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INFLUENCE OF EXTERNAL ELECTROMAGNETIC FIELD
ON PARAMETERS AND DEFECTS OF CRYSTAL LATTICE
OF METAL OF WELDED JOINTS
DURING UNDERWATER WELDING

S.Yu. Maksymov, O.M. Berdnikova, O.0. Prilipko, T.O. Alekseenko and E.V. Polovetskyi
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

A study of the influence of external electromagnetic field on the parameters and defects of a crystal lattice (disloca-
tion) in the metal of welded joints of low-alloy steel produced under water was carried out. A mathematical model and
software package for calculating density of welding and eddy currents in massive conductors, density of magnetizing
currents on the surface of ferromagnetic bodies were developed, mathematical models were used to analyze distribution
of electrodynamic forces in arc welding and external electromagnetic influence and evaluation of the developed math-
ematical models on adequacy and reliability of the obtained results was performed. It was established that an external
electromagnetic influence improves the quality of the weld metal, which is very important in welding of critical struc-
tures operating in the water environment. It is shown that during underwater welding of joints and applying external
electromagnetic influence in the metal of heat-affected-zone, a finer-grained substructure with a general decrease in
dislocation density and its uniform distribution is formed. The estimates of the level of local inner stresses taking into
account the peculiarities of distribution and dislocation density in structural components show that their maximum level
is formed during welding without external electromagnetic influence along the boundaries of upper bainite laths in the
places of long dislocation clusters — concentrators of local inner stresses. A low level of local inner stresses is observed
in the metal of the welded joints produced on the conditions at application of external electromagnetic influence. This
is facilitated by a general decrease in the dislocation density and their uniform distribution in the structural components
of a lower bainite, which should provide crack resistance of welded joints. 19 Ref., 1 Table, 5 Figures.
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Currently, underwater electric arc welding is an in-
tegral part of any repair or assembly works of metal
structures in the water environment. As to the level
of mechanical properties, the welds of modern un-
derwater metal structures of critical purpose often
should not be inferior to the welds produced on land.
At the same time, physicochemical and metallurgical
processes during underwater welding proceed in dif-
ficult, extreme conditions, which makes it difficult to
produce high-quality joints.

One of the relevant and promising methods of
improving the quality of welds under water is forced
degassing of liquid metal in welding pool, for which
external electromagnetic influence (EEI) is used. With
the use of EEI the control of movement of liquid met-
al in the welding pool can significantly improve me-
chanical and physicochemical properties of welds, in-
crease their corrosion resistance and reduce the level
of porosity [1]. The analysis of literature data shows
that regardless of the methods and conditions of weld-
ing, a certain range of parameters of electromagnetic

influence on liquid metal exists, at which the maxi-
mum increase in technological and physicochemical
properties of welded joints is achieved. Thus, in this
range the regularities are revealed, that determine the
conditions of EEI optimality.

The need in the technologies of using EEI for
liquid metals and alloys determines the necessity of
appropriate development of calculation methods and
mathematical modeling. Currently, there are differ-
ent approaches and methods of mathematical mod-
eling for calculation of electromagnetic fields: finite
difference method, finite element method, method of
integral equations and other that are effeciently used
applying computer technologies [2-5].

When modeling the processes that proceed during
arc welding using EEI, one of the most important val-
ues is the density of eddy currents in massive bodies.
These currents significantly affect the magnetic field
of the inductor and, as a consequence, distribution of
electrodynamic forces in the flows of the pool melt.
The arc represents a conical shape conductor, in the
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Figure 1. Scheme for calculation (4, — material thickness; , —
arc height; 7, — electrode height; R, — electrode radius; Rp —
pool radius; l]D — pool depth; d, — drop diameter; D, — electrode
diameter; D, — arc diameter; D, — drop diameter; D, — pool
diameter; D, — material diameter; y, — electrical conductivity of
the electrode; y, — electrical conductivity of the arc; y, — elec-
trical conductivity of the drop; y, — electrical conductivity of the
pool; y, — electrical conductivity of the material)

volume of which there are drops of molten electrode
metal. The following parameters are considered to be
set: conductivity and shape of plasma, sizes and num-
ber of drops, conductivity of drop material and dis-
tance between them. The following assumptions were
accepted: drops have a spherical shape and welding
pool has a hemispherical shape [6—10].

The calculation model is presented in Figure 1.

Based on the model, an algorithm for mathemati-
cal modeling of magnetohydrodynamic processes in
a liquid metal pool using EEI was developed, which
simplifies the calculation process to optimize the
technological process.

Moreover, there are several stages of modeling:
it is necessary to develop a mathematical model and
software package for calculating density of welding
and eddy currents in massive conductors, density of
magnetizing currents on the surface of ferromagnetic
bodies, to apply the developed mathematical models
for analyzing distribution of electrodynamic forces
in arc welding at EEI, to carry out estimation of the
developed mathematical models on adequacy and re-
liability of the obtained results.

The sequence of all stages of modeling according
to the developed algorithm is the following:

d, nm

1. We set geometric dimensions and electrophysi-
cal properties of the system.

2. We set welding current and current in the induc-
tor of external magnetic influence.

3. We solve the system of integral equations and
find the distribution of charges.

4. Based on the found we find the components of
the field and density of the welding current.

5. We solve the system of integral equations and
find eddy and magnetizing currents.

6. Based on the found we find the induction of EEL

7. We determine the average density of electrody-
namic forces for the period.

8. We evaluate the speed of the melt movement
and the model correctness.

Based on the proposed algorithm, a special soft-
ware in Delphi 7 language was developed.

Using the proposed model, it is possible to model
different cases of thermophysical parameters of under-
water welding. At the same time there is an opportunity
to model a variety of options without a large number of
options of experimental welding which are rather diffi-
cult to be carried out in laboratory conditions.

By conducting a series of numerical experiments,
an optimized EEI mode was revealed and a series of
experimental welds in real conditions of water en-
vironment were performed. The metal structure of
welded joints with the use of EEI and without its use
was further investigated and X-ray diffraction phase
analysis was performed in DRON-1 diffractometer in
a cobalt radiation. It was shown that during welding
with EEI, in the weld metal and heat-affected-zone
(HAZ) there is a BCC-solid solution of a-Fe.

Figure 2 shows the dependence of the parame-
ters of a crystal lattice of solid solutions, which were
revealed in the studied areas of the metal of welded
joints. The difference between the values of the exper-
imental parameters of a crystal lattice of BCC-solid
solutions of the weld metal (Figure 2, a) and HAZ
(Figure 2, b), produced after underwater welding
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Figure 2. Change in the parameter of a crystal lattice a of BCC-solid solutions of weld metal (¢) and HAZ (b) depending on the depth
of underwater welding: / — experiment without EEI; 2 — experiment with EEI; 3 — calculation. Dashed line shows the value of a

crystal lattice parameter of the weld metal
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Figure 3. Macrostructure of welded joint (a) and microstructure of metal in the area of fusion line and I area of HAZ (b, x1550)

without and with the use of EEI, confirms its effect on
formation of the structure.

With an increase in welding depth to 50 m, the pa-
rameter of a crystal lattice («) of the weld metal under
the condition of using EEI increases slightly (up to
1 %) as compared to the specimens without the use of
EEI, where the parameter of a crystal lattice changes
more significantly (up to 4 %). In the HAZ (Figure 2,
b) up to a depth of 30 m, the parameter of a crystal
lattice for all cases remains almost the same, but with-
out the use of EEI with an increase in the depth of
welding to 50 m, the parameter o increases.

Thus, EEI, which is used in underwater welding,
helps to homogenize the metal structure of a welded
joint, namely, to reduce the difference as to the param-
eter of a crystal lattice both between the zones of the
welded joint itself as well as between the base mate-
rial and welded joint. This should provide a uniform
level of mechanical properties on the areas of welded
joints and its crack resistance [11-16].

The obtained results indicate that the use of EEI
reduces the degree of degradation of the weld metal
and HAZ structure under the action of water environ-
ment and hydrostatic pressure.

It is known that one of the important imperfec-
tions of a crystal lattice is its defects — dislocations,
around which elastic zones of curvature of a crystal
lattice are formed [11-14]. The distribution of dislo-
cations, their density and nature of dislocation struc-
ture have an impact on mechanical properties of the
metal [5, 12, 17]. When a magnetic field is applied,
the dislocation system becomes unstable, which leads
to a redistribution of crystal lattice defects and can
lead to a mutual annihilation of dislocations and a
decrease in inner stresses. Also, point defects can in-
teract with each other. If the vacancy and interstitial
atom are joined, then both defects are annihilated, and
the atom that was previously interstitial, occupies a
normal position in the lattice [18, 19]. Based on the
abovementioned, the furhter analysis of processes oc-
curring in the specimens at EEI on the level of fine
structure was carried out.
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Investigations of the dislocation structure were
performed by the methods of transmission electron
microscopy (TEM, JEM-200CX microscope of JEOL
Company, Japan). As a result of the carried out work,
experimental data on the complex of structural pa-
rameters formed in HAZ of welded joints of steel
09G2S in the area of overheating were obtained (Fig-
ure 3, [ area of HAZ). During TEM investigations, the
following structures were studied: lower bainite (B,)),
upper bainite (B ) and their parameters — width of
lath structures and distribution of dislocation density
(p) in the structural components.

Detailed studies of the metal microstructure of
HAZ overheating area of the specimen using TEM
method without the use of EEI showed that the size
(width) of laths of an upper bainite (B ) is 0.2-1.0 um
(Figure 4, a, b). In the inner volumes of the lath struc-
ture of an upper bainite, the distribution of dislocation
density is nonuniform. The dislocation density varies
from p = (2-4)-10"° cm™ to p = (5-6)-10'° cm™ at the
maximum values p = (8-10)-10'° cm2 (Figure 4, b).
Such dislocation clusters-zones of deformation local-
ization with a higher dislocation density are formed
along the coarse-lamellar structures of an upper bain-
ite with a lath size of 0.5-1.0 um, which are formed
in the overheating area at a distance of up to 200 pm
from the fusion line. The width of the localized de-
formation zones is 0.15-0.25 um. The structure of
a lower bainite is more dispersed with a lath size of
0.1-0.4 um (Figure 4, c¢). The distribution of disloca-
tion density in the inner volumes of the lath structure
of B, has a gradient-free nature at p = (1-4)-10" cm™.

The studies of the specimen with the use of EEI
showed that the width of laths of an upper bainite is
mainly 0.4—0.8 um and more dispersed is 0.1-0.3 pym
(Figure 4, d). In the inner volumes of an upper bain-
ite structure, the dislocation density varies from p =
= (1.8-2.8)'10" cm™? to p = 3-10'° em™ (Figure 4,
d). The structure of a lower bainite (as well as in the
specimen without EEI) of more dispersed sizes is
0.1-0.4 pm. The distribution of dislocation density in

25




MMITWRP-2020

=

: _}, '

(2:4-2.8) 10" ¢m2

Figure 4. Fine structure of upper (a, x52000; b, x52000; d, x25000; e, x70000) and lower bainite (¢, x52000; £, x70000) in the area of
overheating of HAZ of welded joints during underwater welding: a—c — without the use of EEI; d—f— with the use of EEIL

the inner volumes of B, is uniform and varies from
p=(1-2)10""cm™?to p=3-10"" cm™ (Figure 4, ¢).

Comparing the parameters of the fine structure of
the studied specimens, it was found that in the met-
al without the use of EEI the largest gradients in the
size of lath structures of upper bainite and dislocation
density are observed, which will lead to a nonuniform
level of mechanical properties of the metal, increase
local inner stresses and accordingly, reduce crack re-
sistance. In the metal at application of EEI, refinement
of the structure at the general decrease and uniform
distribution of dislocation density in the volume of
structural components is observed that will provide
strength and crack resistance of metal.

Therefore, in view of the abovementioned, it
appears to be advisable to analyze the dislocation
strengthening (Ac,) predetermined by interdislocation
interaction in the structure of an upper (B ) and low-
er bainite (B)). Quantitative evaluation of dislocation
strengthening, according to the theories of deforma-
tion strengthening [ 12—14], was performed according
to the following dependence: Ao, = aGbp'?, MPa,
[15], where a is the coefficient for steel — 0.5; b is
the Burgers vector for steel — 2.5:107 mm [12].

Analytical estimates of dislocation strengthening
in the structure of B show that in the metal of HAZ
overheating area during underwater welding without
the use of EEI, the following is observed: the largest
gradients in dislocation density in volume and along
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the boundaries of B , which lead to 2-3 times increase
in a local level of dislocation strengthening from
Ac, =101 MPato Ac, =300 MPa (Figure 5, a, Table).

In the metal of the area of HAZ overheating with
the use of EEI a uniform distribution of dislocation
density is observed, gradients on the dislocation den-
sity are absent and, accordingly, the level of disloca-
tion strengthening is uniform (Ac, = 136175 MPa)
(Figure 5, b, Table).

The next step in the study of the influence of struc-
ture on the properties of welded joints metal was to
identify a true real picture of the zones of distribut-
ing local inner stresses (t, ), i.e. stress concentrators,
the values of these characteristics of the metal state,
and the dynamics of their change during underwater
welding and the use of EEI. The set problem is of key
importance, because the processes of delayed frac-
ture, formation of the source of crack initiation and
propagation begin directly from the initiation of inner
stress concentrators [16—19].

As far as the distribution and level of local inner
stresses and strains can be determined only on the ba-
sis of true pictures of the dislocation density distri-
bution, namely this information was provided using
the TEM method. Estimation of the level of local in-
ner stresses depending on structural factors was de-
termined on density and distribution of dislocations
according to the known dependence for T, [19]:
1., = Gbhp/m (1 — v), where G is the shear modulus;

1.
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Figure 5. Fine structure of upper (a, x70000) and lower bainite (b,
location strengthening (Ac,) in inner volumes and in the zones of deformation localization (¢): @ — without the use of EEL; b — with
the use of EEI

Parameters of fine structure of HAZ metal of welded joints

"
e I

A2 (2-3) 100t
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x70000) and, accordingly, change in dislocation density (p), dis-

Presence of EEI
Without the use of EEI With the use of EEL
Parameters
Structure
Bl Bu B] Bu
p (min), cm™ (1-2)-10" (2-4)-10"° (1-2)-10"° (1.8-2.4)-10"°
- (4.5-6)"10'"°
2 . 10 . 10 . 10
p (max), cm (34)10 (8-9)10"" 310 3-10
Ac, (min), MPa 101-141 141-200" 101-141 136-155
212-245
Ao, (max), MPa 175-200 282-300° 175 175
“In the areas of deformation localization (&).

b is the Burgers vector; h is the thickness of the foil
(2:1075 c¢cm); v is the Poisson’s ratio; p is the disloca-
tion density.

Analytical estimates of the level of local in-
ner stresses show that the maximum values of 7, =
= 1294-1665 MPa = (0.15-0.2)t, (from the theo-
retical strength) are formed in places of long dislo-
cation clusters — along the boundaries of B during
welding under water without the use of EEI. This can
lead to a decrease in crack resistance and brittle frac-
ture of welded joints throughout the metal of the over-
heating area of HAZ of welded joints.
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Low values of T, = 185-554 MPa=(0.02-0.07)t,
are typical for welded joints produced under the con-
ditions with the use of EEI This is facilitated by the
reduction in dislocation density with its uniform dis-
tribution, which, accordingly, will provide crack re-
sistance of welded joints.

Conclusions

1. Mathematical model and software package for cal-
culating density of welding and eddy currents in mas-
sive conductors to optimize the conditions of external
electromagnetic influence were developed.
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2. The use of external electromagnetic influence
reduces the degree of degradation of the metal struc-
ture of welded joints under the action of water envi-
ronment and hydrostatic pressure.

3. In underwater welding, external electromag-
netic influence helps to reduce the difference in the
parameter of a crystal lattice (o) of the metal along
the areas of the welded joint and relative to the base
metal.

4. Applying the method of transmission electron
microscopy, the structural-phase changes in the metal
of the HAZ overheating area of low-alloy steel joints
during underwater welding without the use of exter-
nal electromagnetic influence and during its applica-
tion were studied. It was established that the structure
of a lower and upper bainite, formed in the metal of
the HAZ overheating area differs in the parameters of
such structural components as sizes of the lath sub-
structure, distribution and dislocation density.

5. During underwater welding without the use of
external electromagnetic influence, the structure of an
upper bainite has mainly a coarse-lamellar nature at
a general increase in the dislocation density and its
nonuniform distribution both in the volume as well
as along the boundaries of the laths in the zones of
a localized deformation. This leads to an increase
in dislocation strengthening in the local areas of the
structure in the location of long dislocation clusters,
and, accordingly, a nonuniform level of mechanical
properties and the formation of concentrators of local
inner stresses.

6. At external electromagnetic influence in the
metal of a heat-affected-zone, substructure refine-
ment, redistribution of defects of a crystal lattice (dis-
locations) at a general decrease in dislocation density
and its uniform distribution is observed. This contrib-
utes to a uniform level of strengthening, decrease in
the level of local inner stresses in the volume of struc-
tural-phase components of the metal and along their
boundaries and provides crack resistance of welded
joints during underwater welding.

1. Ryzhov, R.N., Kozhukhar, V.I., Maksimov, S.Yu., Prilipko,
E.A., (2004) Application of external electromagnetic actions
for improvement of mechanical properties of welds in under-
water wet welding. The Paton Welding J., 11, 49-51.

2. Grinberg, G.A. (1948) Selected problems of mathematical
theory of electric and magnetic phenomena. Moscow, AN
SSSR [in Russian].

9.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

. Tozoni, O.V. (1964) Mathematical models for calculation of

electric and magnetic fields. Kiev, Naukova Dumka [in Rus-
sian].

. Tozoni, O.V., Fedchun, L.V. (1964) Calculation of magnetic

field of nonsaturated machines by method of integral equa-
tions. Izv. Vuzov. Elektromekhanika, 5, 471-478 [in Russian].

. Gulyaev, A.P. (1986) Metals science. Moscow, Metallurgiya

[in Russian].

. Savich, I.M., Kareta, N.L., Grishanov, A.A., Sladkova, V.N.

(1982) Influence of cooling rate on distortion of crystal lattice
in welding under water and in air. Avtomatich. Svarka, 5, 8-9
[in Russian].

. Larikov, L.N., Falchenko, V.M., Gertsriken, D.S., Khrenov,

K.K. (1978) On mechanism of influence of pulsed magnet-
ic field on atomic mobility in iron and aluminium. Dokl. AN
SSSR, 239(2), 312-314 [in Russian].

. Larikov, L.N. (1980) Healing of defects in metals. Kiev, Nau-

kova Dumka [in Russian].

Gertsriken, D.S., Dekhtyar, 1.Ya. (1960) Diffusion in metals
and alloys in solid phase. Moscow, Fizmatgiz [in Russian].
Larikov, L.N., Falchenko, V.M., Mazanko, V.F. et al. (1975)
Anomalous acceleration of diffusion in pulsed loading of met-
als. Dokl. AN SSSR, 221(5), 1073—1075 [in Russian].
Olemskoj, A.L, Panin, V.E., Petrunin, V.A. (1986) Mixed
states and physical mechanics of defects in strongly excited
crystals. Izv. Vuzov. Fizika, 2, 20-27 [in Russian].
Goldshtejn, M.1., Litvinov, V.S., Bronfin, B.M. (1986) Phys-
ics of metals. Moscow, Metallurgiya [in Russian].

Kozlov, E.V., Koneva, N.A., Popova, N.A. (2009) Grain struc-
ture and geometrically required dislocations and particles of
secondary phases in polycrystals of micro- and mesolevels.
Fizicheskaya Mezomekhanika, 12(4), 93—106 [in Russian].
Farber, V.M., Belenky, B.Z., Goldshtejn, M.1. (1975) Evalua-
tion of strength of low-carbon low-alloyed steels on structur-
al data. Fizika Metallov i Metallovedenie, 3(2), 403—409 [in
Russian].

Farber, V.M., Selivanova, O.V. (2001) Classification of stress
relaxation processes and their manifestation in plastic defor-
mation of metals. Metally, 1, 110115 [in Russian].
Berdnikova, O., Pozniakov, V., Bernatskyi, A. et al. (2019)
Effect of the structure on the mechanical properties and crack-
ing resistance of welded joints of low-alloyed high-strength
steels. Procedia Structural Integrity, 16, 89-96.

Markashova, L.I., Poznyakov, V.D., Berdnikova, E.N. et al.
(2017) Structure and service properties of welded joints of
high-strength steels, aluminium and titanium alloys. The Paton
Welding J., 7, 6—14. https://doi.org/10.15407/tpwj2017.07.02
Markashova, L.I., Poznyakov, V.D., Shelyagin, V.D. et al.
(2018) Effect of metal structure on service properties of high-
strength steel welded joints produced using different methods
of welding. The Paton Welding J., 2, 7-13. DOI: https://doi.
org/10.15407/tpw;j2018.02.02

Markashova, L.I., Poznyakov, V.D., Gaivoronskii, A.A. et al.
(2011) Estimation of the strength and crack resistance of the
metal of railway wheels after long-term operation. Fiz.-Khim.
Mekh. Mater., 47(6), 73—79 [in Russian].

Received 16.12.2020

Subscription for «The Paton Welding Journal»:
https://patonpublishinghouse.com/eng/journals/tpwj/subscription

28

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021



