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ABSTRACT
features of metal structure in 09g2S steel welded joints were studied in welding with application of a longitudinal external 
electromagnetic field. The influence of field frequency (f = 2; 12; 50 hz) on phase composition, microstructure and microhard-
ness of welded joint metal was studied. It was found that significant changes of structural parameters in the weld metal and in 
the subzones of the heat-affected zone (HAZ) take place in the studied frequency range. The influence of frequency of electro-
magnetic effect in low-alloyed steel welding is more pronounced in the metal of the weld and haZ in the overheated subzone 
(coarse grain). application of f = 12 hz ensured a uniform microhardness level both in the weld metal and in the haZ subzones, 
as well as grain structure refinement in the overheated subzone (І HAZ) of 09G2S steel welded joint.
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INTRODUCTION
to control the processes of melting electrode and base 
metals, as well as the process of weld pool metal crys-
tallization, it is promising to use external magnetic 
fields affecting the drop, arc and liquid metal pool [1, 
2]. In arc welding, longitudinal magnetic fields (LMF) 
and transverse magnetic fields (TMF) are used. In the 
first ones, an induction vector is parallel and in the 
second ones, it is perpendicular to the electrode and 
arc axis. Magnetic control has advantages over me-
chanical methods, because it is carried out without a 
direct contact of the control devices with the surfacing 
(welding) zone [3].

the use of lMf and tMf in arc surfacing and 
welding allows intensifying the process of melting the 
electrode, regulating the efficiency of the base metal 
penetration, influencing the process of the weld metal 
crystallization [4, 5]. there are many studies devoted 
to the analysis of the physics of the process of metal 
penetration under the external electromagnetic effect 
(eee), distribution of pressure over the radius of the 
arc, movement of the electrode drop, flows of liquid 
metal in the welding pool, metal crystallization, as 
well as mechanisms of refining the structure of welds 
metal, including cluster theories of liquid metal crys-
tallization [4, 6–8]. Namely, refinement of the met-
al structure leads to an increase in the level of metal 
strengthening (according to the hall–Petch depen-
dence [9]), and also will ensure its crack resistance 
[4, 10, 11]. Of course, the structural state, which is 
formed in the metal of welded joints under the impact 

of thermodeformation conditions of welding, affects 
their physical and mechanical properties.

As is known, the frequency of current significantly 
affects the nature of the power action of the electro-
magnetic field on the liquid metal [8]. With a decrease 
in the frequency, on the one hand, the electromagnetic 
interaction of the inductor with the melt deteriorates 
and on the other — the area of action of volumetric 
electromagnetic forces in a liquid metal expands.

If we change the polarity of switching windings 
with a certain frequency, then the direction of flows 
of molten metal will also change. this movement of a 
liquid pool in the real process of arc welding (surfac-
ing) promotes refinement of metal grains in the pro-
cess of its crystallization. when interacting along the 
OX axis with the component of current density in the 
pool metal, the induction component Bx of tMf gen-
erates an electromagnetic force that directs the flow 
of a liquid metal along the OY axis. additionally, a 
vertical component of electromagnetic force (Fz) ap-
pears from the interaction of current density jy in the 
side edges of the pool with the induction component 
Bx. when the polarity changes, a liquid metal is mixed 
across the pool axis [7].

the impact of alternating tMf leads to widen-
ing of the deposited beads [12, 13]. at a frequency 
f = 50 hz, widening of the bead occurred in proportion 
to induction. however, it should be taken into account 
that tMf variable with a frequency of up to 1 hz pro-
vides a wavy transverse movement of the bead axis, 
and to eliminate this drawback, it is necessary to use 
the tMf frequency from 2 hz and higher.
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In [14], it was studied how in arc welding the ac-
tion of alternating magnetic fields with low frequen-
cies affects the microhardness, parameters of micro-
structure of metal of 09g2S steel welded joints and 
the dimensions of the haZ. however, the effect of the 
external electromagnetic field frequency on the struc-
ture of welded joints, generated in the welds and haZ 
metal, has not been studied so far.

Therefore, the aim of this work was to find the reg-
ularities of influence of the frequency of the external 
electromagnetic field, namely LMF on the structural 
and phase composition, microhardness and micro-
structure of welded joints of low-alloy 09g2S steel.

MATERIAL AND PROCEDURES
to generate lMf, the procedure was used described 
in [9]. as a result of welding structural low-alloy 
09g2S steel (4 mm thick) with the use of additive Sv-
08A wire (3 mm diameter) (flux AN-348), the weld-
ed joints were produced using lMf on the following 
welding modes: current I = 360 a; arc voltage U = 
= 30–32 V; welding speed v = 30 m/h; reverse po-
larity; on a copper flux baching. The joint type is C4 
(GOST 8713–78). Magnetic induction in the zone of 
the welding pool was 20–25 mt. the welded joints 
of two variants were produced at different frequen-
cy: f = 12 and f = 50 hz. the results of experimental 
examinations of microstructure of welded joints pro-
duced with the use of lMf at the mentioned frequen-

cies were further compared with the experimental 
data produced at f = 2 hz [14].

Microstructure examinations were carried out us-
ing the methods of light microscopy (microscopes 
neophot-32 and Versamet-2, japan). the Vicker’s 
hardness was measured in the hardness meter M-400 
(leco company, uSa) at a load of 0.1 kg. the mor-
phology of ferrite (f) and perlite (P), grain sizes (Dg), 
width of crystallites (hcr), thickness of ferritic interlay-
ers (hi) and microhardness (HV) were studied. In the 
welded joints, the base metal (bM), the weld metal, 
the fusion line (fl), the haZ over the subzones: I — 
overheating (coarse grain); II — normalization (com-
plete recrystallization); III — partial recrystallization; 
IV — recrystallization were studied.

RESULTS AND THEIR DISCUSSION
the structure of the base metal of 09g2S steel is ferrit-
ic-pearlitic at Dg(F) = 10–20 μm, Dg(P) = 40–80 μm and 
HV = 1650–1760 (figure 1, a). the structure of weld 
metal is also ferritic-pearlitic (f–P), figure 1, b–d. the 
width of the crystallites of the P-component at f = 2 and 
f = 12 hz is almost the same (figure 1, c, table 1). how-
ever, at f = 50 hz, hcr(P) increases in average by 48 % 
(figure 1, d) with a decrease in microhardness by 10 % 
(as compared to the mode f = 2 Hz) and by 17 % (as 
compared to the mode f = 12 hz, table 1). the f-com-
ponent is finer with approximately the same size for all 
modes and lower microhardness than pearlitic one. an 

Figure 1. Microstructure (×250) of base metal (a) of 09g2S steel and welds (b–d) produced at different frequency: b — f = 2 hz; c — 
12; d — 50
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increase in the width of crystallites at an increase in f 
correlates with the data of [14]. however, at f = 50, the 
structure is finer in average by 17 % as compared to the 
mode without the use of eee [14].

Of course, an increase in the width of crystallites 
occurs at the stage of crystallization. If the axis of ad-
jacent dendrite does not match the direction of a heat 
flow, it grows faster. In this case, the latent heat of 
melting, released into the surrounding liquid pool be-
fore the growing dendrites reduces the value of over-
cooling and will help to reduce the growth of adjacent 
ones [15]. thus, a slow cooling of metal occurs.

In all cases, near the fusion line (fl), as compared 
to the weld metal, the width of crystallites is reduced 
(figure 2, a, table 1), which is associated with more 
intensive metal cooling in this subzone. In the speci-
men produced at f = 2 hz near fl, a slight increase in 
HV (by 5 %, Table 1) is observed. At f = 50 hz, in this 
zone, an average HV does not change, but the most 
uniform level of HV during the transition from the 
weld metal to lS is observed in the welded joint pro-
duced with the use of  f = 12 hz. It should be noted, 
that in all welded joints in the fusion line subzone, i.e., 
during the transition from the weld metal in I haZ, 
single cold cracks are formed.

Studies of haZ of specimens with the use of lMf 
at different frequency showed that in I haZ of speci-
mens on all modes a P-structure with ferrite interlay-

ers is formed (figure 2, b). In I haZ of specimens at 
f = 12 and 50 hz as compared to the specimen pro-
duced at f = 2 Hz, P-structure is refined (Table 2). The 
maximum grain size and the thickness of ferrite inter-
layers decrease, respectively, by 17 and 29 %. At the 
same time, the microstructure is slightly reduced — in 
average by 5 %. In II–IV HAZ in all modes, the struc-
ture is refined with the further uniform reduction in 
HV (figure 2, c–e).

the studies of haZ metal also revealed that during 
LMF, the frequency of the external electromagnetic field 
has an effect on the size of haZ subzones (table 2). In 
the studied welded joints at f = 12 and f = 50 hz as 
compared to the welded joint produced at f = 2 hz, the 
width (δ) of I HAZ increases by 25 and 8 %. This is 
associated with the more intensive movement of liquid 

Table 1. width of crystallites (hcr, μm) and microhardness (HV, 
MPa) of metal of welded joints at different frequency (f) of lMf

Zone
hcr(f) hcr(P) HV(f) HV(P)

f = 2 hz

weld 40‒100 100‒160 1760‒1930 1990‒2080
fl 20‒40 60‒140 1680‒1990 1990‒2280

f = 12 hz
weld 20‒100 80‒160 1760‒1930 2210
fl 20‒60 60‒140 1860 2060‒2280

f = 50 hz
weld 20‒100 100‒300 1650‒1760 1810‒1870
fl 50‒100 60‒200 1560‒1700 1870

Figure 2. Microstructure (×250) of fusion line of 09g2S steel welded joints produced at different frequency: a — f = 2 hz; b — 12; 
c — 50
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metal in the welding pool with an increase in f and, 
accordingly, with the thermal deformation conditions 
of structure formation in the haZ metal.

an increase in the parameters of I haZ, namely, 
in the overheating subzone can occur by changing the 
conditions of the process of melting and metal crystal-
lization, namely, increasing the rate of heating liquid 
metal in the welding pool, as well as the temperature 
of its heating under the action of current pulses. ac-
cordingly, this has an impact on an increase in the size 
of the overheating subzone (I haZ) with an increase 
in the parameter f. the resulting temperature gradient 
contributes to an increase in the degree of overcool-
ing and the rate of crystallization of the metal of the 
overheating subzone (I haZ). this, in turn, leads to 
grain refinement of the structure in this subzone. In 
this case, an increase in width of I haZ, which oc-
curs with an increase in f will not negatively affect the 
properties of welded joints due to the refinement of 
the structure, as well as almost twice equalization of 
the gradient (Δδ) across the width of this zone — from 
Δδ = 600 μm (f = 2 Hz) to Δδ = 300 μm (f = 12 hz) 
and Δδ = 400 μm (f = 50 hz) (table 2). this will pro-

vide a more uniform level of mechanical properties of 
the welded joint.

the studies revealed that the effect of the mag-
netic field frequency on structural changes is most 
noticeable in such subzones of welded joints as weld 
and I–II haZ. the highest gradients in size of the 
grain structure are characteristic to the weld metal at 
f = 50 hz (figure 3, a) and metal of I haZ at f = 2 hz 
(figure 3, b). at f = 12 Hz, the refinement of the grain 
structure is provided both in the weld metal as well as 
in the overheating subzone (I haZ).

thus, it was found how the effect of the external 
electromagnetic field, in particular, while using LMF, 
affects the sizes of haZ, microstructure, microhard-
ness of weld and haZ metal in the welded joints of 
low-alloy 09g2S steel. the use of lMf at f = 12 hz 
ensures refinement of grain structure in the weld met-
al and overheating subzone (I haZ) as well as a uni-
form level of microhardness.

CONCLUSIONS
1. It was found that with an increase in the frequen-
cy of the electromagnetic field from f = 2 to 12 and 

Table 2. Width of HAZ subzones (δ, μm), grain size (Dg, μm) and microhardness (HV, MPa) of haZ metal of welded joints at different 
frequency (f) of lMf

Zone δ Dg(f)hi (f)* Dg(P) HV(f) HV(P)

f = 2 hz
I haZ 1300 30‒70* 100‒360 1810‒1990* 2130‒2210
II haZ 1200 30‒70 30‒80 1870‒1930 2060
III haZ 1000 20‒30 10‒40 1810‒1930
IV haZ 800 20‒50 10‒50 1870

f = 12 hz
I haZ 1650 20‒50* 100‒300 1760‒1860* 2060
II haZ 1000 50‒100 30‒100 1860 2060
III haZ 1250 30‒50 20‒40 1700‒1930
IV haZ 950 30‒70 20‒50 1650‒1870

f = 50 hz
I haZ 1400 20‒50* 140‒300 1810‒1870* 1890‒2210
II haZ 1500 20‒80 50‒100 1810‒1870 2060
III haZ 800 20‒50 10‒30 1760‒1990
IV haZ 800 20‒50 10‒40 1600‒1990

Figure 3. change in structural parameters in the metal of 09g2S steel welded joints produced: with the use of lMf at different fre-
quency f: a — width of crystallites (hcr) in the weld metal; b — size of pearlite grains (Dg(P)) and thickness of ferrite interlayers (hi(f)) 
in I haZ



15

Influence of the frequency of external electroMagnetIc fIeld on the Structure                                                                                                                                                                                                    

                                                                                                                                                                               

50 hz, the microhardness and parameters of the mi-
crostructure of the weld metal and haZ of 09g2S 
steel welded joints change. In this case, the phase 
composition of the base metal, the weld and haZ 
metal is the same — ferritic-pearlitic.

2. at f = 50 hz, in the weld metal, the width of 
the crystallites of the perlite component increases in 
average by 48 % with a decrease in microhardness by 
10 % (as compared to the mode f = 2 Hz) and by 17 % 
(as compared to the mode f = 12 hz). however, at 
f = 50, the structure is finer by an average of 17 % as 
compared to the mode without the use of eee.

3. In the specimen produced at f = 2 hz near fl, 
a slight increase in HV (by 5 %) is observed, and in I 
haZ the most coarse grained structure is formed.

4. In I haZ of the specimens at f = 12 and 50 hz 
as compared to the mode f = 2 hz, the structure is 
refined, respectively, by 17 and 29 %. Moreover, mi-
crohardness is reduced slightly — in average by 5 %.

5. Increase from f = 2 to 12 and 50 hz leads to 
an increase in width of I haZ in average by 25 and 
8 %, but this will not negatively affect the properties 
of welded joints due to the structure refinement, as 
well as equalization of the gradient across the width 
of this zone from both sides of welds.

6. It was found that the mode at f = 12 hz provides 
the most uniform level of microhardness both in the 
weld metal as well as over the subzones of haZ and 
the formation of a fine-grained ferritic-pearlitic struc-
ture in the welded joint.
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