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Abstract

With prolonged operation of metal structures, the likelihood of their mechanical destruction increases. This also applies in
many respects to the welded joints of main pipelines. One of the promising ways of solving the issue of increasing their service
life is the development of welding methods based on the use of pulse control of process energy parameters. Pulse welding mode
allows for controlled heat input into the welded joint zone, control of the electrode metal melting mode, formation of the weld
metal structure and heat-affected zone (HAZ).

Two types of metal transfer from the electrode to the weld pool were used in the work: with short circuits and without
them, that is, welding was carried out on a "long" arc. At a constant electrode wire feed rate, the welding mode was changed by
changing the shape of the current-voltage characteristic of the power source.

It was found that with an increase in frequency, pulsed-arc welding (PAW) by the effect of exposure to the metal, HAZ
approaches the process of stationary arc welding. The results of metallographic studies have shown a slight decrease in the total
width of the HAZ with an increase in frequency to 50 Hz. A similar trend is observed for the coarse grain area in the HAZ.
However, in comparison with the stationary welding process, the width of this section decreases more significantly — by
25-30 %. Thus, when welding pipe steels, due to the use of technology with a pulsed process, there is a prospect of influencing
the structure of the overheating section of general relativity at different values of frequencies and, relatively, small values of heat
input (6.0-6.2 kJ/cm). From a practical point of view, this makes it possible to reduce the share of unfavorable, low-plastic
overheating areas in the HAZ, which is important for repairing thinned pipe walls when defects are melted on an operating

pipeline by a mechanized method.
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Introduction

Nowadays, due to the technical condition of oil-
field equipment and main pipelines, they become
objects of increased danger. This circumstance
necessitates the application of effective repair methods.
With the help of traditional welding methods, it is
difficult to solve the main technological problems, they
become more complicated, namely: ensuring the
possibility of regulation within a wide range of
penetration depth, welding with increased slots and in
different spatial positions, joining metals and alloys
dissimilar in composition, reducing electrode metal
spattering, increasing stability ignition of the welding
arc and its burning [1].

The main problem in welding fixed joints of main
pipelines is to ensure the required quality of root, filling
and facing layers and a high level of joint’s mechanical

*  Corresponding author:
maksimov@paton.kiev.ua

© 2020, Ivano-Frankivsk National Technical
University of Oil and Gas.
All rights reserved.

characteristics. It is known that up to 90% of defects
detected during quality control of welded joints are
associated with defects in the root layers of welded
joints: undercuts, lack of penetration, non-metallic
inclusions and pores [2]. The main reason for the
appearance of these defects, in addition to those
associated with poor preparation of joints for welding, is
a violation of the welding modes (welding speed, arc
voltage, current), as well as their inconsistency with the
required values, ensuring the production of high-quality
welded ones [3]. Traditionally used manual welding
processes can ensure the required quality of welded
joints only with careful preparation of the welded joint
and the use of high quality materials [4].

The accumulated experience shows that pulse
methods for controlling the welding process can solve
the following technological problems:

controlled and directed transfer of electrode metal;

the ability to perform welding in all spatial
positions and simplify the welding technique;

improvement of the quality of welded joints due to
a greater concentration of energy from the heating
source and better conditions for primary crystallization;

reduction of losses for waste and splashing [5].
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Table 1 — Modes of the pulse-arc process at different positions of VAC no. 1

VAC no. 1 Ly, A U, V Q, kl/lcm Vields CM/min Vyire, M/Min
la 187 22.0 5.760
1b 200 23.0 6.440
1c 225 25.4 8.036 300 6.8
1d 230 29.2 9.402

At this time, the relevance of the effective use of
pulse welding methods is obvious, since these methods
create the most favorable conditions for active control
of the melting and transfer of electrode metal, thereby
enabling to improve the quality of welding in various
spatial positions and obtain a weld with specified
properties. PAW provides separate and independent
control on the one hand, by melting and transfer of
electrode metal and, on the other hand, by melting and
crystallization of the molten pool metal [6, 7].

The analysis of the macro- and microstructure of a
welded seam has shown that under pulse feeding the
weld structure is fine-grained and misoriented, and the
mechanical properties of welded joints are higher than
in welding with short circuits of the arc gap [8, 9]. The
superposition of pulses can significantly increase the
intensity and stability of the arc discharge, there are
changed hydrodynamic processes in the weld pool and
the conditions for its crystallization. A pulse increase in
the arc pressure improves the formation of the weld, the
bead of the weld becomes fine-grained, and the
microstructure is refined due to the impact of electrode
metal drops [10, 11]. The results obtained are in good
agreement with the previously obtained results, in which
the effect of significant refinement of the weld metal
structure and the heat-affected zone was established
when using pulsed-arc welding with coated electrodes
[12, 13].

The purpose of the research is to determine the
effect of welding modes and the frequency f of the
pulsed-arc welding process on the geometric dimensions
of the surfacing and structural transformations in the
heat-affected zone due to the use of metal transfer from
the electrode to the weld pool: with and without short
circuits (SC), that is, welding is performed on a "long"
arc.

To establish the effect of the welding current on
the nature of the welding process and to study the
structural components, grain size and microhardness of
the heat-affected zone.

Results of researching

For the experiments, there have been selected the
groups of volt-ampere characteristics (VAC no. 1 and
no. 2), alternately set in pairs into the power supply
controller before performing pulse-arc welding (PAW).
The main difference between the groups is the gradual
increase in the average value of the I,, welding current
and arc voltage U, of the impulse process. This is
achieved by moving the falling section VAC no. 1
(1a—d), which is responsible for the value of the
minimum welding current, towards VAC no. 2, which
determines the value of the maximum welding current
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(Fig. 1). In this case, the position of the VAC no. 2
remained unchanged.

In the sudy, there were used a pulse-arc process
with a frequency f = 100 Hz and a duty cycle C = 2.

The rate of energy input Q for each experiment
(Table 1) was calculated by the formula as follows

0= 6071,,U 4, _ 1)

Viveld

As a result of processing the oscillogram data, it is
found that a gradual increase in the value of I, leads to
the fact that at v,;.= idem, the pulse-arc process with
short circuits changes to a process without s.c. This is
reflected in the arc voltage histograms by the presence
of instantaneous values in the range of Us. = 3-10 V
(Fig. 2, a), which is typical for short-circuit, and in
comparison with the PAW at the "long" arc, by their
absence (Fig. 2, b).

Regulation of the VAC no. 1 from position la to
position 1d leads to an increase in the rate of energy
input Q = f (I, Ua) with corresponding changes in the
geometric dimensions and shape of the weld beads at
Vyire= idem, vyeq= idem. It has been established that an
increase in |, leads to an increase in U,, and this is
ultimately reflected in an increase in the width of the
beads b with a corresponding decrease in the penetration
depth h (Fig. 3).

The influence of the heat input Q = f (l,,, Ua,) of
the pulse process on the average value of the penetration
depth h and the width b of the beads is shown in Fig. 4.

Analysis of the data obtained, oscillograms of
welding current and arc voltage, histograms of
instantaneous values of these parameters shows the
following. With an increase in heat input within
Q = 6-10 kd/cm for a wire with a diameter of 1.2 mm,
there is a transition from a process with short circuits to
a process without short circuits. In this case, an increase
in the value of Q leads to an increase in the width of the
surfacing b by 30-40% with a decrease in the
penetration depth h by 25-30 %.

In order to determine how the frequency f of the
pulse-arc process, which proceeds with short circuits,
affects the geometric characteristics of h and b, there are
carried out experimental studies. For this purpose, the
VAC no. 1 and the VAC no. 2 are introduced into the
pulsed power supply (Fig. 1, b), which ensured the
following mode: I, = 202-205 A, U, = 215V,
Vyire= 6.4 m/min, vyeq= 30 cm/min. This, in accordance
with (1), made it possible to obtain the heat input at the
level of Q = 6.0-6.2 kd/cm. After adjusting, surfacing
was performed on the plate at a frequency of f = 5, 10,
25, 37, 50, 75, 100 Hz. To avoid thermal effects
from preliminary surfacing on h and b, each subsequent
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Figure 1 — Group of VAC for performing PAW in order to determine the dependence of
geometrical dimensions b, h
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Figure 2 — Histograms of instantaneous values of arc voltage in the pulse-arc process
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Figure 3 — Macrosections of surfacing performed at different VAC no. 1
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Figure 4 — Dependence of penetration depth h and width b on heat input
Q =f(la, Uy) in a pulse process
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a) section of rollers; b) flaking of the weld metal

Figure 5 — Influence of the frequency f of the pulse process on the cross-section of rollers and flaking
of the weld metal

surfacing was performed after the plate was cooled to
20 °C.

Analysis of measurement results of the surfacing
width b and the depth of h penetration has shown that an
increase in the frequency f from 5 to 100 Hz did not lead
to a change in the geometric dimensions. The most
significant effect of the frequency f is reflected on the
flakiness of rolls: with an increase in f to 100 Hz, the
flakiness decreases (Fig. 5). This is due to the fact that a
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fleeting switching of the operation of a pulsed power
supply from VAC no. 2, which is responsible for the
maximum energy level of the process, to VAC no. 1,
which determines the minimum energy level, does not
lead to significant cooling of the molten metal. The
thermal regime of the molten pool approaches a quasi-
stationary state, which is typical for conventional short-
circuit welding without impulse action.
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Figure 6 — Current-voltage characteristics of the power source for performing mechanized welding
by a stationary process

Table 2 — Modes of mechanized welding

f: IaVn Uav: Ql Vuwire; Vield.» Note
Hz A Vv kJcm m/min cm/min

3 203 21.8 6.195

5 203 21.6 6.139

10 198 22.2 6.153
25 207 21.1 6.115 6.4 300 PAW
37 198 22.3 6.181
50 205 21.0 6.027

- 200 22.1 6.188 6.4 30.0 stationary

There is also interest in how the frequency f of
pulse-arc welding affects the width and microstructure
of welded joints HAZ. The experimental part of the
work involved surfacing on a 09G2S steel plate with
pulses of 3, 5, 10, 25, 37 and 50 Hz. In order to compare
the results obtained, welding of metals was additionally
performed using a conventional mechanized arc welding
process in a mixture of Ar + CO,.

For the experiments, the current-voltage
characteristics were selected, which were put into the
controller of the power source providing the pulse-arc
(Fig. 1, b) and conventional (Fig. 6) welding process.

The location of the falling sections of VAC no. 1
and VAC no. 2 (Fig. 1, b) and their distance between
each other are chosen in such a way that the heat input
Q for the PAW is equal to the heat input Q for the
stationary welding process. Modes of mechanized
welding (l.y, Ua) with Sv-08G2S wire with a diameter

of 1.2 mm in a mixture of Ar + CO, for both processes
are determined using a computerized information-
measuring system IMS 2007 (Table 2). The linear
energy Q for each experiment is determined by the
formula (1).

After surfacing on a 12 mm thick plate, thin
sections were prepared for metallographic studies of
HAZ and weld metal. The studies were carried out on
the 'NEOPHOQOT-32' optical microscope at various levels
of image magnification. The hardness of the HAZ and
weld areas was measured on Leco M-400 Hardness
Tester.

The studies have shown that the structure of the
weld metal is ferrite-pearlite with separate areas of
eutectoid ferrite along the crystallite boundaries. With
regard to HAZ, the analysis in the cases of both PAW
and a stationary arc showed that almost the same types
of structural components were formed in the area
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Figure 7 — The structure of the overheating section of HAZ surfacing performed at different f frequencies
of the pulse-arc process (x200)

of coarse grain. That is, in general, the structure of this
area in all samples is ferrite-pearlite with various
modifications of ferrite: ordered second phase,
Widmanstitt, polyendric (Fig. 7). Bainite structures
were additionally found in the samples obtained by
performing the PAW with frequencies f = (37; 50) Hz
and stationary welding mode.

The size of grains in the area of overheating of
HAZ increases with increasing frequency f. So, for
f = 3.5 Hz the grain score is 7-8; for f = 10 Hz — 7; for
f=25Hz - 6; for f =37 Hz — 7. For f =50 Hz and a
stationary welding process the grain score is 6.

Measurement of HV1 microhardness in different
zones has shown that a gradual increase in the

frequency f does not lead to significant changes in the
values of the average microhardness in the area of
coarse grain (Fig. 8).

The average value of microhardness for f = 50 Hz
approaches the one obtained in stationary arc welding.
When analyzing these results, it seems that with an
increase in f frequency, the pulse-arc welding by the
effect of the influence on the metal with HAZ
approaches the process of welding with a stationary arc.

With regard to another indicator — the width of
HAZ — the results of metallographic studies have shown
a gradual, insignificant decrease in the total width of
HAZ with an increase in f frequency to 50 Hz (Fig. 9).
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Figure 9 — The influence of the PAW frequency f on the total width of the HAZ
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A similar tendency is observed for a coarse grain
section in the HAZ. However, in comparison with the
stationary welding process, the width of this section
decreases more significantly — by 25-30%. Thus,
during the process of welding pipe steels, due to the
application of technology with a pulsed process, there is
a prospect of influencing the structure of the HAZ at
different frequencies and relatively small values of heat
input Q (6.0-6.2 kd/cm). From a practical point of view,
this enables us to reduce the proportion of unfavorable,
low-plastic overheating zone the HAZ, which is
important for cases of repairing thinned pipe walls when
defects are melted mechanically on an operating
pipeline.

Conclusions

It has been established that a gradual increase in
the average value of the welding current at a constant
feed rate of the electrode wire leads to an increase in the
arc voltage and, as a consequence, the pulse-arc process
with short circuits changes to a process without short
circuits. In this case, an increase in the width of rollers
is observed with a corresponding decrease in the depth
of penetration.

With an increase in heat input within Q = 6-10
kd/ecm for a wire with a diameter of 1.2 mm, there is a
transition from a process with short circuits to a process
without SC. In this case, an increase in the value of Q
leads to an increase in the width of the surfacing by
30-40 % with a decrease in the penetration depth by
25-30 %.

An increase in frequency from 5 to 100 Hz does
not lead to a change in geometric dimensions.

It has been shown that, both in the PAW and in the
stationary arc, in the area of a coarse grain of the HAZ,
there are formed practically identical types of structural
components — a ferrite-pearlite  with  various
modifications of ferrite: ordered by a second phase,
Widmanstitt and a polyandric one. Bainite structures
are additionally found in the samples obtained by
performing the PAW with frequencies of f = 37-50 Hz
and a stationary welding mode.

The size of grains in the HAZ increases with
increasing frequency. So, for f = 3.5 Hz, the grain point
is 7-8; at f = 10 Hz — 7; f = 25-37 Hz - 6, 7. For
f = 50 Hz and a stationary welding process, the grain
point is 6.

Measurement of the microhardness HV1 in
different HAZ has shown that a gradual increase in
frequency has not led to significant changes in the
values of the average microhardness in the area of a
coarse grain. The average value of microhardness at
f = 50 Hz approaches the one obtained in stationary arc
welding.

The total width of the HAZ decreases
insignificantly with increasing frequency f to 50 Hz, and
the decrease in the width of the coarse grain area is
more significant — by 25-30 %.
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[JocnipxeHHs BNAIMBY TEXHOSMOriYHMX NapamMeTpiB iMNyNbCHOro rnpouecy Ha
chopMyBaHHS MeTany 3BapHOro LBa Ta MiKPOCTPYKTYpPY 30HU TepMi4HOro BNsMBy

¢ 1o. Makcumos, ‘A A. T aBpUIIOK, 211. C. UInanax

YIE3 im. E. O. Ilamona;
eyn. Kazemupa Manesuua; 11, m. Kuis, 03650, Ykpaina

2 . . . o . o . .
lsano-Ppankiscokuil HayioHATLHUL MEXHIYHULL YHIGepcumem Hagmu i 2azy;
syn. Kapnamcoka, 15, m. Isano-@panxiscek, 76019, Vrpaina

IMpm TtpuBamiii ekcrulyaramii MeTaleBUX KOHCTPYKLIH 30UIBLIYETHCS BIPOTIAHICTH IX MEXaHIYHOTO
pyiinyBaHHs. lle 3Ha4HOIO MIpOIO CTOCYEThCS 1 3BapHHMX 3'€JHaHb MaricTpajbHuUX TpyOorpoBoaiB. OxHUM 3
MEPCICKTHBHAX MUIAXIB PO3B’S3aHHA NHUTAaHHS IIBUINCHHS TEPMiHY iX eKcIDIyaTamii € po3poOKa MeTOIiB
3BapIOBAaHHSA, 3aCHOBAaHMX Ha BUKOPUCTAHHI iMIyJIbCHOTO KEpPYBaHHS CHEPreTHYHUMH IapaMeTpaMu IpoIecy.
IMIyBCHUI pPEXUM  3BaprOBaHHS JO3BOJISIE 3MIMCHIOBATH pEryjbOBaHE TEIUIOBKIAIACHHA B 30HY 3BapHOTO
3'€THaHHS, KEPYBATH PEKMMOM IUIABJICHHS SNEKTPOJHOrO MeTaly i (JOPMYBaHHIM CTPYKTYPH METaly LIBa Ta 30HH
TepmiuHoro BuBy (3TB).

B po0oti 3acTocoByBanocs JBa BHAM MEPEHOCY METANly 3 €ICKTPOAY B 3BapIOBAJbHY BaHHY: 3 KOPOTKUMH
3aMHUKaHHIMHU Ta 0e3 HUX, TOOTO BUKOHYBAJOCh 3BaploBaHHs Ha "JoBrii" mysi. IIpu mocTiiiHiil mBrUAKOCTI Moxayi
€JIEKTPOAHOTO JPOTY PEKUM 3BapIOBaHHS 3MIHIOBAIM HUISAXOM 3MiHM (POpPMH BOJBT-aMIEpPHOT XapaKTEePUCTUKH
JOKEpeIa JKUBIICHHS.

Bcranorneno, mo 3i 30UTBIICHHSIM YacTOTH IMITYJILCHO-IyrOBE 3BApIOBaHHS 3a ©(EKTOM BIUMBY Ha MeTan 3TB
HAOMKAETRCSL /IO TIPOIICCY 3BAPIOBAHHS CTAIIOHAPHOIO Tyroro. PesymbraTu MeTanorpadiqHuX JOCHIHKEHb MOKa3aIu
He3HauHe 3MeHIIeHHS 3aranbHOoi mmpuHH 3TB 3 mimsumenHsMm dactotd mo 50 I'm. IlomiOna TeHImeHIiA
crocTepiraeTbest 1 ansd OUIAHKH KpymHoro 3epHa B 3TB. Ilpore y mopiBHSIHHI i3 CTalliOHApHAM IIPOLIECOM
3BapIOBAaHHS, IINPUHA L€l TUTSHKY 3MEHIIY€eThes OUThII CyTTeBO — Ha 25-30 %. TakuM 4uHOM, y pasi 3BaproBaHH:
TpyOHMX CTaleil 3a paxyHOK 3aCTOCYBAaHHS TEXHOJOTII 3 IMIYJbCHHM MPOLECOM € IIEPCIIEKTHBA BIUIMBATH Ha
CTPYKTYpY AunsiHKH neperpiBy 3TB npu pi3sHUX 3HAYEHHSAX 4acTOT i, BITHOCHO, MaJMX 3HAYCHHSAX ITOTOHHOI eHepril
(6.0-6.2 x/Ix/cm). 3 mnpakTHYHOI TOYKH 30py Le J03Boisie 3MeHmuTH B 3TB yacTKky HeCHpHSTIHBOIL,
MaJIOTUIACTUYHOI JIUISSHKM MeperpiBy, W0 BaXIIMBO [UIS BUIAJKIB PEMOHTY CTOHIIEHb CTIHOK TPYO Imij dYac
3aruIaBJIeHHs 1e()eKTiB Ha AII0YOMY TPYOOIPOBO/Ii MEXaHi30BaHUM CIIOCOOOM.

KurouoBi cnoBa: ceomempuuni napamempu, 3eaphe 3’€OHanHs, iMnYIbCHO-0Y208€ 36aPI0GAHH, MALICMPANbHI
mpy6onpoeoou, Cmpykmypd, mexHoni02iuHi napamempu.
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