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Efficiency of application of electromagnetic actions for control of joint formation during electroslag welding
is determined in many respects by application of external magnetic fields to welding zone and structural
peculiarities of corresponding devices. The aim of present work lied in analysis of methods for generation
of external magnetic fields during electroslag welding of butt joints and evaluation of their effect on weld
pool melt. The main methods of generation of longitudinal and transverse magnetic fields in a welding gap
are considered, and principal schemes of corresponding electromagnetic devices are given. It is shown that
direction and intensity of electromagnetic force effecting the weld pool melt is determined first of all by
spatial orientation of the external magnetic field in relation to object being welded, value of field magnetic
induction and its frequency characteristics. Rationality of application of that or another scheme of application
of magnetic field in the gap depends on welded joint parameters, and it should be considered separately
for each individual case. Appropriateness of application of magnetic fields providing constant (cyclic)
rearrangement of hydrodynamic structure of flows in the weld pool or creating melt vibration was indicated.
In this case, usage of pulsed magnetic fields generated by discharges of capacitor batteries to electromagnet
coil is perspective. Relevance of development of new schemes and devices for generation of magnetic fields
and their power sources is shown. 15 Ref., 9 Figures.
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Electroslag welding (ESW) is one of the most
efficient methods for joining of thick-walled
parts and structures from different metals and
alloys [1—3]. Scope of application and reasonable
areas of ESW utilization could be more signifi-
cant, if the joints performed by electroslag tech-
nology had relatively higher mechanical proper-
ties. Their low mechanical properties are caused
by coarse, large-grain weld metal structure and
unfavorable effect of welding thermal cycle on
near-weld metal zone.

Control of weld pool hydrodynamics using ex-
ternal magnetic fields can provide effective im-
provement of service properties of the joints, per-
formed by ESW. Positive effect of electromag-
netic actions on welding process efficiency, re-
fining of weld metal structure and mechanical
properties of welded joints is marked in many
works [4—12]. However, wide practical applica-
tion of the obtained results is limited to signifi-
cant extent by difficulty of receiving of external

magnetic fields of necessary induction in the
welding zone and inconvenience of corresponding
devices.

The aim of present paper lies in the analysis of
methods and structural schemes of application of
external magnetic fields in the welding zone during
ESW of butt joints, evaluation of their effect on
weld pool melt considering the possibility of in-
tensification of electromagnetic action.

Physical mechanism of the electromagnetic ac-
tion during ESW lies in interaction of external
magnetic filed with welding current passing in
the melts of slag and mgtal pools [4]. A volume
electromagnetic force f, resulting in force action
on the melt is formed due to such interaction in
the weld pool. Value and direction of specified
force is determined by, vector product of current
density in the mglt § and induction of external
magnetic field B: f, = j x B. It is sufficiently

difficult to vary the value and direction of weld-
ing current in a wide range without deterioration
of electroslag process stability and quality of
welded joint formation. Therefore, efficiency of
application of electromagnetic action is first of
all determined by the parameters of external mag-
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Figure 1. Variants of application of external magnetic fields to welding zone during ESW: ¢ — longitudinal magnetic

field; b, ¢ — transverse magnetic fields

netic field, namely its spatial orientation in re-
lation to object being welded, amplitude and fre-
quency characteristics.

It should also be noted that the efficiency of
application of magnetic fields in the welding zone
is determined to significant extent by magnetic
properties of parts being welded. More favorable
conditions in most cases are developed during
welding of nonmagnetic materials (titanium, alu-
minum etc.), since then the effect of shunting of
magnetic field by surrounding ferromagnetic
masses in the welding gap is minimal. An excep-
tion are the cases when the parts being welded
or elements of fixture simultaneously perform
functions of magnetic conductor.

Magnetic fields used in the welding processes
are divided on longitudinal (along the electrode
axis) and transverse (normal to electrode axis)
ones [4, 5, 13, 14] (Figure 1) depending on the
direction of induction vector. In turn, the force
lines of the latter can be oriented normal to (Fi-
gure 1, b) or parallel (Figure 1, ¢) to edges being
welded.

Longitudinal magnetic field under ESW con-
ditions can be generated using a solenoid located
in the welding gap in area of dry electrode ex-
tension [4, 6, 9] (Figure 2, a). Strictly speaking,
the longitudinal magnetic field in this case is
realized only in the middle part of the solenoid.
The magnetic field having radial constituent in
addition to axial one penetrates the weld pool.
Thus, welding current will have (j,, 7,, 0) con-
stituents, external maggeticﬁﬁelﬁd) (B,, B,, 0) and
electromagnetic force f, = j x B = (0, 0, 7,B, —
- j,B,) in the cylindrical coordinates (z, r, ¢).
It can be observed that the electromagnetic force
generated by external magnetic field will result
in melt movement in horizontal planes.

Studied scheme, providing local application
of magnetic field in zone of melting of electrode
wire, where the current density is maximum, al-
lows effecting heat-and-mass transfer in given
region and control formation and detachment of
drops of electrode metal. However, only insig-
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nificant leakage field penetrates the metal pool
that does not allow effecting the weld metal
structure. Besides, present scheme of generation
of magnetic field in the welding zone is poorly
adaptable to fabrication and complex for practi-
cal realization in the most cases since the dimen-
sions of magnetic system are limited by value of
welding gap (25-35 mm). A scheme with mag-
netic conductor introduced in the welding zone
and coil located outside (Figure 2, b) is consid-
ered to be more perspective.

Transverse magnetic field, the force lines of
which are directed normal to the edges being
welded (see Figure 1, b), can be realized with
the help of windings covering the parts being
welded and simultaneously performing functions
of the magnetic conductor (Figure,3). The elec-
tromagnetic force will have the f, = (0, j,B, —
— J,B,) constituents in Cartesian coordinate sys-
tem (x, y, z). Since welding current constituent
7, significantly exceeds j, constituent, then it can
be considered that the main effect from action
of indicated magnetic field lies in formation of
the electromagnetic forces in the melt, oriented
along the edges being welded (along y axis, see

4

Figure 2. Schemes of application of longitudinal magnetic
field by means of solenoid, positioned in welding zone (a),
and bar magnetic conductor (b): 1 — weld; 2 — metal
pool; 3 — slag pool; 4 — specimen being welded; 5 —
wire; 6 — electromagnetic system; 7 — water-cooled form-
ing strap; 8§ — magnetic conductor
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Figure 3. Scheme of application of transverse magnetic field
with the help of coils mounted to welded parts: 1 — speci-
men being welded; 2 — electromagnetic system; 3 — tabs;
4 — electrode; 5 — water-cooled forming strap

Figure 1, b). If external magnetic field is constant
and welding current is alternating, then recipro-
cating motion (vibration) of the melt is created
along the edges being welded with welding current
frequency (50 Hz). Indicated effect can have posi-
tive influence on heat-and-mass transfer in the weld
pool and refining of weld metal structure.

If welding current and magnetic field are al-
ternating (or both constant), then presence of x
and z constituents of electromagnetic force will
result in complex volume pattern of the melt
flow [4]. At that, z component of the electro-
magnetic force has opposite direction in two dif-
ferent parts of the pool, that leads to distortion
of free surface of the slag pool. The latter is
negative from point of view of welded joint for-
mation since it violates process symmetry.

Advantage of given scheme of magnetic field
generation lies in sufficiency of minimum gap
between the magnets which is equal to welding
one, that allows creating uniform magnetic filed
with high induction values (up to 0.4 T). Such
power magnetic fields allow influencing the mac-
rostructure of weld metal refining and homoge-
nizing it. It is, however, obvious, that given
scheme is difficult to be realized in welding of

B, T

Figure 4. Scheme of application of transverse magnetic field
with the help of electromagnets with bar magnetic conduc-
tor: 1 — bar magnetic conductor; 2 — coil; 3 — water-
cooled forming strap; 4 — specimen being welded; 5 —
electrode

large-size parts and parts with complex geometry.
Therefore, it can find application only in welding
of compact structures.

The most adaptable to fabrication and mostly
applied scheme used in ESW (found in the li-
terature) is the scheme of application of external
transverse magnetic field with the help of electric
magnets located near side forming devices [4, 5,
8, 12]. Welding of extended butt joints provides
for their movement along the edges with welding
speed. Electromagnet cores can be of bar as well
as II-shaped forms.

Electromagnets with single-bar cores are suf-
ficiently compact (Figure 4) [5]. Such devices
mainly generate field, the force lines of which
are normal to the edges being welded. In this
case the electromagnetic force in Cartesian coor-
dinate system (x, y, z) will have f, = (-/,B,, 0,
7B, constituents (see Figure 1, ¢), i.e. the main
component of electromagnetic force will be di-
rected across the edges being welded (along x
axis) considering that j, > j,. This leads to vi-
bration of the weld pool melt across edges being
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Figure 5. Dependence of magnetic induction on gap d between the magnetic conductors (a) and electric current I in
electromagnet winding (b): 1 — I =100; 2 — 250; 3 — 400; 4 — 550 A; 5 — d =256 — 75; 7 — 125; 8 — 175 mm
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welded, if constant magnetic field is used (welding
current is alternating). Such reciprocating move-
ments of the melt in double-phase area can promote
fragmentation of growing crystalline particles and
refining of weld metal structure. Transverse vibra-
tion in the welding gap also increases penetration
of edges being welded that allows reducing rate of
welding energy input [4, 10].

Disadvantage of given method of magnetic
field application is its leakage due to significant
gap between the electromagnet poles, which is
determined by thickness of parts being welded
and water-cooled forming starps (sliders). In-
crease of part thickness raises leakage and reduces
efficiency of electromagnetic influence.

The results of experimental measurements of
induction of magnetic field along the welding
axis, generated by electromagnets with 70 cm?
section of steel magnetic conductor and 160 total
number of winds, are given in Figures 5 and 6.
They show significant reduction of magnetic field
induction at increase of gap between the magnetic
conductors (thickness of parts being welded)
(Figure 5, a) as well as relative inhomogeneity
of distribution of magnetic induction in the weld-
ing gap (Figure 6).

Combined scheme of magnetic field action to
the weld pool can be developed using bar elec-
tromagnets. The main principle of scheme lies in
application of additional bar electromagnet lo-
cated in the lower part of butt weld (Figure 7).
Combined magnetic field having transverse and
longitudinal constituents will effect the weld
pool at specified coil connection. Longitudinal
and transverse magnetic fields can be alterna-
tively used applying switching of winding con-
nection. Specified scheme expands the possibility
of control of weld pool hydrodynamics. It is,
however, obvious that it is not applicable during
performance of extended welds.

Usage of electromagnets with II-shape core
also provides the possibility of application of lon-
gitudinal and transverse magnetic fields (Fi-
gure 8) in the welding zone.

Magnetic field including mainly axial con-
stituent (Figure 8, b) is formed in the gap at
orientation of electromagnets along the welding
axis and back-to-back connection of winding. Co-
ordinated connection of windings can generate
transverse field, the force lines of which have
opposite directions in different zones on gap
height (Figure 8, ¢). This provides the possibility
to influence the melts of slag and metal pools
using opposite fields and generating, for exam-
ple, their vibration in antiphase at corresponding
location of the magnets relatively to the weld
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Figure 6. Distribution of magnetic induction in welding
gap: 1 — I =200; 2 — 400 A; [ — distance from edge
being welded

pool. Specified effect can be useful for activating
the processes of heat-and-mass transfers in the
pool and slag—metal interaction.

If electromagnets are located normal to the
axis, magnetic field the force lines of which are
directed from edge to edge, can be generated
(Figure 8, e) in the welding zone.

Usage of considered above devices is compli-
cated in series of cases by limited access to the
parts being welded. Nonuniformity of magnetic
field in the welding gap and necessity of move-
ment of magnets along the edges during welding
can be referred to their disadvantages.

Device for application of transverse magnetic
field shown in Figure 9 [4] does not have specified
disadvantages. The magnetic conductor of this
device simultaneously performs the functions of
sustaining walls for strap formed welds. Posi-

Figure 7. Scheme of application of combined magnetic field
with the help of electromagnets with bar magnetic conduc-
tor: 1 — electromagnets; 2 — water-cooled forming strap;
3 — specimen being welded; 4 — electrode
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Figure 8. Scheme of application of transverse magnetic field with the help of electromagnets with II-shaped core, oriented
along (a—c) and normal to (d, e) welding axis: / — coil; 2 — II-shaped core; 3 — water-cooled forming strap; 4 —

electrode; 5 — specimen being welded

Figure 9. Device for electroslag welding in external mag-
netic field: 7 — coils; 2 — clamps; 3 — magnetic conductor;
4 — water-cooled forming strap; 5 — specimen being
welded; 6 — electrode; 7 — support

tioning of magnet coils under the welding table
in many respects facilitates operator work. The
device allows generating the magnetic field along
the whole weld length. Magnetic induction in
the gap was calculated on formulae B =
= ku0In /(lg./upe + d), where k is the coeffi-
cient considering leakage of field in the gap
(0.75); py = 47-1077; I is the current intensity in
windings; n is the quantity of winds; [, is the
length of magnetic conductor; py, is the magnetic
permeability of magnetic conductor material; d
is the gap between the poles.

Efficiency of electromagnetic action is deter-
mined by its frequency and amplitude charac-
teristics except for spatial orientation of magnetic
field.

Data given in the literature show sufficiently
wide range of application of magnetic fields 0.01—
0.20 T [4-12] used in ESW. Likely, that the
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relatively small induction values 0.01—0.05 T are
enough for control of metal microstructure. How-
ever, experience of authors in application of con-
trol magnetic fields in electroslag processes shows
that application of magnetic fields of higher
power 0.1-0.2 T is necessary for influence the
metal solidification and its macrostructure, con-
trol of weld pool parameters and penetration of
base metal.

It should also be noted that action schemes,
generating stable electrovortex flows in the pool,
can have negative effect on chemical homogeneity
and properties of deposited metal. Application
of the fields providing constant (cyclic) rear-
rangement of hydrodynamic structure of flows
or creating vibration of the pool melt is more
efficient. Usage of pulsed magnetic fields, gen-
erated by discharges of capacitor batteries to elec-
tromagnet winding [15], is more perspective in
this direction. Such scheme of action due to high
peak currents in the windings (up to 10 kA)
allows generating power magnetic fields in the
welding zone when reducing of mass-and-dimen-
sion characteristics of corresponding devices.

Conclusion

Each scheme of generation of magnetic fields act-
ing the ESW process, considered in the paper,
has its advantages and disadvantages and rele-
vance of application of that or another scheme
should be considered separately for each specific
case. Movable electromagnetic devices traveling
along the weld together with forming sliders is
good to use in performance of extended welds.
Stationary electromagnets can be used in welding
of compact sections.
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Since generation of the magnetic field of suf-
ficient induction (0.1-0.2 T) in the welding zone
is difficult during ESW, then its application for
influence the solidification of weld metal is less
efficient than usage of the transverse magnetic
fields. At that, application of pulsed fields pro-
viding constant (cyclic) rearrangement of struc-
ture of pool melt flows or developing its vibration
at reduction of mass-and-dimension charac-
teristics of corresponding devices is the most per-
spective one.

Further investigations in area of electromag-
netic control of ESW process should be complex,
i.e. by development of efficient schemes of gen-
eration of magnetic fields in the welding gap
considering structural peculiarities of electro-
magnetic devices for their generation and design-
ing of power sources for them.
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