
1                                                                                                            

International Scientific-Technical and Production Journal  ♦  Founded in January 2000 (12 Issues Per Year)

© E.O. Paton Electric Welding Institute of NASU, 2026 
© International Association “Welding” (Publisher), 2026

The content of the Journal includes articles received from authors from around the world in the field of welding, cutting, cladding, 
soldering, brazing, coating, 3D additive technologies, electrometallurgy, material science, NDT and selectively includes translations into 
English of articles from the following journals, published in Ukrainian:
• «Avtomatychne Zvaryuvannya» (Automatic Welding), https://patonpublishinghouse.com/eng/journals/as;
• «Suchasna Elektrometalurhiya» (Electrometallurgy Today), https://patonpublishinghouse.com/eng/journals/sem; 
• «Tekhnichna Diahnostyka ta Neruinivnyi Kontrol» (Technical Diagnostics & Nondestructive Testing), https://patonpublishinghouse.com/eng/journals/tdnk.

E.O. Paton Electric Welding Institute of the National Academy of Science of Ukraine 
– • – 

International Association “Welding”

The Paton Welding Journal 04
2026

EDITORIAL BOARD
editor-in-chief

Igor Krivtsun 
E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine

Deputy Editor-in-Chief 
Michael Gasik 

Aalto University, Espoo, Finland
Deputy Editor-in-Chief 

Jacob Kleiman 
Integrity Testing Laboratory, Markham, Canada

Editorial Board Members
Serhii Akhonin 

E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine
Chunlin Dong 

Guangzhou Jiao Tong University, China
Shiyi Gao 

China-Ukraine Institute of Welding, 
Guangdong Academy of Sciences, Guangzhou, China

Len Gelman 
The University of Huddersfield, UK

Andrey Gumenyuk 
Bundesanstalt für Materialforschung und –prüfung (BAM), 

Berlin, Germany
Vitalii Knysh 

E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine
Volodymyr Korzhyk 

E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine
Victor Kvasnytskyi 

NTUU «Igor Sikorsky Kyiv Polytechnic Institute», Ukraine
Yuliia Kvasnytska 

Physico-Technological Institute of Metals and Alloys 
of the NASU, Kyiv, Ukraine

Leonid Lobanov 
E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine

Eric Macdonald 
The University of Texas at El Paso, USA

Anatoliy Maistrenko 
V. Bakul Institute for Superhard Materials 

of the NASU, Kyiv, Ukraine
Serhiy Maksymov 

E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine
Dhanesh G. Mohan 

School of Engineering University of Sunderland England, 
United Kingdom

João Pedro Oliveira 
Universidade NOVA de Lisboa, Portugal

Valerii Peremitko 
Dniprovsky State Technical University, Kamianske, Ukraine

Valeriy Pozniakov 
E.O. Paton Electric Welding Institute of the NASU, Kyiv, Ukraine

Uwe Reisgen 
Welding and Joining Institute, Aachen, Germany

Massimo Rogante 
Rogante Engineering, Civitanova Marche, Italy

Cezary Senderowski 
Mechanics and Printing Institute, Warsaw University 

of Technology, Poland
Magdalena Speicher 

Kempten University of Applied Sciences, Germany
Mattias Thuvander 

Chalmers University of Technology, Goteborg, Sweden
Valentyn Uchanin 

Karpenko Physico-Mechanical Institute of the NASU, Lviv, Ukraine
Gerald Wilhelm 

University of Applied Sciences of Munich, Germany
Yongqiang Yang 

South China University of Technology, Guangzhou, China
Executive Editor 

Oleksandr Zelnichenko 
International Association “Welding”, Kyiv, Ukraine

Address of editorial office: 
E.O. Paton Electric Welding Institute, 11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 
E-mail: office@paton.kiev.ua; https://paton.org.ua/en/
Address of Publisher: 
International Association “Welding”, 11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 
Tel.: (38044) 205 23 90, E-mail: patonpublishinghouse@gmail.com; journal@paton.kiev.ua 
https://patonpublishinghouse.com/eng/journals/tpwj
The Journal was registered by the National Council of Ukraine on Television and Radio Broadcasting on 09.05.2024, carrier identifier R30-04569 
ISSN 0957-798X (Print), ISSN 3041-2293 (Online) 
DOI: https://doi.org/10.37434/tpwj, from #01, 2020 to now; DOI: https: //doi.org/10.15407/tpwj from #01, 2014 to #12, 2019.
Subscriptions, 12 issues per year: 
348 Euro — annual subscription for the printed (hard copy) version, air postage and packaging included; 
288 Euro — annual subscription for the electronic version (sending issues in pdf format or providing access to IP addresses).
Representative Offices of “The Paton Welding Journal”:
Brazil, Arc Dynamics 
Address: Nova Iguacu, Rio de Janeiro, Brazil 
Daniel Adolpho, tel.: +55 21 9 6419 5703, 
E-mail: dadolpho@arcdynamics.com.br

Bulgaria, Bulgarian Welding Society 
Address: Blvd. Asen Yordanov No.10, Sofia 1592, Bulgaria 
Pavel Popgeorgiev, Tеl.: +359 899 96 22 20, 
E-mail: office@bws-bg.org

China, China-Ukraine Institute of Welding, Guangdong Academy of Sciences 
Address: Room 210, No. 363 Changxing Road, Tianhe, Guangzhou, 510650, China 
Zhang Yupeng, Tеl.: +86-20-61086791, 
E-mail: patonjournal@gwi.gd.cn

Poland, PATON EUROPE Sp. z o. o. 
Address: ul. Kapitałowa 4, 35-213, Rzeszów, Poland 
Anton Stepakhno, Tеl.: +38067 509 95 67, 
E-mail: Anton.Stepakhno@paton.ua



CONTENTS

ORIGINAL ARTICLES
V.A. Matviichuk, V.M. Nesterenkov, M.O. Sysoev 
Effect of process parameters of the additive electron beam process 
on the properties of thin-walled roducts from VT6 alloy** ............................    3

V.G. Grechanyuk, I.M. Grechanyuk 
Corrosion resistance of vapour-phase condensates (Cu–Y–Zr)–Mo 
in atmospheric conditions*** ............................................................................................  11

G.G. Didikin 
Production and refining of metallurgical silicon to solar-grade 
silicon (Review) .......................................................................................................................  15

L.M. Lobanov, O.V. Makhnenko, O.S. Milenin, O.A. Velykoivanenko, G.P. Rozynka, 
N.R. Basystyuk, G.Yu. Saprykina 
Computer program for modelling stress-strain state of 
a circumferential welded joint** ...................................................................................  24

Yu.V. Yurchenko 
Analysis of actual problems of laser welding of thin-walled products 
made of stainless steels (Review)* ................................................................................  37

2

THE PATON WELDING JOURNAL, ISSUE 04, April 2026	 ISSN 0957-798X

                                                                                                                                                                                  

                                                                                                                                                                                                    

Indexing: The electronic edition of “The Paton Welding Journal” is stored in the V.I. Vernadsky National Library of Ukraine 
(eVerLib), included in the OPEN UKRAINIAN CITATION INDEX database and international databases: CROSSREF, 
EBSCO, Google Scholar, INDEX COPERNICUS, Scilit, ULRICHSWEB, BASE, Jisk, German Union Catalogue of Serials 
(ZDB), SCISPACE, TIB — Leibniz Information Centre for Science and Technology and University Library.

                                         

                                         

          

The purpose of “The Paton Welding Journal” is to emerging new scientific knowledge, to present a forum for discussing 
of new result in welding and related technologies which contribute to the creation of new technologies and engineering 
samples with improved technical and economic performance and to facilitate their implementation. That is why in articles 
published in the journal, the emphasis is on both scientific novelty and practical value. Extensive cooperation of the Journal 
with research institutes, educational centers and industrial makes it possible to review articles by leading experts and to 
involve in the publication of advanced research results.

           

*Translated Article(s) from “Avtomatychne Zvaryuvannya” (Automatic Welding), No. 6, 2025. 

**Translated Article(s) from “Avtomatychne Zvaryuvannya” (Automatic Welding), No. 2, 2026.
***Translated Article(s) from “Suchasna Elektrometalurhiya” (Electrometallurgy Today), No. 1, 2026.



3

ISSN 0957-798X	 THE PATON WELDING JOURNAL, ISSUE 04, April 2026                                                                                                                                                                                                   

                                                                                                                                                                                             

Copyright © The Author(s)

DOI: https://doi.org/10.37434/tpwj2026.04.01

Effect of process parameters 
of the additive electron beam process 
on the properties of thin-walled products 
from VT6 alloy
V.A. Matviichuk, V.M. Nesterenkov, M.O. Sysoev

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

ABSTRACT
The subject of investigation is the process of structure formation and mechanical properties of thin-walled products fabricated 
by additive electron beam melting (EBM) technology from VT6 titanium alloy (Ti–6Al–4V) powder. The alloy is widely used 
in industry due to its high weldability, strength, and fatigue resistance. Spherical VT6 titanium alloy powder with a particle 
size of 40–160 µm, produced by rotary plasma atomisation, was used as feedstock. A computer model was created in Materi-
alise Magics software, from which 36 specimens were printed at beam travel speeds ranging from 500 to 6000 mm/s. It was 
established that a beam travel speed of 500 mm/s combined with an energy density of 40 J/mm³ ensures complete melting 
of the powder layer, stable shape formation, and controlled thermal conditions. This promotes the formation of a balanced 
(α+β)-microstructure with acicular α-phase morphology and α-lamella thickness of 0.5–1.5 µm. The volume fraction of α-Ti 
is 90±3 %, β-Ti — 10±3 %. The microhardness level of the specimens is HV0.1 = 3.5±0.7 GPa. The results demonstrate that 
the combination of high-quality powder feedstock and a rational printing mode ensures high process reproducibility, structural 
stability, and suitability of the technology for manufacturing thin-walled products.

KEYWORDS: additive technology, electron beam, VT6 titanium alloy, Ti–6Al–4V, thin-walled products, process parameters, 
microstructure, chemical composition, microhardness

Introduction
Traditional metal processing methods are often lim-
ited in their capability to produce components with 
complex configurations. This drives the active devel-
opment of additive technologies, which enable the 
fabrication of complex-shaped parts with predicted 
properties [1].

Research on additive manufacturing processes 
is relevant to modern materials science, production 
technologies, and mechanical engineering. Its scien-
tific significance is determined by a set of fundamen-
tal and applied challenges that remain insufficiently 
resolved to date. Industry continuously requires new 
solutions for the fabrication of lightweight, strong, 
and heat-resistant structures. This is especially true 
for components made from titanium alloys that op-
erate under high temperatures, variable loads, and 
aggressive environments [2]. The VT6 titanium alloy 
of the Ti–6Al–4V alloying system is one of the most 
widely used in industry due to its combination of high 
strength, thermal, and corrosion resistance [3]. These 
properties provide for its broad application in the 
aerospace, energy, and medical sectors.

In the field of additive manufacturing, intensive 
development is observed in wire-based technolo-
gies — Wire Arc Additive Manufacturing (WAAM), 
Wire-based Directed Energy Deposition (wire-DED), 

Laser Metal Deposition (LMD) — as well as pow-
der-based methods such as Selective Laser Melting 
(SLM) and Electron Beam Melting (EBM) [4]. In [5], 
thin-walled specimens of Ti–6Al–4V alloy produced 
by wire-DED were investigated. This method is char-
acterised by limited resolution, which complicates its 
application for producing thin-walled products with 
complex geometries. As noted in [6], wire-DED tech-
nology has lower shape formation accuracy compared 
to powder-based methods such as SLM and EBM. 
These technologies use a laser or electron beam as the 
energy source, which ensures stable powder melting 
and precise component geometry. In [7], the mechani-
cal, microstructural, and electrochemical properties of 
Ti–6Al–4V specimens fabricated by EBM and SLM 
are compared. It is shown that EBM provides high-
er strength, uniform elongation, a more favourable 
microstructure, stable temperature conditions, and 
operation in a high vacuum environment, which is 
especially important for chemically reactive titanium 
alloys [3]. However, the comparative nature of that 
study did not allow printing parameters to be deter-
mined for specific product types. A number of techni-
cal issues remain open for further investigation.

In [8], the effect of EBM parameters on the prop-
erties of Ti–6Al–4V products was examined. The 
authors identified process modes ensuring optimal 
morphology and stable material structure. In [9], the 
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influence of EBM parameters on the microstructure 
and microhardness of titanium alloys was studied. It 
was shown that Ti–6Al–4V forms a dense cast struc-
ture with lamellar-acicular αʹ-phase and a uniform mi-
crohardness distribution. However, that study did not 
cover thin-walled components, which are more sensi-
tive to thermal gradients and local defects.

Previous research demonstrates the advantages 
of EBM over other methods (SLM, wire-DED), yet 
leaves open the question of process parameter optimi-
sation for thin-walled products, which are more sus-
ceptible to thermal gradients and local defects. There-
fore, identifying the patterns governing the influence 
of EBM parameters on the structure and properties of 
thin-walled components from VT6 titanium alloy is 
highly relevant.

Thus, research in this direction has both scientif-
ic value — elucidating the mechanisms of structure 
formation and phase transformations — and practical 
value — ensuring the production of components with 
homogeneous structure, stable properties, and high 
reproducibility under industrial conditions.

The aim of the study
is to investigate the patterns of thin-walled specimen 
formation produced by EBM from VT6 titanium alloy 
powder.

To achieve this aim, the following tasks were set:
● to investigate the surface morphology of thin-

walled specimens;
● to determine their macro- and microstructure;
● to investigate chemical and phase composition;
● to measure microhardness;

● to identify printing modes that provide the best 
structural condition.

The object of investigation
is the process of structure formation and mechanical 
properties of thin-walled products fabricated by EBM 
from VT6 titanium alloy powder.

Materials and Equipment
VT6 titanium alloy powder produced by rotary plasma 
atomisation of a rod blank on equipment by Multiflex 
LLC (Ukraine) [10] was used in the study. The pow-
der granules have a spherical shape with diameters of 
40–160 µm, ensuring high bulk density, flowability, 
and uniform melting during printing. The chemical 
composition of the powder is given in Table 1.

Test specimens were fabricated by EBM using 
experimental equipment developed at the PWI. A de-
tailed description of the equipment, process parame-
ters, and control algorithms is given in [11, 12].

Printing was carried out in a vacuum chamber at a 
working pressure of 10‒2 Pa. The accelerating voltage 
of the electron beam gun was 60 kV. The sequence of 
operations, stages of specimen fabrication, and print-
ing process parameters were determined on the basis 
of prior research [12]. Five electron beam scanning 
speed modes in the range of 500–6000 mm/s were em-
ployed. The choice of this range is both technological-
ly and economically justified, as it provides an optimal 
combination of product quality and process efficiency. 
The powder layer thickness was 100 µm; a bidirec-
tional scanning strategy with a trajectory offset step 
of 0.2  mm was selected, with the scanning direction 
of each subsequent layer rotated by 90°. The effective 

Figure 1. Models and products: a — assembly model; b — test products, 1–9 — specimen groups

Table 1. Chemical composition of VT6 powder in accordance with TU U 24.4-31914753-001:2018 [10]

Alloying elements, wt.% of particles Impurities, wt.% of particles

Al V Fe Ti O C N H

5.5–6.75 3.5–4.5 ≤ 0.3 Base ≤ 0.2 ≤ 0.08 ≤ 0.05 ≤ 0.015
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beam diameter was determined by the dynamic focus-
ing current. Two outer contours were used to improve 
geometric accuracy [13]. During printing, the powder 
layer temperature was maintained at 680 °C [12].

A three-dimensional model of the products, incor-
porating fragments of rotor group components of a 
gas turbine engine, was created in Materialise Mag-
ics. Nine groups of specimens were realised, each cor-
responding to a separate printing mode (Figure 1, a).

A total of 36 specimens (Figure 1, b) were printed 
with the following geometric parameters: length  — 
30 mm, working section width — up to 2.5 mm, trailing 
edge thickness — 5 mm, height — 10 mm, of which 5 
mm constitute the technological supports. Each of the 
9 groups contained 4 specimens produced with varying 
beam speed, energy density, and focusing.

Research Methods
Microstructure investigations were performed us-
ing conventional methods. Cross-sectional cuts 
were made on an electro-discharge machine. Spec-
imens were ground on abrasive paper and polished 
with diamond suspension. Surfaces were etched 
in an aqueous solution of 6 % HNO3 and 2 % HF. 
Structures were examined using a Carl Zeiss Jena 

optical microscope. Digital processing of micro-
graphs and quantitative assessment of micro-de-
fects were performed in ImageJ software. Surface 
topography and phase composition analysis were 
carried out using TESCAN VEGA 3 SBH EP scan-
ning electron microscope at an accelerating voltage 
of 20 kV. Chemical composition and element dis-
tribution in the metal structure were determined by 
XRF using Bruker Quantax 610M spectrometer in 
the atomic number range from magnesium (Z = 12) 
to uranium (Z = 92). Phase analysis was carried 
out by X-ray diffraction (XRD) using Inel EQUI-
NOX-1000 diffractometer in grazing incidence ge-
ometry at an angle of incidence of 5° to the surface. 
The X-ray source was a copper anode . Diffraction 
patterns were recorded in the range 2θ = 30–80° us-
ing a radial position-sensitive detector. Experimen-
tal data were processed in Match! software. Phase 
volume fractions were determined by the Rietveld 
method. Microhardness was measured by the Vick-
ers method using PMT-3 instrument. Tests were 
conducted at a load of 0.1 kgf (0.98 N) with a dwell 
time of 10 s. Measurements were performed with a 
step of 250 µm within the cross-section, with one 
indentation at each control point.

Figure 2. Surface morphology of specimens: a — porous; b — dense; c — bumpy

Table 2. Process printing parameters and surface morphology type of specimens

Group (Figure 1)

Beam parameters
Surface morphology 

typeSpeed, mm/s Power, W Energy density, 
J/mm3

Dynamic focus 
current, A

1 6000 2160 18 0

Porous

2 2000 1000 25 0.83
3 2000 1000 25 0
4 4000 1760 22 0
5 4000 1760 22 0.83
6 4000 1760 22 0.55
7 1000 900 45 0 Bumpy
8 500 400 40 0 Dense
9 1000 900 45 1.11 Bumpy
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Results and Discussion

Investigation 
of specimen surface morphology
The surface condition of the specimens (Figure 1, b) 
was evaluated visually. Initial inspection allowed the 
specimens to be classified into three types according 
to surface morphology: porous (Figure  2,  a), dense 
(Figure 2, b), and bumpy (Figure 2, c). The process 
printing parameters and the corresponding surface 
morphology type are given in Table 2.

Analysis of the data (Figure 1, b; Table  2) 
showed that the best (defect-free) surface condi-
tion corresponds to dense morphology, observed in 
Group No.  8 specimens printed at a beam speed of 
500  mm/s. Bumpy morphology is characteristic of 
specimens from Groups Nos 7 and 9, produced at a 
beam speed of 1000 mm/s. Porous morphology with a 
large number of defects is characteristic of specimens 
from Groups Nos 1–6, produced at beam speeds in the 
range of 2000–6000 mm/s.

Based on the data from Figure 1, b and Table 2, it 
was established that surface morphology is significant-
ly dependent on beam travel speed and beam power, 
whereas the effect of focusing parameters proved to be 
less significant. The results are explained by the char-
acteristics of thermal processes in the melting zone. At 
high travel speeds (2000–6000 mm/s), beam power was 

excessive, leading to excessive heat input and porous 
surface formation. Bumpy morphology, characteristic 
of 1000 mm/sspeed may be associated with localised 
overheating causing surface irregularities. Reducing 
the speed to 500 mm/s, however, ensures an optimal 
balance between beam power and speed.

One specimen from each of Groups Nos 1, 3, 4, 7, 
and 8 (Table 2) was selected for further investigation, 
covering the full range of speed modes studied.

Investigation 
of specimen structure
In addition to surface condition, the microstructural 
state is an important material characteristic. Analysis 
of the microsections (Figure 3) revealed defects in the 
form of micropores. Defect assessment was carried 
out by digital processing of micrographs, allowing 
their number, dimensions, and area to be determined. 
Measurement results are given in Table 3.

Analysis of Table 3 data established that Speci-
mens Nos 1, 3, and 4 have a significant number of de-
fects — 10 or more — and porous surface morphology 
(Table 2). The mean defect area was 9124–18294 µm2 
with a mean size of 110–156 µm (Table 3). Specimen 
No. 7 had a bumpy surface type (Table 2). The mean 
defect area did not exceed 7775 µm2 with a mean size 
of 102 µm. The number of identified pores was only 
three (Table 3). Specimen No. 8 was characterised by 
a dense surface (Table 2) with a minimum number of 

Figure 3. Structures of specimens, No.: a — 1; b — 3; c — 4; d — 7; e — 8. The area investigated is marked in red
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defects — 5 pores — with a mean area not exceeding 
7377 µm2 and a mean size of 99 µm (Table 3).

The analysis confirmed a clear correlation between 
surface morphology (Figure 2) and internal defective-
ness (Table 3). The increased number and area of de-
fects in specimens with porous morphology indicates 
that surface condition may serve as an indicator of 
internal structure. The reduction in defectiveness in 
Specimens Nos 7 and 8 demonstrates the possibility 
of optimising printing parameters to achieve a stable 
structure with minimum defects. Specimens Nos  7 
and 8 were selected for further investigation as they 
exhibit the best surface condition and minimum de-
fect area and number.

Metallographic examination of Specimen No. 7 at 
×50 magnification revealed that the metal structure 
consists of crystallites with different etching degrees, 
40–300 µm wide (Figure 4, a). The structure demon-
strates a pronounced zonality arising from local ther-
mal gradients and non-uniform cooling. At the macro 
level (Figure 4, a), a coarse, non-uniform structure is 
observed consisting of columnar α-phase crystallites 
and residual β-phase that did not fully transform. At 
the micro level (Figure 4, b), elongated α-lamellae ori-

ented in one direction are identified, with thin β-phase 
interlayers between them. This morphology is indica-
tive of martensitic transformation of the β-phase due 
to rapid cooling in the upper layers. SEM imaging 
(Figure 4, c) confirms the presence of a basket-weave 
structure with α-lamellae 0.8–1.5 µm thick. Such 
non-uniformity may result in differences in proper-
ties: fine-grained regions with elongated α-lamellae 
potentially exhibit higher hardness, whereas coarse-
grained regions are more prone to local failure due to 
porosity or microcracks.

Investigation of Specimen No. 8 established that the 
metal structure at ×50 magnification is more balanced 
(Figure  4, d). It consists of crystallites with different 
etching degrees, 30–300 µm wide, growing in the di-
rection of the heat flow, while β-phase is partially sta-
bilised in the interlamellar volume. At the micro level at 
×500 magnification (Figure 4, e), an (α+β)-structure is 
identified with α-lamellae between which thin β-phase 
interlayers are located. SEM imaging at ×5000 magnifi-
cation (Figure 4, f) confirms dense packing of α-lamel-
lae 0.6–1.1 µm thick and uniform distribution of the 
β-phase, forming a balanced (α+β)-morphology (Fig-
ure 4, g). Such a structure indicates more stable cooling 

Table 3. Results of internal defect investigations in test specimens

Specimen No. 
(Figure 3)

Defect area (S) and size (D) Number of identified 
defectsSmax, µm2 Dmax, µm Smin, µm2 Dmin, µm Sav, µm2 Dav, µm

1 40477 232 3618 69 18294 156 10
3 40454 232 3182 65 14841 141 10
4 17699 154 3022 63 9124 110 11
7 20733 166 2647 59 7775 102 3
8 13064 132 3212 65 7377 99 5

Figure 4. Microstructures of specimens: No. 7 (a–d); No. 8 (e–h)
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conditions and a more uniform thermal cycle, providing 
better property homogeneity.

Investigation of chemical and 
phase composition of specimens
The investigations showed that chemical composition 
significantly influences the microstructure of speci-
mens, particularly the Al content, which determines 
α-phase stability and the phase balance.

According to the data in Table 4, it was established 
that in Specimen No. 7 the Al concentration (5.059 %) 
is below the standard range (5.3–6.8 %), which causes 
a shift in equilibrium towards the β-phase and struc-
tural non-uniformity. In Specimen No. 8, the Al con-
tent (5.644 %) conforms to the standard, ensuring a 
stable lamellar α-phase. Thus, Specimen No. 8 has 
the required chemical composition for the formation 

of a balanced (α+β)-microstructure, while Specimen 
No. 7 exhibits phase imbalance due to Al deficiency.

X-ray phase analysis allowed the phase composi-
tion of specimens to be determined, and the degree 
of crystallinity, structural purity, and the influence of 
chemical composition on phase equilibrium to be as-
sessed.

XRD results (Figure 5, a) established that Speci-
men No. 7 exhibits α-phase with a hexagonal close-
packed lattice and β-phase with a body-centred cu-
bic structure, where the volume fraction of α-phase 
is 87±3 % and that of β-phase is 13±3 %. As shown 
in [15], a reduction in Al content leads to a shift in 
phase equilibrium towards the β-phase and reduces 
the morphological stability of the α-phase, which may 
adversely affect mechanical properties.

Specimen No. 8 demonstrates a clear coincidence 
of diffraction peaks with reference values (Fig-
ure 5, b). The intensity and sharpness of the reflec-
tions indicate a high degree of crystalline perfection 
of the phases. This is characteristic of a well-formed 
α-phase with a volume fraction of 90±3 %. The vol-
ume fraction of the β-phase is 10±3 %. The obtained 
α/β ratio is characteristic of VT6 alloy. As shown in 
[7] the high crystallinity and the absence of amor-
phous regions are indicative of a stable thermal crys-
tallisation mode during EBM, ensuring homogeneity 
of phase composition and improved mechanical prop-
erties. This is consistent with the chemical analysis 
results, where the Al and V content in Specimen No. 8 

Table 4. Chemical composition of specimens (XRF), wt.% (Ti — base)

Designation
Chemical element

Mg Al Si V Fe Ni Zr

Specimen No. 7 – 5.059 0.058 4.177 0.102 0.022 0.01
Specimen No. 8 – 5.644 0.062 4.091 0.104 0.046 0.0076
VT6 alloy [14] ≤ 0.30 5.3‒6.8 ≤ 0.1 3.5‒5.3 ≤ 0.6 ≤ 0.08 ≤ 0.30

Figure 5. XRD results of specimens: a — No. 7; b — No. 8

Figure 6. Microhardness (HV0.1) variations in specimens, No.: 
1 — 7; 2 — 8
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is within the standard range (Table 4), promoting the 
formation of a balanced (α+β)-microstructure.

Microhardness measurements
To evaluate local mechanical properties, microhard-
ness measurements were carried out for Specimens 
Nos 7 and 8 within the cross-section.

It was established that on the surface of Specimen 
No. 7 microhardness is HV0.1 = 1.3 GPa and it gradual-
ly increases, reaching a maximum of HV0.1 = 2.3 GPa 
at a distance of approximately 3.5 mm (Figure 6). 
This indicates structural non-uniformity of the mate-
rial, a transition from a less stable surface zone to a 
more strengthened internal structure. This behaviour 
is explained by phase instability and reduced Al con-
tent, causing local differences in the α/β phase ra-
tio. The mean microhardness of Specimen No. 7 is 
HV0.1 = 1.8±0.5 GPa, which is reduced compared to 
typical values for VT6 alloy [9].

Specimen No. 8 demonstrates a significant-
ly higher hardness level (Figure 6), ranging from 
HV0.1 = 2.8 to 4.2 GPa. The mean microhardness value 
is HV0.1  =  3.5±0.7  GPa, consistent with characteris-
tic values for VT6 alloy of the Ti–6Al–4V alloying 
system [9] and indicative of a well-formed (α+β)-mi-
crostructure. Hardness fluctuations can be attributed 
to local features of the thermal cycle, which does not 
affect the overall structural stability.

Determination of printing modes 
ensuring the best structural 
condition
The results of the comprehensive analysis confirmed 
that the quality of thin-walled products is significantly 
dependent on the choice of EBM process parameters. 
When determining printing modes that ensure the best 
structural condition, it was established that Specimen 
No.  8 is distinguished by minimum defectiveness 
and a balanced microstructure with a uniform phase 
distribution. Its chemical and phase composition and 
microhardness values are consistent with the charac-
teristic indicates for VT6 alloy.

Specimen No. 8 was printed at a speed of 500 mm/s 
and an energy density of 40 J/mm3. Thus, the imple-
mented process parameters can be considered rational 
for manufacturing thin-walled products from VT6 alloy. 
The obtained results are consistent with data from [7], 
where it is noted that optimisation of beam speed and en-
ergy in the EBM process is key to forming a fine-grained 
microstructure with a minimum defect level.

Despite the positive results obtained, the study has 
a number of limitations. In particular, the printing pa-
rameters were investigated for only one powder type. 
Microstructure analysis was carried out locally, with-

out accounting for scale effects and complex product 
geometry. Furthermore, microhardness was used as 
an assessment of local mechanical behaviour without 
conducting a full range of mechanical tests. These as-
pects should be considered in the practical application 
of the obtained recommendations, as well as in further 
studies aimed at confirming the long-term operational 
reliability of the products.

Conclusions
1. The parameters of the additive electron beam pro-
cess significantly influence the shape formation qual-
ity of thin-walled products. Elevated beam travel 
speeds in the range of 2000–6000 mm/s lead to unsta-
ble melting and increased porosity.

2. A correlation was established between additive 
process parameters, surface morphology, and the lev-
el of internal defectiveness of specimens. Optimisa-
tion of printing modes substantially reduces porosity 
and promotes the formation of a more uniform two-
phase (α+β)-structure. The best structural indicates 
were demonstrated by Specimen No. 8, which is dis-
tinguished by minimum defectiveness and a balanced 
microstructure with uniform phase distribution.

3. It was determined that chemical composition is a 
decisive factor in the formation of the phase state and 
microstructural stability of VT6 alloy. Al deficiency 
(<5.3 %) in Specimen No. 7 causes a shift in phase 
equilibrium towards the β-phase (α-Ti — 87±3  %, 
β-Ti — 13±3 %) and increased structural non-unifor-
mity. Specimen No. 8, whose chemical composition 
meets the standard requirements, exhibits a balanced 
α/β ratio (α-Ti — 90±3 %, β-Ti — 10±3 %) and high 
crystallinity of the structure.

4. Microhardness measurements confirmed the sig-
nificant influence of microstructural condition on the 
local mechanical properties of VT6 alloy. Specimen 
No.  7 is characterised by reduced and non-uniform 
hardness values of HV0.1 = 1.8±0.5 GPa, attributable 
to phase imbalance and structural non-uniformity. 
Specimen No. 8 demonstrates a higher microhardness 
level of HV0.1 = 3.5±0.7 GPa, corresponding to the 
balanced (α+β)-structure, and is consistent with char-
acteristic values for VT6 alloy. Hardness fluctuations 
can be attributed to local features of the thermal cycle, 
which does not affect the overall structural stability.

5. The printing mode of Specimen No. 8 can be 
considered the most rational from the point of view 
of achieving the best structural condition. Application 
of the mode with a beam travel speed of 500 mm/s 
and an energy density of 40 J/mm3 provides for thin-
walled products from VT6 alloy: a dense surface, a 
balanced (α+β)-microstructure, and mechanical prop-
erties consistent with literature data.
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Corrosion resistance of vapour-phase condensates 
(Cu–Y–Zr)–Mo in atmospheric conditions
V.G. Grechanyuk, I.M. Grechanyuk

Kyiv National University of Civil Engineering and Architecture. Ukraine, Kyiv, Air Force Avenue, 31

ABSTRACT
The corrosion resistance of composite materials in distilled water, which corresponds to the conditions of a humid environment, 
was studied. The conducted X-ray analysis of composite materials (Cu‒Y‒Zr)‒Mo showed that corrosion damage is observed 
in areas with structural defects. It was established that the oxidation process becomes more intense with increasing molybde-
num concentration in the condensates.

KEYWORDS: composite materials, structure, corrosion resistance, electron beam technology

INTRODUCTION
Various metallurgical processes, in particular, powder 
metallurgy methods are widely used to create composite 
materials (CM) [1‒3]. Quite promising also is the meth-
od of electron beam evaporation of metals and their sub-
sequent condensation in the vacuum developed at PWI 
in the 50s of the previous century. Application of this 
method allows creating CM, in which such important 
properties as dispersity and grain size can be purpose-
fully changed, and the processes of material interaction 
with the substrate can be regulated, thus ensuring fulfill-
ment of various requirements to the materials.

Analysis of the available materials and regularities 
of the change of their physical-chemical properties at 
different temperatures and under the influence of the 
environment shows the potential for copper-based CM 
application in different industries. Withstanding the tem-
perature fluctuations well, having comparatively high 
corrosion resistance, high electrical and heat conductiv-
ity, the copper-based CM can be applied in radio engi-
neering and computing technology. Their comparatively 
low cost, compared to alloys of noble metals determines 
the ability to use these materials as electrical contacts for 
various purposes. Up to the present time, a fairly large 
amount of factual information has been accumulated 
on producing and studying the copper-based CM [4, 
5]. However, a number of properties of these materials 
which are important in the scientific and applied terms, 
have not been clarified completely. Such aspects as cor-
rosion resistance, influence of structural factors, and dis-
persity on the physical and chemical properties of these 
materials are practically unstudied. At the same time, it 
is known that none of the materials can be accepted by 
industry without the above-mentioned characteristics.

INVESTIGATION PROCEDURE
Composite materials were produced by the method of 
electron beam evaporation and subsequent condensa-
tion on a rotating substrate in vacuum in UE-187 unit 

[6, 7]. Cylinders from CaF2 compound were used to 
form a separation layer on the substrate, on which the 
vapour flow condensation was performed. Owing to 
the separation layer, the condensate was readily sepa-
rated from the substrate, and it was used for investiga-
tions. The substrate for condensation was plate steel 
of St3 grade. The surface of the blank (substrate), onto 
which the vapour flow was condensed, was treated up 
to the roughness of 0.63‒1.2 Ra.

Such a technology enabled producing condensates 
with a layered structure with alternating copper layers 
alloyed by zirconium and yttrium and molybdenum 
layers. Condensates of alloyed copper (Cu‒0.05–
0.1 % Zr‒0.05–0.1 % Y) with different content of mo-
lybdenum from 7.62 to 46.7 wt.%) were used to study 
the corrosion resistance.

The serviceability of any materials, including con-
tact ones, depends on external factors. The rate of the 
corrosion processes, which may run on the composite 
material surface, is influenced, primarily, by air hu-
midity. In this connection, corrosion studies of (Cu‒
Zr‒Y)‒Mo CM were conducted in distilled water in 
this work, which corresponds to 100 % humidity ac-
cording to GOST 24927‒81 [8].

The base for conducting investigations of the corro-
sion properties of (Cu‒Zr‒Y)‒Mo CM was the struc-
tural approach, as during the corrosion processes the 
composition and structure of the surface layer change. 
The condensate microstructure was studied by the 
method of scanning electron microscopy using Cam 
Scan 4 microscope. Transverse microsections of sam-
ples in as-deposited condition and after corrosion tests 
were produced by a generally accepted procedure [9] by 
grinding on abrasive (or sand) paper with 80–2400 μm 
grain size. Final polishing of the microsection surface 
was performed by diamond paste with grain size of 
1 μm, and aluminium oxide-based aqueous suspension 
with grain size of 0.3 μm. The structure was studied 
in the back-scattered electron mode without additional 
etching of the microsection surface.
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EXPERIMENTAL RESULTS
Conducted electron microscopy studies of samples 
not yet subjected to corrosion testing in distilled wa-
ter, revealed an absence of any film on the surface and 
in the section normal to the surface of as-deposited 
samples (Figure 1, a).

The structure of all the condensates is layered: mo-
lybdenum-enriched copper layers (of lighter colour) al-
ternate with the copper layers with smaller molybdenum 
content. In the section normal to the surface, fluctuations 

of the copper and molybdenum content are observed 
over the entire sample thickness (Figure 1, b, c).

A nonuniform distribution of copper and molybde-
num is observed not only between the layers, but also 
inside the layers. Such a regularity is characteristic for 
all the studied samples. X-ray analysis allows stating 
that copper is the main phase in as-deposited samples. 
In samples with a small content of molybdenum, pure 
copper is recorded, and additional reflection lines are 
absent. In samples with molybdenum content higher 
than 15 wt.% there is one more additional line with 

Figure 2. As-deposited the surface before (a, c) and after (b, d) corrosion testing from the side of: a, b — substrate; c, d — evaporator-pool

Figure 1. Layered structure of (Cu‒0.05–0.1 % 
Zr‒0.05–0.1 % Y)‒Mo15.36 wt.% CM (a), com-
ponent distribution in copper (b) and molybde-
num (c)
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interplanar distance d = 2.22 Å, alongside the copper 
reflection line.

The condensate surface after corrosion tests in 
distilled water is characterized by damage in those 
areas, which have mechanical defects and structural 
defects due to CaF2 separation layer and drops ejected 
from the liquid pool during condensation (Figure 2). 
For comparison, Figure 2 gives the results of struc-
tural analysis before and after the corrosion tests. In 
as-deposited condition certain mechanical defects are 
observed on the condensate surface contacting the 
substrate, which are due to the substrate roughness 
and defects formed as a result of drop transfer during 
evaporation of the separation CaF2 layer. On the op-
posite surface, from the side of the evaporator pool, 
drops are observed, which were formed by solid parti-
cle emissions from the evaporator pool, which can be 
the oxides formed by impurities in commercial-grade 
copper and molybdenum.

During corrosion the surface in the points of defect 
formation is more intensively destroyed (Figure 2). On 
the surface from the side of the evaporator pool frac-
ture runs on the drop-condensate interfaces, where dis-
continuities between the drops and the condensate base 
are present. On the mentioned discontinuities fracture 
propagates in-depth the condensate (Figure 2, d). Stud-
ies of the chemical composition of the surface after cor-
rosion testing in distilled water showed that the surface 
is characterized by the presence of a large amount of 
copper, oxygen and a small amount of molybdenum 
(Figure 3). Reduction of molybdenum content is relat-

Figure 3. Element distribution on the surface of (Cu‒0.05–0.1 % Zr‒0.05–0.1 % Y)‒Mo15.36 wt.% condensate after corrosion testing 
in distilled water

Table 1. Reduction in the weight of (Cu‒0.05–0.1 % Zr‒0.05–0.1 % Y)‒Mo CM samples in distilled water

Chemical composition of the samples, 
wt.% Test time, h

Cu Mo
20 40 60 80 100

Sample weight reduction, 105 g/mm2

Balance

7.62 0.75 0.05 0.20 0.05 0.50
15.36 0.95 0.25 0.95 0.90 0.85
28.90 1.50 1.25 1.35 1.70 1.20
46.70 1.95 1.55 1.65 1.80 1.30

Table 2. Weight and depth corrosion indices for (Cu‒0.05–
0.1 % Zr‒0.05–0.1 % Y)‒Mo CM in distilled water

Chemical composition 
of the samples, wt.% Kwt, 

g/m2∙h
Π, 

mm/year
Corrosion 

resistance point
Cu Mo

Balance

7.62 0.004 0.00343 Fairly resistant 2

15.36 0.050 0.0429 Resistant 4

28.90 0.080 0.0687
Resistant 5

46.70 0.090 0.0770 Figure 4. Fragment of an X-ray pattern of (Cu‒0.05–0.1 % Zr‒0.05–
0.1 % Y)‒Mo15.36 wt.% CM after testing in distilled water
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ed to molybdenum corrosion activity and its transition 
into the solution as a more active metal.

Results of X-ray investigations (Figure 4) confirm 
formation of cuprum (I) oxide Cu2O on the surface. In 
addition, weak additional lines with d = 2.22 Å and 
d = 1.11 Å are observed in the samples, which can 
be due to the presence of molybdenum and its oxide 
MoO3 in the samples.

These data confirm the mechanism of corrosion 
processes, which is characterized by formation of cop-
per-molybdenum galvanic couple. The more active met-
al (molybdenum) diffuses to the surface, it is ionized and 
when interacting with oxygen from the solution it forms 
MoO3 film on the surface. Presence of molybdenum 
oxide (VI) on the sample surface reduces the corrosion 
resistance, as the molybdenum oxide film has a low con-
tinuity and cannot perform the protective functions. In 
this connection, the corrosion process spreads in-depth. 
Corrosion resistance is the smallest for material with the 
highest molybdenum content. This is indicated by the 
greatest intensity of the X-ray spectra.

Gravimetric studies were conducted for 100  h 
with determination of the weight change every twen-
ty hours. As shown by the investigation results, the 
weight losses increase noticeably for samples with a 
high content of molybdenum (Table 1).

Weight and depth corrosion indices calculated by 
the results of gravimetric dependencies, are indica-
tive of reduction of the CM corrosion resistance de-
pending on molybdenum concentration from 7.92 to 
46.7 wt.%. The corrosion resistance rating on a ten-
point scale is 2 with molybdenum concentration of 
7.62 wt.% according to DSTU 13819-68 [10], and it 
is reduced to 4–5 when molybdenum concentration is 
increased to 46.7 wt.% (Table 2). 

CONCLUSIONS
1. Conducted research showed an absence of any film 
on the surface and in the section normal to the sur-
face of composite materials (Cu-0.05–0.1 % Zr‒0.05–
0.1 % Y)‒Mo in as-deposited condition.

2. The structure of all the condensates is layered: mo-
lybdenum-enriched copper layers alternate with copper 
layers, in which the molybdenum content is lower.

3. After corrosion testing in distilled waster the 
condensate surface is characterized by damage in 
those areas, where mechanical defects and structural 
defects are present.

4. It was determined that with increase of molyb-
denum concentration the corrosion resistance of all 
the samples in distilled water is reduced. The corro-
sion resistance point is the highest for CM with mo-
lybdenum content of 7.62 wt.%.
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of metallurgical silicon to solar-grade silicon 
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ABSTRACT
Studies of refining MG-Si silicon by metallurgical methods show that each method is selective in removing one or a small 
group of impurity elements. Particular attention is paid to the purity of silicon by boron, the content of which should not ex-
ceed 0.3 ppmw. Evaporation of P or B is possible, but it is most often a slow process and can be accompanied by a loss of Si. 
Solvent refining has proven effective in removing impurities, with Al being a suitable alloying agent. In order to take advantage 
of the high throughput and low cost benefits of metallurgical processing methods, combinations of methods must be used, ei-
ther sequentially or simultaneously, to produce a product that is consistent with solar-grade SoG‒Si. Impurities in MG‒Si are 
classified as segregable and insoluble. Single acid leaching removes only certain impurities. In practice, sequential or mixed 
acid leaching is used. Adding oxidizing agents to acidic leachers increases the efficiency of impurity removal. External fields 
(ultraviolet radiation, ultrasonic field, and oxygen pressure leaching) or the introduction of cracks/porous structures and ther-
mal pretreatment can improve impurity removal. In the electron beam remelting of metallurgical silicon, purification occurs 
by evaporating impurity elements from the melt surface in a vacuum. Refining is based on the process in a high vacuum and 
the difference in vapor pressure of different impurity elements, whose vapor pressure is higher than that of silicon. The method 
of electron beam remelting of metallurgical silicon in conjunction with oxidative refining makes it possible to purify up to the 
level of 5‒6 N.

KEYWORDS: metallurgical silicon, slag treatment, leaching, electron beam melting, vacuum degassing, solar-grade silicon, 
impurity elements, segregation

INTRODUCTION
In this review the attention is focused on processing 
and refining silicon for photoelectric devices (PhE). 
The dominant semiconductor material in photoelec-
tric devices is the silicon grade for semiconductors 
(SOG–Si). The ultrapure silicon (polysilicon) is pro-
duced on the commercial scale by distillation and 
thermal decomposition of light silicon compounds — 
trichlorosilane (SiHCl3) and monosilane (SiH4). How-
ever, this is a high-cost product, 30 to 50 times more 
expensive than metallurgical silicon. MG‒Si metal-
lurgical silicon with 98.5 % Si purity is produced by 
carbothermic reduction in a submerged electric arc 
furnace at the temperature of 1500–2000  °C from 
lump quartz of appropriate purity and carbon raw ma-
terial. The general scheme of the reduction reactions 
has the following form:

	 SiO2(s) + 2C(s) → Si(l) + 2CO(g).	 (1)

Silicon yield in the form of metallurgical silicon 
produced by carbothermic reduction is up to 90 %, the 
remainder is silicon dioxide vapor. Produced metal-
lurgical silicon requires further purification (process 
of extraction up to obtaining solar-grade SOG‒Si) 
with the required purity of 7 N. Effectiveness of solar 
batteries decreases, because of the presence of impu-

rities in silicon, which shorten the carrier service life 
in the silicon solar element and disturb the electric 
energy generation. Owing to its low cost, simplicity 
of operation and control hydrometallurgy is believed 
to be a promising method of producing solar-grade 
silicon (SOG)‒Si from metallurgical quality silicon 
(MG‒Si). Metallurgical refining of MG‒Si [1, 2] in-
cludes oxidative refining [3‒5], hydrometallurgical 
processes [6, 7], vacuum refining [8] and direction-
al crystallization [9, 10]. Most of the soluble impu-
rities are removed in the hydrometallurgical process, 
carbon and boron are removed by oxidative refining, 
and P, Ca, Al — by vacuum cleaning (Figure 1). The 
remaining impurities are removed by directional crys-
tallization. The final product is single-crystal silicon 
and high-purity solar-grade polysilicon (SOG‒Si) 
(Table 1) [11‒15].

Siemens process is a reaction with hydrogen chlo-
ride to produce volatile trichlorosilane (SiHCl3) by 
hydrochlorination of metallurgical silicon in a reactor 
with a pseudo sparse layer [16] with its further dis-
tillation and vapour-phase deposition of silicon by 
SiHCl3

 decomposition. 
The main reactions are: 

	 Si + 3HCl = HSiCl3 + H2,	 (2)

	 H2 + HSiCl3 = Si + 3HCl.	 (3)
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The Union Carbide Process is an alternative sili-
con purification process developed at Union Carbide. 
After trichlorosilane transformation into monosilane 
(SiH4), it is deposited similar to the Siemens process. 
The refining effect in the iodide process is determined 
by the fact that the impurities present in silicon being 
purified, during their interaction with gaseous iodine 
do not form any volatile iodides and remain in the un-
reacted residue. The metal deposition rate grows con-
tinuously with increasing thread temperature. 

Solar-grade SILICON, 
METALLURGICAL PURIFICATION ROUTE
Reaction of carbothermic purification of silicon di-
oxide (1) shows that the raw material for MG–Si 
production covers only silicon and carbon reducing 
agents, and that they are the main impurity sources 
in MG–Si. Impurities in Mg–Si include nonmetallic 
(B, P, C and O) and metallic elements (Fe, Al, Ca, Ti, 
Mn, V, Cu, Cr, etc.); Fe, Al and Ca being the dom-
inating impurities (Table 1). The above-mentioned 
impurities are classified as segregable and insoluble: 
segregated impurities (Fe, Al, Ca, Ti, V, Cu, and Cr), 
and nonmetallic elements C and O [17, 18]. Segre-
gable impurities deposit on grain boundaries during 
MG–Si solidification. During MG‒Si crushing these 
impurities become exposed on the surface of the pow-
der granules and are removed by acid leaching [19]. 

ACID LEACHING
H2SO4, HCl, HNO3, HF, CH3COOH acids and their 
mixtures are used for MG‒Si purification by leach-
ing with addition of oxidizers and by using ultravio-
let radiation, ultrasound and oxygen pressure. H2SO4 
acid demonstrated high activity only for lowering the 
carbon content. Fe and Al impurities cannot be re-
moved completely by H2SO4 and HNO3 acids. HCl 
acid removes Al and Ca from Mg–Si up to 70–85 [7]. 
HF acid effectively removes the impurities, has high 

chemical activity with SiO2, removes hidden impuri-
ties, but Fe, Al and Cu removal has its limitations [20]. 
Sequential acid leaching with H2SO4, HNO3, HCl, and 
HF, and mixed acid leaching combine the advantages 
of different acids for impurities removal from MG–Si 
to the purity of 99.90 %. The most effective is the 
HCl + HF mixture. 

During the hydrometallurgical process oxidiz-
ers are added to remove impurities from MG‒Si. In 
works [21, 22] MG‒Si was purified by mixtures of 
HF solutions with H2O2 additives, purification effec-
tiveness reached 99.99 %, degree of B and P removal 
was moderate. When AgNO3 was added to HF solu-
tions, MG–Si purity increased to 99.98 % [22, 23]. 
AgNO3  + H2O2 + HF combination effectively re-
moves B and P impurities. The authors of work [24] 
crushed MG‒Si to <53 μm and conducted leaching 
in a mixture of HNO3 and HCL acids: removal of Fe, 
Al, Zn, Cu impurities was equal to 90 % (except for B 
and P), and silicon of ~99.98 % purity was produced. 
Nanosized silicon powders were leached by a solu-
tion of HF, HCl and HNO3 [25], and silicon purity 
of 99.999 % was achieved. Thus, producing SoG‒Si 
silicon from MG‒Si is possible by combining acid 
leaching, oxidative purification, vacuum purification 
and purification by hardening. External fields — ul-
traviolet radiation, ultrasonic field and processing by 
leaching under oxygen pressure in the hydrometal-
lurgical process improve removal of impurities from 
MG‒Si to silicon purity of 99.995 %. 

To remove internal impurities by acid leaching po-
rous structures were created in MG–Si, and a purity of 
>99.99 % was achieved using acid leaching [26]. Po-
rous silicon was produced under the effect of vapours 
of a mixture of HF/HNO3 or HF/H2O/HNO3 acids 
[27‒29]. Preprocessing by thermic oxidation weakens 
the bonds between the impurities and Si, and silicon 
of 99.996 % purity was produced after processing by 

Figure 1. Scheme of production of solar-grade silicon by the metallurgical refining method [15]

Table 1. Limit concentrations of impurities in MG-Si and SoG‒Si

Elements Al Fe Ca Mg Mn Cr Ti V Zr Cu B P C O

MG–Si % 2 5 1
0.1

0.05 0.05 1.6 0.01 0.01 0.01 0.08 0.05 0.6 3

SoG–Si ppmw 0.1 0.1 0.3 0.1 0.1 0.01 0.1 0.1 0.1 0.3 0.1 3 10
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HF leaching [30], and a combination of ultrasonic 
and thermal processing enables producing silicon of 
99.995 % purity. 

SECONDARY REFINING PROCESSES 
These processes include gas blowing, slag treatment, 
plasma cleaning and solvent cleaning. The most suit-
able secondary refining processes are slag and solvent 
cleaning. Slag oxide systems absorb, separate and 
remove the impurities from MG‒Si. The process of 
solvent cleaning (alloying) is based on the principle of 
fractional crystallization [31]. In this process the met-
als dissolve in molten silicon, forming an alloy, and 
because of the low thermodynamic stability of some 
impurities in MG–Si their segregation coefficients are 
low, so that impurities removal from MG–Si can be 
improved. 

SLAG TREATMENT OF SILICON MELT
Purity of solar-grade silicon (SOG‒Si) should reach 
99.9999 %. As the method of slag refining has such 
characteristics, as low cost, low power consumption, 
simplicity of operation and commercial production, it 
is believed to be one of the important methods of met-
allurgical cleaning of solar-grade silicon (SOG‒Si). 
Paper [32] presents a comparison and discussion of 
the effectiveness and mechanism of removal of im-
purities in the binary, multicomponent and alloy-slag 
systems of slag, which provides a theoretical substan-
tiation for researchers as to SOG‒Si production by the 
method of slag refining. The main unfavourable im-
purities in MG‒Si for SOG‒Si production are Fe, Al, 
Ca, Ti, B and P. MG–Si purification is conducted by 
slag in the molten state: by calcium oxide or certain 
mixtures with CaO (SiO2‒Na2O, SiO2‒CaF2, SiO2‒
CaCl2). Metal or nonmetal impurities from MG‒Si 
are oxidized and move into the slag phase [33]. MG–
Si pretreatment by slags with further acid leaching 
by HCl provides higher productivity for removal of 
Fe, Al, Ca, Ti, Mn, B, and P [34‒36]. In work [37] 
treatment by CaO–SiO2‒CaCl2 slag and acid leaching 
were used to remove from MG the B impurities in the 
form of gaseous BOCl boride to its residual content 
of 1.37 ppm. After leaching by HCl + HF acid mix-
ture B content in MG‒Si decreased from 3 wt.% to 
0.81 ppmw. 

VACUUM DEGASSING OF THE MELT
Such methods as vacuum degassing (VD), vacuum 
arc degassing or vacuum oxygen decarburization are 
widely used in the metallurgical industry for steel re-
fining [38]. In this process differences in vapour pres-
sure at high temperatures specific for each element are 
used for impurity evaporation from the metal melt. 
The same principle was studied for silicon in a num-

ber of investigations. Figure 2 shows the change in 
standard vapour pressure of pure substances depend-
ing on temperature, calculated by the thermodynamic 
data. Effective removal of phosphorus, calcium and 
aluminium is reported. The behaviour of phosphorus, 
which is difficult to remove from silicon, was particu-
larly studied [39‒42].

The kinetic criterion of volatility for vacuum refin-
ing was developed by Olette [44]: 

	

1/200 0
si

0
si

,i i

i

p M
Mp

γ  
α =   

  	
(4)

where pSi
0 і pi

0 are the vapour pressures of pure silicon 
and impurities at this temperature, and γі

00 is the Hen-
rian coefficient of activity for the impurity. MSi and 
Mi are the atomic weights of silicon and the impurity, 
respectively. At α > 1 the impurity can be removed 
practically completely by VD method, and at α < 1 
vacuum refining is ineffective. When α is close to 1 
silicon and the impurity evaporate simultaneously. 

In study [45] phosphorus removal is described for 
different temperature and pressure conditions. In the 
work the authors report removal of P, Al, Ca and Mn 
from silicon during electron beam vacuum treatment 
of MG‒Si (Table 2). They point to the existence of an 
interaction between the impurities in the melt, result-
ing in VD effectiveness, which depends on the initial 
composition of the melt. The authors of work [46] re-
ported removal of phosphorus and other elements to 
99 % (except for boron) in the experiments with the 
electron beam. Results obtained during MG–Si purifi-
cation by melting in the electron beam furnace are as 
follows: a material with impurity concentration below 
2 ppmw was produced [47] (excluding boron). Phos-
phorus removal exceeded 98 % (0.4 ppmw). Figure 3 
shows the top view of one of the samples. Chemical 
analysis results are given in Table 3.

Figure 2. Changes in standard vapour pressure of pure substances 
depending on temperature
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The extraction effectiveness for all the impurities 
is presented in Figure 4. Cleaning is more effective 
for elements with the vapour pressure closer to or 
higher than that of silicon. Boron was not removed, 
as its pressure is much lower than that of the silicon 
vapours. Difficulties of boron removal consist in its 
coefficient of segregation in silicon (k = ~ 1), which 
also complicates its removal using the process of uni-
directional crystallization. Plasma melting in an oxi-
dizing atmosphere (O2, CO2 or H2O) is usually applied 
to remove boron. In this process boron is converted 
into an oxide form, increasing its vapour pressure 
[48–50]. Figure 5 gives the dependencies on melting 
time by the rate of P, Ca and Al removal in vacuum at 
temperatures of 1723 and 1823 K [51].

For the metallurgical methods of production of so-
lar-grade silicon, it is necessary to use bidirectional 

crystallization to remove the Al, Ca, Fe and Ti meal 
impurities. In study [52] the synergic effect of chlori-
nation by adding trace quantities of MgCl2 at the stage 
of refining by the method of electron beam melting 
and directional crystallization allows removing these 
impurities to ultralow concentrations using chemical 
and physical processes during one-time melting. At 
the stage of directional crystallization, caused by the 
electron beam, the high temperature gradient inside 
the melt and the high-voltage electric field enhance 
the segregation. As a result, the total content of metal 
impurities in the ingot decreases from 647.11 to less 
than 0.60 ppmw. In particular, Al, Fe and Ti content is 
below 0.10 ppmw. 

Production of silicon solar elements envisages de-
velopment of the process of processing silicon from 
used photoelectric elements (PhE). Silicon in PhE is 
alloyed with different elements. Work [53] is a study 
of processing silicon from crushed solar elements us-
ing the vacuum purification process. The rejected solar 
elements after annealing are treated by acid etching, 
resulting in demetallized silicon fragments. Vacuum 
purification of these silicon fragments showed the fol-
lowing content of, ppmw: phosphorus  — 11.67, bo-
ron — 1, silver — 96 and tin — 136, the content of 
other metal impurities being lower. It is shown that 
Sn, Ag, O, N and Mg can be removed from the sili-
con melt by short-term vacuum refining. As the vacu-
um refining process is not limited by thermodynamic 
equilibrium, this promises complete removal of all the 
volatile impurities and then this process has a high 

Table 2. Results of vacuum treatment of liquid silicon

Element P, Pa T, °C Time, min Removal, % Literature

P

0.5 1600 60

22‒42

52
Ca 10‒31

Al 6‒22

Mn 27‒32

P 10‒2‒10‒4 Not specified 20 98‒99 57

P 0.012‒0.046 1600 120 99 56

Figure 3. Top view of a crushed and leached MG‒Si sample after 
melting in EBF [48]

Figure 4. Effectiveness of impurity removal from leached MG‒Si 
powder and bulk MG‒Si without leaching

Figure 5. P, Ca and Al removal in the vacuum at 1723 and 1823 
K as a function of melting time: 1, 2 — Al; 3, 6 — Ca; 4, 5 — P; 
1, 3, 4 — 1723 K; 2, 5, 6 — 1823 K [49]
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chance of bringing the produced silicon to solar ener-
gy generation standards. 

LIQUID SILICON PURIFICATION 
BY GASES OR WATER VAPOUR
During refining of molten MG silicon gases van be 
blown through the melt, which can react with impu-
rity elements for slag formation and oxidation, or can 
be neutral to promote melt mixing. Gases were also 
used for transportation of solid substances (slags), liq-
uids (moisture) or gases (gas mixtures) for a reaction 
with molten silicon and promotion of refining [54].

There is a large amount of silicon scrap from the 
electronic industry, which cannot be used for pho-
toelectric additives, as its boron content is 10 times 
higher than that in MG-silicon [55]. Boron is removed 
in the gaseous form (BOH, BO, BH2 and B2O2) by 
blowing wet gas through molten silicon at the tem-
perature of 1500–1700 °C [56]. The authors of work 
[57] conducted experiments at 0.05  atm with boron 
and phosphorus evaporation at the flow rate of 1 l/min 

of Ar + 2.5 ml H2O to remove boron in the form of 
BOH. Initial B and P content was equal to 5.7 and 
9.4 ppmw, after blowing for 50 min it was 2.1 and 
3.2 ppmw, respectively (Figure 6). When using MG‒
Si, B concentration was reduced to 0.3 ppmw, and P 
concentration  — to 7 ppmw from the initial levels 
of 40–60 ppmw [51, 52]. After the refining stage, the 
melt was subjected to directional solidification. The 
impurity content, except for B and P, was reduced to 
<0.1 ppmw, and B level was lowered to <1 ppmw. 

SILICON PURIFICATION BY ALLOYING 
Silicon refining by solvent is one of the metallurgical 
approaches to produce SoG‒Si from MG‒Si, using a 
metallic agent, acting as an impurity catcher during 
solidification after its fusion with Si. The impurities 
together with the intermediary are driven to the solid-
ification front and remain in the liquid phase. The in-
termediary metal should have a high affinity to boron 
and phosphorus, having a low coefficient of segrega-
tion in silicon, should readily dissolve in liquid silicon 
and have a low solubility in solid silicon. 

Table 3. Chemical analysis before and after silicon melting, final purity and effectiveness of impurity removal

Impurities

Powder of leached MG‒Si MG‒Si in bulk form without leaching

Before melting, 
ppmw

After melting, 
ppmw

Extraction 
effectiveness, %

Before melting, 
ppmw

After melting, 
ppmw

Extraction 
effectiveness, %

Al 53.00 0.09 99.83 110.00 0.44 99.60
Ba 11.00 0.00 100.00 0.04 <0.01 >75.61
B 15.00 10.00 33.33 10.00 7.30 27.00
Ca 185.00 0.02 99.99 26.00 0.31 98.81
Cu 1.80 0.01 99.20 6.50 0.29 95.54
Fe 31.00

0.03
99.90 790.00 0.70 99.91

K 30.00 99.92 0.10 0.10 0.00
Mg 4.60 <0.01 >99.78 4.20 0.02 99.50
Mn 2.00 0.003 99.85 75.00 0.027 99.96
Na 480.00 0.04 99.99 0.33 0.05 83.94
P 23.00 0.41 98.20 38.00 0.39 98.97
Ti 3.00 0.002 99.93 42.00 0.087 99.80

Others 20.58 1.12 94.56 16.32 2.74 83.21
Total 844.98 1.766 99.79 1108.49 5.165 99.53

Final purity, % 99.92 99.99982 ‒ 99.88 99.9995 ‒

Figure 6. Change in the content of boron and phosphorus depend-
ing on treatment time: pressure — 0.05 atm; argon — 1 l/min; 
water — 2.5 ml [54]

Figure 7. Temperature dependence of the coefficients of phospho-
rus and boron segregation between solid silicon and Si‒Al melt
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Si‒Al ALLOY SYSTEMS
Authors of works [58, 59] suggest cleaning silicon 
by fractional solidification from the molten solu-
tion of aluminium and silicon. Si‒Al phase diagram 
is used in this process. If such a molten solution is 
slowly cooled, silicon precipitates from it in the 
form of plates. Acid leaching removes residual alu-
minium from the separated plates, the material melts 
and solidifies directionally. In work [60] the method 
of metallurgical purification of MG‒Si by solidifica-
tion of the aluminium and silicon melt was studied. 
A decrease in the content of boron and phosphorus 
to 314 and 96 ppmw, respectively, was ensured. The 
produced silicon can be purified by directional solid-
ification method to a purity of 6N. Mg, Sb, Sn, Zn 
and Cu can be used for alloying. In works [61, 62] 
aluminium, magnesium and copper as a metal-solvent 
were used for raw silicon purification. The Si‒Al al-
loy system is one of the most promising solvents for 
Mg‒Si purification after separation of the solidified 
silicon grains from Si–Al melt and further leaching 
by mixtures of aqua regia and H2SO4. Improved re-
moval of boron in molten Si–Al solutions containing 
titanium was studied in [63], and in work [64] phos-
phorus removal was investigated, and an enhanced 
effect of segregation during solidification of silicon 
from Al‒Si was confirmed. Figure 7 shows the results 
for boron and phosphorus and they are compared with 
the segregation coefficients at solidification of pure 
silicon [54]. Table 4 contains experimental results of 
test purifications of MG-silicon [64], solidified from 
Si‒55.3 % Al alloy and Si‒64.6 % Al under the condi-
tions of 1273 and 1173 K, respectively [64]. Increased 

aluminium levels, which are higher than aluminium 
solubility in silicon at these temperatures, is attribut-
able to the quantity of solvent entrapped by silicon 
crystals during growth, as shown in Figure 7. Effec-
tive removal of Fe, Ti, Cu, Mn and Ni impurities is 
shown in works [65, 66]. Other solvent systems were 
studied, such as Si‒Cu, Si‒Ga, Si‒In, Si‒Ag [67] and 
Si–Sn and Si‒Zn [68], which showed interesting re-
sults, but so far only the Al–Si system has been used 
on the industrial scale for silicon refining.

Si‒Cu alloy systems
Si‒Cu alloy has a relatively low melting temperature 
and a high affinity to a wide range of elements [69]. 
Using the process of refining by Cu alloying to re-
move B and P, it was determined that B and P are ab-
sorbed in the phase of Si‒Cu alloy [70]. It was found 
that P adsorbs in the formed CaCu2Si2 phase after add-
ing Ca to Si‒Cu system and is effectively removed in 
combination with acid leaching [71]. 

Si‒Mg ALLOY SYSTEMS 
In works [72, 73] magnesium alloying and refining and 
acid leaching were studied for removing impurities 
from MG–Si. Phosphorus concentration of 0.2 ppmw in 
SOG‒Si was obtained after acid leaching. It is shown 
that a porous structure of the nanometer and micrometer 
range formed in Si‒Mg alloys, and high-purity silicon 
(~99,995 %) was produced after leaching. 

CONCLUSIONS 
1. Investigations of MG‒Si refining by metallurgical 
methods show that each method is selective at remov-

Table 4. Coefficient of segregation between solid silicon and Si‒Al alloy at 1073 and 1273 K and the coefficient of segregation between 
solid and liquid silicon

Coefficient of segregation between solid silicon and Si‒Al alloy Coefficient of segregation 
between solid and liquid silicon 

in its melting pointElement 1073 K 1273 K

Fe 1.7·10‒11 1.7·10‒9 1.7·10‒6

Ti 3.8·10‒9 3.8·10‒7 3.8·10‒6

Cr 4.9·10‒10 4.9·10‒8 4.9·10‒5

Mn 3.4·10‒10 3.4·10‒8 3.4·10‒5

Ni 1.3·10‒9 1.3·10‒7 1.3·10‒4

Cu 9.2·10‒8 9.2·10‒6 9.2·10‒4

Zn 2.2·10‒9 2.2·10‒7 2.2·10‒5

Ga 2.1·10‒4 2.1·10‒4 2.1·10‒3

In 1.1·10‒5 1.1·10‒5 1.1·10‒4

Sb 3.4·10‒5 3.4·10‒3 3.4·10‒2

Pb 9.7·10‒5 9.7·10‒4 9.7·10‒3

Bi 1.3·10‒6 2.1·10‒5 1.3·10‒4
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al of one or a small group of impurity elements. P or 
B evaporation is possible, but most often this process 
is slow, and it can be accompanied by Si loss. Solvent 
refining proved that Al is a suitable alloying interme-
diary. The advantages of the metallurgical processing 
methods can be used at a combination of the methods 
sequentially or simultaneously, in order to manufac-
ture a product, corresponding to SoG‒Si solar-grade 
silicon.

2. During electron beam remelting of metallurgi-
cal silicon purification takes place by evaporation of 
impurity elements from the melt surface in vacuum. 
Refining is based on conducting the process in a high 
vacuum and difference in the vapour pressures of dif-
ferent impurity elements, which will lead to removal 
from the melt surface of the components, the vapour 
pressure of which is high than that of the silicon va-
pours. The method of electron beam remelting of 
metallurgical silicon together with oxidative refining 
enables purification to the level of 5–6 N. 

3. The impurities in MG‒Si are classified as segre-
gation and insoluble. Segregation impurities are read-
ily revealed, while insoluble impurities cannot be de-
tected completely in case of crushing of MG‒Si mass. 

4. Single-acid leaching removes only certain im-
purities. Therefore, in practice the sequential or mixed 
acid leaching is widely used. Adding oxidizers into 
acidic leaching agents enhances the effectiveness of 
impurity removal, particularly for H2O2, or its combi-
nations with AgNO3

 and Cu(NO3)2. 
5. Impurity removal from MG‒Si by metallurgical 

processes depends on the impurity sensitivity to acid 
etchants. External fields (ultraviolet radiation, ultra-
sonic field and leaching under oxygen pressure) or 
introduction of cracks/porous structures and thermal 
pretreatment can improve impurity removal. 

6. Combination of the processes of secondary puri-
fication (slag purification and solvent purification) and 
hydrometallurgical processes is the most effective to 
remove insoluble impurities from MG–Si. Systems of 
slag purification are usually combined with HCl or acid 
mixtures containing HCl. Different metals (Ca, Cu, Al, 
Sn, Mg) are used as solvents for purification of metal-
lurgical silicon and this requires acid leaching.
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of a circumferential welded joint
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ABSTRACT
The “Girth Weld” computer program enables computational analysis of following phenomena in circumferential welded joints 
(girth welds) of pipelines and pressure vessels, including: mechanical properties of weld metal and heat-affected zone (HAZ) , 
residual stresses and deformations, stress-strain state redistribution under post-weld heat treatment, operational loads, or pressure 
testing, structural integrity assessment and service life prediction for welds with discontinuities (detected by non-destructive testing 
or postulated). The program requires no specialized skills in computational methods, automating key processes such as parametric 
modelling of multipass girth welds, finite element mesh generation, solver execution and results visualization. Despite minimal 
hardware and time requirements, “Girth Weld” ensures high accuracy through advanced modelling of welding physico-chemical 
processes, efficient algorithms for nonlinear problems and optimized solutions for high-order differential equations.

KEYWORDS: multipass welding, girth weld, computer program, mathematical modelling, finite element method, mechanical 
properties, residual stresses, deformations, post weld heat treatment, operational loads, defect acceptability 

INTRODUCTION
With the development of computing technology, meth-
ods for solving thermoplasticity problems and describ-
ing characteristic changes in the material of a welded 
joint during welding heating, computational approaches 
and mathematical modelling of welding processes are 
finding widespread application in industry. However, a 
very challenging issue is the accessibility of such an ap-
proach for users with limited access to commercial finite 
element analysis software packages such as SYSWELD, 
ABAQUS, ANSYS, MARC etc.

To address this issue, a highly specialized comput-
er program “Girth Weld” was developed as a part of 
the “Weldprediction” software package for the math-
ematical modelling of the stress-strain state and me-
chanical properties in the zone of a girth butt weld 
during arc welding. It is designed for engineering and 
scientific applications and does not require the user to 
have specialized training in computational methods. 

The “Girth Weld” computer program is applied for 
typical cases involving welded pipeline assemblies 
and equipment components. It enables the computa-
tional prediction of the mechanical properties of the 
weld metal and HAZ, residual technological stresses 
and strains, determination of the stress-strain state re-
distribution resulting from post weld heat treatment 
and the effects of operational and testing loads, and 
prediction of the serviceability and life of critical 
welded structures with discontinuities (detected by 
non-destructive testing or postulated).

The “Girth Weld” computer program was devel-
oped at the E.O. Paton Electric Welding Institute of 
the NAS of Ukraine (PWI). The development of this 
program was based on many years of experience in 
the mathematical modelling of physico-chemical pro-
cesses during welding, surfacing, heat treatment and 
related technologies, as well as on recent advances in 
numerical methods, mechanics of deformable bodies 
and fracture mechanics.

In this context, a specialized computer program 
provides the following advantages:

● high accuracy of predictive results with limited 
demands on computing and time resources (short cal-
culation time) due to the use of modern approaches to 
modelling physico-chemical processes during welding 
and efficient algorithms for solving nonlinear problems 
and systems of high-order differential equations; 

● reduced effort due to a simple data input in-
terface and the full automation of processes such as 
mathematical modelling, finite element mesh genera-
tion, solver execution and results visualization;

● no need for service personnel, as the program 
can be operated by a welding-engineer or a process 
engineer, rather than solely by a specialist in numeri-
cal methods for solving mathematical problems.

GENERAL DESCRIPTION AND PURPOSE 
OF THE COMPUTER PROGRAM
The “Girth Weld” computer program is an indepen-
dent, problem-oriented software product designed 
for numerical finite element analysis of technological 
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and physical-mechanical processes during multipass 
welding of circumferential joints in pipeline compo-
nents and pressure vessels. The program is designed 
to solve typical tasks of expert analysis of the techno-
logical strength of critical structures when planning 
site and/or repair welding and post-weld heat treat-
ment of girth welds, as well as for predicting short-
term and long-term static strength during the subse-
quent operation of the welded structure, taking into 
account both its post-weld residual state and the entire 
range of external working loads. 

The “Girth Weld” computer program is recom-
mended for use by organizations in the power, trans-
port and aerospace industries during designing, opti-
mization of construction and planning of repair works 
in critical pipeline components and pressure vessels 
with girth welds. This programming code is also rec-
ommended for use in justifying the serviceability and 
expert assessment of the safe life of welded structures, 
taking into account both their predicted state and op-
erating conditions, as well as discontinuities detected 
during technical diagnostics (cracks, nonmetallic in-
clusions, localized thinning, gas pores). 

The use of the “Girth Weld” computer program en-
ables solving the following tasks:

● calculation of the optimal layout of the beads 
during multipass welding, depending on the technical 
conditions of the process and the criteria for welding 
optimization; 

● determining the kinetics of the temperature field 
during multipass welding of circumferential joints of 
pipeline components and pressure vessels, taking into 
account the technological parameters of the welding 
process, the geometric features of the specific struc-
ture, the type and properties of the material depending 
on its chemical composition and current temperature;

● numerical assessment of the specifics of the pen-
etration zone formation across the thickness of the 
structural element; 

● predicting the current and residual properties, as 
well as the microstructural phase composition of the 
weld metal and HAZ, depending on the type of weld-
ing and base materials and the thermal conditions 
during welding; 

● predicting of the kinetics of the elastic-plastic 
strain field during multipass welding of a circum-
ferential butt joint up to the complete cooling of the 
structural element and subsequent operational me-
chanical and thermal effects; 

● modelling the distribution of mechanical stresses 
in the structure caused both by welding effects (tran-
sient and residual) and by the thermal and mechanical 
operating conditions of the specific product; 

● calculation of residual distortions of the struc-
ture resulting from non-uniform welding heating by 
assessing irreversible shrinkage phenomena in the 
welded joint region;

● numerical assessment of the kinetics of residu-
al plastic strain accumulation, which is an important 
characteristic of the susceptibility of the welded struc-
tural metal to hot cracking. 

The graphical user interface of the “Girth Weld” 
computer program provides an interactive mode for 
numerical analysis and allows the following results of 
numerical experiments to be displayed on screen and 
saved as files or hard copies: 

● optimal calculation schemes for the layout of 
beads in the groove of a girth weld; 

● two-dimensional distributions of calculated val-
ues (temperatures, maximum instantaneous tempera-
tures, residual stresses, plastic strains, fusion zone) 
presented both as diagrams and tables; 

● distribution of microstructural phase compo-
nents and mechanical properties of the structural met-
al in the weld zone, taking into account the effect of 
local heating during multipass welding with known 
heat input parameters; 

● risks of cold and hot cracking;
● distortions of the structure after welding, taking into 

account irreversible welding shrinkage deformations;
● relaxation of residual stresses due to post-weld 

heat treatment; 
● redistribution of residual stresses under loading 

conditions (temperature and internal pressure); 
● assessment of the fatigue resistance of a girth 

weld under cyclic loading;
● probabilistic assessment of the serviceability of 

a cylindrical structure in the presence of macroscopic 
discontinuities in the weld metal. 

METHODS FOR THE NUMERICAL AND 
SOFTWARE IMPLEMENTATION OF THE 
PROGRAM CALCULATION ALGORITHMS
The development of a mathematical model for simu-
lating welding processes depends on the purpose of 
the simulation. To predict temperature cycles, volume 
fractions of microstructural phases, deformations and 
residual stresses in a multipass welded joint, finite ele-
ment models of a volumetric heat source and non-iso-
thermal material deformation, associated with the von 
Mises yield criterion, are typically used [1,  2]. The 
modelling is based on tracking the kinetics of the for-
mation and development of plastic strains and stresses 
in the welded product during the heating and cooling 
of each welding pass of the joint. The transforma-
tion microstructures causing volumetric effects and 
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changes in the physical and mechanical properties of 
the material in the weld zone are taken into account.

In general terms, during welding in the r, β and z 
coordinate system (Figure 1, a), as the centre of the 
heat source moves over time r₀(t), β₀(t) and z₀(t), the 
heat release at the point r, β and z at time t is described 
by the relationship: 

	 W(r, β, z, t) = W0(t) exp [–Kr(r–r0)
2–	  

	 Kβ(β–β0)
2 – Kz(z–z0)

2],	 (1)

where W0(t) is the heat flux at the point (r0, β0, z0); 
Kr, Kβ, Kz are the heating concentration coefficients in 
the r, β, and z directions, respectively. A relationship 

Kj =
2

4
jd = 3,0, dj = 3.46

jK
  exists between Kr, Kβ, Kz 

and the corresponding sizes of the effective heating 
zone dr, dβ, dz. W0(t) can be expressed in terms of the 
effective heating power qef(t) by integrating (1) over 
x, y, z within the heated workpiece. For example, if 
the source moves along the surface of a solid cylinder 
along a welded joint (Figure 1, b), then:

	
( )

( )
0

2
.ef x y zq t K K K

W t
⋅ ⋅

=
π π

	 (2)

By specifying sufficiently accurate values for Kr, 
Kβ and Kz, it is possible to obtain fairly precise results 
regarding temperatures near the fusion zone of the 
material being welded, which is important in terms 
of microstructural phase transformations, mechanical 
properties, etc. 

 The mathematical formulation of the problem of 
heat transfer in a thermally conductive body, in ac-
cordance with a given heat source W(r, z, β, t) and the 
corresponding conditions of heat exchange with the 
surrounding environment at temperature Tc, according 
to Newton’s law:

	
( )c ,T

T T T
n

∂
−l = α −

∂
	  (3)

where λ is the thermal conductivity of the material 
at temperature T, and αT is the surface heat transfer 
coefficient [3].

To the conditions in (3), the initial condition at 
t  =  0 and the heat conduction differential equation 
must be added, which in the (r, β, z) coordinate sys-
tem takes the form:

	
( ), , , ;

T Tr
r r r y

T Tr W r z t c r
z z t

 ∂ ∂ ∂ ∂ l + l +  ∂ ∂ ∂β ∂   
∂ ∂ ∂ + l + β = γ ∂ ∂ ∂ 

	

(4)

	 ( ) 0, , , 0 ,T r z t Tβ = =  	 (5)

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

Volumetric effects caused by changes in the tem-
perature field are conventionally divided into thermal 
effects and effects caused by microstructural transfor-
mations [5]. Temperature-induced volumetric effects 
at any point in a welded joint:

	 φ = α(T)(T – T0),	  (6)

where φ is the temperature expansion function, and α(T) 
is the average value of the coefficient of relative thermal 
expansion over the temperature range (T₀ – T).

During welding steels prone to hardening, the mi-
crostructural composition at any point in the fusion 
zone and HAZ is determined at time t by the values 
of the relative content of the j-th phase, Vj(t), where j 
= a corresponds to austenite, j = m to martensite, j = 
f corresponds to ferrite, j = b to bainite, and j = fp to 

a ferrite-pearlite mixture. In this case, ( ) 1j
j

V t ≡∑ . 

Volumetric effects at any point due to microstructural 
transformations in the temperature range (T0 – T):

	

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

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)

Figure 1. Diagram of a volumetric element in the cylindrical coordinate system (r, β, z) (a); distribution of thermal power W(r, β, z, t) 
during multipass welding (b)
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where γj(T) is the volume per unit mass of the j-th 
phase at temperature T. According to [3], for structur-
al steels, cm3/g: 

	

6 3

6 3

6
,

( ) 0.12282 8.56 10 2.15 10 ;

( ) 0.12708 4.448 10 2.79 10 ;

( ) 0.12708 5.528 10 .

m

a

b fp

T T C

T T C

T T

− −

− −

−

γ = + ⋅ + ⋅

γ = + ⋅ + ⋅

γ = + ⋅

	(8)

The yield strength of a finite element (volume) 
material at temperature T, taking into account micro-
structural transformations, is calculated as:

	

( ) ( ) ( ), ( , , , , );

( ) (20) ( ),

j
Y Y j

j j
Y Y j

T T V T j a f fp b m

T f T

σ = σ =

σ = σ

∑
 	  (9)

where j
Yσ (T) is the yield strength of the correspond-

ing j-th microstructural phase at temperature T, and C 
is the carbon content (% by weight).

High temperatures during welding heating and 
significant non-uniformity in the distribution of the 
function φ(r, β, z, t) lead to the occurrence of both 
elastic and inelastic deformations. The general strain 
tensor εij(r, β, z, t) is typically represented as the sum 
of three tensors:

	
,e p c

ij ij ij ijε = ε + ε + ε , 	 (10)

where the index ε denotes elastic strain; p denotes in-
stantaneous plastic strain; and c denotes strain due to 
diffusion-induced plasticity or creep. 

Plastic strains are related to the stress state by the 
equation of the theory of plastic non-isothermal flow 
and the associated Mises yield criterion:

	
( ), , , , ,p

ij ij ijd d i j x y zε = l σ − δ σ = 	 (11)

where p
ijdε  is the increment of the tensor p

ijε , which at 
a given time t is determined by the deformation histo-
ry, the stresses σij and the temperature T; dλ is a scalar 
function determined by the flow conditions:

dλ = 0 if 2 2 ( ) 0eq Yf T= σ −σ <  or f = 0 when df < 0; 
	 dλ > 0, if  f = 0 and df > 0;	  
	 the condition f > 0 is not admissible;	

σeq is the equivalent stress; σY(T) is the yield strength 
of the material at temperature T.

For creep strain c
ijdε , the following constitutive 

equation is used:

	
c
ijdε  = Ω(σeq,T)(σij − δijσ)dt,	 (12)

where Ω(σeq, T) is a scalar creep function of the mate-
rial at temperature T and a stress level determined by 
the equivalent stress σeq.

For this problem, where it is most important to ac-
count for creep deformations c

ijdε  during heat treat-
ment, as the stress relaxation process depends signifi-
cantly on them, it is reasonable to select the function 
Ω(σeq, T) on the basis of experiments involving the 
deformation of specimens of this material at elevated 
temperatures.

Accordingly, the creep function in general form, 
as a function of material temperature starting from 
550 °C and above, can be approximated by a typical 
relationship:

	 Ω(σeq,T) = exp ,
273

n
eq

GA
T

 ⋅σ ⋅  + 
	 (13)

where A, G and n are the constants related to the prop-
erties of the material.

The presented model of creep at elevated tempera-
tures is quite general and allows tracking deformation 
processes during heat treatment not only during hold-
ing, but also during heating and cooling at tempera-
tures, for example, for steels, of 550 °C and above. 
This model can be effective in simulating the relax-
ation of residual stresses during local heat treatment 
of welded structures or in the case of furnace heat 
treatment with a short holding time, when uniform 
heating to the specified holding temperature cannot be 
ensured throughout the volume of the welded struc-
ture or assembly. 

The increment in the strain tensor Δεij over the 
time interval from (t – Δt) to t, where Δt is the time 
step, which is sufficiently small:
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−∆

∆ε = ψ σ − δ σ + δ σ + ϕ − =

ψ = + ∆l + ∆ Ω σ

σ − δ σ 
= + δ σ − δ ∆ϕ 
 

  
(14)

where σij is the stress tensor; σ is the mean pressure; 

δij is the unit tensor; the bulk modulus is 1 2K
E
− ν

= ; the 

shear modulus is 
( )2 1

EG =
+ ν

; E is the Young’s mod-

ulus; ν is the Poisson’s ratio; Δλ is the scalar function; 
Ω(T, σeq) is the creep function.

Constitutive equation (14) contains the function ψ, 
which is determined by the flow plasticity condition 
(11) and the creep deformation development (12). 
This function depends significantly on the initial solu-
tion for time t, and its determination requires specific 
approaches. The simplest approaches are based on us-
ing the solution for the time step (t –Δt). By reducing 
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the time step Δt, errors associated with the risk of ob-
taining unacceptable states can be noticeably reduced 
(11). However, in the case of welding heating, this risk 
is very significant and, therefore, approaches based on 
the construction of appropriate iterative processes for 
resolving the physical nonlinearity associated with Δλ 
and Ω(T, σeq) are more common.

The following iterative process has proven effec-
tive in practice:

( ) ( )( ) ( ) ( )

( ) ( )( )
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1 1
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, if , .
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T m

m T m

T m
T

+ −

+

+

 ψ = + ∆ Ω σ − + ψ  

σ − σ σ < −

ψ = ψ − < σ −σ σ <

σ
ψ = ψ ⋅ σ − σ σ >

σ σ
	 

(15)

Process (15) ends if:

	

( )
( )

1
1 ,

n

n

+ψ − < δ
ψ 	 (16)

where n, n + 1 are the iteration numbers; 0 ≤ р < 1, 

т <<  ( )( ), n
s eqTσ σ ; δ ≤ 1 are the parameters of the iter-

ative process.
Following the linearization procedure, the struc-

ture of the constitutive equation (14) formally corre-
sponds to the continuity equation of elasticity theory 
with variable elastic parameters (ψ instead of 1/2G), 
and additional deformations bij, the values of which 

are known from the solution at the previous time step 
(t – Δt) and the temperature field at times t and (t – Δt). 

Since, in most typical cases of welding and opera-
tion of pipeline components and pressure vessels, the 
distribution of stress and strain fields is characterized 
by negligible variation in the circumferential direc-
tion (along the weld line), in order to reduce the time 
required for numerical analysis and the demands on 
computational power, the numerical schemes in the 
programming code are implemented in a two-dimen-
sional axisymmetric formulation.

This computer program is equipped with a da-
tabase of the physical and mechanical properties of 
typical steels and aluminium alloys used in the manu-
facture of pipeline components and pressure vessels, 
which simplifies the calculation procedure and reduc-
es the error in numerical analysis results caused by the 
incompleteness of the reference information available 
to the user. Similarly, the treatment geometry of a butt 
weld can be determined either from a set of available 
preset options used for critical structural components, 
or entered by the user if the necessary information re-
garding a specific design solution is available.

USER INTERFACE
The software user interface is designed for welding 
engineers without special knowledge of mathematical 
methods. All tasks involved in developing a finite ele-
ment model of a girth multipass weld in a cylindrical 
structure are fully automated. All calculation results 
can be presented in both graphical and tabular form. 
The information can be copied from any window to 
a graphics file, the clipboard or a printer. To save all 
input data and calculation results, there is a function 
for saving a variant. Available interface languages: 

Figure 2. Main window of the “Girth Weld: computer program
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English, Russian. Figures 2–4 show the windows of 
the computer program. The main window (Figure 2) 
is used to enter the sizes of the cylindrical structure 
and the girth weld, the base material and the welding 
material, the welding modes and the service load. It 
also shows the windows for modelling post-weld heat 
treatment (Figure 3) and the module for probabilistic 
assessment of the acceptability of a crack-like defect 
in the area of the girth weld (Figure 4).

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

● sizes of the cylindrical structure: 
● diameter D = 2‒10000 mm, 
● shell thickness H = 1‒20 mm, H < D/2, 
● length 2L = 30‒2000 mm, L > 30H; 
● edge preparation of the weld girth is single-sided 

(on the outer side); 
● the number of welding passes in a girth weld 

shall not exceed 200;
● the structural material is treated as a macroscop-

ically continuous, isotropic, elastic-plastic medium 
capable of strain hardening; 

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

● the structures are not subject to cryogenic tem-
peratures during operation; 

● operational loads: internal pressure from 0 
to P  <  (0.5σT·2H/D); for example, if H = 5 mm, 
D = 400 mm, σT = 170 MPa, then P < 2.125 MPa;

● the acceptability of defects is determined by the 
conditions of static or quasi-static strength, while the 
application of assessment methods falls within the 
scope of specific criteria used in accordance with the 
relevant standard documents; 

● cracks: semi-elliptical in the axial and circum-
ferential directions, on the outer and inner surfaces; 
crack sizes: depth a0 < H, length 2c0, a/c < 0.7; fatigue 
crack propagation; 

● pores: diameter d0 < 1.0 mm, depth r0: d0/2  < 
< r0 < H – d0/2; 

● shell thinning: on the outer and inner surfac-
es; sizes of thinning: depth a0: a0 < H/2, length 2s0: 
2s0 < L/2; growth of corrosion thinning.

AN ERROR THAT FALLS WITHIN 
THE ADMISSIBLE RANGE 
OF NUMERICAL ANALYSIS PARAMETERS
The adequacy of the developed models and their soft-
ware implementation is ensured and confirmed both 
by the validation and verification procedures, and 
by the experience of successfully implementing and 
utilizing individual procedures and the software as 

Figure 3. Window for modelling post-weld heat treatment

Figure 4. Module window for probabilistic assessment of the ac-
ceptability of a crack-like defect in the zone of a girth weld
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a whole in optimizing industrial welding cycles for 
girth welds in critical structures, as well as confirming 
their serviceability and life by domestic and foreign 
enterprises in the power, machine-building, transport 
and aerospace industries.

A comparison of the results obtained using the “Girth 
Weld” computer program (version 3.6) with full-scale 
experimental measurements shows that the error in the 
numerical analysis does not exceed 10–15 %.

VERIFICATION OF THE SIMULATION 
RESULTS FOR WELDING A DISSIMILAR 
GIRTH WELD ON A PIPELINE
Residual stresses are important for addressing prob-
lems of cracking and failure in welded structures and 
can be modelled for the welding process. The devel-
opment of new heat-resistant steels for the power 
engineering, where girth welded pipes are frequent-
ly used, requires an investigation into the impact of 
welding processes and residual stresses on the safe 
and reliable operation of power stations.

Finite element modelling of the multipass SMAW 
(shielded metal arc welding) process was carried out 
for a butt weld between a pipe with an outer diame-
ter of 42 mm and a shell thickness of 7 mm made of 
12 % Cr steel and dissimilar materials (austenitic or 
pearlitic steel). Such welded joints are used for pipes 
in boiler steam superheaters at thermal power plants.

The aim of mathematical modelling is to predict 
temperature fields and the kinetics of the stress-strain 
state during multipass welding, taking into account 
the martensitic class of the steel, the choice of welding 
consumables, welding conditions, preheating tempera-
ture, as well as determining the residual stress state af-
ter welding and possible post-weld heat treatment.

After preliminary experiments on practicing the 
welding technology, a more suitable set of welding pa-
rameters was selected. The groove was filled by four 
welding passes (Figure 5). For a dissimilar welded joint 
(12 % Cr steel + austenitic steel 0.12C–Cr18Ni10T), 

E-0.11C-Cr16Ni25Mo6Mn2N electrodes with a diam-
eter of 3.0 mm were selected. Welding parameters: 1st 
pass I = 75–85 A, U = 24 V, V ≈ 1.8 mm/s; 2nd–4th passes 
I = 85–90 A, U = 24 V, V ≈ 2.6 mm/s.

The chemical composition, mechanical and ther-
mal properties of the base materials and filler metal 
are presented in Tables 1 and 2.

Taking into account the martensitic class of 
high-chromium (12 %) steel, the following conditions 
for the phase transformation of the HAZ microstruc-
ture are adopted:

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 marten-
site, and Vj(T, t) is determined from the thermokinet-
ic diagram of austenite decomposition for steel with 
the corresponding chemical composition. An exam-
ple of such a diagram is shown in Figure 6 for steel 
X10CrMoVNb91 [4].

A comparison of the results of numerical cal-
culations using 2D and 3D models for four-pass 
butt welding of pipes made of dissimilar materials 
(12 % Cr steel + austenitic steel 0.12C‒Cr18Ni10T) 
shows satisfactory agreement.

The results for the 2D and 3D models shown in 
Figure 9 reveal fairly similar distributions of maxi-
mum temperatures during welding all four passes. In 
the diagrams, the red colour corresponds to the shape 
of the molten zone; the size of the HAZ is limited by 
the 800–850 °C isotherm and reaches approximately 
1.5–2.5 mm; the penetration depth of the weld met-
al into the base material is approximately 1 mm. The 
molten zones, the penetration depth of the weld and 
the temperature range in the HAZ are consistent with 
general thermal expectations.

Figure 10 shows the calculated distributions of re-
sidual welding stresses (circumferential component). 
In the melt zone, where the filler material has an aus-
tenitic microstructure, high tensile stresses of up to 
450 MPa arise. Adjacent to the melt zone in the HAZ 
of the 12 % Cr steel base material (lower part of the 
pipe in Figure 10), martensitic transformation gives 
rise to localized high compressive stresses of up to 
–350 MPa, as well as localized tensile stresses of up 
to 180‒300 MPa according to 2D analysis and up to 

Figure 5. Preparation of single U-type groove for pipe welded 
joints (SMAW welding process) (a), predicted weld configuration 
and layout of weld beads (b)
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Table 1. Mechanical and thermophysical properties of materials in a dissimilar welded joint

T, °C E, MPa α, 10‒6 1/K λ, J/(cm∙s∙°C) c, J/(cm3∙°C)
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

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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50 MPa according to 3D analysis, which counterbal-
ance the compressive stresses. The width of the zone 
of residual tensile hoop stresses in the pipe is quite 
small (approximately 2 mm). Further out on the pe-
riphery of the 12 % Cr steel pipe, compressive stress-
es of up to –640 MPa occur on the inner surface and 
tensile stresses of up to 180 MPa on the outer surface. 
Figure 11 shows the residual hoop stresses across the 
thickness of the welded joint in the 2D model and in 
various cross-sections along the angular coordinate 
from the start–end of welding in the 3D model (0, 90, 
180, 270°). One stress curve differs significantly from 
the other due to the effect of the start and end of weld-
ing in the 3D model. The hoop stresses determined by 
the two-dimensional model are close to the results of 
the three-dimensional model.

The results of the distribution of residual welding 
stresses for the axial component shown in Figures 12 
and 13, based on 2D and 3D models, also agree well. 
The martensitic structure of 12 % Cr steel causes the 
conventional axial tensile residual stresses on the in-
ner surface to change to compressive stresses of up 
to –400 MPa and, correspondingly, the compressive 
stresses on the outer surface to tensile stresses of up 

to 400 MPa. This effect may be beneficial for pipes 
exposed to a corrosive environment on the inside.

Despite a slight difference in the distribution of 
residual stresses determined by the 3D model across 
different cross-sections of the pipe along the angular 

Table 2. Welding parameters for filling the groove of a butt weld using wire of 0.9 mm diameter

Groove filling sequence

Welding parameters

I, A 
pulse/pause Ua, V Vw, 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

Weld reinforcement layer (105–112) 260/110 11.5 80.3 1520/1000 175/325

Figure 6. Thermokinetic diagram of austenite decomposition for 
X10CrMoVNb91 steel [4]

Figure 7. Dependence of the yield strength on temperature and mi-
crostructural state: 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 metal E–0.11C–Cr16Ni25Mo6Mn2N; 
5 — austenitic base material 0.12C–Cr18Ni10T 

Figure 8. Finite element mesh of the 2D (a) and 3D (b) models of 
a girth butt pipe weld
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coordinate, good agreement with the 2D model was 
observed. Thus, the 2D model of a girth weld can 
be used to simulate the distributions of maximum 
temperatures, microstructural phase composition, 
mechanical properties, residual stresses and strains 
during multipass welding of butt joints in pipelines 
and cylindrical shells (vessels).

VALIDATION OF THE SIMULATION 
RESULTS FOR Multipass WELDING 
OF A GIRTH JOINT ON A PIPELINE
Calculations using the “Girth Weld” computer 
program provided comprehensive information on 
the distribution of welding stresses throughout the 
entire volume of the welded joint in the DN850 

Figure 9. Comparison of calculated distributions of maximum temperature and melting zones (red) in the cross-section of a girth pipe 
weld: a — 3D model; b — 2D “Girth Weld” model

Figure 10. Comparison of numerically calculated distributions of residual welding stresses (circumferential component): a — 3D 
model; b — 2D “Girth Weld” model
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main circulation pipeline for WWER-1000 reac-
tors. To validate the calculation results, data from 
experimental measurements were used; these were 
carried out on a mock-up specimen of the welded 
joint of DN850 main circulation pipeline (MCP)
elements on accessible surfaces of the welded ele-
ments following heat treatment under a high-tem-
perature tempering mode, for the purpose of com-
parison with the calculated data.

The calculation procedure is based on the sequen-
tial tracking of the development of temperature fields, 

stresses and strains during the sequential filling of the 
weld groove with individual beads (Figure  14). For 
each pass, based on experimental data regarding the 
parameters of the arc welding process using a noncon-
sumable electrode in an argon atmosphere, the sizes 
of the penetration zone and HAZ of the base material 
(10GN2MFA steel) were determined. The chemical 
composition of the penetration zones of each bead 
was determined based on the sizes of the penetration 
zone and the chemical composition of the filler metal 
(Sv-08G1NMA wire).

Figure 11. Residual hoop stresses across the thickness of the 
welded joint in the 2D model and in various cross-sections along 
the angular coordinate from the start–end of the welding in the 3D 
model (1 — 0°; 2 — 90°; 3 — 180°; 4 — 270°) 

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

Figure 13. Residual axial stresses across the thickness of the 
welded joint in the 2D model and in various cross-sections along 
the angular coordinate from the start–end of the welding in the 3D 
model (1 — 0°; 2 — 90°; 3 — 180°; 4 — 270°)
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To model microstructural phase transformations in 
the HAZ of low-alloy steels during welding or surfacing, 
an approach was employed based on the use of paramet-
ric (regression) equations derived at the PWI [5].

Based on the kinetics of microstructural transfor-
mations in the weld metal and HAZ, the volumetric 
effects were determined at specific times t at tempera-
ture T. For 10GN2MFAA steel, equation (8) was used 
to determine γj dependence.

The value of the yield strengthσT(T) of the finite 
element (volume) material at temperature T, taking 
into account microstructural transformations, was de-
termined in accordance with equation (9). The creep 
function coefficients for the base material of the weld-
ed joint (10GN2MFA steel) were determined in [1] 
based on the analysis of experimental data: n = 5, 
A = 8.46∙1017 MPa–(n+1)∙h‒¹, G = –66394 °C.

Figure 15 shows the calculated data on the distri-
bution of residual stresses, as well as the circumfer-
ential and axial components, in the welded girth joint 
of the DN850 MCP after welding and heat treatment 
under a high-temperature tempering mode.

Figure 14. Results of computational modelling of filling the 
groove for the butt weld of DN850 MCP components

Figure 16. Comparison of calculated and experimental data on the distribution of residual stresses on the outer surface of the welded 
joint of the DN850 MCP [1]: a — circumferential component; b — axial component

Table 3. Mechanical and thermophysical properties of 
10GN2MFA steel as a function of temperature [1]

T, °C E∙10‒5, 
MPa

σy(T), 
MPa

l, 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

Figure 15. Calculated data on the distribution of residual stresses 
in the girth weld of the DN850 MCP after heat treatment under a 
high-temperature tempering mode: a — circumferential compo-
nent; b — axial component
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Experimental measurements of residual stresses 
were carried out on a welded and heat-treated mock-up 
specimen of a welded joint. The measurements were 
taken on the surfaces, i.e. in locations accessible for the 
installation of strain gauges and the subsequent drilling 
of holes to implement the well-known Matar method. 
Measurements were taken at 24 locations. Figure 16 
shows a comparison of calculated and experimental 
data regarding the distribution of residual stresses on 
the outer surface of the DN850 MCP, which confirmed 
the high accuracy of the calculation method for deter-
mining residual welding stresses.

Conclusions
The “Girth Weld” computer program is applied for 
typical cases of welded circumferential joints in 
pipelines and pressure vessels and enables the com-
putation of the information regarding the mechanical 
properties of the weld metal and HAZ, residual stress-
es and strains, determination of the redistribution of 
the stress-strain state resulting from heat treatment 
and the effects of operational and test loads, and pre-
diction of the serviceability and life of welded struc-
tures with discontinuities (detected by non-destruc-
tive testing or postulated). 

The software is designed for engineering and sci-
entific applications and does not require the user to 
have specialist training in computational methods, as 
it fully automates the processes of creating a math-
ematical model, meshing the domain, by finite ele-
ments executing a solver and visualizing the results.

The program ensures highly accurate predictive 
results at minimal demands on computing and time 
resources due to the use of modern approaches to 
modelling the physico-chemical processes involved 
in welding, as well as efficient algorithms for solving 
nonlinear problems and systems of high-order differ-
ential equations.

Calculations have been carried out for two test 
tasks of practical interest that demonstrate the main 
capabilities of the “Girth Weld” computer program. 
The verification results indicate that the physical 
models and processes implemented in the program are 
correct and correspond to accepted modern approach-
es to the description of physico-chemical processes 
during welding heating, mechanics of deformable 
bodies, and fracture mechanics. Based on the satis-
factory agreement between the calculated results and 
the experimental measurement data obtained from 
the test specimen (a welded circumferential joint of 
a DN850 pipeline in the primary circuit of a WWER-

1000 reactor, made of 10GN2MFA pearlitic steel), the 
“Girth Weld” computer program has been validated 
and may be used to simulate the mechanical prop-
erties and stress-strain state in the area of girth butt 
welds in pipelines and pressure vessels.
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Analysis of actual problems of laser welding 
of thin-walled products made of stainless steels 
(Review)
Yu.V. Yurchenko
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11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
This paper reviews current scientific research on laser welding of thin-walled products made of high-alloy corrosion-resistant 
steels. Particular attention is paid to factors affecting the quality of welded joints in thin-walled structures. One such issue is 
the formation of craters at the end of the weld, which is often observed in the production of circumferential welds. It has been 
established that an effective approach to reducing this defect is the use of smooth control of laser radiation power at the begin-
ning and end of the welding process using different types of modulation, as well as overlapping the weld and performing an 
additional smoothing pass. Another important aspect is ensuring stable gas shielding during welding in a narrow gap between 
the clamping elements. Design solutions that contribute to the formation of a laminar flow of shielding gas, in particular the 
use of gas distribution elements made of sintered porous materials or metal meshes, which reduce turbulence and improve the 
effectiveness of shielding the welding zone from atmospheric influences, were considered. The problem of deformations and 
residual stresses caused by localized heat input is analyzed separately. It has been established that the use of copper substrates, 
the optimal location of clamping elements, and the optimization of laser welding parameters can significantly reduce the level 
of thermal deformations and ensure high geometric accuracy of joints. Based on the results of the review, the main problems 
of laser welding of thin-walled products made of corrosion-resistant high-alloy steels were identified, options for their solution 
were considered, and prospects for further research in these areas were outlined.

KEYWORDS: laser welding, corrosion-resistant steels, thin-walled products, welding problems, craters, gas shielding, de-
formations

INTRODUCTION
The use of thin sheet metal makes it possible to re-
duce the weight and dimensions of welded structures, 
as well as lower their production costs. At the cur-
rent stage of development of welding technologies, 
significant attention is being paid to the welding of 
metal with wall thicknesses less than 2 mm in var-
ious structures [1]. Thin sheet metal is traditionally 
used in aircraft, chemical, food and other industries. 
In the aircraft industry, this includes pipelines, turbine 
components, fuselages, etc. [2, 3]. As for the chemi-
cal industry, this covers pipelines, reservoirs, cisterns, 
and tanks [4]. The listed products typically have a sig-
nificant length of welded joints and increased quali-
ty requirements. In light industry, particularly in the 
food industry, most metal products are thin-walled: 
refrigeration units, pipelines, vessels, reservoirs, and 
containers for sugar and dairy plants [5].

Among the materials most commonly used in 
these industries, austenitic stainless steels are the 
most widespread. They account for about two-thirds 
of global stainless steel production [6]. Thanks to al-
loying with nickel, as well as nitrogen and manga-
nese, their structure remains austenitic across the en-
tire temperature range — from cryogenic to melting 
temperatures. They have excellent formability and 

weldability, are non-magnetic, and retain ductility at 
very low temperatures [7, 8]. Among the most com-
mon are the 300 series — chromium-nickel alloys, 
where the austenitic structure is achieved primarily 
through the addition of nickel [6].

The most common austenitic steels are AISI 
304, AISI 316, and AISI 321 (domestic equivalents 
08Kh18N10, 03Kh17N14M3, and 12Kh18N10T, re-
spectively). The chemical composition of these steels 
according to ISO 15510:2014 is shown in Table 1.

Stainless steels AISI 304, AISI 316, and AISI 321 
are widely used in industry due to their corrosion resis-
tance and high mechanical properties. AISI 304 is the 
most common grade used in the food industry, house-
hold appliances, architecture, and mechanical engineer-
ing. AISI 316 contains molybdenum, which increases 
its resistance to aggressive environments, particular-
ly those containing chlorine, making it the preferred 
choice for marine, chemical, and medical applications. 
AISI 321 is titanium-alloyed and is distinguished by 
high heat resistance and resistance to intergranular cor-
rosion, making it suitable for use in high-temperature 
equipment, aircraft manufacturing, and other industries 
where high operating temperatures are present [6–8].

Given the properties mentioned above, austenitic 
steels are most commonly used in the manufacture of 
thin-walled products. To join them, welding process-
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es must be used that ensure minimal heat input and 
high-quality welds. The main types of welded joints for 
thin-walled products are butt joints for plane products 
and circumferential joints for cylindrical ones (Figure 1).

Currently, the methods for welding thin-walled 
products most commonly used worldwide are plasma, 
electron beam, TIG, and MIG welding [10–12].

Despite the variety of welding processes, the meth-
ods listed above have their drawbacks. Plasma weld-
ing involves high costs for welding equipment and 
consumables, which can can significantly increase the 
technology implementation costs [13].

Although electron beam welding is effective, it also 
has certain drawbacks. The welding equipment required 
for this technology is complex and expensive, which re-
duces its accessibility for widespread use. In addition, 
vacuum chambers are necessary to perform welding 
operations, which limits the ability to process large or 
heavy workpieces. Since electron beam welding is per-
formed in sealed vacuum chambers, complex guidance 
systems are needed for precise positioning of the elec-
tron beam and locating the weld site. The process itself 
is also accompanied by X-ray radiation, which requires 
special protective measures for personnel [13].

TIG welding also has its disadvantages. In par-
ticular, excessive welding current can cause melting 
of the tungsten electrode, which affects weld quality 
by forming brittle tungsten in the weld pool. Further-
more, this welding process has a low speed, which 
limits its efficiency when welding large-scale compo-
nents [14].

Among the drawbacks of MIG welding is a less 
stable welding arc, which can lead to an uneven weld-
ing process. Another issue is the feedback from the 
welding wire, which can sometimes be inconsistent, 
complicating the control of the welding process. 
Welding also produces a large amount of smoke and 
harmful fumes, requiring the use of appropriate venti-
lation and personnel protection means [12].

Alongside the welding methods for thin-walled 
products listed above, laser welding is becoming in-
creasingly widespread and implemented. Over the last 
10 years, rapid growth in laser technologies has been 
occurred. Hence the cost per kilowatt of used laser 
power decreased by approximately 10 times, making 
laser welding even more competitive compared to tra-
ditional welding methods [15]. This is confirmed by 
data from various consulting agencies, which indicate 
that the global market for laser welding equipment in 
2022–2023 amounted to $2.5–2.9 bln [16–18]. This 
market is expected to reach approximately $4 bln by 
2032, with a compound annual growth rate (CAGR) 
of 5.5 % over the forecast period [18]. The rapid de-
velopment of laser technologies is also confirmed by 
a significant increase in the number of scientific pub-
lications related to laser processing, particularly laser 
welding.

The main advantages of laser welding are: lack 
of requirements for complex vacuum chambers, the 
most localized thermal effect, a small heat-affected 
zone (HAZ), and minimal residual deformation.

Despite the rapid development of laser welding as 
a highly productive technology featuring deep pen-
etration, minimal deformation, and high processing 
speeds, a number of technical challenges and issues 
remain relevant and have yet to be definitively re-
solved. These include crater formation at the begin-
ning and end of the weld joint, ensuring reliable gas 
shielding, effective heat removal, control of welding 
stresses and deformations, as well as reliable clamp-
ing of the weld edges of thin-walled products.

THE PURPOSE
This study is aimed at analyzing scientific literature 
on the laser welding of thin-walled products as well 
as identifying common problems that arise during the 
welding of such components; and searching for possi-
ble solutions to these problems.

Table 1. Chemical composition of the steels, wt.% [9]

Grade С Si Mn Ni S P Cr Cu Ti Mo Fe

AISI 304 ≤0.08 ≤0.8 ≤2 9‒11 ≤0.02 ≤0.035 17‒19 ≤0.3 – –

Bal.AISI 316 ≤0.03 ≤0.4 ≤1‒2 13‒15 ≤0.02 ≤0.035 16‒18 – – 2.5‒3.1

AISI 321 ≤0.12 ≤0.8 ≤2 9‒11 ≤0.02 ≤0.035 17‒19 ≤0.3 0.4‒1 –

Figure 1. Schematic of laser welding: butt welds (a), circumfer-
ential welds (b): 1 — lens; 2 — laser beam; 3 — workpieces
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ANALYSIS OF THE PROBLEM OF CRATER 
FORMATION IN WELDED JOINTS
The formation of craters at the end of a welded joint 
during laser welding is a well-studied but still relevant 
issue in the fabrication of circumferential welded joints 
in thin-walled products. Its relevance is maintained due 
to changes in welding conditions, specifically the thick-
ness and type of material, the joint design, the type and 
characteristics of the laser source, as well as the specif-
ic geometry of a product. Consequently, the problem is 
primarily of a technological nature and requires a cus-
tomized approach. To effectively eliminate craters, it is 
necessary to seek technical solutions that take into ac-
count the specific characteristics of a product, welding 
parameters, and material properties.

According to the DSTU 3761.3‒98 standard [19], a 
crater is a cavity that forms at the end of a welded joint 
under the influence of the pressure of the electric arc and/
or the gas jet, as well as the volumetric shrinkage of the 
metal during its crystallization. In international terminol-
ogy, this defect is referred to as a “crater” (Figure 2). The 
problem of crater formation at the end of a welded joint 
has long been known; however, with the development 
of welding technologies, thin-walled or closed joints — 
where traditional run-off tabs cannot be used — it has 
become increasingly relevant [20].

Despite its apparent simplicity, the crater zone is ex-
tremely complex in terms of thermodynamics, hydrody-
namics, metallurgy, and the stress-strain state. Exactly 
here, hot cracks, pores, shrinkage cavities, and microin-
clusions most often occur, which degrade the mechani-
cal properties of the joint, reduce its leak tightness, and, 
under unfavorable conditions, can lead to premature fail-
ure of the welded joint under load [21, 22].

Controlling the welding termination process pres-
ents a particular challenge. While most technological 
solutions are aimed at ensuring a stable weld pool 
under steady-state conditions, the termination zone is 
inherently unstable: after the heat source is removed, 
the nature of heat fluxes, temperature distribution, and 
crystallization rate change, leading to a local loss of 
balance in phase and hydrodynamic processes. As a 

result, the crater becomes a concentration point for 
residual stresses and a source of crack initiation. In 
addition to cold cracks, during laser welding of auste-
nitic stainless steels remains the problem of hot crack 
formation [23, 24]. The main cause of their formation 
is the presence of residual molten films with a reduced 
melting point, forming as a result of microsegrega-
tion of low-melting elements such as sulfur, phospho-
rus, copper, and silicon, or the formation of eutectics 
based on Ni3S2, Fe3P, etc. [23]. Under the action of 
shrinkage stresses arising during cooling, or due to a 
sudden change in heat fluxes in the weld termination 
region, these films lose their integrity, forming hot 
cracks.

Preventing crater formation at the start and end 
of a weld is essential for ensuring high-quality and 
leak-tight welds, especially during laser welding. One 
of the key approaches to minimizing craters in laser 
welding is to adjust the heat balance at the start and 
end of the weld.

The most common and effective strategy for prevent-
ing crater formation is to reduce the laser power at the 
end of the weld (ramp-down) [20]. The method of reduc-
ing the laser power at the end of the weld allows lower-
ing the temperature in the weld pool, promoting uniform 
crystallization. By reducing temperature gradients and 
cooling rates, shrinkage stresses are reduced, suscepti-
bility to hot cracks is decreased, and the risk of shrinkage 
cavities forming in the crater is minimized [20]. In [20], 
Kenda et al. used three variants of laser power reduction 
(RD) profiles (Figure 3).

Profile P1 is a classic mode with a linear power 
reduction of −1.5 W/ms for the transition from deep 
melting to the heat conduction mode. Profile P2 is a 
new approach with a zigzag-shaped decline: initially 
to 73 % of power, followed by 53 Hz modulation with 
a slope of −0.15 W/ms. Profile P3 is similar to P2, but 
with a frequency of 106 Hz and a slope of −0.25 W/
ms. Figure 4 shows a top view of three typical weld 
joint ends made using RD profiles P1, P2, and P3, 
shown in Figure 3 [22]. When welding with the P1 
profile, the surface of the welded joint is smooth but 

Figure 2. Crater with cracks at the end of a welded joint during laser welding: 3D scan of the crater (a), top view of the crater (b) [20]
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has several long axial cracks, which typically occur 
under such conditions (Figure 4, a). These cracks ini-
tiate at the moment of power reduction, and in a cer-
tain zone of the welded joint, their parallel existence 

across the width is observed. The surface of the weld 
termination zone when using zigzag profiles P2 and 
P3 (Figure 4, b, c) has an arc-shaped structure, i.e., it 
contains distinct crystallization zones. The number of 

Figure 3. Laser power reduction profiles: rectangular (a), P1 (b), P2 (c), P3 (d) [20]

Figure 4. Comparison of crack morphology on the surface of a welded joint for different laser power reduction profiles: P1 (a); P2 (b); 
P3 (c) [20]
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such zones corresponds to the number of power mod-
ulation cycles incorporated into the corresponding 
RD profile. Figures 4, b, c also show that only short 
surface cracks form during usage of zigzag profiles. 
This is explained by the fact that powerful modulation 
of the laser beam creates crystallization zones that act 
as barriers to crack propagation [20].

There are several other methods for preventing crater 
formation, namely: defocusing of the laser beam, over-
lap welding, and the use of a “smoothing” weld [25]. 
A drawback of the laser beam defocusing method is the 
need for complex optical systems in the welding heads 
that ensure controlled changes in focal length. This com-
plicates the equipment design, increases its cost, and 
raises maintenance requirements. The “smoothing” weld 
method requires an additional pass, which also increases 
processing time and introduces additional internal stress-
es due to repeated thermal exposure.

Based on a review of scientific studies dedicated 
to the investigation of crater formation at the end of a 
welded joint, the following conclusion can be drawn. 
Despite the existence of a certain number of scientif-
ic studies in this field, the issue of crater formation 
during laser welding of thin-walled welded joints 
made of stainless steel remains incomplete. There-
fore, further research in this area remains relevant.

ANALYSIS OF THE PROBLEM OF GAS 
SHIELDING IN THE WELDING ZONE
The problem of gas shielding during welding with con-
centrated energy sources is particularly relevant due to 
the fact that most methods involve welding in the open 
air without the use of vacuum chambers. In these cases, 
gas shielding plays a key role. Due to high temperatures 
and the localized effect of the heat source, even a slight 
ingress of air into the welding zone can lead to the forma-
tion of oxide films, pores, cracks, and other defects. This 
degrades the metal’s structure and reduces the strength 
and durability of welded joints [26–29]. One of the main 
factors reducing the effectiveness of gas shielding during 
welding is flow turbulence. During the transition from 

laminar to turbulent flow, the shielding gas mixes in-
tensively with the surrounding air, causing the oxygen 
concentration in the weld zone to rise rapidly (Figure 5) 
[30, 31]. Due to momentum exchange at the transition 
layer with the surrounding environment or with the wall 
(i.e., the metal surface), the velocity profile undergoes 
asymmetric changes with increasing propagation length 
[32]. Therefore, the analysis of near-surface and free 
flows [33] allows for the evaluation of the efficiency of 
shielding gas delivery through flat or tubular nozzles.

Near-surface flows exhibit a significantly longer 
laminar flow region and lower turbulence at the same 
Reynolds number [34], indicating the advantage of flat 
nozzles over other shapes. The shielding gas flow rate 
is one of the most extensively studied parameters due 
to the ease of its adjustment. Blackburn et al. [35] found 
that reducing the flow rate improves the appearance of 
the weld, as excessively high flow rates cause turbulence 
in the gas flow. Vyskoč [36] investigated the effect of 
flow rate on the shape of the weld and found that its 
growth reduces the energy absorbed by the plasma torch 
while simultaneously increasing the weld width. This 
study analyzed the relationship between the shielding 
gas supply distance and the porosity of the weld. The op-
timal supply distance allowed for the stabilization of the 
vapor-gas channel and a reduction in porosity. In addi-
tion to gas flow rate, the researchers also focused on the 
position of the shielding gas nozzle [37]. Campana et al. 
[38] concluded that for effective shielding, the gas must 
be supplied at a right angle to the workpiece surface, and 
the nozzle height must be minimized to ensure reliable 
shielding of the vapor-gas channel and the high-tem-
perature welding zone. Wang et al. [39] investigated the 
effect of the nozzle angle and found that as the angle 
decreases, the size of the gas shielding zone increases.

The most characteristic sign of insufficient gas 
shielding in the weld zone is the formation of oxide 
films on the metal surface, known as heat tint. On cor-
rosion-resistant steels, such oxide films form at tem-
peratures above 300 °C. Their thickness depends on 

Figure 5. Helium flow pattern as a function of the gas injection rate, visualized using a Schlieren image [31]
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the temperature regime, heating duration, and oxygen 
content in the weld zone (Figure 6). Areas with oxide 
films are characterized by lower corrosion resistance 
compared to the base metal, which can lead to the de-
velopment of localized corrosion [27, 40].

The color of the oxide films formed during welding 
varies from light straw-colored to dark blue, depend-
ing on the temperature. This is due to the formation of 
oxide films composed primarily of chromium and iron. 
During oxidation, alloying elements, particularly chro-
mium, can diffuse to the surface because they oxidize 
more readily than iron [26]. As a result, a zone with re-
duced chromium content forms beneath the film, which 
negatively affects the corrosion resistance of this area 
compared to the rest of the steel volume [42]. The rate 
of oxidation and the degree of depletion of alloying el-
ements in the zone beneath the film are determined not 
by the overall chemical composition of the steel, but 
by the properties of the oxide film itself, particularly 
its diffusivity [43]. Due to its heterogeneous structure, 
the presence of defects, and internal stresses, such an 
oxide film does not provide reliable protection against 
corrosion. In appropriate environments, this can lead to 
localized corrosion in the zone with reduced chromium 
content located beneath the film [44].

During service, welded joints made of stainless 
steels may be exposed to various types of corrosion, 
namely: pitting, crevice, intergranular, and stress cor-
rosion [27, 45–49]. The protective passive film on the 
surface of stainless steel provides high resistance to 

uniform corrosion in typical oxidizing environments. 
However, in the presence of aggressive factors, lo-
cal destruction of this film is possible, leading to the 
development of pitting corrosion [47, 50]. The effect 
of elevated temperatures in the range of 500–800 °C 
(so-called “critical temperatures”) during welding fol-
lowed by slow cooling in air makes 2 mm thick AISI 
304 austenitic stainless steel susceptible to intergranu-
lar corrosion [48, 51, 52]. Under these conditions, chro-
mium carbides precipitate along the grain boundaries, 
reducing the chromium content in the adjacent zone.

If the chromium concentration falls below the critical 
level for passivation (approximately 11.5 %), this zone 
becomes anodic relative to the rest of the grain, leading 
to sensitization of the material and its susceptibility to 
intergranular corrosion [52]. Chromium-depleted zones 
can also become pathways for the preferential develop-
ment of other types of localized corrosion or crack prop-
agation under tensile stresses [53].

To prevent the formation of oxide films on the 
metal surface during welding and reduce the proba-
bility of corrosive damage, special gas shielding sys-
tems are used. These systems supply shielding gas to 
the welding zone to isolate the molten metal and sur-
rounding areas from contact with oxygen, nitrogen, 
and moisture in the surrounding environment. The de-
velopment of effective gas shielding devices is a rele-
vant area of research, as the quality of a welded joint 
largely depends on the stability and uniformity of the 
gas flow. A number of scientific papers have proposed 

Figure 6. Colors of oxide films on the surface of stainless steel as a function of concentration in the weld zone [41]
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technical solutions aimed at forming a laminar flow of 
shielding gas, which provides a more efficient shield-
ing and minimizes the formation of defects in the 
welded joint [30, 54, 55].

One of the key techniques for ensuring reliable gas 
shielding involves the gradual formation of a uniform 
laminar flow. To initially equalize the gas velocity, dif-
fusers made of sintered metal or metal foam are used, 
which significantly reduce turbulence and ensure a 
more uniform gas distribution [30]. Depending on the 
shielding quality requirements and the nozzle design, 
both individual elements as well as their combinations 
may be used. For example, a honeycomb structure 
may be installed downstream of the diffuser to direct 
the flow along the nozzle axis, effectively reducing 
transverse velocity fluctuations. To achieve sufficient 
stabilization, a length-to-diameter ratio of the holes of 
at least 5:1 is selected, which suppresses turbulence 
and promotes the formation of a laminar flow [54]. An 
important role is played by the design, which avoids 
abrupt changes in the shape and cross-section of the 
nozzle’s internal channels. Transition areas between 
sections are designed with radius, which reduces the 
probability of flow separation and the formation of 
new turbulence zones. Such a smooth flow path en-
sures a uniform laminar flow, especially if the channel 
length is sufficient to form a full-fledged parabolic ve-
locity profile [30]. Another common technique is the 
use of multiple shielding gas flow directions [55]. The 
gas is supplied both directly to the welding zone and 
into the surrounding area. This is achieved through 
separate channels: one directed straight at the welding 
zone, another at an angle or opposite to the beam’s 
direction of travel to prevent air ingress, and a third 
through a central chamber with subsequent distribu-

tion via a honeycomb structure. In addition, the devic-
es incorporate welding fume extraction systems that 
do not disrupt the main flow of shielding gas. For this 
purpose, extraction nozzles that extract gas only from 
the periphery, leaving the central zone with a clean 
inert atmosphere, are used [55].

A review of the scientific works on gas shield-
ing reveals that there are currently studies devoted 
to the general patterns of laminar flow formation 
during welding with a relatively large gap between 
the clamping elements. However, the development of 
devices capable of ensuring an effective laminar gas 
flow in a narrow gap between closely spaced clamp-
ing elements remains outside the scope of research. 
This confirms the relevance of creating gas shielding 
devices for such welding conditions.

ANALYSIS OF THE PROBLEM OF WELDING 
STRESSES AND DEFORMATIONS
Welding with highly concentrated energy sources 
inevitably leads to the formation of residual stress-
es and deformations after the weld zone has cooled. 
Due to local thermal effects and subsequent uneven 
cooling, internal stresses and deformations appear, 
which can significantly affect the geometric accuracy 
and strength of structures [56]. Figure 7 shows typical 
forms of deformations that occur during the welding 
of plane parts. Transverse and longitudinal shrinkage, 
as well as angular deformation, are the three main 
types of welding deformations that typically occur to-
gether in actual welded structures [57].

During welding of thin sheet metal, where the 
heat input is large relatively to the material thickness, 
bending-type deformations may occur [57]. Such de-
formations are one of the main causes of dimensional 

Figure 7. Typical deformations during welding: transverse shrinkage (a); longitudinal shrinkage (b); angular distortion (c); rotational 
distortion (d) [57]
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inaccuracies and lead to a reduction in the stiffness 
and load-bearing capacity of welded structures made 
of thin sheet steel. Figure 8 illustrates the distribution 
of residual stresses in a butt weld joint. Specifically, 
Figure 8, a shows the distribution of longitudinal re-
sidual stresses (in the direction of welding) both along 
the weld and in the cross-section at its center. Maxi-
mum tensile residual stresses are observed in the zone 
around the weld line. In areas distant from the weld 
zone, compressive stresses form to maintain equilib-
rium. Along the weld line, residual stresses at its ends 
decrease to zero due to free boundaries. Similarly, 
Figure  8, b shows the distribution of transverse re-
sidual stresses: they are tensile at the center and com-
pressive at the beginning and end of the weld, while at 
the edges of the sheet they approach zero [57].

The level of welding distortions and residual stresses 
is significantly determined by the heat input. As a rule, 
both residual stresses and the degree of distortion grow 
with an increase in heat input [58]. In this regard, laser 
welding, which is characterized by high energy density, 
is advantageous because it requires less heat input com-
pared to other welding methods [59].

The development of residual stresses during weld-
ing is related to the interaction of metallurgical chang-
es and microstructure morphology. Tensile residual 
stresses negatively affect structural integrity, whereas 
compressive residual stresses typically have a posi-
tive effect, in particular by increasing fatigue strength 
[60, 61]. Stress variations caused by grain size may 
result from variations in the properties of the austen-
itic and ferritic phases, including elastic deformation, 
thermal, and plastic mismatch. At the same time, the 
crystal lattice parameter, which is a function of the 
interstitial atom content, is crucial for interpreting the 

desired residual stresses in the expanded austenite of 
AISI 316 steel [62]. On the other hand, it has been 
proven that solid-phase transformation influences the 
distribution of residual stresses in corrosion-resistant 
AISI 304 steel to a certain extent, but this influence is 
not significant [63].

A study [60] investigated the influence of micro-
structure and heat input on residual stresses following 
laser welding of 1-mm-thick AISI 304 stainless steel. 
During the experiments, laser welding was performed 
with a constant laser power of 750 W, while the weld-
ing speed was varied in the range of 0.6–1 m/min, and 
the defocusing value was varied from 0 to –1 mm. It 
was established that a chromium-to-nickel equivalent 
ratio of approximately 1.69 confirms a ferrite-austen-
ite crystallization mode, in which the microstructure 
consists of a combined phase of acicular and lamellar 
δ-ferrite in an austenitic matrix. The maximum δ-fer-
rite content (12 %) is achieved at the lowest heat input 
of 45 J/mm, whereas when increased to 75 J/mm, its 
content decreases to 7–8 %. As the heat input grows, 
the dendrite thickness increases from 484 to 927 nm, 
and the interdendritic spacing doubles from 3 to 6 μm, 
while there is a decrease in lamellar δ-ferrite in favor 
of acicular δ-ferrite.

The highest quality of the welded joint is observed 
with minimal heat input, which is explained by the very 
fine dendritic structure and minimal interdendritic spac-
ing. The higher coefficient of thermal expansion of nick-
el compared to chromium causes tensile stresses in the 
γ-austenitic phase and compressive stresses in the δ-fer-
ritic dendritic phase. At low heat input, which increases 
the chromium content and decreases the nickel content, 
compressive stresses arise that contribute to a reduction 
in residual stresses. Furthermore, reducing the heat in-

Figure 8. Schematic of residual welding stresses: stresses in the welding direction (a), stresses in the transverse direction (b) [57]
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put from 75 to 45 J/mm2 reduces the longitudinal tensile 
stresses to 245 MPa, which is below the yield strength, 
and the transverse residual stresses change from tensile 
to compressive (Figure 9) [60].

Several approaches can be used to reduce stress 
and strain levels, such as the use of closely spaced ex-
ternal clamping elements when welding straight-seam 
pipe joints. External clamping elements significantly 
reduce residual stresses and welding deformations by 
more than 30 % compared to the option that excludes 
usage of clamping elements [64]. The use of copper 
backing plates on the reverse side of the welded joint 
also significantly reduces residual stresses and defor-
mations [65].

ANALYSIS OF THE RESULTS 
OF THE STUDIES REVIEWED
Based on the results of a literature review of recent 
scientific studies on the topic of laser welding of thin-
walled products, the following has been established:

1. The formation of craters at the end of a welded 
joint during laser welding is a well-studied but still rel-
evant issue in the fabrication of circumferential joints 
in thin-walled products. The relevance of this issue is 
predetermined by varying welding conditions, such as 
material thickness and type, joint design, laser source 
characteristics, the geometry of a workpiece, etc. The 
problem bears a technological nature and requires an 
individual approach for a specific product. Despite the 
availability of studies, they are mainly focused on the 
welding of dissimilar metals or carbon steels [20, 25]. 
The number of studies specifically addressing the 
welding of thin-walled products made of austenitic 
stainless steel remains limited. This creates a need for 
further research aimed at preventing crater formation 
during the welding of thin-walled products with an 

axis of rotation made of stainless steels. One of the 
most promising approaches to eliminating crater for-
mation is the use of a smooth increase and decrease in 
laser power at the beginning and end of the welding 
process, respectively. The use of zigzag power mod-
ulation allows for reducing the length of crystalliza-
tion cracks in the crater and limiting their penetration 
into the welded joint [20]. In addition, overlap weld-
ing and smoothing welds also help reduce the risk of 
crater formation and crystallization cracks [25]. Fu-
ture research prospects lie in optimizing the profiles 
of laser power ramp-up and ramp-down during the 
welding process, taking into account the specific joint 
geometry and material properties.

2. Gas shielding during laser welding of thin-walled 
products in a narrow gap between clamping elements 
is essential for preventing the formation of oxide films 
and pores, as well as for maintaining the corrosion resis-
tance of the joints. Currently, there are studies dedicated 
to the general patterns of laminar flow formation during 
welding with a relatively large gap between the clamp-
ing elements [30, 54, 55]. However, the development 
of devices capable of ensuring an effective laminar gas 
flow in the narrow gap between closely spaced clamp-
ing elements remains outside the scope of research. This 
confirms the relevance of creating gas shielding devices 
for such welding conditions. To reduce turbulence in the 
flow and ensure stable and continuous gas shielding in 
the welding area, the use of additional gas distribution 
elements in the design of the gas shielding device based 
on metal meshes or sintered porous metal is promising, 
as these elements allow for stabilization of the flow ve-
locity and reduction in the intensity of mixing with at-
mospheric air [30, 54]. The length-to-diameter ratio of 
the outlet channel also plays an important role; it must be 

Figure 9. Distribution of residual stresses at a low heat input of 45 J/mm (a), variation in the size of primary δ-ferrite dendrites as a 
function of residual stresses (b) [60]
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at least 5:1 to ensure the stability of the laminar flow [54, 
55]. Further research should focus on development of a 
gas shielding device for welding in conditions of a nar-
row gap between the clamping elements, which would 
ensure a stable laminar flow of shielding gas.

3. The problem of deformations and residual stress-
es in thin-walled welded structures is particularly crit-
ical due to the low stiffness of the components and 
their high sensitivity to thermal effects. Even when 
using laser welding, which involves a lower heat in-
put compared to other welding methods, deforma-
tions caused by a concentrated heat source can lead to 
a loss of respective geometric accuracy and strength 
in the products and welded joints [56, 57]. Among 
known solutions, the most effective are the use of cop-
per backing plates, which, due to their high thermal 
conductivity, ensure effective heat dissipation and re-
duce the size of the HAZ, as well as the optimization 
of laser welding parameters, which reduce stress and 
deformation levels in welded products [60, 64, 65]. 
An important condition for the effectiveness of these 
solutions is the optimal placement of the clamping el-
ements and ensuring a full contact of the parts with 
the copper backing. Further research could focus on 
studying stresses and deformations in the welded part 
at different distances between the clamping elements.

Conclusions
An analysis of scientific studies on the laser welding 
of thin-walled products has established that:

1. An effective approach to eliminating crater de-
fects at the end of a weld is the usage of special laser 
power modulation profiles at the end of the welding 
process. The use of zigzag modulation with a fre-
quency of 53‒106 Hz and a power reduction slope of 
−0.15 ‒ −0.25 W/ms allows for a significant reduction 
in the length of crystallization cracks that form in the 
crater and lowers the risk of their penetration into the 
welded joint, thereby increasing the reliability and 
leak-tightness of the structure. In addition, welding 
with an overlap as well as a smoothing weld using re-
duced laser power also helps reduce the risk of crater 
formation and crystallization cracks.

2. To ensure a stable laminar flow of shielding gas, 
it is advisable to use devices with sintered metal dif-
fusers and channels having a length-to-diameter ratio 
of at least 5:1. Such technical solutions help reduce 
turbulence, limit the ingress of atmospheric air into 
the welding zone, and prevent the formation of oxide 
films that reduce the corrosion resistance of the joint.

3. For 1-mm-thick AISI 304 steel, optimizing laser 
welding parameters specifically reducing the heat in-
put to 45 J/mm allows for a reduction in longitudinal 
residual stresses to 245 MPa, which is below the yield 

strength, and transforms the transverse stresses from ten-
sile to compressive. The additional use of copper back-
ing plates and clamping elements ensures effective heat 
dissipation and reduces deformation by more than 30 %, 
which is important for ensuring the geometric accuracy 
and reliability of thin-walled products.
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