict the structural integrity and ser-
vice life of welded structures with discontinuity de-

fects that are detected by non-destructive testing or 
are postulated.

The software “Girth Weld” was developed at the 
PWI. Its implementation is based on many years of expe-
rience in mathematical modeling of physical and chem-
ical processes during welding, cladding, PWHT and re-
lated technologies, as well as modern achievements in 
numerical methods, mechanics of deformed bodies and 
fracture mechanics. At the same time, the developed spe-
cialized software has the following advantages:

● high accuracy of predicted results with limited 
requirements for computer and time resources (per-
sonal computer and relatively short calculation time) 
due to the use of modern approaches to modeling 
physical and chemical processes in welding [1, 2, 3, 
10, 11] and effective algorithms for solving nonlinear 
problems and systems of high-order differential equa-
tions [4, 5];

● reduced labor intensity due to a simple data en-
try interface and automation of the processes of cre-
ating a mathematical model, forming a finite element 
mesh, finding a solution and visualizing the results;

● accessibility in use, since an engineer or weld-
ing technologist can work with the computer program 
without having special knowledge in the numerical 
methods for solving mathematical problems.

GENERAL DESCRIPTION AND PURPOSE 
OF THE COMPUTER PROGRAM
The specialized software “Girth Weld” is a problem-ori-
ented software product for numerical FEM analysis of 
the technological and physical and mechanical process-
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es during multipass welding of circumferential joints of 
pipeline elements and cylindrical pressure vessels. The 
computer program is intended for solving typical tasks 
of expert assessment of technological strength of critical 
structures when planning assembly or repair welding and 
PWHT of girth joints, as well as prediction of short-term 
and long-term static strength during further operation of 
the welded structure, taking into account both its residual 
post-weld state and the acting external operational loads.

The software “Girth Weld” is recommended for 
use in the energy, transport, aerospace and other in-
dustries in the design, optimization of assembly weld-
ing and planning of repair work of critical pipeline 
elements and pressure vessels with circumferential 
welded joints. This software is also recommended for 
use in expert assessment of structural integrity and 
service life of welded structures, taking into account 
both their predicted state and operating conditions, as 
well as the discontinuity defects (cracks, nonmetallic 
inclusions, local thinning, gas pores) detected during 
technical diagnostics.

The use of specialized software “Girth Weld” al-
lows solving the following problems:

● prediction of the optimal arrangement of weld 
passes in multipass welding depending on the techni-
cal conditions of the process and welding optimiza-
tion criteria;

● determination of the kinetics of the temperature 
field during multipass welding of circumferential 
joints of pipeline elements and cylindrical pressure 
vessels taking into account the technological param-
eters of the welding process, geometric features of a 
design, type and properties of the material depending 
on the chemical composition and temperature;

● numerical assessment of the specifics of the for-
mation of the penetration zone along the thickness of 
the structural element;

● prediction of transient and residual properties, 
as well as microstructural phase composition of the 
weld metal and the HAZ depending on the process 
and welding conditions, base and filler materials, and 
the temperature cycles during welding;

● prediction of the kinetics of the distribution of 
elastic-plastic strains in the process of multipass weld-
ing of the butt circumferential joint until the structural 
element is completely cooled and of the subsequent 
operational internal pressure and temperature;

● calculation of the residual distortions of the 
structure as a result of uneven welding heating by 
assessing irreversible shrinkage phenomena in the 
welded joint area;

● numerical assessment of the kinetics of accumula-
tion of plastic strains, which is an important characteris-
tic of the susceptibility of the weld metal to hot cracking.

The user interface of the software “Girth Weld” 
implements a dialog mode for numerical analysis and 
provides the following options for displaying on the 
screen and saving as files or hard copies the following 
results of numerical experiments:

● optimal calculation schemes for the arrangement 
of weld passes in the groove of a circumferential joint;

● two-dimensional distributions of calculated val-
ues (maximum temperatures, melting zone, stresses, 
plastic strains, distortions) both in the form of draw-
ings and tables;

● distribution of microstructural phase compo-
nents and mechanical properties of the material in the 
weld area taking into account the influence of local 
heating in the process of multipass welding with giv-
en heat input parameters;

● tendency to the formation of cold and hot cracks;
● distortions of the structure after welding, taking 

into account irreversible welding shrinkage strains;
● relaxation of the residual stresses due to PWHT;
● redistribution of the residual stresses under loading 

conditions (temperature and internal pressure);
● assessment of fatigue fracture resistance of a cir-

cumferential welded joint under cyclic loading con-
ditions;

● probabilistic assessment of the serviceability of 
a cylindrical structure in the presence of macroscopic 
defects of weld metal discontinuity.

METHODS OF NUMERICAL 
AND SOFTWARE IMPLEMENTATION 
OF COMPUTER PROGRAM ALGORITHMS
Development a mathematical model for simulation 
of the welding processes depends on the purpose of 
simulation. For prediction of temperature cycles, mi-
crostructure phase volume fractions, distortions and 
residual stresses in a multipass welded joint, the finite 
element models of volume heat source and noniso-
thermal deformation of material associated with von 
Mises yield stress condition are usually used [1, 2]. 
Modeling is based on tracking the kinetics of forma-
tion and development of plastic strains and stresses in 
a weldment during heating and cooling of each weld 
pass. Microstructural phase transformations, which 
induce volume effects and changes of physical and 
mechanical properties of material in the weld zone, 
are taken into account. 

In the general form in a cylindrical system of co-
ordinates r, β, z (Figure 1, a) for multipass circum-
ferential (girth) welding during motion of the volume 
heat source center r0(t), β0(t), z0(t) in time (Figure 1, 
b) the heat flux equation at point (r, β, z) at time t can 
be written as follows

	 W(r, β, z, t) =	  
	 = W0(t) exp [–Kr(r–r0)

2–Kβ(β–β 0)
2–Kz(z–z0)

2],	 (1)
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where W0(t) is the heating power at point (r0, β0, z0); Kr, 
Kβ, Kz are the coefficients of heating power concentration in 
the directions r, β, z. Between Kr, Kβ, Kz and corresponding 

dimensions dr, dβ, dz of effective heating “spot” there is a 

relation 
2

4
j

j

d
K  = 3.0, i.e. 

3 46
j

j

.d
K

= . W0(t) can be ex-

pressed in terms of the effective heating power qef(t), 
by integrating the equation (1) in coordinates r, β, z 
within the heated elements of welded joint. For exam-
ple, if the heat source moves along the surface of the 
butt welded joint (Figure 1, b), then:

	
( )

( )ef
0

2 x y zq t K K K
W t .

⋅ ⋅
=

π π 	
(2)

With quite reasonable values Kr, Kβ, Kz accurate 
results can be obtained for temperature distributions 
near the fusion zone (FZ) of welded elements, which 
is important from the point of view of microstructural 
phase changes, mechanical properties, etc.

The mathematical formulation of the problem of heat 
propagation in a thermally conducting body for the heat 
sources W(r, z, β, t) and the relevant conditions of heat 
exchange with the environment with a temperature Tc by 
Newton’s law may be presented in the form:

	
( )ct

t t t ,
n

∂
−λ = α −

∂ 	
(3)

where λ is the coefficient of thermal conductivity of 
the material at a temperature T, and αТ is the heat 
transfer coefficient of the surface are well known. [3]

In accordance with [9] we need to add to condi-
tions (3) the initial condition at time t = 0 and the dif-
ferential equation of heat conduction in the system of 
coordinates (r, β, z):

	
( )

t t tr r
r r r y z z

tW r, ,z,t c r;
t

 ∂ ∂ ∂ ∂ ∂ ∂   λ + λ + λ +     ∂ ∂ ∂β ∂ ∂ ∂    
∂

+ β = γ
∂ 	

(4)

	 T(r, β, z, t = 0) = T0,	 (5)

where cγ is the volumetric heat capacity of the mate-
rial at temperature T.

Volume effects caused by the change of tempera-
ture field are conventionally divided into the tem-
perature effects and effects, caused by microstructural 
phase transformations [5]. Temperature volume ef-
fects at any point 

	 φ = α(Т)(Т – Т0),	 (6)

where φ is the function of thermal expansions; α(Т) is 
the coefficient of relative thermal elongation; (Т–Т0) 
is the temperature range. 

When welding steels prone to quenching, the mi-
crostructural composition at any point in the FZ and 
HAZ is determined at time t by the values of the rel-
ative content of the j-th phase Vj(T,  t), j = a corre-
sponds to austenite, j = m — martensite, j = f — fer-
rite, j = b — bainite, j = fp — ferrite-pearlite mixture. 
In this case ( ) 1j

j
V t ≡∑ . Volume effects at any point 

(r, β, z) due to microstructural phase transformations 
in the temperature range (Т0 – Т) [5] are as follows:

	

( ) ( ) ( ) ( )
( ) ( )

0 0

0 0

3 j j j j

j j

V t ,t t V t t
,

V t t
γ − γ

ϕ =
γ

∑ ∑
∑ 	

(7)

where γj(T) is the the volume of a unit mass of the 
j-th phase at temperature T. According to [6] for the 
structural steels:

	

6

3 3

6

3 3

,

6 3

( ) 0.12282 8.56 10

2.15 10 ,(cm / g);
( ) 0.12708 4.448 10

2.79 10 ,(cm / g);
( ) 0.12708

5.528 10 ,(cm / g).

m

a

b fp

t t

C
t t

C
t

t

−

−

−

−

−

γ = + ⋅ +

+ ⋅

γ = + ⋅ +

+ ⋅
γ = +

+ ⋅ 	

(8)

The yield stress of the finite volume material at 
temperature T considering the microstructural phase 
changes is calculated as:

Figure 1. Scheme of finite volume element in cylindrical system of coordinates (r, β, z) (а) and distribution of heating power W(r, β, z, t) 
at multipass welding (b)
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( ) ( ) ( ), ( , , , , )

( ) (20) ( ),
t j j

j j
t t j

t t V t j a f fp b m

t f t

σ = σ =

σ = σ ⋅

∑
	
(9)

where σj(T) is the yield stress of the corresponding 
j-th phase of the  microstructure at temperature T; C is 
the chemical content of carbon (% by weight). 

High temperature gradient during welding and 
a strong irregularity in the distribution of function 
φ(r, β, z, t) cause the appearance of both the elastic 
and inelastic strains. According to [5] a common 
strain tensor εij(r, β, z, t) is a sum of three tensors:

	
e p c

ij ij ij ij ,ε = ε + ε + ε
	 (10)

where index e is the structural corresponds to the elas-
tic strain; p  is the instantaneous strain of plasticity; 
c is the strain of diffusion plasticity or creep.

Plastic strains are related to the stressed state by 
the equation of the theory of plastic nonisothermal 
flow and the associated von Mises yield condition:

	
( )p

ij ij ijd d , i, j r , ,z,ε = λ σ − δ σ = β
	 (11)

where p
ijdε  is the tensor increment, which at a giv-

en time t is determined by the deformation history, 
stresses σij and temperature T; dλ is the scalar function 
determined by the flow conditions:

dλ = 0, if 2 2 ( ) 0i tf t= σ −σ <  
or f = 0 and df < 0; 

dλ > 0, if f = 0 and df > 0; 
state f > 0 unacceptable,

σi is the stress intensity; σT(T) is the yield stress of the 
material at temperature T.

For creep strains ij , the constraint equation is 
used in the form:

	
p
ijdε  = Ω(T, σi)(σij − δijσ)dt,	 (12)

where Ω(σi, T) is the scalar creep function of the ma-
terial at temperature T and the stress level, which is 
determined by the stress intensity σi.

For PWHT when it is most important to take into 
account creep strains, since the stress relaxation pro-
cess significantly depends on creep, the function 
Ω(σi, T) is rationally chosen on the basis of experi-
ments on deformation of samples from this material at 
elevated temperatures. The creep function in the gen-
eral form depending on the material temperature can 
be approximated by a typical equation [1, 10]:

	
( ) exp

273
n

i i
gt , a ,

t
 Ω σ = ⋅σ ⋅  +  	

(13)

where A, G, n are the constants related to material 
properties.

The presented model of creep at elevated tempera-
tures is quite general and allows to trace deformation 
processes during PWHT not only during holding at 
maximum temperature, but also during heating and 
cooling at temperatures of 550 °C and above, for exam-
ple, for structural steels. This model can be effective in 
modeling the relaxation processes of residual stresses 
during local heat treatment of welded structures or in 
the case of overall furnace heat treatment for a short 
holding time, when uniform heating to a given max-
imum holding temperature is not ensured throughout 
the volume of the welded joint or structure.

The finite increment of the strain tensor Δεij in the 
time range from (t – Δt) to t, where Δt is the step of 
tracking, is small enough:
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where σij is the stress tensor; σ is the average pressure; 
δij  is the unit tensor; bulk modulus 1 2K
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; E is the Young’s modulus; ν is 

the Poisson’s ratio.
The equation (14) contains the function ψ, which is 

determined by the plastic flow condition (11) and the 
development of creep strains (12). This function signifi-
cantly depends on the initial solution for the moment t 
and its determination requires certain approaches. The 
simplest approach is based on the use of the solution for 
the moment (t – Δt). By reducing the step Δt, it is pos-
sible to significantly reduce the errors associated with 
the risk of obtaining unacceptable states (11), however, 
during welding heating, such a risk is very significant, 
therefore approaches based on the construction of appro-
priate iterative processes are used to determine the phys-
ical nonlinearity associated with Δλ and Ω(Т, σi).

The following iterative process has been well test-
ed in practice:
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Process (15) is stopped if:

	
( ) ( )1 1n n ,+ψ ψ − < δ

	
(16)

where п, п + 1 are the iteration numbers, 0 ≤ р < 1, 
т <<  ( )( ), n

t itσ σ , δ ≤ 1 are the iterative process pa-
rameters.

After the linearization procedure the structure of 
the equation of continuity (14) formally corresponds 
to the equation of continuity of the theory of elastici-
ty with variable parameters of elasticity (ψ instead of 
1/2G) and additional strains bij, the value of which is 
known according to the solution  in the previous step 
of tracking (t ‒ Δt) and the temperature distributions 
at moments t and (t ‒ Δt).

Since in most typical cases of welding and oper-
ation of pipeline elements and cylindrical pressure 
vessels, the distribution of stresses and strains is 
characterized by a slight change in the circumferen-
tial direction (along the weld), in order to reduce the 
time of numerical investigation and the requirements 
for the power of computing resources, the numerical 
schemes in the program code are implemented in a 2D 
axisymmetric formulation. To develop 2D FE model 
the assumption of a fast moving welding source and 
‘plain strains’ hypothesis are used. 

The software includes a database of input data 
on the physical and mechanical properties of typical 
steels and aluminum alloys used for the production 
of pipeline elements and pressure vessels, which sim-
plifies the procedure for performing calculations and 
reduces the error of the results of numerical analysis 
due to the incompleteness of the reference informa-
tion available to the user. Similarly, the geometry of 
the welded butt joint can be both determined from a 
set of available pre-installed options used for structur-

al elements of critical purpose, and entered by the user 
in the presence of the necessary information regard-
ing a specific design solution.

USER INTERFACE
The user interface of the software is designed for weld-
ing engineers who do not have special knowledge in 
mathematical methods. All tasks for developing a finite 
element model of a multipass girth welded joint are ful-
ly automated. All calculation results can be presented 
in both the graphical and tabular form. It is possible to 
copy information from any window to a graphic file, 
clipboard or to a printer. To save all input data and cal-
culation results, there is a function for saving a variant. 
Figures 2, 4 show the computer program windows: the 
main window (Figure 2) for entering the geometrical 
parameters of the cylindrical structure and circumfer-
ential welded joint, the base and filler materials, weld-
ing conditions and operational load. Also shown are the 
PWHT simulation windows (Figure 3) and the module 
for probabilistic assessment of crack-like defect ac-
ceptability in the zone of the welded joint (Figure 4).

THE MAIN LIMITATIONS 
OF THE COMPUTER PROGRAM:
● metallic materials: steel, light alloys, titanium and 
nickel alloys;

● geometrical parameters of the cylindrical structure: 
diameter D = 2–10000 mm; wall thickness H  =  1.0–
20.0 mm, H < D/2; length 2L = 60‒2000 mm, L > 30H;

● preparation of the edges of the circumferential 
welded joint is one-sided (from the outside);

● the number of welding passes in the circumfer-
ential joint is from 1 to 200;

● the material of the structure is considered as a 
macrocontinuous isotropic elastic-plastic medium ca-
pable of strain hardening;

Figure 2. The main window of the computer program “Girth Weld”
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Figure 5. Preparation of edges of U-type for the welded pipe joint 
(SMAW) (a), arrangement of the weld passes (b)

● maximum temperatures during welding do not 
exceed the boiling point of the metal of the structure;

● the structures are not subject to the influence of 
cryogenic temperatures during operation;

● operational loads: internal pressure from 0 
to P  <  (0.5σT2H/D), for example, if H = 5 mm, 
D = 400 mm, σT = 170 MPa, then P < 2.125 MPa.

● defect acceptability is determined by the condi-
tions of static or quasi-static strength, while the ap-
plication of assessment methods corresponds to the 
framework of application of specific criteria used in 
accordance with the relevant regulatory documents.

Cracks: semi-elliptical in the axial and circum-
ferential directions, on the outer and inner surfaces. 
Crack dimensions: depth a0 < H, length 2c0, a0/c0 < 0.7. 
Crack growth occurs by the fatigue mechanism.

Pores: diameter d0 < 1.0 mm, depth r0: d0/2 < r0 < 
< H ‒ d0/2.

Wall thinning [11]: on the outer and inner surfac-
es. Thinning dimensions: depth a0: a0 < H/2, length 
2s0: 2s0 < L/2. Thinning increase occurs by corrosion 
mechanism.

THE ERROR ensured IN THE RANGE 
OF ACCEPTABLE PARAMETERS 
OF NUMERICAL ANALYSIS
The adequacy of the developed models and their soft-
ware implementation is ensured and confirmed both by 
the validation and verification procedures carried out, 
and by the experience of successful implementation and 
use of calculation methods and software in optimizing 
the industrial technologies of welding circumferential 
joints of critical structures and confirming their operabil-
ity and service life by domestic and foreign enterprises of 
the energy, machine-building, transport, and aerospace 
industries. As shown by comparison of the results of 
calculations using the computer program “Girth Weld” 
with experimental measurements, the error of numerical 
analysis generally does not exceed 10‒15 %.

VERIFICATION OF SIMULATION RESULTS 
FOR WELDING OF A DISSIMILAR GIRTH 
PIPELINE JOINT
Residual stresses are important for considering the 
problems of cracking and fracture of welded struc-

Figure 3. The window of PWHT simulation

Figure 4. The window of the module for probabilistic assessment 
of the crack-like defect acceptability
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tures and can be simulated for the welding process. 
The development of new heat-resistant steels for the 
power industry, where pipes joined by circumferential 
welding are often used, requires studying the influ-
ence of welding processes and residual stresses on the 
safe and reliable operation of power plants.

Finite element modeling of the multipass SMAW 
process (manual arc stick welding) was performed for 
a girth weld of a pipe with an outer diameter of 42 mm 
and a wall thickness of 7 mm made of 12 % Cr mar-
tensitic steel and dissimilar materials (austenitic or 
pearlitic steel). Such welded joints are used for pipes 
in the superheater of a boiler in thermal power plants.

The purpose of mathematical modeling is to pre-
dict temperature fields and kinetics of the stress-strain 
state during multipass welding, taking into account 

the martensitic steel class, the choice of welding ma-
terials, welding conditions, preheating temperature, 
as well as determining the residual stressed state after 
welding and PWHT.

After preliminary experiments with testing of the 
welding technology, more acceptable welding param-
eters were selected, with filling of the weld groove 
in 4 passes (Figure 5). For a dissimilar welded joint 
(steel 12 % Cr + austenitic steel 0.12C‒Cr18Ni10T), 
electrodes of the E‒0.11C‒Cr16Ni25Mo6Mn2N type 
with a diameter of 3.0 mm were selected with the fol-
lowing parameters: for 1 pass I = 75‒85 A, U = 24 V, 
V ≈ 1.8 mm/s, for 2–4 passes I = 85‒90 A, U = 24 V, 
V ≈ 2.6 mm/s. Welding procedure was elaborated by 
V. Skulskyi, A. Gavrik, M. Nimko in PWI.

Figure 6. CCT diagram for steel X10CrMoVNb91 [7]

Table 1. Mechanical and thermophysical properties of the materials

T, 
°C

E, 
MPa

α, 
(10e‒6∙1/K

λ, 
J/cm∙s∙deg

C, 
J/cm3∙deg

Martensitic steel 12 % Cr
20 215404 12.1 0.18 3.53
100 211697 12.1 0.19 3.75
200 205591 12.4 0.20 4.02
300 197750 12.8 0.22 4.32
400 188169 13.1 0.23 4.68
500 177028 13.5 0.24 5.15
600 164580 13.9 0.25 6.09
700 154030 13.0 0.27 6.00
800 131900 12.1 0.29 5.20
900 120604 11.1 0.31 4.64
1000 111687 12.5 0.32 4.75
1100 102607 13.6 0.33 4.90
1400 34172 17.5 0.36 9.50
1500 0 24.1 0.35 5.64

Austenitic steel 0.12C‒Cr18Ni10T
20 196531 19 0.146 3.54
100 191369 19 0.156 3.70
200 184280 19 0.168 3.86
300 176922 20 0.180 3.99
400 169296 20 0.193 4.11
500 161416 20 0.205 4.24
600 153303 20 0.218 8.32
700 141463 21 0.236 4.73
800 133320 21 0.249 4.56
900 125217 21 0.262 4.77
1000 116988 22 0.275 4.80
1100 108545 22 0.288 4.96
1200 99881 22 0.301 5.13
1300 88793 23 0.316 5.87
1400 2102 26 0.319 27.00
1500 0 30 0.319 5.64

Table 1. Cont.

T, 
°C

E, 
MPa

α, 
(10e‒6∙1/K

λ, 
J/cm∙s∙deg

C, 
J/cm3∙deg

Welding material E‒0.11C‒Cr16Ni25Mo6Mn2N (austenitic)
20 203437 18 0.119 3.58
100 198385 18 0.130 3.73
200 191493 18 0.145 3.87
300 184422 18 0.160 3.99
400 177172 19 0.175 4.10
500 169742 19 0.190 4.21
600 162130 19 0.205 4.41
700 153178 19 0.220 4.57
800 144799 20 0.235 4.84
900 135985 20 0.249 5.05
1000 126625 21 0.263 5.32
1100 117816 21 0.277 4.88
1200 109326 21 0.292 4.99
1300 100669 21 0.307 5.10
1400 74695 22 0.320 11.56
1500 0 28 0.319 5.74
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The chemical composition, mechanical and ther-
mal properties of the base and filler materials are pre-
sented in Table 1.

Considering the martensitic class of high-chro-
mium (12 %) steel, the following conditions for the 
phase transformation of the HAZ microstructure are 
accepted:

if T > Ac, then Va = 1.0 , Vm = 0 

if T < Ac and 0t
t

∂ < ∂ 
, then Vj = Vj(T, t), j = a,m 
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where j = a corresponds to austenite, j = m — to mar-
tensite, Vj(T, t) — is determined from the CCT dia-
gram for the steel with the corresponding chemical 
composition. An example of CCT diagram of austen-
ite decomposition for steel X10CrMoVNb91 is given 
in Figure 6 [7]. Dependences of yield stress of base 
and welding materials on temperature and microstruc-
ture are presented in Figure 7.

Comparison of the results of numerical calcu-
lations using 2D and 3D models (Figure 8) for butt 
welding of pipes made of dissimilar materials (12 % 
Cr steel + austenitic steel) shows a good agreement.

The results in Figure 9 demonstrate a rather close 
distribution of maximum temperatures during weld-
ing of all four passes using 2D and 3D models. In the 
diagrams, the red color corresponds to the shape of the 
FZ, the size of the HAZ is limited by the isotherm of 
800‒850 °C and reaches approximately 1.5‒2‒5 mm, 
the depth of the weld metal penetration into the base 
material is approximately 1 mm. The FZ, the depth of 
the weld penetration and the temperature range in the 
HAZ correspond to general expectations.

Figure 7. Yield stress versus temperature and microstructure: 1 — 
Vm = 1.0 martensite Thermanit MTS616; 2 — Vm = 1.0 martensite 
of 12 Cr steel; 3 — Va =1.0 austenite of 12 Cr steel; 4 — austenitic 
filler E‒0.11C‒Cr16Ni25Mo6Mn2N; 5 — austenitic base materi-
al 0.12C‒Cr18Ni10T

Figure 8. FE mesh of 2D (a) and 3D (b) models of a girth welded joint
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Figure 10 shows the calculated distributions of 
welding residual stresses (circumferential compo-
nent). In the FZ, where the filler material has an aus-
tenitic microstructure, high tensile stresses of up to 
450 MPa are produced. In the HAZ of the base ma-
terial of 12 % Cr steel (lower part of the pipe in Fig-
ure 10), due to martensitic transformation, local high 

compressive stresses of up to ‒350 MPa appear, as 
well as local tensile stresses of up to 180‒300 MPa 
according to 2D analysis and up to 50 MPa according 
to 3D analysis, which balance the compressive stress-
es. The width of the zone of tensile circumferential 
residual stresses in the pipe is quite small (approxi-
mately 2.0 mm). Further, on the periphery of the pipe 

Figure 9. Comparison of calculated distributions of maximum temperature and FZ (red color) in the cross section of a girth welded 
joint: a — 3D model; b — 2D model by software “Girth Weld”

Figure 10. Comparison of numerically calculated distributions of welding residual stresses (circumferential component): a — 3D 
model; b — 2D model by software “Girth Weld”
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made of 12 % Cr steel, compressive stresses of up 
to ‒640 MPa are produced on the inner surface and 
tensile stresses of up to 180 MPa on the outer surface. 
Figure 11 shows the residual circumferential stresses 
through the thickness in the center of welded joint for 
the 2D model and for the 3D model in different sec-
tions along the angular coordinate from the start-end 
of welding (0, 90, 180, 270°). One stress curve differs 
significantly from the other due to the effect of the 
start and end of welding in the 3D model. In gener-
al, the circumferential stresses determined by the 2D 
model are close to the results by the 3D model.

The results of the distribution of welding residual 
stresses for the axial component in Figures 12 and 13 
according to the 2D and 3D models also agree well. 
The martensitic structure of the 12 % Cr steel causes 

Figure 11. Residual circumferential stresses through the thickness 
in the center of welded joint for the 2D model and for the 3D 
model in different sections along the angular coordinate from the 
start-end of the welding (0, 90, 180, 270°): 1 — start-end; 2 — 
90°; 3 — 180°; 4 — 270°; 5 — 2D

Figure 12. Comparison of numerically calculated distributions of 
welding residual stresses (axial component): a — 3D model; b — 
2D model “Girth Weld”

Figure 13. Residual axial stresses through the thickness in the 
center of welded joint for the 2D model and for the 3D model in 
different sections along the angular coordinate from the start-end 
of welding (0, 90, 180, 270°): 1 — start-end; 2 — 90°; 3 — 180°; 
4 — 270°; 5 — 2D

Figure 14. Simulation results of the weld groove filling (weld 
passes arrangement) for the girth joint of MCP DN-850

Figure 15. Calculated data on the distribution of residual stresses 
in the circumferential weld zone of MCP DN-850 after PWHT: 
a — circumferential component; b — axial component



65

Computer software for modeling A circumferential welded joint                                                                                                                                                                                                    

                                                                                                                                                                               

a change in the traditionally produced residual axial 
tensile stresses on the inner surface to compressive 
stresses up to ‒400 MPa and, accordingly, of the com-
pressive stresses on the outer surface to tensile stress-
es up to 400 MPa. This effect can be positive for pipes 
with a corrosive environment on the inside.

Despite the slight difference in the distribution 
of residual stresses determined by the 3D model in 
different cross-sections of the pipe by the angular 
coordinate, a good agreement with the 2D model is 
obtained. Thus, the 2D model of the girth weld joint 
can be used to simulate the distributions of maximum 
temperatures, microstructural phase composition, 
mechanical properties, residual stresses and strains in 
multipass welding of a butt joint of pipelines and cy-
lindrical shells (vessels).

VALIDATION OF Multipass WELDING 
SIMULATION FOR A PIPELINE GIRTH 
WELDED JOINT
Calculations performed using the “Girth Weld” com-
puter program provided comprehensive information 
regarding the distribution of residual welding stresses 

throughout the volume of the welded joint of the main 
circulation pipeline (MCP) DN-850 for WWER-1000 
type reactors. For validation of the simulation results, 
experimental measurement data were used. These 
measurements were carried out on a specimen-model 
of the girth welded joint of MCP DN-850 on accessi-
ble surfaces of the welded components after PWHT, 
in order to compare with the calculated data.

The computational methodology is based on se-
quential tracking of the development of temperature 
fields, stresses, and deformations during the step-by-
step filling of the weld groove with weld passes (Fig-
ure  14). For each pass, based on experimental data 
on the parameters of the GTAW process in an argon 
environment, the dimensions of the FZ and the HAZ 
of the base material (steel grade 10GN2MFAA) were 
determined. Based on the size of the FZ and the chem-
ical composition of the filler (Sv-08G1NMA wire), 
the chemical composition of the metal for each weld 
pass was calculated.

To simulate the microstructural phase transforma-
tions in the FZ and HAZ of low-alloy steels during 
welding, an approach based on the use of parametric 

Table 2. Welding parameters for the girth joint of MCP DN-850 (using ∅ 0.9 mm wire)

Welding passes

Welding parameters

I, A 
pulse/pause U, V v, mm/min

Wire feed rate, 
vf, mm/min, 
pulse/pause

Time, µs 
pulse/pause

Argon flow rate, 
l/min

First root pass (1) 150/120 9.5 80 880/360 100/100

20‒25

Smoothing layer (2) 160/90 10 86 ‒ 100/100
Third root pass (3) 220/130 11.5 91 2000/1000 225-275
Fourth root pass (4) 250/150 11.5 89 2600/1300 225/275

Intermediate filling layer (5‒8) 300/180 11.5 89 3400/1620 225/275
Main filling layer (9‒104) 340/200 12 110 3200/1620 225/275

Reinforcement layer (105‒112) 260/110 11.5 80.3 1520/1000 175/325

Table 3. Mechanical and thermophysical properties of 10GN2MFA steel depending on temperature [1]

T, °C E·10‒5, MPa σT(T), MPa λ, J/(cm⋅s⋅°C) cγ, J/(cm3⋅°C) ν α, 1/°C

100 2.01 488 0.375 3.88 0.25 1.14
200 1.96 466 0.370 3.98 0.25 1.18
300 1.90 443 0.360 4.21 0.25 1.22
350 1.87 415 0.355 4.44 0.25 1.25
400 1.85 380 0.350 4.76 0.25 1.30
500 1.78 355 0.337 5.10 0.25 1.34
600 1.70 300 0.320 5.80 0.25 1.39
700 1.60 200 0.305 7.35 0.25 1.42
800 1.50 60 0.285 8.10 0.25 1.47
900 1.35 40 0.280 5.60 0.25 1.52
1000 1.15 20 0.275 5.00 0.25 1.65
1100 1.00 20 0.270 4.90 0.25 1.70
1200 1.00 20 0.267 4.90 0.25 1.62
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Figure 16. Comparison of calculated and experimental data on residual stress distribution on the outer surface of the MCP DN-850 
welded joint [1]: a — circumferential component; b — axial component

(regression) equations developed at the PWI [8] can 
be applied.

According to the kinetics of microstructural 
transformations in the weld metal and the HAZ, the 
volumetric effects were determined at respective 
time moments t and temperature T. For steel grade 
10GN2MFAA, dependencies (8) were used to deter-
mine the parameter γj.

The yield stress of the finite volume material at 
temperature T allowing for the microstructural phase 
changes was calculated according equation (9). For 
the type of steels considered, data for the yield stress 
of the j-th microstructure of the material at tempera-
ture T are presented in Figure 16. 

The creep function coefficients for the base materi-
al of the welded joint (steel 10GN2MFA) were deter-
mined in [1] based on processing of experimental data: 
n = 5, A = 8.46∙1017 MPa–(n+1)∙h–1, G = – 66394 °C.

Experimental measurements were performed on a 
welded and heat-treated specimen-model of a welded 
joint with standard processing. Measurements were 
carried out on the surfaces, i.e., in places accessible 
for installing strain gauges and further drilling holes 
to implement the well-known Matara method. Mea-
surements were performed at 24 locations. Figure 16 
shows a comparison of calculated and experimental 
data on the distribution of residual stresses on the out-
er surfaces of the MCP DN-850, which confirmed the 
rather high accuracy of the calculation method for de-
termining residual welding stresses.

Conclusions
The software “Girth Weld” allows in the typical cases 
of circumferential (girth) welded joints of pipelines and 
pressure vessels to obtain information on the mechanical 
properties of the weld metal and HAZ, residual stresses 
and deformations, to determine the redistribution of the 
stress-strain state as a result of PWHT, the influence of 
operational and test loads, to predict the structural integ-
rity and service life of welded structures with discontinu-

ity defects, which are detected as a result of non-destruc-
tive testing or postulated.

The computer program is oriented for engineering 
and scientific application and does not require the user 
to have special knowleadge in the calculation methods 
due to the full automation of the processes of creating 
a mathematical model, dividing the area into finite el-
ements, finding a solution and visualizing the results.

At the same time, the software provides high ac-
curacy of prediction results with limited require-
ments for computer and time resources due to the 
use of modern approaches to modeling physical and 
chemical processes in welding and economical algo-
rithms for solving nonlinear problems and systems of 
high-order differential equations.

Calculations were carried out for two test prob-
lems that are of practical interest and show the main 
declared capabilities of the computer program “Girth 
Weld”. The verification results indicate that the physi-
cal models and processes implemented in the computer 
program are correct, correspond to the accepted mod-
ern approaches for the description of physico-chemical 
processes during welding heating, mechanics of a de-
formable body and fracture mechanics. Based on the 
satisfactory agreement of the calculation results with 
the experimental measurements on the test sample of 
the girth welded joint of the pipeline DN850 of the first 
circuit of the WWVER-1000 reactor made of pearlitic 
steel, the software “Girth Weld” has been validated and 
can be used for modeling mechanical properties and 
the stress-strain state in the zone of butt circumferential 
welded joints of pipelines and pressure vessels.
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Iron-based binder alloy 
for plasma transferred-arc surfacing 
of composite alloys reinforced 
with cast tungsten carbides
O.I. Som
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3 Omelian Pritsak Str., 03142, Kyiv, Ukraine

ABSTRACT
Five iron-based industrial alloys with different alloying systems have been studied for the purpose of using them as a binder 
alloy for plasma-transferred arc surfacing of composite alloys, reinforced with cast spherical tungsten carbides (relite). It is 
shown that hard and wear-resistant alloys, such as Sormite-1 (PG-S1) and others do not provide an overall increase in the 
deposited metal wear resistance. Contrarily, they reduce it, as they poorly hold the tungsten carbide grains, which break away 
and are removed from the friction zone together with the matrix, not contributing to the resistance to wear. Alloys of Kh18N9 
type are not suitable, either, as they significantly increase their hardness and thus lower their ductility during surfacing due 
to additional alloying with carbon and tungsten. The best result was shown by a relatively soft copper-nickel alloy (cast iron) 
Ni-Resist.

KEYWORDS: plasma transferred-arc surfacing (PTA surfacing), spherical tungsten carbides, binder alloy (matrix), wear 
resistance, hardness, metal formation

INTRODUCTION
Binder alloy plays a big role in surfacing the wear-re-
sistant composite alloys based on cast tungsten car-
bides (relite). It should reliably hold the carbide par-
ticles from breaking away and provide a high wear 
resistance of the deposited metal on the whole, partic-
ularly under the conditions of impact-abrasive wear. 
Moreover, it should ensure good formation of the de-
posited metal and resistance to cracking in welding.

In practice low-melting self-fluxing nickel-based 
alloys of Ni‒Si‒B or Ni‒Cr‒Si‒B‒C systems of dif-
ferent hardness are widely used as binder alloy for 
plasma transferred arc (PTA) surfacing of composite 
alloys reinforced with tungsten carbides [1, 2, 12].

A disadvantage of application of such alloys, par-
ticularly in high-productivity surfacing (>3 kg/h), is 
spatter deposition on the plasma torch edge, which 
over time clogs the powder feed channel in long-term 
operation, and, consequently, disrupts the technologi-
cal process of surfacing. During application of plasma 
torches with inner powder feed [3] the surfacing pro-
cess disruption occurs even faster, because of metal 
drops appearing at the outlet of the focusing nozzle.

Proceeding from that, iron-based alloys are attrac-
tive in terms of increasing the stability of the surfac-
ing process. They have higher melting temperature 
and are less prone to drops forming at the plasma 
torch outlet during surfacing. In addition, they are 
much less expensive than the nickel alloys. Attempts 

to use iron-based alloys as a binder alloy were made 
before [4, 5], but they are not of a systemic nature, 
and do not provide replies or recommendations as to 
alloy selection.

OBJECTIVE OF THE WORK
The objective of this work is searching for an iron-based 
commercial alloy for using it as a binder during PTA sur-
facing of composite alloys based on tungsten carbides.

Selection criteria are as follows: formation of the 
deposited metal; crack resistance of the deposited 
composite metal; surfacing process stability; wear 
resistance under the conditions of abrasive wear; 
strength of deposited metal adhesion to the base.

INVESTIGATION MATERIALS 
The following industrial alloys, which in the author’s 
opinion can be used as the binder alloy, were select-
ed for investigations (Table 1). These alloys are pro-
duced by various foreign manufacturers in the form 
of powders suitable for PTA surfacing. Powders of 
63‒160 μm fraction were used in the experiments. 

To compare the service properties of the deposit-
ed metal, we also used in the experiments the known 
surfacing composite powder Durmat 61-PTA pro-
duced by DURUM Verschleißschutz GmbH (Ger-
many), which is a mixture of powders of Durmat 59-
PTA grade (nickel-based alloy of Ni‒Si‒B system of 
50 HRC hardness) and crushed tungsten carbide in the 
proportion of 40:60 wt.%, respectively.

The selected alloys differ significantly by chemical 
composition, deposited metal type, hardness and wear 
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resistance. Such a wide range of the alloys allows for 
better assessment of the influence of matrix type on 
the welding-technological and service properties of 
the composite deposited metal.

BRIEF CHARACTERISTICS OF THE ALLOYS
Alloy No. 1 is the classic (18–9) chromium-nickel 
steel of austenitic class. It is characterized by a high 
corrosion resistance and ductility, which is highly 
important under the conditions of abrasive wear with 
impacts. Application of such steel as the binder alloy 
is described in work [5].

Alloy No. 2 is the copper-nickel cast iron of auste-
nitic class, known under the Ni-resist brand name [6]. 
It also has high corrosion resistance and ductility. In 
addition, it is non-magnetic and has high antifriction 
properties. The high carbon content ensures its good 
welding technological properties. 

Alloys Nos 3 and 4 belong to the class of wear-re-
sistant high-vanadium cast irons, the valuable proper-
ties of which are a fine-grained structure and increased 
impact toughness [7]. The main wear-resistant phase 
in them is primary vanadium carbides VC. We select-
ed two compositions for the experiments, which differ 
by matrix type, hardness and wear resistance. 

Alloy No. 3 has an austenitic-martensitic matrix 
with 44‒46 HRC hardness, which ensures that it op-
timally combines high wear resistance with ductility 
required for resistance to impact loads and to cracking 
during surfacing [8].

Alloy No. 4 has a martensitic matrix with low aus-
tenite content (6‒8 %). Its hardness after PTA surfac-
ing is equal to 60–62 HRC. Compared to alloy No. 3, 
the deposited metal has more carbide phase, due to a 
higher alloying with vanadium and carbon. 

Alloy No. 5 is a high-chromium cast iron of hyper-
eutectic type, known as Sormite 1, which is character-
ized by a high wear-resistance under the conditions of 
abrasive wear. The structure of metal deposited with it 

consists of coarse chromium carbides of Cr23 C6 type, 
carbide eutectics and residual austenite [9].

Used as the reinforcing wear-resistant material was 
powder of spherical tungsten carbide of 100–200 μm 
fraction, produced by Resurse-1 Ltd., Ukraine [10].

Deposition was performed on ground plates from 
steel 20 of 120×120×25 mm size, using equipment of 
Plasma-Master LTD Company with a plasma torch of 
RR-6-03 model (Figure 1).

The matrix and reinforcing powders were fed 
separately from two feeders in the proportion of 
40:60 wt.% to avoid their separation and to maintain 
this proportion constant during the surfacing process. 
The powders were supplied to the weld pool as a mix-
ture, formed by merging of the two flows directly at 
the inlet to the plasma torch.

Several surfacing variants were realized in the 
experiments. Both single and double beads were 
deposited with an overlap (Figure 2). Surfacing 

Table 1. Chemical composition of iron-based alloys used in the experiments as binder alloy

Binder alloy type 
(powder grade)

Chemical element composition, wt.% Hardness, 
HRCC Mn Si Cr Ni V Mo Cu

1. 08Kh18N9 
(PR-Kh18N9) 0.08 0.7 0.5 18.0 9.5 ‒ ‒ ‒ 140 HB

2. 270N15D7Kh3CS2 
(PR-ChN15D7) 2.7 0.8 2.1 2.8 14.8 ‒ ‒ 6.5 26

3. 220Kh18F7N3M2 
(PMalloy 21) 2.2 0.8 0.7 17.8 2.8 7.1 2.4 ‒ 46

4. 300F11Kh6NM 
(PlasweldTMFerroV10) 3.0 0.9 0.8 6.0 0.6 10.8 1.4 ‒ 60

5. 300Kh30N4S2 
(PG-S1) 3.0 1.2 3.2 29.8 4.0 ‒ ‒ ‒ 54

Figure 1. Plasma transferred-arc surfacing unit with two powder 
feeders and RR-6-03 plasma torch
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was performed without the sample preheating, with 
preheating to 300 °C and using an underlayer from 
chromium-nickel austenitic steel 08Kh18N9. The 
preheating and the underlayer were used as methods 
to prevent cracks in the deposited metal. Samples of 
16×16×6 mm size (Figure 3, a) for testing the alloys 
for wear resistance in NK machine (stationary ring) 
[11] and samples of 50×16×8 mm size for surfaced 
metal testing for delamination during bending (Fig-
ure 3, b) were cut out of the surfaced plates by spark 
method. The upper part of the deposited layer in both 
the cases was ground to the level, at which the tung-
sten carbide particles were relatively uniformly dis-
tributed over the cross-section. The same samples 
were used for metallographic studies.

Quality of the deposited metal formation was as-
sessed visually, and presence of cracks — visually 
and using dye penetrant flaw detection.

Schematic of wear resistance testing of the sur-
faced samples is shown in Figure 4.

Testing conditions were as follows: load on the 
sample — 3 kg, friction path — 700 m, sliding (fric-
tion) speed — 6 m/s, abrasive medium — wet river 
quartz sand.

The standard was annealed steel 45, which was 
used to control the wear conditions. The friction path 
length was selected from the condition of producing 
a noticeable wear of samples. Wear resistance was as-
sessed by the loss of sample weight, using scales with 
up to 0.001 g precision.

Testing the samples for deposited metal delamination 
from the base was performed under static loading in the 
press by the schematic shown in Figure 5. Loading was 
applied from the base metal side. Bend angle was 150о.

Deposited metal microstructure was studied using 
Neophot-21 photomicroscope, and the microhardness 
was measured in Leco M400 Instrument.

ANALYSIS OF EXPERIMENTAL RESULTS. 
BEAD FORMATION
All the considered compositions without exception 
provide very good formation of the deposited metal, 
both during deposition of single beads and double 

Figure 2. Schematic of surfacing the plates to study the formation 
and crack resistance of the deposited metal: a — single bead; b — 
double bead with an overlap

Figure 3. Samples for studying the deposited metal wear re-
sistance in NK machine (a) and its delamination from the base 
during bending (b)

Figure 4. Schematic of wear resistance testing of surfaced sam-
ples in NK machine: 1 — test sample; 2 — rotating cross-piece; 
3 — standard; 4 — abrasive with water; 5 — copper ring; 6 — bed 
plate

Figure 5. Schematic of testing samples for deposited metal de-
lamination from the base
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beads with an overlap. The beads are even and clean, 
without any traces of slag. In the points of bead over-
lapping in two-pass surfacing the metal is also clean. 
Base metal penetration is practically absent, which 
confirms the optimal balance of the surfacing param-
eters. Figure 6 shows as an example the appearance 
of the beads deposited using a composite alloy with 
binder No. 2 (270N15D7Kh3S2).

CRACKS IN THE DEPOSITED METAL
Visual examination and dye penetrant testing showed 
that cracks are present in some of the deposited beads. 
In case of deposition of individual beads without pre-
heating cracks were observed in compositions Nos 1 
and 5 (Table 2). They were located across the beads 
with minimal opening.

For variant No. 1 this is unexpected to some ex-
tent, considering the soft austenitic matrix. As shown 
by metallographic studies, however, it is soft only in 
surfacing without tungsten carbides (Table 2). In the 
presence of tungsten carbides its hardness HV01 is sig-
nificantly increased from 150 to 600. It occurs due 
to additional alloying of the matrix with carbon and 
tungsten as a result of partial dissolution of tungsten 
carbide grains during surfacing, which is confirmed 
by X-ray microprobe analysis. With increase of the 
matrix hardness its ductility decreases naturally, lead-
ing to appearance of cracks in the deposited metal. 
During surfacing with preheating, no cracks were fur-
ther observed in composition No. 1, and in compo-
sition No. 5 their number was greatly reduced. They 
disappeared completely in case of surfacing with pre-
heating on the underlayer (Table 2).

Crack situation deteriorates considerably during 
deposition of beads with an overlap without sample 
preheating. Such a variant is observed during con-
tinuous surfacing of large surfaces (for instance, 
armor plates) and in deposition of closed circular 
beads. Cracks are observed both in the first and in 
the next beads. Their nature is different in differ-
ent alloys. In compositions Nos 1 and 5 (Table 2) 
they look like a net (Figure 7, a), and in composi-
tions Nos 3, 4 and 6 they look like isolated cracks, 
located approximately normal to the solidification 
layers. Only one crack was revealed in composition 
No. 2 (Figure 7, b).

Figure 6. Appearance of beads deposited using a composite alloy 
with binder No. 2 (270N15D7Kh3S2): a — single bead; b — dou-
ble bead with an overlap

Table 2. Results of investigation of cracking resistance of experimental composite alloys during surfacing

Composition

Number of cracks per 100 mm of the deposited bead length Average microhardness 
of the matrix, HV01Single bead deposition Deposition of two beads with overlap

Without 
preheating

With 
preheating 

300 °C

With 
preheating on 

underlayer 
300 °C

Without 
preheating

With 
preheating 

300 °C

With 
preheating on 

underlayer 
300 °C

Pure (without 
tungsten 
carbides)

With 
tungsten 
carbides

1. 08Kh18N9 + 
tungsten carbides 1 0 0 Network 

of cracks 1 0 150 600

2. 270N15D7Kh3S2 + 
tungsten carbides 0 0 0 1 0 0 270 400

3. 220Kh18F7N3M2 + 
tungsten carbides 0 0 0 2 1 0 440 460

4. 300F11Kh6NM + 
tungsten carbides 0 0 0 4 1 0 690 720

5. 300Kh30N4S2 + 
tungsten carbides 3 1 0 Network 

of cracks 2 1 580 610

6. Ni‒Si‒B + 
tungsten carbides 0 0 0 2 1 0 ‒ 600
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The cause for appearance of additional cracks is 
the thermal impact on the previous bead, having a 
high level of internal stresses, as well as higher rigid-
ity of the joined beads.

Preheating noticeably decreases the number of 
cracks in the deposited metal, and presence of an un-
derlayer from austenitic chromium-nickel steel even 
more promotes their reduction (Table 2). Cracking 
cannot be avoided only in deposition of composition 
No. 5 with binding alloy 300Kh30N4S2 (Sormite 1).

DEPOSITED METAL WEAR RESISTANCE
As was mentioned above, the wear resistance of the 
surfaced samples was tested in the NK laboratory ma-
chine. The results are given in Table 3 and in Figure 8.

For better understanding of the matrix influence on 
the composite alloy wear resistance, an investigation 
of wear resistance of the matrices proper without the 
tungsten carbides was conduced separately. The re-
sults are given in the same work. 

From the given results it is clearly seen that the 
composition in which a relatively soft copper-nick-
el austenitic cast iron Ni-resist (No. 2) is used as the 
binder alloy has the highest wear resistance in the 

Figure 7. Cracks in deposited compositions: a — 08Kh18N9 + 
tungsten carbides; b — 220Kh18F7N3M2 + tungsten carbides

Figure 8. Diagram of wear resistance of the deposited metal vari-
ants tested in NK machine: I — pure binder alloy; II — composite 
alloy with tungsten carbides

Table 3. Results of wear resistance testing of the deposited alloys

Type of binder alloy

Loss of sample weight, g

Binder alloy hardness, HRC
Pure binder alloy Composite alloy 

(binder alloy + tungsten carbides)

1. 08Kh18N9 0.412 0.221 140 HB
2. 270N15D7Kh3S2 0.382 0.018 26
3. 220Kh18F7N3M2 0.048 0.028 46
4. 300F11Kh6NM 0.068 0.092 60
5. 300Kh30N4S2 0.072 0.062 54
6. Ni‒Si‒B‒C ‒ 0.055 50

Figure 9. Texture of friction surfaces of the deposited composite alloys after testing: a — 270N15D7Kh3S2 (No. 2) + tungsten car-
bides; b — 300F11Kh6NM (No. 4) + tungsten carbides
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abrasive wear conditions. Compared to pure alloy, the 
deposited metal wear resistance when adding tung-
sten carbides to it rose more than 20 times. This is due 
to the fact that this alloy holds the tungsten carbide 
grains in the matrix very well, forcing them to take 
on all the wear energy. Tungsten carbide grains on the 
friction surface wear relatively evenly, maintaining a 
flat round shape (Figure 9). 

Figure 10 is the microstructure of this composite de-
posited metal, which clearly shows the shape and dis-
tribution of the spherical tungsten carbide grains in the 
matrix. As we can see, they are well preserved without 
any noticeable melting or dissolution. The matrix prop-
er has a fine-grained eutectic structure, consisting of an 
iron-based solid solution and carbides of cementite type 
(Fe, Cr)3C. No free graphite is visible.

A somewhat worse result was demonstrated by 
the variant with the austenitic-martensitic matrix 
220Kh18F7N3M2 (No. 3) (Figure 8). At the same 
time, it is worth mentioning that the wear resistance of 
this composition with tungsten carbides, compared to 
the pure alloy, increased only slightly, just 1.7 times. 
The alloy proper without the tungsten carbides resists 
wear well, due to the presence in its structure of up to 
70 % of metastable alloyed austenite and a large quan-
tity of primary vanadium carbides VC [8]. During 
friction such austenite transforms into deformation 
martensite, while absorbing the fracture energy. 

The hope for a high wear resistance of the composi-
tion with binder alloy 300F11Kh6NM (No. 4) was not 

justified. Despite the high hardness of the binder alloy 
(60 HRC) and large quantity of vanadium carbides in 
it, its wear resistance is generally not high (Figure 8). 
Paradoxically, it is lower than that of the pure alloy. 
The explanation of that may be that the hard martensi-
tic matrix does not hold the carbide grains well, which 
under such conditions are just torn out and are carried 
out of the friction zone together with the matrix and 
thus the wear resistance is reduced. This is clearly vis-
ible in the texture of the friction surface (Figure 9). 
Since the density of tungsten carbides is much higher 
than that of the matrix, its influence on the total loss of 
sample weight is more noticeable in this case.

Wear resistance is not noticeably increased in com-
position No. 5 based on 300Kh30NH4S2 (Sormite 1), 
either, by just 12‒15 %. Here also the strength of tung-
sten carbide grains fixing to the matrix plays a role.

Composition No. 6 (Durmat 61-PTA) based on 
nickel alloy of Ni‒Si‒B system showed a good result 
(Figure 8), although it is noticeably inferior to compo-
sitions Nos 2 and 3. This leads to the conclusion that 
the latter can be a good replacement for it.

Figure 10. Deposited metal microstructure

Figure 12. Examples of effective application of PTA surfacing of a composite alloy with 270N15D7Kh3S2 binder alloy: a — tangential 
cutter; b — calibrator; c — leveling valve of blast furnace

Figure 11. Deposited samples after testing for delamination from 
the base during bending. Sample numeration is given according 
to Table 2
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DEPOSITED METAL DELAMINATION
Results of testing the deposited samples for delami-
nation are shown in Figure 11. As we can see, the de-
posited layer fracture is brittle in all the compositions, 
without bending. All the samples have one crack each 
in the site of load application. No delamination from 
the base metal was noted. This gives grounds to state 
that the deposited metal adhesion to the base in all 
the variants of the composition is strong, and under 
the real conditions presence of cracks in it should not 
have any noticeable influence on its total performance. 

Thus, analysis of laboratory studies showed that 
there are iron-based alloys, which cannot be used as 
the binder alloys for PTA surfacing with composite 
alloys based on tungsten carbides, and there are alloys 
which are highly promising for this purpose, for in-
stance Nos 2 and 3 (Table 1).

Alloy No. 2 (270N15D7Kh3S2) was selected for 
industrial trials, which showed the best wear resis-
tance and good formation of the deposited metal.

Figure 12 shows examples of effective application 
of PTA surfacing of the composite alloy using this 
binder alloy.

Conclusions
1. Iron-based alloy can be used with success as binder 
alloy for PTA surfacing of tungsten carbides. However, 
one should not use alloys, which, in combination with 
tungsten carbides significantly increase their hardness 
during surfacing, thus lowering the ductility. The high 
hardness impairs the fixation of the tungsten carbide 
grains, they are torn off, as a result of which a high wear 
resistance of the deposited metal is not achieved.

2. Wear-resistant alloys with a high hardness when 
applied as the binder alloy do not provide any notice-
able increase in the deposited metal wear resistance.

3. The relatively soft copper-nickel austenitic cast 
iron Ni-resist yielded the best result as the binder al-
loy. It provides excellent formation of the deposited 
metal, high wear resistance, and it is not too prone 
to cracking. This alloy can be recommended for wide 
application as a binder alloy for PTA surfacing based 
on tungsten carbides.
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Paton International — Evolutions in Years
The history of welding equipment manufacturing in Ukraine spans nearly a century. For over six decades, this lega-
cy has been intrinsically linked to PATON INTERNATIONAL, a company founded in 1959 at the renowned E.O. Pa-
ton Electric Welding Institute. Established to bring cutting-edge welding technologies developed by the Institute 
to market, PATON INTERNATIONAL has since produced hundreds of thousands of units of welding equipment for 
industries across virtually every continent. Today, PATON INTERNATIONAL stands as a leading Ukrainian manu-
facturer of welding equipment and consumables and holds a prominent position in the markets of the CIS region.
PATON’s two production facilities in Kyiv form the nucleus of its operations. These facilities collaborate closely 
with the E.O. Paton Electric Welding Institute, one of the world’s foremost research centers in the field of welding. 
The company’s in-house R&D laboratories manage every aspect of product development — from mechanical de-
sign and enclosure fabrication to the creation of advanced electronic circuits and proprietary software. As a result, 
PATON currently manufactures over 60 models of welding equipment, including: 
 manual arc welding (MMA) inverters rated from 150 to 630 A; 
 MIG/MAG semi-automatic welding machines from 150 to 630 A; 
 argon arc (TIG) inverters from 200 to 350 A;
 air-plasma cutting machines (CUT) from 40 to 100 A; 
 multifunctional welding inverters from 250 to 350 A.

PATON equipment integrates components sourced from leading global manufacturers such as INFINEON, VISHAY, 
KENDEIL, NXP, TOSHIBA, and TEXAS INSTRUMENTS. Complemented by high-quality welding accessories pro-
duced in Germany and Ukraine, the equipment reflects the company’s commitment to excellence. This dedication 
is backed by extended warranties of up to 5 years, demonstrating PATON’s confidence in the durability and reli-
ability of its products.
In addition to equipment, PATON INTERNATIONAL produces a comprehensive range of welding accessories 
and electrodes, including the 10 most popular grades that meet international standards such as AWS 5.1:E6013, 
E7015, E7018; A5.4:E347-16; 5.15:ESr; and EN 14700: E Z Fe14. Manufactured using refined formulations and 
raw materials from top-tier Ukrainian and international suppliers, PATON electrodes are certified by leading inter-
national quality bodies and are known for their excellent performance, arc stability, and user-friendly operation.
At the end of 2024, PATON once again reaffirmed its position as a technological leader by launching a new gen-
eration of welding machines. This release is the result of continuous improvement driven by feedback from 
professional welders and the evolving needs of modern manufacturing. Rather than being a routine upgrade, the 
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new generation marks a significant leap 
forward in welding technology. 
At the core of the new series is a com-
pletely redesigned hardware architec-
ture that operates five times faster 
than its predecessor. This advancement 
enables much higher precision and re-
sponsiveness in controlling the welding 
process. User experience has also seen 
a major boost: a new encoder makes 
parameter adjustments intuitive, while 
a large LCD display with a graphical 
interface provides clear, real-time visu-
al feedback during setup and operation.
The feature set has been significantly 
expanded, with enhancements to ex-
isting functions and the introduction of 
entirely new ones, including inductance adjustment, Smart Stop, SPOT mode, PULSE welding, and more. The 
interface now updates dynamically in real time, giving welders complete visibility and control throughout the 
welding process.
Thanks to its engineering innovations, high manufacturing standards, and decades of expertise, PATON’s products 
enjoy strong recognition among welding professionals both in Ukraine and around the world. Expanding its global 
reach remains a strategic priority for PATON. Today, the company exports to over 50 countries, spanning Latin 
America, Europe, Asia, Africa, and Australia.

One of PATON’s top priorities is strengthen-
ing its position on the European market — 
and it’s making bold strides forward.
By combining European-level quality, cut-
ting-edge functionality, energy efficiency, 
and compact design, PATON delivers a pow-
erful alternative to many global brands. And 
to ensure maximum convenience for Euro-
pean customers, the company has estab-
lished official branches in Poland (PATON 
Europe) and the United Kingdom (PATON 
Welding UK Ltd). These regional offices 
oversee logistics, service, and product dis-
tribution across the EU and the UK — bring-
ing PATON even closer to its customers.

To make PATON equipment more accessible than ever, the company has gone far beyond the traditional distributor 
model. PATON INTERNATIONAL has launched over 30 official regional online stores and ensured its presence on 
nearly all major European and global e-commerce platforms — Amazon, eBay, Kaufland, CDiscount, OnBuy, 
Leroy Merlin, Rakuten, and more. Whether you’re a DIY enthusiast or an industrial professional, finding and or-
dering PATON products is just a few clicks away.
And there’s even more good news for European buyers: thanks to partnerships with leading financial platforms 
like PayPal, Klarna, Comgate, Santander, and others, PATON equipment can now be purchased in convenient 
monthly installments. High-quality welding solutions are now more affordable and accessible than ever.
What truly sets PATON apart is its absolute transparency and confidence in the quality of its products. With one of 
the longest warranty periods on the market, PATON proudly stands behind every machine it builds. The company 
is also actively represented on top reputation platforms like Trustpilot and Trustmate, where real users and cus-
tomers freely share their experiences, leaving honest and qualified reviews.
PATON INTERNATIONAL is not just a manufacturer — it’s a driver of innovation. Constantly investing in research 
and development, the company is committed to its global mission: to empower welders around the world with 
accessible, reliable, and high-performance welding solutions.

 Learn more at paton-welding.com/en


