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ABSTRACT

Experimental studies have shown that high-frequency pulsed modulation of welding current allows for an increase in penetra-
tion capacity of the welding process with tungsten electrode. This effect is attributed to intensified convective flows in the weld
pool, excited by a high-frequency electromagnetic field. The article examines the problem of determining the shape and param-
eters of welding current pulses that maximizes the force exerted by the modulated current on the weld pool metal. The square of
the effective value of the welding current is taken as an integral measure of the force action of the electromagnetic field on the
molten metal of the weld pool. The difference between the squares of the effective and average values of the modulated current,
which characterizes the excess of the force action of the arc with pulsed current modulation over the force action of the direct
current arc, is taken as a criterion for optimizing the shape of the current pulse. The problem of variational calculus on finding
such a current pulse shape, at which the maximum of the specified difference is achieved, is solved. Two optimization methods
are considered: at a given modulation amplitude and at a given average value of the modulated current. It is rigorously shown
mathematically that in the first case the optimal pulse shape is a square wave, in the second case — a rectangular current pulse,
the duty cycle and amplitude of which are determined by the value of the maximum current of the welding generator. The opti-
mization of parameters of current pulses of trapezoidal and triangular shapes generated by existing welding current generators
has been carried out. The proposed theory can serve as a guideline in the development of effective pulse current generators, as
well as in the design the modes of the tungsten inert gas welding process with high-frequency pulsed modulation of welding
current in order to increase the penetration depth and improve welding productivity.

KEYWORDS: TIG welding, arc plasma, weld pool, electromagnetic force, direct current, pulsed current, mean and RMS

values, wave form, duty cycle, amplitude, frequency

INTRODUCTION

In modern industrial production, the tungsten inert
gas arc welding (TIG process) is used in the manu-
facture of critical structures in various industries. In
order to increase the penetration ability of TIG weld-
ing, various activation methods are applied: the use of
various shielding gases and their mixtures [1, 2], the
application of special activating fluxes to the surface
of the welded metal [3, 4], TIG welding in the key-
hole mode (K-TIG process) [5], high-frequency pulse
(HFP) modulation of the welding current [6—10]. Fig-
ure 1 shows the sections of welds obtained during
TIG welding of a 5 mm thick plate made of 1.4301
(AISA 304) stainless steel using direct and modulat-
ed currents. Experimental conditions were as follows:
arc length of 1.5 mm; direct current of 150 A, current
modulation frequency of 6 kHz, average modulated
current of 153 A, trapezoidal pulse shape with front
duration of 55 ps; base current of 44 A, modulated
current amplitude of 204 A.

Copyright © The Author(s)

With minor deviations of the average value of the
modulated current and the average arc power from the
corresponding parameters of direct current, the depth
of penetration and the volume of molten metal during
TIG welding with HFP modulation of the welding
current (HFP TIG process) are noticeably greater than
during TIG welding with direct current. A similar ef-
fect of increased penetration capacity of the HFP TIG
process was also experimentally discovered earlier in
works [7, 8, 10]. This effect can be explained by the
fact that the effective value of the modulated current
exceeds the direct current by 30 %.

The efficiency of high-frequency pulsed modula-
tion of the arc current as a means of increasing the
depth of penetration in TIG welding depends on such
parameters as the shape of the current pulse, the duty
cycle, the amplitude and the modulation frequency.
With the optimal choice of these parameters, the force
action of the electromagnetic field of the current on
the metal of the weld pool is increased, the convec-
tive heat exchange in the molten metal is intensified,
and thereby the penetration capacity of the arc with

3
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Figure 1. Shapes of welds in TIG welding. @ — with direct current; 5 — with HFP modulation of the welding current

a refractory cathode increases. The purpose of this
work is to determine the shape and parameters of the
welding current pulses that are optimal according to
the criterion of the maximum force action of the mod-
ulated current on the metal of the weld pool.

OPTIMIZATION OF THE SHAPE
AND PARAMETERS OF CURRENT PULSES

We will assume that the modulated welding cur-
rent [(f) is unipolar (/(tr = 0) and periodically
changing in time ¢ with a period 7. The average /
and effective I, values of current are determined

as follows: [ =<I(t)>; I, = <12(t)> , where

T
< f (t)> =% f f (t)dt is the integral average value of
0

the periodic function f{¢) on the segment ¢ € [0; T7.
In work [11] it is shown that during TIG welding
with HFP current modulation, the volume density of
the electromagnetic force exciting the magnetohydro-
dynamics of the weld pool depends on the averaged
value of the square of the current (r, z) over one
modulation period, flowing within a circle of radius
in an arbitrary axial section z of the pool. The greater
the effective value of the modulated welding current
1, » the greater its distributed characteristic (7, z) and,
accordingly, the greater the force effect of the modu-
lated welding current on the molten metal. Therefore,
as an integral measure of such effect, we will take the
square of the effective value of the welding current.
The force effect of the modulated current arc on the
metal of the weld pool will be compared with the
force effect of the direct current arc, equal in magni-
tude to the average value I of the modulated current.
Let/ <I(t)<P,t € [0; T], where /, is the base val-
ue of the current; 4 = I, —/, is the amplitude, 7 is the
modulation period. On the segment [0; 1] of dimen-

sionless time ¢ = i, the law of current change can be

written as:
I(t) =1, + An(v), (1)

where (1) is the normalized shape of the current
pulse.

We will consider in the general case, the set M
of Lebesgue measurable functions as functions n(7),
such that 0 <n(t) <1, 1 € [0; 1]. For the squares of the
effective and average values of the modulated current,
the following expressions hold:

Ly =17 + 241, (n(0) + 4> (0 (0));

12 =12 +241 (n(0) + 42 (n(v))’.

Subtracting the right- and left-hand parts of equal-
ities (2), we obtain

A=1; -1,

- A2(<n2(r)> —(n(r)>2)- 3)

Consider the problem of finding the normalized

max A Two

formulations of such a problem are possible. In the first
one we assume that current pulses (1) are generated
by normalized shapes of 1(1), as long as amplitude A4
remains constant and independent on the pulse shape
n(1). In this case, it follows from (3) that the optimal
shape of the current pulse n(t) delivers a maximum

pulse shape n(t) € M, which provides

to the functional d)[n(r)]:jnz(r)dr—[jn(r)dtJ .

The following assertion holds

THEOREM

Let (1) € M be the normalized shape of the current
pulse such that for all T € [0; 1] the following inequal-

ities hold 0 <n(t) < 1. Then, d)[n(r)] < l, and equal-
4

ity is achieved if and only if there exists measurable

set B < [0; 1], w(B) :%, where p is the Lebesgue

measure on a straight line, such that the following
equalities hold for almost all T € [0; 1]

1eB;

1,
= 4
n(t) {0, B, “
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PROOF
As long as 0 < n(t) < 1, the inequality (n*(1)) < (n(t)
holds. Hence, ®[n(t)] < (n(t) — (n(r)’. Function

1
(M(t) — ((r)* reaches its maximum at (N(7)) = 5 and

this maximum is equal to % Thus, ®[n(1)] S%. In

the latter condition, the equality is achieved if and

only if (N(v)) = <n2(r)> :%

implies that for almost all t €[0; 1] the follow-
ing equality holds: n(t) = n*(tr). Hence, n(t) = 0 or
n(t) = 1 for almost all T € [0; 1]. Let B < [0; 1] be a
set of such values of © € [0; 1] that (1) = 1. Now we

. Condition (n(t) = (n’(t)

1
have <n(1¢)> = jn(r) dt=wB). Taking into account
0

. 1 . _1
the equality <n(r)>=§, we obtain H(B)—Z, Le.

equalities (4) are true. It suffices to note that equality

1
CD[n(r)] = 1 is valid for the found function n(t). The

theorem is proved.

The considered problem about the maximum of
functional @ [n(7)] in the class of Lebesgue measur-
able functions has a non-unique solution, and there are
infinitely many equivalent functions n(t) such that the
sets of points of [0;1] for which n(t) = 0 and n(t) =1,

1
have the same Lebesgue measure p(B) = <n(r)> = 5 In

practical applications of pulsed modulation of weld-
ing current, function n(t) in the form of a unit jump
(rectangular pulses in the form of a square wave) is of
greatest interest

1, O£r<l;
2 |
n(v) = A, :ZA : (5)
0, =<t
2

The optimum shape of current pulse (5), deter-
mined at fixed modulation amplitude A4, leaves arbi-
trariness in the average and effective current values.
To eliminate it, we must additionally set another cur-
rent parameter, for example, value of base current /..

/ 1
In this case, [, =1, +%A, I, = va +ZA2 , and the

expression for A, can be written in the following form
A, =1 where I,=1,-1,.
Let us consider another possibility of finding

nrg%(/lA:Az without the assumption that current

modulation amplitude A4 is fixed. Instead, in (1) we
will assume that current pulses / = /(1) are generated,
provided the current value 7, is kept constant at all
n(t) € M. If 7, is given this method of current pulse
shape optimization is convenient for assessment of
the effectiveness of force action of modulated current,
compared to the impact of direct current equal to /.
With this approach of optimization, the current
amplitude becomes dependent on pulse shape and,
as it follows from (1), this dependence has the form

of A[n(0)] = Lo (' @)~ (o)’
AL (@Y

and the problem arises of finding the maximum of

functional F[T](r)]=[J'n2(r)dr/(_[n(r)er —1}

in the class of functions n(tr) € M.

We denote by M, — M the subset of such functions
n(1); € M, for which (n,(t) = 5, where 8 € [0; 1]
is a certain fixed parameter. It is obvious that

.Then, A= fazv

U M, =M. Similarly to the proof of the theo-
3€[0;1]
1
rem, the estimate F [ns(r)]sg—l is valid, and the

equality holds for those and only for those functions
n,(t) € M; for which a measurable set B, < [0; 1],
W(B,) = & exists, such that equalities (4) hold for al-
most all T € [0; 1]. For example, function

3 1, 0<t<0;
ns(7) = 0, 6<t<l, ©)

delivers maximum to functional Fn,(t)] and defines
the pulses of a rectangular shape with duty cycle 0.
In welding generators, the maximum possible
current is limited by the maximum current of the
generator. In this connection, we will further as-
sume A[n(t)] < 4__ . This condition, given the se-

lected value 7, imposes a lower limit on (n(1)), i.e.:

]av
A4

max

(n(x))=—=— =5 . Thus for n(x) € M, inequali-

ty & > & . holds, and, therefore, max [ [né(r)] is
min nEEMS
achieved on functions n(t) € M, when 6 > __ , and

this maximum is equal to L—l. Then, for maxi-
mum difference of the squares of effective and aver-
age values of modulated current in the second optimi-
zation method, we have
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Table 1. Optimal parameters of current modulation by rectangular pulses at different (set) values of fav

Aav A 50 100 150 200 250 300 350 400
S, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1.A 158 224 274 316 354 387 418 447
A% 10° A 225 40.0 52.5 60.0 62.5 60.0 52.5 40.0
R 1 comparison of the above optimization methods in the
A, =12 (6— —~ 1]. (7)  domain of ] <250 A.
min It follows from the calculated data presented in

It means that the optimum method of current modu-
lation at the set values of average I and base /, current
is modulation by rectangular pulses with minimum
possible duty cycle 6 . for the set value of fav at the
selected value of 4 . It follows from the alternative

form of writing expression (7) A, :fav(Amax —I:,v)
that the right-hand side of this equality has a max-
=0.5

min

imum, which is achieved with 7,, = EA‘“’“ 8

that corresponds to pulses in the form of a meander (5).

Let us give numerical estimates of optimal pa-
rameters of rectangular current pulses, assuming
A, =500 A (maximum power source current in [8]).
Table 1 gives the calculated data on the change of the
minimum possible value of duty cycle §__ , effective
current value I (at1 =0),as well as maximum dif-
ference A, of the squares of the effective and average
current values, depending on the value of 1 -

Figure 2 shows a comparison of two methods of
optimization of the shape and parameters of current
pulses, considered above: 1) at fixed modulation
amplitude 4 < 4 = 500 A (dashed curve); 2) at
fixed current iav and given above maximum ampli-
tude value (solid curve). Note that in the first case at

-~ 1
1, > EA”‘” , current modulation amplitude 4 exceeds

the accepted restriction, therefore we will perform

A, A2

60000

50000
40000

30000

20000

T
N

10000 P

(} 1 1 1
50 150 250 350

}:n'- A

Figure 2. Change of (dashed curve) and (solid curve), depending
onatAd_  =500A

this Figure that excess of force action of modulated
current over the impact of direct current, equal to
average value of modulated current, is significantly
higher with the second method of optimization, and
both the variants become equivalent only in the point
of maximum (fav =250A).

As it follows from the definition of fav I -1,
increase of base current at constant average value of
current leads to decrease of I and to decrease of
A, A, in the domain of fav <250 A, respectively (see
Figure 2), thus lowering the effectiveness of force im-
pact of modulated current.

OPTIMIZATION OF PARAMETERS
OF TRAPEZOIDAL AND TRIANGULAR
CURRENT PULSES

The creation of arc power sources with high-frequen-
cy current modulation, which are capable of generat-
ing rectangular pulses in a wide frequency range, is a
complex engineering task [8, 12]. In this case, the rate
of current rise/fall at the pulse fronts that can actually
be achieved in the welding circuit is of the order of
20-50 A/us, which, for example, with a current mod-
ulation amplitude of 500 A will correspond to a total
front duration of the order of 20—50 ps. Therefore, for
practical applications, it is of interest to consider cur-
rent pulses of trapezoidal and, as a special case, tri-
angular shape, which can potentially be implemented
using existing welding power sources for TIG weld-
ing with HFP current modulation.

Let us first consider a trapezoidal current pulse,
shown in Figure 3, with the following time parame-
ters: ¢, — duration of the leading edge; ¢, — ¢, — du-
ration of the “peak” of the pulse;z, — ¢, — duration of
the trailing edge; ¢, — pulse duration; 7' — ¢, — pause
duration.

We

will dimensionless

t t . .
FZ, T, = ?3 into correspondence with the

dimensional time parameters of the pulse and will in-
troduce the following designations: t,, = 1, — T, — di-
mensionless duration of the “peak”; TET LT, —
total dimensionless duration of the pulse fronts.

put parameters

Tl =—, ’52 =

6
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Figure 3. Trapezoidal current pulse («) and its normalized form ()

For the normalized form of a trapezoidal cur-

b

o , T
rent pulse it is easy to obtain: <T](T)>:T21+ 5

T
<1‘|2(1:)>=1:2l +?f. These expressions depend only

on the total dimensionless duration of the fronts. As
before, we will consider two options for optimizing
the pulse parameters.

Let us first assume that the trapezoidal current
pulses are generated at fixed modulation amplitude 4.

T T .
Then, O(7,,, Tf) =Tyt 3—f_ ((Tzl + ?f)zJ function

of dimensioless time parameters 1, , T, corresponds to
®[n(1)] functional. For a given value of T, which is

determined by the characteristics of the power source,

I T, . .
max ®(t,,,7,) =———= is achieved at
21 4 6

1
rn=50—w) ®)

The maximum excess of the force action of a trap-
ezoidal pulse over the force action of a direct welding
current equal to /_ is determined by the value

AZ

2
=2 121, |
g [ 3Tf)

Note that for t,= 0 (rectangular pulses) formula (9)
corresponds to (5).

A ©)

.__
“y

©

T

A triangular pulse is a special case of a trape-
zoidal pulse. In the expressions for (n(t)), (n*(1))
we set T, = 0, and we will identify T, with the du-
ration of the triangular pulse. As a result we get:

1 1
D(t,)= g‘t ; —Zri-. Analyzing this function for the

T

1.
extremum, we find that max ®(t )= 5 is reached at
f

This means that a triangular current pulse is opti-
mal if two-thirds of the period are taken by the pulse
itself (leading and trailing edges), and one-third is the
pause. The maximum excess of the force action of
such a pulse over the force action of a direct current
equal to fav , is determined by the value

AZ
1= 9

Let us now assume that the trapezoidal current
pulses are generated at fixed values of / and /, i.e.
the value of /_ is kept constant, and let us accept the

constraint of 4 <4 . Similarly to what was done in
Section 1, it can be shown that for trapezoidal pulses

A (10)

max(ljff.. — Ijv) is achieved at the minimum possible

duty cycle § . =—2+—1 andis

. —2'cf/32 )
(Smm _Tf/z)

Table 2. Optimal parameters of current modulation by trapezoidal and triangular pulses at different values of fav

fav A 50 100 150 200 250 300 350
in 0.25 0.35 0.45 0.55 0.65 0.75 0.85
Trapezoidal pulses I,A 112 194 250 296 332 371 403
A, 10° A 10.0 27.5 40.0 47.5 50.0 47.5 40.0
- 0.2 0.4 0.6 0.8 1.0 - -
Triangular pulses I,A 129 180 224 258 289 - -
A, 10° A 14.17 22.33 27.50 26.67 20.83 - -
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Table 3. Optimal parameters of rectangular, trapezoidal and triangular current pulses for two optimization methods.

A = const [ =const,AsA
Current pulse shape -
1) A S A,
I = (1
Rectangular pulses 1 lA2 “ 1 (_ - IJ
2 4 ATnax 8
A 2 I | 8-21,/3
Trapezoidal pulses l(1 + 1:].) T[l — Etf] Aav +=1, 1a2v / / _
2 ‘max (6 - T‘//Z)
2 2 21, 4
Triangular pulses — A_ Zav HZV [_ _ 1}
3 9 A 36

At 1= 0, the resulting expression coincides with
formula (8) for rectangular pulses. In the case of tri-
angular pulses, the expressions for A, and A . take
the form of

A2 :jazv 4 _1 76min = 21“"
38min A

max

Table 2 shows the quantitative characteristics
of the optimal parameters of trapezoidal and trian-
gular current pulses, calculated for 4 = 500 A,
I,=0,1/=0.3.

The theory presented remains valid for current
pulses whose normalized form does not depend on the
modulation frequency (isomorphic pulses). The force
effect of modulated current with non-isomorphic trap-
ezoidal pulses (for example, with a fixed front dura-
tion) decreases with increasing modulation frequency.

CONCLUSIONS

1. In TIG welding, the difference between the squares
of the effective and average values of the modulated
current can be taken as an approximate measure of the
excess of the force effect of the modulated welding
current over the effect of direct current. The maximum
of this difference serves as a criterion for optimizing
the shape of the welding current pulses, ensuring the
maximum force effect of the modulated current on the
metal of the weld pool and, as a consequence, increas-
ing the penetration capacity of the arc in TIG welding
with high-frequency pulse current modulation.

2. The optimal shapes and parameters of welding
current pulses defined in Section 1 for the general
case of functions n(t) € L,(0.1) form equivalence
classes in which the seminorms of the elements in-
cluded in them coincide. The mean value (n(t)) of the
normalized pulse shape, which is equal to 0.5 for the
conditions of the theorem, acts as ||n||. In the equiv-

alence class with (N(0)= 5 » in addition to square

wave pulses with a frequency of F, it is possible to
consider options for modulating the current with a
finite number of subpulses such that their total rela-
tive duration is equal to 0.5, for example, rectangular
pulses with frequencies nF’, where n > [ is an integer.
Similarly, in the second optimization method, the val-
ue (1)) =6_. can be achieved by generating a finite
number of subpulses whose total relative duration is
equal to 8 __ . Such options are indistinguishable from
the point of view of the considered integral criterion
of force impact Iezﬁ, -1

3. Expressions for the parameters of optimal rect-
angular, trapezoidal and triangular current pulses are
summarized in Table 3.

These parameters can serve as a guideline for
designing welding modes, as well as for developing
more advanced pulse current generators capable of
providing increased penetration capacity of the HF
TIG process.

4. When conducting experimental studies of the
penetration capacity of modulated current and unam-
biguous interpretation of their results, it is important
to use pulse current generators stabilized by a normal-
ized pulse shape in a wide frequency range. In many
existing modulated current generators, pulse shape
stabilization is maintained only in a limited frequency
range. Therefore, when analyzing the effect of current
modulation frequency on the penetration capacity of
the arc in TIG welding, it is necessary to take into ac-
count not only the modulation frequency, but also the
change in the pulse shape depending on their repeti-
tion frequency. Attention to this was first drawn in [6].
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ABSTRACT

An analysis of promising technologies for improving the mechanical characteristics and the stress states of metal materials
and welded joints based on the use of electromagnetic fields and their derivatives, such as electrodynamic pressure force, eddy
currents, and shock waves, was carried out. The process of electrohydropulse treatment by high-energy discharge (EPT HED
EHIPD) using a hydrocarbon liquid for the production of polydisperse mixtures used for alloying the weld metal of welded
joints as part of flux-cored wires is considered. The positive effect of micro-additives of the Ti-TiC system modifier obtained
by EPT HED on the operational properties of the deposited metal of the 25SKh5FMS tool steel type was determined. It is shown
that treatment with a pulsed electromagnetic field (PEMF) improves the residual stress states of welded joints. New process
diagrams for the application of electrodynamic treatment (EDT) of welded joints are considered. The advantages of PEMF and
EDT of the weld metal in the welding process in comparison with treatment at room temperature are proved. The mechanism of
surface hardening of 25KhGNMT steel as a result of its pulsed barrier discharge treatment (PBD) was investigated. It is proved
that the PBD increases the dislocation density and disperses the microstructure, which has a positive effect on the mechanical
characteristics of steel. The prospects for the use of PBD for non-destructive testing of residual stress states of welded joints
are considered.

KEYWORDS: welded joint, electromagnetic field treatment, electrodynamic treatment, residual stresses, fusion welding, sur-
face hardening, titanium carbide, polydisperse mixtures, residual deformations, aluminium alloys, structural steels, dislocation

density

INTRODUCTION

The development of high-tech engineering industries
stimulates the development of new technologies for
extending the service life of welded structures based
on the use of advanced electrophysical phenomena,
including electromagnetic fields, electric currents of
various configurations and electrodynamic forces.
The research results give reason to believe that new
technologies for treatment of welded structures can
be based on the principles of controlling the mechani-
cal properties of metal alloys and welded joints using
electrophysical phenomena [1, 2].

THE AIM

of the study is to analyse promising technologies for
improving the mechanical characteristics and stress
state of metal alloys and welded joints based on the
use of electromagnetic fields and their derivatives
(electrodynamic pressure force, eddy currents, shock
waves, etc.).

Copyright © The Author(s)
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A high-voltage pulse discharge in a conductive lig-
uid is used in the industrial technology of electrohy-
dropulse treatment as a source of dynamic pressure,
under the effect of which the materials being treated
can change their size, structure and mechanical char-
acteristics. Such treatment involves the impact of a
dynamic load on the object initiated by a high-voltage
electric discharge of a pulsed electric current in an
aqueous medium. This is a cyclic process character-
ized by the release of energy in the discharge channel
within microseconds and accompanied by the action
of compression waves (which under certain condi-
tions are transformed into shock waves), powerful
hydroflows, cavitation, electromagnetic and thermal
fields. Studies of the impact of the mentioned treat-
ment on the stress-strain state of welded joints have
shown that it reduces tensile stresses in welded struc-
tures by up to 90 % [3]. However, the technologies
of such high-voltage electric discharge treatment have
not been widely used in metal-working because of the
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low process performance and significant metal and
energy consumption of the equipment.

The use of electrohydropulse treatment with a
high-voltage electric discharge using a hydrocar-
bon liquid (instead of water) for the production of
polydisperse mixtures containing nanoparticles with
special properties used for alloying the weld metal
of welded joints is promising. This treatment variant
allows implementing an energy-efficient method of
grinding metal alloys — discharge-pulse preparation
of powders by using a high-voltage electric discharge
in the liquid-powder dispersion system. Its cyclic
action enables fine grinding by pressure waves due
to the formation of a large number of defects in the
powder, which helps to reduce the energy of crystal
destruction, the formation of a large number of active
centres and facilitates chemical interaction between
the elements of the system under conditions of dy-
namic loading. The use of a hydrocarbon liquid as a
working medium under such processing of powder
mixtures not only provides elimination of their oxi-
dation, but also creates thermodynamic conditions
for the pyrolysis of kerosene with the formation of
solid-phase carbon, which is capable of entering into
carbidization reactions with powder particles, form-
ing nanostructured strengthening phases [4, 5].

For electrohydropulse treatment with high-volt-
age electric discharge [4, 5], specialized equipment is
used, which, in addition to the power source, includes
a chamber — a container, where the powder grinding
process takes place and which must withstand signifi-
cant dynamic and thermal loads (Figure 1).

To investigate the efficiency of using polydisperse
mixtures produced by this treatment, the weld met-
al was alloyed with Al- and Ni-based alloys, into the
melts of which powders were introduced.

The introduction of 0.01 wt.% of the Ti—TiC modi-
fier, synthesized by this treatment of Ti-powder in ker-
osene and briquetted by spark plasma sintering, made
it possible to reduce the grain size from 1-2 to 0.2-0.6
mm in all modified specimens of the Ni-based heat-re-
sistant SM88U alloy [6]. Under these conditions, the ul-
timate tensile strength at 900 °C and long-term strength
increased by 20 %. This indicates the prospects of us-
ing metal powders after treatment with a high-voltage
electric discharge to modify the cast structure of welds
of nickel alloy structures operating at elevated tem-
peratures, as well as the effect of the Ti—Al-C system
modifier after appropriate synthesis on the structure re-
finement and improvement of the properties of welded
joints made of aluminium AK7 (A357) alloy for the
body parts of marine engines [7].

Polydispersed mixtures produced by applying a
high-voltage electric discharge are used as part of the

Figure 1. Appearance of equipment for electrohydropulse treat-
ment using high-voltage electric discharge, where the arrow indi-
cates the chamber in which powder grinding takes place [6]

charge of flux-cored wires for arc surfacing. This sim-
plifies the process of introducing the powder into the
weld pool during the phase of the filler liquid metal
transfer. The positive effect of micro-additives of the
Ti-TiC system modifier on the operational properties
of the deposited metal of the 25SKhSFMS tool steel type
has been determined. The modifying powders of the
Ti—TiC system were produced by the above treatment of
Ti-powder in kerosene. The modification of the deposit-
ed metal with Ti-carbides in the amount of ~0.01 % does
not deteriorate the quality of the formation of deposited
beads and slag crust detachment. The introduction of
micro-additives of Ti carbides in the amount of 0.01 %
to the deposited metal leads to an increase in its heat
and wear resistance under conditions of elevated tem-
peratures by 15-50 %, depending on the type of used
modifying additive [8]. The effect of boron and titanium
carbides modifying the boron additives introduced in
the same amount into the charge of PP-Np-25Kh5FMS
powder electrode wire on the structure and properties of
the deposited metal was compared. It is shown that the
introduction of additives of both types of modifiers in
the amount of 0.01 % significantly affects the structure
of the deposited metal, and their effect on the structure
is different. It was found that modification with boron
leads to a significant reduction in the size of crystallites,
redistribution of non-metallic inclusions, and an increase
in the microhardness of the metal. The introduction of
titanium carbide micro-additives into the weld pool af-
fects the kinetics of metal crystallisation, which provides
elimination of the columnar structure of crystallites and
its transformation into a cellular structure. It has been
shown that due to these structural changes, the wear re-
sistance and heat resistance of the metal deposited using
both types of modifiers increase [9].

The obtained results help to improve the charac-
teristics of materials for surfacing parts of special
equipment operating under conditions of abrasive
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wear and cyclic thermomechanical loads. Thus, the
use of polydisperse mixtures produced by a high-volt-
age electric discharge in a hydrocarbon liquid creates
anew direction for optimizing the mechanical proper-
ties of deposited structural elements.

Based on the results of research in the field of
materials science, the phenomenon of improving the
ductility of a metal due to its active loading at the time
of passing (through the metal) a high-density electric
current pulse j (j > 1.0 kA/mm?) was established. The
phenomenon is called the electroplastic effect, and the
deformation initiated by it is called electroplastic [ 10].
The practical use of this effect has opened up new op-
portunities for metal-working and welding technolo-
gies [11]. The accompanying heating with a pulsed
electric current treatment (j > 1.0 kA/mm?) of struc-
tural steel specimens that were previously subjected
to uniaxial elastic tension leads to tensile stress relax-
ation [12]. However, under heating conditions with-
out the use of such a current, the tensile stresses in the
specimen returned to their initial level after cooling to
room temperature. The effect from the pulses action
decreased with an increase in their number. From the
point of view of electron-dislocation interaction, this
is explained by the fact that a single current pulse acts
on a material with a significant dislocation potential.
Under the conditions of repeated impact of electric
current pulses, the previous pulses remove some dis-
locations from the relaxation processes and the elec-
troplastic strain decreases as a result of the electro-
plastic effect [13].

Changing the polarity of current pulses also affects
the manifestation of this effect, and with the same ampli-
tude (when studying a loaded specimen), bipolar pulses
cause a smaller relaxation (jump) of stresses than mo-
nopolar ones [14], since electric current pulses of dif-
ferent polarity, initiating the movement of dislocations
in opposite directions, counteract each other and their
resulting effect is smaller than under conditions of mo-
nopolar electric current pulses. Their effect on the metal
occurs in the plastic deformation area, accompanied by
the release of the deforming force, while in the elastic
deformation region, the electroplastic effect is not ob-
served. Paper [15] discusses the mechanism by which
stress relaxation is possible in the elastic region of loads
and is caused by the action of current pulses. In [16], a
procedure was developed for determining the part of the
energy of ECP current pulses that is spent on the opera-
tion of electroplastic deformation.

Based on the results of studies of the electro-
magnetic effect of pulsed current on the mechanical
characteristics of metals and alloys, technological
processes of metal-working have been developed.
Changes in the duration and energy of such a current
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and pulsed electromagnetic field lead to the activation
of a spectrum of dislocation, phase and other physi-
cal processes, i.e., it becomes possible to control the
mechanical characteristics of metals and alloys. Both
electromagnetic effects implemented in various met-
al-working technologies cause structural changes in
metals and alloys [17-19], which affect their mechan-
ical characteristics. An increase in tool wear resistance
[20], corrosion resistance [21-23], reduction in stress
concentration [24], elimination of fatigue cracks, and
extension of service life of parts made of light and
special alloys [25] are noted. It has been found that at
optimal values of the pulsed electric current parame-
ters, the tensile strength of material, endurance limit,
and durability increase without reducing the ductile
properties of the material [26].

Analysing the abovementioned, it should be noted
that the effects of pulsed electric current and pulsed
electromagnetic field can be used to improve the me-
chanical characteristics and extend the service life of
welded joints, which are also covered by the results
[17-26] obtained for metals and alloys.

The study of stress relaxation features in metals
and alloys caused by electric current pulses and pulsed
electromagnetic field treatment is a promising area
of engineering practice for control of residual stress
states of welded structures. The effect of a pulsed field
on reducing residual stresses in butt welded joints of
the aluminium AMg6 alloy was investigated. A sys-
tem of two plane inductors rigidly fixed on the same
vertical axis on the outer and back surfaces of the
weld was used. The welded joint to be treated, the in-
ductor system, and the pulsed field generator (capac-
itive energy storage) are part of the discharge circuit
[27]. The conducted studies have shown the possibil-
ity of reducing welding stresses by up to 30 % under
the effect of a pulsed electromagnetic field. The low
efficiency of this treatment diagram is associated with
the irrational arrangement of the inductors, in which
the vectors of electromagnetic pressure (which are
initiated by the action of this field) on the weld metal
on both sides of the plate act in the opposite direc-
tion to each other. This leads to mutual annihilation of
the pressure on the weld metal, and stress relaxation
occurs exclusively due to electroplastic deformation
under the condition of j > 1 kA/mm?, which was met
in [27]. A more rational diagram with a single plane
inductor and a shield of nonferromagnetic material
(disc of AMg6 alloy) located on the same axis on both
sides of the specimen with a butt weld, respectively,
is described in [28]. The shielding of the weld met-
al during the pulsed electromagnetic field treatment
provides (due to the growth of the skin layer in the
specimen metal at a certain pulsed current frequen-
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cy) an increase in the volume of the current-carrying
medium. Since the pressure force directly depends on
the volume of the medium, its increase (with the use
of a shield) contributes to a threefold increase in force
(compared to pulsed electromagnetic field treatment
without a shield) at constant values of the treatment
mode parameters. This ensures a reduction in resid-
ual tensile welding stresses by up to 90 % with an
eightfold reduction in displacements of the specimen
surface points after treatment.

The effect of a pulsed electromagnetic field on
the level of residual stresses in welded and deposited
specimens of low-carbon steels, based on the inten-
sification of the dynamic effect of magnetostriction
[29], provided the reduction in stresses by up to 40 %.

The results of studies of the effect of this field on
the change in residual welding stresses are shown in
[30]: residual tensile stresses in specimens of welded
joints made of St2(semi-killed) steel are reduced by
3-25 %, and there is a more uniform distribution of
a-phase over the volume of the treated metal.

Comparison of the efficiency of pulsed electro-
magnetic field treatment on residual stresses in weld-
ed joints made of ferromagnetic and nonferromagnetic
materials showed that its effect on the former is less in-
fluential. The obtained results can be explained by the
fact that under the conditions of pulsed electromagnetic
field treatment of ferromagnetic materials, the electro-
magnetic pressure force is consumed not only for stress
relaxation, but also for magnetoelastic interaction of in-
terdomain boundaries (Bloch walls) with dislocations
[13, 31]. During this treatment of welded joints made
of nonferromagnetic materials, the domain structure is
absent, and the electromagnetic pressure force is used
exclusively for stress relaxation.

The combined use of electropulsed and mechan-
ical effects for the treatment of welded structures in
order to extend their service life serves as the basis
for the development of such a method of treatment
of welded joints as the electrodynamic method [32].
It is based on the initiation of electrodynamic forces
arising from the passage of a pulsed electric current
in the material, provided that j > 1 kA/mm?. During
electrodynamic treatment, welded joint is subjected
to a volumetric electrodynamic effect, which is char-
acterized by the joint occurrence of electrical pulse
and dynamic processes, their synergy in the treatment
zone initiating the relaxation of welding stresses (ac-
cording to the mechanism of electroplastic deforma-
tion) and dispersion of the metal structure.

The method of electrodynamic treatment has been
widely used in engineering practice to eliminate local
welding deformations such as “bulging” [33]. The ef-
fect of the diagrams for treating the outer surface of
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the bulging, such as “spot”, “concentric circles”, and
“spiral”, was investigated. It was proved that the least
effective is the “spot” diagram, and the most effective
is the “concentric circles” or “spiral” diagram, which
allows to completely eliminate this defect. A compar-
ative analysis has shown that the energy costs for re-
moving the bulgings by this method are significantly
lower than for thermal straightening.

The development of the abovementioned method
for correcting local deformations of the “bulging” type
when using the “concentric circles” diagram is also
considered in [34]. The equipment for its implemen-
tation has an electromechanical electrode device and a
power source with a pulsed electric current. The device
for electrodynamic treatment is made in the form of at
least one pair of identical mechanisms, each of which
contains an electromechanical electrode-indenter (Fig-
ure 2). The devices are rigidly connected to each other
through a clamping mechanism for fixing the indenters,
each of which is equipped with an ultrasonic vibrator
connected to a common power source.

The improved method of electrodynamic treatment
can be used, for example, for technological support of
the ongoing production of cladding plates for welded
ship hull structures. During the straightening process,
the treatment is performed simultaneously on at least
one pair of bulging surface areas, and in conjunction
with ultrasonic radiation concentrated in both treatment
zones. The diagram of elements is shown in Figure 2,
which shows the design of the electromechanical part of
the device with an orientation towards the elimination of
local deformations of the “bulging” type of thin-walled
elements of welded structures. The combination of elec-
trodynamic and mechanical (ultrasonic) effects allows
achieving maximum efficiency of the process of electro-
dynamic treatment of welded joints.

Figure 2. Design of a device for eliminating local deformations
of the “bulging” type in plane elements of welded structures (dis-
charge circuit branches are not indicated): / — movable elec-
trode-indenter for electrodynamic treatment; 2 — ultrasonic ex-
citer of mechanical oscillations (magnetostrictive or piezoelectric
type); 3 — electromagnetic drive; 4 — traverse for mutual posi-
tioning of electrodes; 5 — linear groove; 6 — screw clamp [34]
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Taking into account the results [14], which show
that accompanying heating stimulates stress relax-
ation during electropulsed treatment of thin steel rods,
research works on the efficiency of electrodynamic
treatment of a cooling weld, performed during the
thermodeformational welding cycle, are promising.

On the basis of [12—16], a hybrid technology “au-
tomatic welding + electrodynamic treatment” was
developed, which allows lowering the energy inten-
sity of the treatment process, reducing the working
time for manufacturing a metal structure and simul-
taneously improving its quality [35]. The method of
modernizing the process of electrodynamic treatment
of welded joint metal differs in the fact that the weld
on the root side is equipped with a sliding movable
contact of the return terminal of the discharge circuit
from the pulsed electric current power source. In the
process of producing a welded joint, the movement
of the movable contact is coaxial with the location of
the contact zone of the electrode-indenter. The device
for implementing the modernized method has an elec-
trodynamic treatment unit with an electromechanical
electrode-indenter and a pulsed electric current power
source (Figure 3). The discharge circuit for the im-
plementation of this treatment, in conjunction with
the welding process by torch 8, sequentially includes
a movable indenter 2 and a part /4, welded by weld
1 with a remote location of the reverse contact ter-
minal 9. The electromagnetic part of the indenter 4
and its movable impact mechanism are connected to

PPS| | PPS 4—!3%‘
55 55 55

I I HIIv

V VI
4
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Figure 3. Diagram of the electrodynamic treatment method [35]:
1 — weld; 2 — movable part of the indenter; 3 — displacement
sensor; 4 — electromagnetic part of the indenter; 5 — pulsed
power source PPS (terminals I and II) of the electromagnetic part
of the indenter; 6 — pulsed power source PPS (terminals III and
IV) of the impact part of the indenter; 7 — differentiator Diff (ter-
minals V and VI); § — welding torch; 9 — slider contact; 10 —
rest spring; // — slider; /2 — roller slider rest; /3 — resting
traverse; /4 — part to be welded; /5 — work table
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the autonomous pulsed current power sources 5 and
6, respectively, which is switched on at the electrode
synchronously with the signals from the movable im-
pact mechanism. The device contains a table /5 with
a material sample in the weld location area / and a
support traverse with a spring-loaded contact of a
longitudinal slider /7 fixed below the table surface
along the weld line, having an electrical connection
to the return terminal of the pulsed power source of
the corresponding electric current of the indenter im-
pact mechanism (terminals [-II). This mechanism and
the elastic contact of the slider have rigid mechanical
connections with mechanisms for synchronizing the
relative position of their axes. This modernization of
the electrodynamic treatment method provides com-
plete elimination of the effect of spark erosion of the
treated material surface, as well as the possibility of a
significant increase in the treatment efficiency based
on the coordination of the phase characteristics of
pulsed effects in the conditions of using a differen-
tiator (synchronization device) in the pulsed electric
current power source, i.e. in the pulsed power source
(terminals III-1V).

A necessary condition for the implementation of this
method is the synchronization of the pulsed electric cur-
rent period with the time interval of dynamic pressure
pulses based on a rational configuration of the discharge
circuit, where the current pulse of the movable part of
the electrode-indenter is controlled and transferred only
when the signal is ready to propagate in the weld metal.
The signals are synchronized by the element base using
a differentiator 7. The preceding action of the dynamic
pressure pulse provides the necessary contact pressure
for the passage of the pulsed electric current and elimi-
nates the manifestation of spark-arc effects. Thus, the im-
plementation of the electrodynamic treatment method is
ensured by the design and composition of the equipment
of the corresponding device. The mechanical equipment
corresponds to one of the possible variants of the power
layout of the equipment for this treatment with support
for the function of stabilizing the relative positioning of
the contact elements of the discharge circuit.

The method of “electrodynamic treatment + TIG
welding” is implemented in an automated welding
complex (Figure 4, a), whose design principles are
based on the results of [35]. Testing of the method
confirmed its efficiency in eliminating residual tensile
stresses in butt joints of AMg6 alloy. The initial val-
ues of 6_(along the weld) of membrane stresses (with-
out electrodynamic treatment) reached up to 100 MPa
in the centre of the weld. It was proved that while
the above treatment after welding (at 7= 20 °C) en-
sured the formation of membrane compressive stress-
es o_(along the weld) up to —50 MPa in the centre
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Figure 4. Appearance of equipment for hybrid welding technologies: a — “TIG welding + electrodynamic treatment” [36]: / — TIG
torch; 2 — electrode system for this treatment [36]; b — “TIG welding + pulsed electromagnetic field treatment” [41]: / — TIG torch;

2 — inductor for this treatment [41]

of the weld, after it during welding (at 7 = 150 °C)
o, =-100 MPa [36].

Among the recent methods of external effect on
the quality of metal products is the study of the effect
of pulsed electromagnetic fields and constant magnet-
ic fields) applied to the melt during its solidification to
produce cast billets and parts from nonferromagnetic
materials, such as aluminium alloys. It has been deter-
mined that the effect of constant magnetic fields con-
tributes to the evolution of their structure and increas-
es resistance to corrosion damage. The mechanism of
structure formation is based on the manifestations of
the action of these fields — structural components de-
crease, a morphology of intermetallic phases changes,
their microhardness increases, their sizes and config-
uration change, which are similar to the solidification
processes at high cooling rates [37].

The liquid metal, which is the content of the weld
pool, in fusion welding, under certain assumptions, is
similar in properties (with a much smaller volume) to
the metal during casting, i.e., suitable for treatment
with a pulsed electromagnetic field and a constant
magnetic field. Taking into account the results of [37],
it should be noted that the abovementioned treatment
of the cooling metal at the rear front of the weld pool
is appropriate to improve the residual stress-strain
state and structure of the welded joint metal. This led
to the creation of a suitable method for treating weld-
ed joints during a thermodeformational welding cycle
and a hybrid technology “automatic welding + con-
stant magnetic field treatment” [38]. This method is
advisable for welded joints made of nonferromagnetic
metal alloys based on Al, Mg, Ti, which do not have
domain structures. This results in a higher electro-
magnetic pressure force (compared to carbon steels)
generated by a constant magnetic field.

As a tool to control the structure of the weld met-
al and the stress state of the welded joint, it is promis-
ing for energy reasons to use a pulsed electromagnetic
field instead of a constant field with a set frequency to
influence the rear front of the weld pool. The use of a
pulsed field can significantly increase the energy and,
as a result, the force of electromagnetic pressure on the
weld metal compared to the use of a constant field. ECP
generators based on components of modern power elec-
tronics provide a pulsed electromagnetic field frequency
of <1/s[39, 40]. The frequency of its actions at standard
TIG welding speeds V, = 4 mm/s is comparable in effi-
ciency to the effect of a constant magnetic field. A math-
ematical model of electrophysical processes under the
action of a pulsed field on nonferromagnetic materials
based on Al was developed and its positive effect on the
structure and residual stresses of welded joints made of
AMg6 alloy was proved [41, 46]. Based on the results of
[39-41, 46], an automated welding complex was created
(Figure 4,b), which implements the hybrid technology
“pulsed electromagnetic field treatment + TIG welding”.

A promising direction for the treatment of metal
alloys and welded joints is the use of electro-pulse
AOTs technologies, originally developed for the
technical purification of aqueous solutions [42]. The
generation of electric current pulses in AOTs occurs
near the surface of the medium being treated and uses
a pulsed barrier discharge that acts on the surface
through a dielectric barrier.

The generation of electric current pulses on the sur-
face of metal alloys has led to the creation of a new
technological process — metal pulsed barrier discharge
treatment (Figure 5) [43]. It generates low-temperature
plasma on the surface of the metal being treated, and
its application is a new approach to optimizing the me-
chanical properties of high-strength steels for welded
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Figure 5. Treatment of metal alloys by pulsed barrier discharge
(PBD) [44]: a — treatment diagram; HV — high voltage from the
pulsed current generator; / — metal being treated; 2 — electrode;
3 — dielectric barrier (quartz glass); & — air gap; b — structural
steel treatment process; /-3 correspond to Figure 5, a; ¢ — hard-
ware complex for treatment of metals and welded joints
structures, based on electrophysical processes. In [44],
the strengthening of 25KhGNMT steel as a result of
the action of such a discharge on its surface was inves-
tigated. Based on the transmission electron microscopy
method, it was found that the HV hardness values after
pulsed barrier discharge treatment increase from 420 to
505 kg/mm? and are accompanied by a general increase
in dislocation density and microstructure dispersion.
This has a positive effect on the mechanical properties
of 25KhGNMT steel for welded structures operating
under dynamic loads. The obtained results open up new
possibilities for the application of pulsed barrier dis-
charge treatment for the evolution of the structure of
metal alloys and welded joints.

Figure 6 shows a structural diagram of electrophysi-
cal technologies based on processes using a pulsed elec-
tromagnetic field. One specific area of research is the
study of the effect of pulsed barrier discharge treatment
on the service life of metal alloys and welded joints, in-
cluding light and non-ferrous alloys and structural steels,
with the aim of evolving their structure to increase hard-
ness and regulate stress states.

Studying the possibility of using pulsed barrier dis-
charge treatment for local non-destructive evaluation of
residual stress states in metals, alloys and welded joints
is promising. Treatment of local areas (with a diame-
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CMFT after welding

PEMEFT after welding

EMFT

PBDT

PEMFT during welding

EDT after welding

EDT during welding

Figure 6. Structure of promising research on the effect of magnet-
ic field treatment (EMFT) on the life of metal alloys and weld-
ed joints: CMFT — constant magnetic field treatment with a;
PEMFT — pulsed electromagnetic field treatment; EDT — electro-
dynamic treatment; PBDT — pulsed barrier discharge treatment

ter of < 1.0 mm) can be an alternative to drilling local
holes on the metal surface, which is a necessary condi-
tion for the use of the electronic speckle interferometry
method to determine stresses [45]. The disadvantage
of this procedure is that it is conditionally destructive.
This limits its use on full-scale critical metal structures
that are intended for operation and on which even min-
imal surface point damages are excluded.

Thus, the use of the speckle interferometry method
is only possible on witness specimens or simulation
structures. In the proposed procedure, pulsed barrier
discharge treatment of a local surface area can be used
for stress relaxation (instead of drilling a hole). De-
termining correlation dependence between the speck-
le-patterns of the surface around the treated area and
around the drilled hole will allow using electronic
speckle-interferometry as a non-destructive method
for evaluating stress states on the surface of metal
welded structures.

The experience in studying the impact of electromag-
netic fields on metals and alloys proves the possibility
of using electrophysical technologies to control stress
states, improve the structure, tribological and mechanical
characteristics of welded joints in structures of mechani-
cal engineering, shipbuilding and aerospace industry.

CONCLUSIONS

1. Promising technologies for improving the mechani-
cal properties and stress state of metal alloys and weld-
ed joints based on the use of electromagnetic fields and
their derivatives, such as electrodynamic pressure force,
eddy currents, and shock waves were analyzed.

2. The positive effect of microadditives of the
Ti-TiC system modifier, obtained by electrohydro-
pulsed treatment with high-energy discharge, on
the operational properties of the deposited metal of
the 25KhS5FMS tool steel type were proven.

3. It was shown that various methods of treatment
with a pulsed electromagnetic field contribute to the re-
duction of residual stresses in welded joints. The advan-
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tages of such treatment of weld metal during welding
compared to treatment at room temperature were proven.

4. The mechanism of surface strengthening of

25KhGNMT steel as a result of its pulsed barrier dis-
charge treatment was investigated. It was proven that it
contributes to an increase in dislocation density and mi-
crostructure dispersion, i.e. it has a positive effect on the
mechanical properties of steel. The prospects for using
pulsed barrier discharge for non-destructive testing of
residual stresses in welded joints was considered.
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RESIDUAL STRESSES IN THE JOINT OF THE COLLECTOR
TO THE DN1200 NOZZLE

OF THE PGV-1000 STEAM GENERATOR DUE

TO LOCAL HEAT TREATMENT
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ABSTRACT

When assessing the extension of the service life of WWER-1000 NPP power units, the welded joint of the collector to the
DN1200 nozzle of the PGV-1000 steam generator is an object of increased attention due to its tendency to the formation of
discontinuity defects. In order to obtain more detailed information regarding the loading of this welded joint, mathematical
modeling of the kinetics of formation of residual stresses and plastic strains, as a result of local postweld heat treatment in the
high-temperature tempering mode, was carried out using the finite element method. The complex geometry of the joint and the
local arrangement of the heaters cause significant nonuniformity of heating during heat treatment, which can lead to negative
consequences, namely, formation of high residual tensile stresses in the dangerous zones of the welded joint. It is proven that
the axisymmetric 2D finite element model of the joint with the shortest length of the DN1200 nozzle provides sufficient con-
servatism of the results compared to the general 3D model.

KEYWORDS: PGV-1000 steam generator, welded joint No. 111, local heat treatment, residual stresses, plastic strains, math-

ematical modeling, creep

INTRODUCTION

Over the past twenty years, during the operation of
WWER-1000 power units at the Ukrainian NPP, ma-
terial discontinuity defects have been repeatedly de-
tected in the welded joint between the collector and
the DN1200 nozzle of the PGV-1000 steam genera-
tors welded joint No.111, which is part of the first and
second reactor cooling circuits [1, 2]. To substantiate
the possibility of operating steam generators with
such defects in the area of welded joint No. 111, at
least until the next scheduled preventive maintenance,
modern approaches to the mechanics of fracture of
structural materials with crack-like defects can be ap-
plied to predict their behaviour under different load-
ing conditions [2—6]. To perform such calculations,
it is very important to have information on the load
of the collector to the DN-1200 nozzle welded joint
[7-10], including residual stresses associated with the
manufacturing or repair technology [11-13].
Experimental determination of residual stresses in
thick-walled structures of existing equipment is pos-
sible either on the outer surfaces using a standardized
method of tensometry [14] or laser speckle interfer-
ometry (ESPI-HD method) [15] when drilling a hole,
or requires more in-depth studies of a model specimen
in the laboratory, for example, by neutron diffraction
[16]. It is also advisable to perform finite element
modeling of the distribution of residual stresses in the
volume of the welded joint [13, 17], which should be

Copyright © The Author(s)

consistent with the results of experimental measure-
ments.

Given the urgency of the problem of damage to
welded joint No. 111 for the Ukrainian NPP, it is nec-
essary to determine the reliable distribution of resid-
ual technological stresses in the specified joint for the
purpose of further calculated justification of its oper-
ability with the discontinuity defects identified during
operation.

DESIGN, MATERIALS
AND MANUFACTURING TECHNOLOGY
OF WELDED JOINT No. 111

Figure 1 shows a layout of the collector welded joint
to the DN1200 nozzle of the PGV-1000 steam gener-
ators. The DN1200 nozzle of the steam generator and
collector are made of 10GN2MFA pearlite steel. The
welded joint is made by manual or automatic welding.
The root of the weld is made manually by argon arc
welding using filler wire Sv08G2S. The height of the
root pass is 6—8 mm. The main part of the weld is
filled by manual welding using TsU-7 or UONI-13/55
electrodes with a diameter of 4 or 5 mm, and in auto-
matic welding SVOSGSMT and Sv1OGNIMA wires
with a diameter of 2 mm and FTs-16 or AN-17 flux
are used.

To relieve residual stresses associated with either
welding during manufacture or repair of individual
defects in welded joint No. 111 (Figure 1) detected
during operation, a local heat treatment procedure is

19



0.V. Makhnenko et al.

I
| i
I 168 @ 8341
I T >
| 3 f
| 890 j /
I - P
I 3 P
{ i « // 3
: @1'190,/ P
I -1 - 117.5
| A
—”I //(
_—~" '@1040 . *
N
Weld
@ 1335 i

L | DN850 J
1
Figure 1. Layout of welded joint No. 111: / — steam generator

case; 2 — collector; 3 — DN1200 nozzle; 4 — DN850 pipeline;
5 — pocket; A — discontinuity defect

performed using a high tempering mode (7= 650
°C) with ring heaters.

THE AIM

of this paper is to analyse the effect on the residual
stress state of local heating of a rather complex ge-
ometry of the welded joint between the collector and
the steam generator nozzle, which contains an inner
pocket between the collector and the nozzle and is not
axisymmetric, i.e., has different lengths of the nozzle
along the circumferential coordinate. Local postweld
heat treatment of such a joint may lead to the forma-
tion of new high residual stresses after partial reliev-
ing of the residual welding stresses. Therefore, in or-
der to conduct an in-depth analysis of the problem,
this paper considers the formation of residual stresses
only after local heat treatment, without taking into
account the stresses forming after multipass welding.
By the method of mathematical modeling in a gener-
al three-dimensional formulation, taking into account
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Figure 3. Diagram of varying heat treatment temperature in the
high tempering mode

the non-axisymmetry of welded joint No. 111, as well
as in a two-dimensional axisymmetric formulation,
the distribution of residual stresses as a result of local
heat treatment alone was calculated.

Two options of postweld local heat treatment are
considered, namely, during the manufacturing pro-
cess and during in-service repair. These options dif-
fer in the number of local heating zones. During the
manufacture of the steam generator in the factory
conditions, welded joint No. 111 has access to heat-
ing from the inside of the collector (Figure 2, a).
During the repair of welded joint No. 111 at NPP,
when the steam generator collector is connected to
the DN850 pipeline of the first circuit, there is no
possibility of heating from the inside of the collec-
tor (Figure 2, b), which can significantly affect the
temperature distribution during postweld local heat
treatment.

In the area where the heating elements are lo-
cated (Figure 2), the surface temperature changes
over time (from the start of the heat treatment oper-
ation) in accordance with the diagram in Figure 3.
The rest of the heated surface of the joint is subject
to convection heat exchange with the environment
with appropriate heat transfer coefficients for the
outer surface of the joint, which is specially cov-
ered with heat-insulating materials, as well as for
the inner surface of the pocket, where convection
heat exchange is limited.
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Figure 2. Layout of heaters and heat-insulating materials on welded joint No. 111 during local postweld heat treatment: a — during the
manufacture of the steam generator in the factory conditions; » — during the repair of the welded joint at NPP
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(2) and equivalent 6 —o, (3) residual stresses on the surface of the pocket on

the side of the nozzle (a) and over the thickness of its wall (), starting from the point with the maximum stress (based on the results

of two-dimensional calculations [11])

EXISTING DATA ON THE DISTRIBUTION
OF RESIDUAL STRESSES

The results of numerical modeling of residual stresses
in welded joint No. 111 are shown in Figure 4 [11]. It
is seen that at the specified heating areas and modes
of factory heat treatment, as well as the physical and
mechanical properties of the material (10GN2MFA
steel), local heating of the joint causes local tempera-
ture expansion of the heated area and the development
of plastic compression strains in the axial and tangen-
tial directions on the inner surface of the pocket on
the side of the nozzle. In the areas of inelastic com-
pression, residual tensile stresses occur during further
cooling. The distribution of the axial stress compo-
nent on the surface of the pocket on the nozzle side
has a characteristic maximum in the area of the fil-
let transition at a distance of about 17 mm from the
bottom of the pocket (Figure 4, a). In addition to the
axial component, high circumferential residual tensile

stresses are formed over the thickness of the nozzle
closer to the inner surface (Figure 4, b). The increased
stresses formed as a result of heat treatment, taking
into account their concentration in the area of defects,
may cause crack initiation.

DEVELOPMENT OF A MATHEMATICAL
MODEL FOR DETERMINING RESIDUAL
STRESSES AFTER LOCAL HEAT

TREATMENT OF WELDED JOINT No. 111

To calculate the residual stresses, a general 3D fi-
nite element model of the welded joint of the col-
lector to the DN1200 nozzle was developed, taking
into account the variable length of the nozzle along
the circumferential coordinate (H ~ 240-920 mm)
(Figure 5), as well as a simplified axisymmetric
2D model (Figure 6) with the length of the nozzle
equal to the minimum value in the actual structure.

Symmetry axis of the collector

b i

Figure 5. Finite element 3D model of welded joint No. 111 of the PGV-1000 steam generator: @ — general appearance; b — cross

section
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Symmetry axis

Figure 6. Finite element axisymmetric 2D model of welded joint
No. 111

The ring heating sources (heaters), which provide
local heat treatment of the welded joint, were simulat-
ed by the corresponding heat flow through the heat-
ing surface according to the specified programme,
as indicated for the high tempering mode (Figure 3).
Schemes of 3D and 2D models of the welded joint
and a finite element mesh are shown in Figures 5
and 6, respectively. The temperature dependences
of the thermophysical and mechanical properties of
10GN2MFA steel are given in Table 1.

The kinetics of temperature distributions during
local heat treatment was determined by solving the
nonstationary heat conduction equation:

orT a( aTj of(,or
p—=—|A— |+—| A— |+
ot ox\_ ox) oy\ oy

+3[xa—Tj,
oz\ Oz

where T is the temperature, °C; ¢ is the specific heat
capacity, J/kg-°C; p is the density, kg/m?; X is the ther-
mal conductivity, W/(m-°C).

The peculiarity of the model of the heating source
for local heat treatment is the heat dissipation (heat
flux) through the contact surfaces of the heaters. In the
absence of data on the heat output of the heaters, the
time-varying heat flux on the contact surface of the
heaters into the material of the joint was set through
the boundary conditions of contact heat exchange
with the heater at a temperature 7, (%), as specified for
the high tempering mode (Figure 3):

oT
qH(t):kE:_hH(TH(I)_T)a 2

where &, is the heat transfer coefficient to the
joint material from the heaters, the value of 4, =
= 150 W/(m?.°C) was chosen from the condition of ensur-
ing the heating rate of the welded joint metal 0of45-100 °C/h
in accordance with the high tempering mode.

Boundary conditions on the surfaces of the mod-
els of the joint, taking into account convection heat
exchange with the environment, were set in the form:

or
q=X5;=—M%—TL )

where ¢ is the heat flux on the surface of the joint
elements; 7, is the ambient temperature; 4 is the heat
transfer coefficient from the surface during convec-
tion heat exchange with the environment. Typically,
T, =20 °C, h = 15 W/(m*-°C) from the surface un-
der conditions of natural convection in the air; when
installing heat-insulating materials, 2 = 2 W/(m?-°C)
can be accepted.

The model of thermoviscoplastic deformation of
the welded joint material assumes that the total strain
tensor is the sum of elastic, plastic and creep strains:

Table 1. Mechanical and thermophysical properties of 10GN2MFA steel depending on temperature [5]

. Thermal conduc- | Volumetric heat . . Coefficient of
Temperature Young’s modulus Yield strength tivity A, capacity o, Poisson’s ratio linear expansion
T,°C E-105, MPa O'y(T), MPa J(em*°C) J(em*°C) n o 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
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80»28;4‘85"'8;’ (i,jZX,yaZ)- (4)

The components of the stress and elastic strain ten-
sors are related by Hooke’s law:

. ©,-9,0 o
&jj =T+8U(KG+(P)’ Lj=Xx,¥,2z, (5)
where 81.]_ is a unit tensor (61_/. =0ifi#j, 617 =1ifi=j);
1 E .
c6=—(o6,+06,+0,);G=——— is the shear
3 yy 2(1+v)

E

E is the Young’s modulus; v is the Poisson’s ratio; @
is the function of free relative elongations caused by
temperature changes:

modulus; K= is the volume compressibility;

¢=a(T -Tp), (©6)
a is the coefficient of relative temperature elongation
of the material.
Plastic strains are related to the stress state by the
equation of the theory of plastic non-isothermal flow
and the associated Mises flow condition:

dgl.[; :dp\‘(Gij _81'1‘0): I,j=Xx,),2, 7

is the increment of the tensor 85 , which

at a set time ¢ is determined by the history of defor-

where d 85

mation, stresses G, and temperature 7; dA is the scalar
function determined by the flow conditions:

dr=0,if f=0 —c7(T)<0 orf=0atdf<0;
dh>0,if f=0idf>0;

the state f> 0 is unacceptable,

o, is the stress intensity; ¢ ,(7) is the yield strength of
the material at temperature T.

For the creep strains dg;; the coupling equation in
the form of [5] is used:

dej; = Qo,T)(o,— 8 0)dt, (®)

where Q(c,7) is the scalar creep function of the ma-
terial at temperature 7" and stress level determined by
the stress intensity c..

For this problem, when during heat treatment it is
most important to take into account the creep strains
ds;. since the process of stress relieving significantly
depends on them, it is rational to choose the function
Q(c, T) on the basis of experiments on deformation at
elevated temperatures of specimens of this material.

Accordingly, the creep function in general form
as a function of material temperature, starting from a

temperature of 550 °C and above, can be approximat-
ed by the typical dependence:

T +273 j | ©
where 4, G are constants related to material proper-
ties.

The presented model of creep at elevated tempera-
tures is quite general and allows tracing deformation
processes during heat treatment not only during hold-
ing, but also during heating and cooling at tempera-
tures, for example, 550 °C and above. This model can
be effective in simulating residual stress relaxation
processes during local heat treatment of welded struc-
tures or in the case of furnace heat treatment with a
short holding time, when uniform heating to a set
holding temperature is not ensured over the volume
of the welded structure or joint.

The coefficients of the creep function for the base
material of the welded joint (10GN2MFA steel) were
determined in [5] based on the processing of existing
experimental data [18] in accordance with the degree
of relaxation of residual tensile stresses ¢ during the
holding period ¢ = 2 h of heat treatment after weld-
ing plates made of 10GN2MFA steel, depending on
the tempering temperature 7 = 550-700 °C. Table 2
shows the results of calculating the constants of the
creep function (8) using experimental data.

In the mathematical modeling of the stress-strain
state in the considered joint, even in the absence of re-
sidual stresses before local heat treatment, it is advis-
able to take into account creep processes, since during
local heat treatment, temporary temperature stresses
are formed, under the influence of which, during long-
term exposure at elevated temperatures, significant
plastic strains can be formed by the creep mechanism.

The peculiarities of the mathematical model of
non-isothermal deformation of the material during
local thermal tempering of welded joint No. 111 at a
maximum temperature of up to 650 °C are boundary
conditions corresponding to the free fixation of the
model; absence of structural phase changes and cor-
responding volume effects; stress relieving due to the
processes of instantaneous ductility and temperature
creep of the material, which is taken into account by
the creep function Q(c,7). Since the residual weld-
ing stresses are not taken into account, the formation
and development of new residual stresses during lo-

Qc,N= A0} -exp(

Table 2. Parameters of creep function Q(c, 7) for I0GN2MFA
steel in the temperature range 550 < 7 <700 °C [5]

n A, MPa"*D-h!
5 8.46-10"

G, °C
—66394
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cal heat treatment occurs due to a significant heating
nonuniformity over the volume of the welded joint.
During long-term holding (9 h), thermal stresses are
partially relieved due to material creep and plastic
strains are formed, which can also affect the level of
residual stresses.

RESULTS OF THE SIMULATION

Figure 7 shows the distributions of maximum tem-
peratures at holding during local postweld heat treat-
ment in the high tempering mode at 7= 650 °C, ob-
tained for 2D and 3D models of welded joint No. 111.
Due to the complex geometry of the joint, heating
using locally arranged heaters does not ensure uni-
form temperature distribution in the welded joint zone
during heat treatment (Figure 7).

From the point of view of ensuring the integrity
of welded joint No. 111 under the stress corrosion
failure mechanism, the distributions of circumferen-
tial and axial residual stresses on the inner surface of

o

the joint is of particular importance. As a result, sig-
nificantly nonuniform heating causes the formation
of high residual stresses (Figure 8). On the inner sur-
face, the circumferential stresses O reach the level of
350 MPa, and on the outer surface — up to 300 MPa
(Figure 8, a). The axial tensile stresses ¢_ on the inner
surface reach 400 MPa, and the compressive stresses
on the outer surface reach up to 300 MPa (Figure 8, b).
The radial stresses in the zone of deposited metal are
negligible, but a zone of rather high tensile stresses of
up to 100 MPa is formed on the inner surface in the
zone of radial transition of the pocket (Figure 8, ¢).
Figure 9 shows the calculated distributions of
residual stresses over the thickness of welded joint
No. 111 after local heat treatment (factory mode)
without simulation of welding process (7 = 650 °C,
holding time ¢ = 8 h), obtained using 2D and 3D mod-
els in comparison with existing data [11]. The results
for the axial component ¢ are quite similar in nature
of distribution (Figure 9, a). Thus, according to the

L€
675

650
625

Symmetry axis

b

Figure 7. Distributions of maximum temperatures at holding during local heat treatment in the high tempering mode at 7 = 650 °C:
a — 3D model, repair heat treatment mode; » — 2D model, factory heat treatment mode

Symmetry axis z

38
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Figure 8. 2D model. Residual stresses in welded joint No. 111 after local heat treatment (factory heat treatment mode) without welding

simulation (7'= 650 °C, holding time # = 8 h), MPa: ¢ — circumferential o,
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Figure 9. Distribution of residual stresses over the thickness of welded joint No. 111 after local heat treatment (factory mode)
(T'= 650 °C, holding time ¢ = 8 h): a — axial component 6_; b — circumferential component O (for the 3D model, the angular coor-
dinate is calculated from the smallest nozzle length ¢ = 0°, respectively, the largest nozzle length corresponds to ¢ = 180°)

obtained data, on the outer surface of the joint, the
axial residual stresses are compressive, and on the in-
ner surface they are tensile, but differ significantly in
absolute value. According to the existing data, tensile
stresses reach 230 MPa, according to the results of
the 2D model — almost 400 MPa, and the 3D model
gives different values depending on the angular coor-
dinates ¢, namely, from 220 MPa in the area with a
high nozzle height (¢ = 180°) to 480 MPa in the area
with a low nozzle height (¢ = 0°).

Factory HT
. . meee- Repair HT

= Factory HT
----- Repair HT

100 1 1 1
0 20 40 60

b Thickness, mm

Figure 10. Distribution of residual stresses over the thickness of
welded joint No. 111 after local factory or repair heat treatment
(T'= 650 °C, holding time ¢ = 8 h): a — axial componentc_; b —
circumferential component Oy

As for the circumferential component O (Fig-
ure 9, b), according to the existing data, the residual
stresses on the inner surface of the joint are tensile
of up to 250 MPa, and then drop sharply to almost
zero values. The residual stresses obtained using 2D
and 3D models are tensile over the entire thickness
of the joint, but on the inner surface, according to the
2D model, they are up to 370 MPa, and according to
the 3D model, they are from 270 MPa (¢ = 180°) to
380 MPa (9 =0°).

el
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Figure 11. Distribution of plastic strains over the thickness of
welded joint No. 111 after local factory or repair heat treatment
(T = 650 °C, holding time ¢ = 8 h): a« — axial component &, ;
b — circumferential component Sgﬁ
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The presented results showed that, firstly, accord-
ing to existing data [11], the residual tensile stresses
on the inner surface of welded joint No. 111 after lo-
cal heat treatment are significantly lower than those
obtained in this study using 2D and 3D models. Sec-
ondly, the use of an axisymmetric 2D model with a
short nozzle length provides rather conservative re-
sults compared to the 3D model.

Another problem investigated in this work is the
difference in residual stresses after local heat treat-
ment in the factory mode, when there is access to the
inner surface of the collector, where an additional
heater can be placed (Figure 2, @), and in the repair
mode, when the heaters are located only on the out-
side of the joint (Figure 2, b).

Figures 10 and 11 show the calculated results ob-
tained using the 2D model for the distributions of re-
sidual stresses and plastic strains over the thickness
of welded joint No. 111 after local heat treatment ac-
cording to the factory and repair heat treatment modes
without simulation of welding process (7 = 650 °C,
holding time ¢ = § h). It can be clearly seen that the
repair local heat treatment is associated with a higher
level of residual stresses on the inner surface of the
joint, by about 10-15 %.

Assuming that the residual welding stresses reliev-
ing to a large extent at holding during heat treatment,
new residual stresses are formed during cooling. This
is especially true in the metal close to the inner sur-
face, where rather high (up to 350-450 MPa) circum-
ferential and axial residual tensile stresses are formed.

The presented results on the study of the effective-
ness of the technology of local heat treatment of weld-
ed joint No. 111 showed that an unsuccessful choice
or limited possibilities for the arrangement of heat-
ers during local heat treatment can lead to negative
consequences, namely, the formation of new residual
tensile stresses in dangerous areas of the welded joint.

The obtained prediction results apply to all joints
No. 111 of both hot and cold collectors, since individ-
ual deviations related to the size of the development,
the number of passes, the parameters of the welding
and heat treatment mode within the considered tech-
nological process do not significantly affect the final
results. The low efficiency of the considered technol-
ogy of postweld heat treatment and, possibly, even
its negative impact on the integrity of welded joint
No. 111 indicate the need in optimizing the technolo-
gy of local heat treatment using mathematical model-
ing methods.

CONCLUSIONS

The results of mathematical modeling of the residu-
al stresses of the welded joint of the collector to the

26

DN1200 nozzle of the PGV-1000 steam generators
(welded joint No. 111) as a result of local heat treat-
ment under the high tempering mode without tak-
ing into account the residual stresses after welding
showed that:

1. The inner surface of the joint in the area of weld-
ed joint No. 111 has rather high residual tensile stress-
es (up to 350-450 MPa) both in the circumferential
and axial directions due to significant nonuniform
heating over the thickness and creep processes during
high temperature holding.

2. The axisymmetric 2D finite element model of
the joint with a small nozzle DN1200 provides suf-
ficient conservatism of the results compared to the
3D model, significantly reduces the requirements for
computational resources and can be used to calculate
residual stresses after multipass welding and subse-
quent local heat treatment.

3. Local heat treatment during the repair of welded
joint No. 111 at NPP is associated with a higher level
of residual tensile stresses on the inner surface of the
joint (by about 10—15 %) than during the manufacture
of the steam generator in the factory conditions, when
it is possible to access the inner surface of the collec-
tor, where an additional heater can be placed.

4. An inappropriate choice or limited possibilities
for the arrangement of heaters during local heat treat-
ment of welded joint No. 111 can lead to negative con-
sequences, namely the formation of new high residual
tensile stresses in dangerous areas of the welded joint.

REFERENCES

1. Voyevodin, V.N., Ozhigov, L.S., Mitrofanov, A.S. et al. (2014)
Identification of defects in the welded joint metal of the case
of steam generator to the collector on the WWER-1000. Vo-
prosy Atomnoi Nauki i Tekhniki, 4(92), 82—87 [in Russian].

2. Dub, A.V., Durynin, V.A., Razygraev, A.N. et al. (2014) De-
velopment of ultrasonic testing procedures and determina-
tion of performance of the assembly of the jpont of header to
steam generator PGV-1000M. Tekh. Diagnost. i Nerazrush.
Kontrol, 4, 36-51 [in Russian].

3. Kharchenko, V.V., Chirkov, A.Yu., Kobel’skii, S.V,
Kravchenko, V.I. (2017) Improving the computational anal-
ysis of stress-strain state and fracture resistance of welded
joints between coolant headers and PGV-1000M steam gener-
ator vessel of nuclear power station. Strength of Materials, 49,
349-360. DOI: https://doi.org/10.1007/s11223-017-9875-3

4. Makhnenko, V.., Markashova, L.I., Makhnenko, O.V. et
al. (2012) Growth of corrosion cracks in structural steel
10GN2MFA. The Paton Welding J., 8, 2-5.

5. Makhnenko, V.I. (2006) Safe service life of welded joints
and assemblies of modern structures. Kyiv, Naukova Dumka
[in Russian].

6. Stepanov, G.V., Shirokov, A.V. (2014) Assessment of the ki-
netics of crack propagation in the header-steam generator con-
nector welded joint No. 111 by plasticity resource. Strength
of Materials, 46, 375-382. DOI: https://doi.org/10.1007/
s11223-014-9559-1




RESIDUAL STRESSES IN THE JOINT OF THE COLLECTOR TO THE DN1200 BRANCH PIPE

10.

I1.

12.

13.

14.

15.

. Stepanov, G.V., Kharchenko, V.V., Babutskii, A.I. et al. (2003)

Stress-strain state evaluation of a welded joint of hot collec-
tor to nozzle of NPP steam generator PGV-1000. Strength
of Materials, 35, 536-544. DOI: https://doi.org/10.1023/
B:STOM.0000004543.31528.98

. Kharchenko, V.V., Stepanov, G.V., Kravchenko, V.I. et al.

(2009) Redistribution of stresses in the header-PGV-1000
steam generator connector weldment under loading after
thermal treatment. Strength of Materials, 41, 251-256. DOI:
https://doi.org/10.1007/s11223-009-9130-7

. Khodakovskii, A.A., Chirkov, A.Yu., Kharchenko, V.V.

(2013) Calculation analysis of the stress-strain state of the
collector-to-nozzle weld in the steam generator under seismic
loading. Strength of Materials, 45, 482—488. DOI: https://doi.
org/10.1007/s11223-013-9483-9

Banko, S. (2012) Stressed state of the collector-case connec-
tion unit of the PGV-1000M steam generator with a cavity.
Visnyk Ternopilskoho NTU, 67(3), 56—63 [in Ukrainian].
Stepanov, G.V., Kharchenko, V.V., Babutskii, A.I. (2006)
Stress-strain state of the header-steam generator connector
weldment induced by local thermal treatment. Strength of Ma-
terials, 38, 595-600. DOI: https://doi.org/10.1007/s11223-
006-0081-y

Muzhychenko, O.F., Makhnenko, O.V. (2019) Mathematical
modeling of residual stresses in the collector to nozzle Dul1200
welding unit of steam generators PGV-1000. In: Proc. of the
Intern. Conf. on Innovative Technologies and Engineering in
Welding and Related Processes PolyWeld 2019, May 23-24,
2019, Kyiv, 82-83.

Makhnenko, O.V., Milenin, O.S., Muzhychenko, O.F. et
al. (2023) Mathematical modeling of residual stress relax-
ation during performance of postweld heat treatment. The
Paton Welding J., 6, 32-40. DOI: https://doi.org/10.37434/
tpwj2023.06.05

(2015) ASTM E837-13a. Standard Test Method for Determin-
ing Residual Stresses by the Hole-Drilling Strain-Gage Meth-
od. ASTM International.

Lobanov, L., Pivtorak, V., Savitsky, V., Tkachuk, G. (2014)
Technology and equipment for determination of residu-

NEW BOOK

IBAPKOBAHHA S METANYPIIA4 MATEPIANOIHABCTRO

T PRI AKADnEKE HAH Yrpain LB Kpitstynn

OTpUMaHHA BUCOKOMILHUX

TUTAHOBMWX CNNagis MeTogoM

eNeKTPOHHO-NPOMEHEeBO| NNaBKK

Axonin C.B., bepeaod poxin O,

al stresses in welded structures based on the application of
electron speckle-interferometry. Mat. Sci. Forum, 768-769,
166-173. DOI: https://doi.org/10.4028/www.scientific.net/
MSE.768-769.166/

16. Rogante, M. (2020) Inside welds: Advanced characterization
of residual stresses by neutron diffraction. The Paton Welding
J., 11, 18-24. DOI: https://doi.org/10.37434/tpw;j2020.11.04

17. Senchenkov, 1.K., Chervinko, O.P., Banyas, M.V. (2013)
Modeling of thermomechanical process in growing visco-
plastic bodies with accounting of microstructural transfor-
mation: Encyclopedia of Thermal Stresses. Springer Ref., 6,
3147-3157.

18. Hrivnak, 1. (1984) Weldability of steels. Ed. by E.L. Makarov.
Moscow, Mashinostroenie [in Russian].

ORCID
0.V. Makhnenko: 0000-0002-8583-0163,
O.F. Muzhychenko: 0000-0002-4870-3659

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

0.V. Makhnenko

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine.
E-mail: makhnenko@paton.kiev.ua

SUGGESTED CITATION

0.V. Makhnenko, O.F. Muzhychenko, I.I. Prudkiy,
N.R. Basistyuk (2025) Residual stresses in the joint
of the collector to the DN1200 nozzle of the
PGV-1000 steam generator due to local heat
treatment. The Paton Welding J., 11, 19-27.

DOI: https://doi.org/10.37434/tpwj2025.11.03

JOURNAL HOME PAGE
https://patonpublishinghouse.com/eng/journals/tpwj

Received: 27.02.2025
Received in revised form: 18.05.2025
Accepted: 21.11.2025

Akhonin S.V., Berezos V.0., Yerokhin O.H. Producing high-strength titanium al-
loys by the method of electron beam melting. — Kyiv: E.O. Paton Electric Welding
Institute of the NAS of Ukraine, 2025. — 128 p. (in Ukrainian).

The monograph deals with the features of producing ingots of complex titanium alloys
by the method of electron beam melting. The mechanisms and regularities of alloying
element behaviour when producing ingots of complex high-strength titanium alloys by
the method of cold-hearth electron beam melting were studied. Taking into account
the established dependencies, the optimal technological modes of producing complex
titanium alloys by the method of electron beam melting were proposed for titanium alloy
VT9, which provide a high level of qualitative and technical-economic parameters. The
characteristics of chemical composition, state of the surface, macro- and microstruc-
ture of the ingots of commercial and new local complex titanium alloys are presented.
The question of deformation processing of the produced alloys is considered and me-
chanical characteristics of semi-finished products from ingots produced by the method
of electron beam melting are given.

The book is designed for scientific and engineering workers, as well as for students of
metallurgical specialities. 178 Ref., 23 Tables, 91 Figures.

Orders send to E-mail: patonpublishinghouse@gmail.com

27




THE PATON WELDING JOURNAL, ISSUE 11, NOVEMBER 2025

ISSN 0957-798X

DOIL: https://doi.org/10.37434/tpwj2025.11.04

FEATURES OF THE STRESSED STATE

OF WELDED ABSORBER ELEMENTS IN THE CONTROL
AND PROTECTION SYSTEM OF WWER-1000

DURING ASSEMBLY AND SUBSEQUENT OPERATION

0O.S. Milenin, O.A. Velykoivanenko, H.P. Rozynka, O.0. Makhnenko

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

ABSTRACT

The control and protection system (CPS) with absorber elements (AE) plays a key role in the stable and safe operation of
WWER-1000 reactor, ensuring power regulation and emergency shutdown. The reliability of CPS AE directly depends on the
integrity of the AE shell components, which are subjected to both welding stresses during assembly and to operational loads.
A critical reliability factor for such structures is the stress-strain state at various stages of assembly and operation. This study
focuses on the analysis of the SSS in the AE shell components caused by the technological phase of assembly welding and
operational loading. Numerical modeling of thermodeformational processes shows that the geometric characteristics of the
structure result in the fundamental difference in the stress distribution: a biaxial stressed state forms in the area where the cone
is welded to the AE shell, and a triaxial stressed state develops in the zone where the tip is joined to AE shell. It is shown that
during reactor emergency shutdown and cooling to room temperature, there is a significant drop in the external coolant pressure
and a sharp increase in the maximum stresses within the AE shell wall, indicating an increased risk of integrity loss.

KEYWORDS: nuclear reactor, WWER-1000, control and protection system, absorber elements, welded shells, stressed state,
modeling

INTRODUCTION

Nuclear power plant operation is associated with the
need to guarantee a high level of safety of both the
individual components, and the entire cycle of ener-
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Figure 1. Sketches of CPS absorbing elements AE (a) and absorb-
ing rod AR (b): 1 — head; 2 — AR; 3 — nut; 4 — spring
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gy generation. This concerns ensuring the integrity
of the structures and components of nuclear reactors
and accompanying process equipment, planned run-
ning of the processes of nuclear and related reactions,
avoiding the release of radioactive substances into the
environment, safety of service engineering personnel,
etc. The complexity and interrelation of the physical
and technological processes, as well as a considerable
influence of the human factor necessitates a detailed
and comprehensive study of the regularities of their
impact on safe operation of nuclear reactors.

An important part of the reactor is the control and
protection system (CPS), which includes the absorber
elements (CPS AE) (Figure 1, a), which have a crit-
ical role in ensuring a stable and safe operation of
the reactor, fulfilling a range of important functions
[1, 2]. First, CPS allows precisely controlling and reg-
ulating the reactor power, ensuring its effective and
safe operation. It is responsible for starting the reactor
and gradual reaching of the specified power level, as
well as a change of the reactor operating modes by
switching from one power level to another one. Sec-
ondly, CPS ensures the possibility of prompt termina-
tion of the chain reaction of nuclear fission in the case
of emergency situations or the need to quickly reduce
the power. This is achieved by dropping the absorbing
elements into the AE core, preventing further devel-
opment of the reaction. Finally, CPS is an important
element of general reactor safety, as its functioning
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allows eliminating the probability of uncontrolled de-
velopment of the nuclear reaction, thus preventing the
possible emergencies.

Thus, ensuring safe operation of a nuclear reactor
is directly related to guaranteeing the integrity of CPS
components. The importance of this factor led to for-
mulation of a range of regulatory requirements as to
analysis of the technical state and serviceability of in-
dividual CPS components, in particular, strength and
tightness of absorbing elements (AE) [3-5].

A feature of these AE is their complex profile and
presence of assembly welded joints of the shell with
the cone and tip. This, in its turn, determines the com-
plex distribution of mechanical stresses under the
operation conditions, caused by a nonlinear interac-
tion of residual postweld stresses with the operational
stresses. It is known that the magnitude of the stress-
es characterizes the proneness to brittle, brittle-duc-
tile and fatigue fracture of structural materials [6—8].
Therefore, understanding of the regularities of stress
distribution in the cross-section of shell CPS AE at
different stages of operation is important for correct
prediction of the reliability during design, technical
diagnostics of the actual state and extension of the
service life for the post-project period.

THE OBJECTIVE

of this study is determination of the influence of the
process of assembly welding and thermal-force oper-
ational impact on the stress-strain state (SSS) of the
shell elements of CPS AE.

AE (Figure 1, b) is a rod with a cylindrical shell
from chromium-nickel alloy 42KhNM [9] with
the outer diameter of 8.2 mm and wall thickness of
0.50-0.55 mm, hermetically sealed with end parts (tip
which ensures connection to the CPS AE load-carry-
ing system, and weighing cone) and filled with ab-
sorbing material [10].

Temperature dependencies of physical and me-
chanical properties of corrosion-resistant 42KhNM
alloy are given in the Table 1. The yield strength of
42KhNM alloy during manufacture of seamless thin-
walled cold-deformed pipes is specified at the lev-
el of 6, = 520 MPa at T'= 20 °C, o, = 245 MPa at
T=375°C.

The shell sealing is performed by electric arc
welding of the upper and lower end parts in inert gas
atmosphere. Located inside the shell is an absorber
element from a dispersion material, such as boron car-
bide (B,C) and dysprosium titanate (Dy,O, + TiO,)
in an aluminium matrix or hafnium [11]. Depletion
of these elements and their swelling leads to devel-
opment of excess internal pressure P, inside the cy-
lindrical shell (close to 3.0 MPa) and under certain

Table 1. Temperature dependencies of physical and mechanical
properties of 42KhNM alloy [9]

T, E, o106, A, cp,
°C GPa 1/°C W/(cm-°C) | J/(cm?-°C)
20 234 14.5 0.050 3.550
100 223 15.0 0.100 3.686
200 218 15.6 0.130 3.800
300 210 16.0 0.150 3.854
400 204 16.6 0.180 3.955
500 196 17.0 0.205 3.991
600 188 17.5 0.230 4.040
700 143 18.0 0.230 4.043
800 135 18.5 0.230 4.113
900 118 19.0 0.230 4.115
1000 96 19.5 0.230 4.115
1100 46 19.5 0.230 4.115
1200 8 19.5 0.230 4.115

conditions it affects the load-carrying capacity and
quantitative indices of the technical state. According
to the design conditions of AE operation, there is the
external pressure of the coolant P, = 16 MPa at the
temperature of 7, = 350 °C. In addition to the design
mode, it is also necessary to take into account the situ-
ation of emergency shutdown of the reactor, when P_
drops to zero, and the temperature decreases to room
temperature, 7, = 20 °C. Summing up the above-said,
we can single out three characteristic states of CPS
AE, namely: after assembly welding, under the condi-
tions of design operation in the stationary mode and in
case of reactor shut-down and its cooling.

As was noted above, a typical characteristic of reli-
ability of critical elements of power-generating equip-
ment, which is determined during assessment of the
reactor condition, is the level of mechanical stresses,
formed at different stages of operation. For the case
of shell CPS AE stress distribution in the structure
cross-section is determined by interaction of postweld
stresses with external loading and temperature influ-
ence. Therefore, in order to predict the stress fields,
it is necessary to take into account both the techno-
logical aspect of assembly welding, i.e. kinetics of
the thermodeformational state of the structure mate-
rial under the impact of the local heat source down to
complete cooling and reaching the residual state, and
further heating and loading during operation.

Spatial heterogeneity and nonlinear kinetics of the
physical and mechanical processes, which determine
the current and residual SSS of the structure during
assembly welding and further operation, complicates
the use of simplified analytical methods of analysis.
More over, small scale of CPS AE components and
their geometric shape make the use of instrumen-
tal NDT methods more complicated. Therefore, it
is expedient to apply the methods of mathematical
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modeling and computer simulation of the respective
technological processes based on multiphysical math-
ematical models and finite element means of their nu-
merical implementation.

In this paper the problem of numerical prediction
of the temperature field kinetics and development of
elastoplastic deformations was considered within the
framework of formulation of the boundary problem
of nonstationary thermoplasticity. The temperature
field kinetics was described by numerical solution of
the nonstationary heat-conductivity equation, name-

ly [12]:

oT(r,B,z
cp(r,B,z,T)(;—TB)

=V[a(rB.2T)VT(r.B.2) ],

where A, cp is the heat conductivity and volumetric
heat capacity of the structure material in this point,
respectively, as a function of spatial coordinates and
temperature.

The heat source is the Gaussian surface heat flux
from the welding arc into the area of the assembly
joint of the tip with the shell and of the cone with the
shell. Heat dissipation through the surface in welding
occurs due to Newton—Richmann’s (convective heat
transfer) and Stefan—Boltzmann laws (infrared radia-
tion), and it is described by the respective heat flows.
Thus, the boundary conditions as to the formulated
problem (1) are as follows [12]:

oT
—X(T)E= —qy +ar (T-T,)+

+e0 g, (T4 —Tg),

(M

@

where 7 is the normal to the surface; a, is the heat
transfer coefficient; 7. is the ambient temperature;
& is surface emissivity; 6, is the Stephan-Boltzmann
constant; g, is the welding heat energy flow.

Mathematical consideration of the unified problem
of the kinetics of the temperature field and SSS de-
velopment is based on the finite element description,
using eight-node finite elements (FE). Within the FE
volume, the distributions of temperatures, stresses and
strains are taken to be homogeneous, and the incre-
ment of the strain tensor can be represented according
to the following expression [13]:

_ gee p

dsij —dSij+d8ij +8ijdsT, 3)
where dej;,de},8, -de; are the components of strain
tensor increment, due to the elastic mechanism of de-

formation, instantaneous plasticity strains and kinet-
ics of a heterogeneous temperature field, respectively.

Tensors of mechanical stresses o, and elastic

strains daf} are related to each other by the general-
ized Hooke’s law, i.e. [14]:
. ©0;—9,0

s TU+8U(KG+([))’ (4)

where ¢ is the mean value of normal components of stress
(GBB +0,, +c,,) K- 1-2v
3 ’ E
the bulk modulus, G is the shear modulus.
Increment of instantaneous plasticity strain dej
from the stressed state in a specific FE can be calculat-

ed using a linear dependence of scalar function A and
deviator component of the stress tensor, namely [14]:

tensor G, 1e. o= 18

de; =dA(c; —§,0). )

Specific value of function A depends on the
stressed state in the considered area of the structure,
as well as on the shape of the material yield surface,
which is characterized by stresses 6 :

dA=0,ifc, <o,
dA>0,ifc, =0,
state 6, > o is inadmissible. (6)
Proceeding from the above, the increments of the
strain tensor can be represented in the form of super-
position of the increment of the respective compo-
nents:

Ae; =¥ (o, —8,0)+5,(Ko+Ae;) -

_i(% -8,0) ~(Ko)',

(N

where symbol “*” refers the respective variable to
the previous tracking step; W is the function of the
material state, which determines the condition of
plastic flow of the material according to von Mises
criterion [15]:

1
2G’
if 6, <o, =0y,
| (®)
¥Y>—,ifc, =0,
2G

state 6, > o 1s inadmissible.

Function ¥ is determined by iteration at each step
of digital tracing within the boundary problem of non-
stationary thermoplasticity, which allows solving the
nonlinearity by the plastic yield of the material.

Computer implementation of the given algorithms
allowed performing analysis of the regularity of
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Figure 2. Sketch and finite element model of a welded joint of
CPS AE shell with a tip [10]

formation of CPS AE SSS at the stage of assembly
welding and further operation. Welding the tip to the
shell (Figure 2) in an argon atmosphere is performed
in the following mode according to [10]: U= 120 V;
I=20A;v, =13 m/h. Welding of the assembled
cone to the shell (Figure 3) in an argon atmosphere
occurs in the following mode: U =10 V; [ = 30 A;
v, =12 m/h.

As shown by the calculation results (Figure 4,
a), the shape of penetration in the area of joining the
cone to the shell of the AE ensures a proper perma-
nent joint of these components. Residual postweld
stresses are characterized by an increase in the normal
stresses in the circumferential (o s ~ 590 MPa) and
axial (o_ = 540 MPa) directions in the area close to
the middle of the cone wall thickness (Figure 5). In
addition, the zone of tensile stresses extends right up
to the internal surface of the shell in the area of the
joint with the cone. Contrarily, the external surface
is characterized by compressive normal stresses. The
maximum values of circumferential stresses are close
to those of the material yield strength, according to
von Mises plasticity criterion. In contrast to this, the
radial component of stress is almost five times lower
(0, = 105 MPa). Such a biaxiality of the stress field,
in general, is characteristic for the cylindrical shell el-

Shell Welded joint

\ Cone
._,_._.-._,_._._._.,.ﬁ,_ ......... 0/ i

R,mm  AE shell

75 100 125

15.0

17.5 200 225 Z mm

Figure 3. Sketch and finite element model of a welded joint of the
CPS AE shell with the cone [10]
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Figure 4. Calculated distribution of maximum temperatures in the
zone of the welded joint of CPS AE shell with the cone (a) and
with the tip (b)

ements, joined by a circumferential weld, while the
features of stress distribution are due to the ratio of the
wall thickness to the cylinder radius.

Under operating load conditions according to the
design stationary mode (7, = 350 °C, P_ = 16 MPa,
P, =3 MPa) the stress distribution does not change
in principle (Figure 6). However, a certain reduction
of maximum stresses (c,, = 500 MPa, 6_ =~ 470 MPa,
o, = 85 MPa) is observed, caused by the natural
lowering of the yield strength at the temperature of

o

464
R.mm

4.1
203
2.1 m 75
54
0.14

0 25 50 75 100 125 150 17.5 20.0 22.5 25.0
Z, mm

4.1 3
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0 25 50 75 100 125 150 17.5 20.0 225 2500 =

5 200
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c -330

Figure 5. Calculated distributions of residual postweld stresses
in the zone of the welded joint of the cone with CPS AE shell:
a — circumferential component; b — axial component; ¢ — ra-
dial component
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Figure 6. Calculated distributions of residual and operational
stresses in the cross-section of the welded joint of the cone with
the AE shell; circumferential (a), axial (b), radial (c): / — resid-
ual stresses; 2 — 7T, =350 °C, P, =3 MPa, P, = 16 MPa; 3 —
T,=20°C, P =3 MPa
350 °C, compared to room temperature, at which the
process of assembly welding was conducted. The
operational situation of reactor shutdown, CPS AE
cooling to room temperature and lowering of exter-
nal pressure (P, =3 MPa, P_ =0 MPa, T, = 20 °C)
leads to a significant increase of maximum stresses
(csBB = 670 MPa, 6_ = 660 MPa, 6 _~ 120 MPa) in the
shell wall (Figure 6) for the reason that the internal
pressure from the filler is not compensated by the ex-
ternal pressure of the coolant, so that it can be consid-
ered as the most unfavourable in terms of strength of
the welded joint of AE shell with the cone.
Distribution of maximum temperatures in the area
of joining the tip to the shell demonstrates significant
penetration, which ensures a proper permanent joint
of individual parts (Figure 4, b). A fundamental dif-
ference in the residual stress distribution (Figure 7) is
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Figure 7. Calculated distributions of residual postweld stresses
in the zone of the welded joint of the tip with the CPS AE shell:
circumferential (), axial (b) radial (c)

the fact that the welded joint is located in the CPS AE
solid part, so that the area of high postweld circum-
ferential and axial stresses forms in the subsurface
zone, where maximum lowering of the joint strength
is to be expected. In addition, compared to the welded
joint of the shell with the cone a lower level of max-
imum residual stresses is observed (04, = 460 MPa,
c_=350 MPa, 5~ 35 MPa).

Similar to the case of the area of the joint of the
cone with the shell, under the conditions of design op-
eration a certain lowering of stresses (04, ~ 420 MPa,
c_~300 MPa, c_~ 10 MPa) is observed in the area of
the joint of the tip with the shell (Figure 8), while the
most hazardous stressed state develops during reactor
shutdown (Figure 8), when there are no compensat-
ing compressive forces from external pressure, while
redistribution of stresses with increase of the yield
strength as a result of temperature lowering from
350 °C to room temperature causes an increase of nor-
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mal stresses by more than 100 MPa (o, = 530 MPa)
G_~410 MPa, 5_~ 30 MPa).
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CONCLUSIONS

1. A model was developed of the kinetics of the tem-
perature field and stress-strain state of CPS AE of
WWER-1000 during assembly welding of the cone
to the AE shell and of the tip to the AE shell was de-
veloped. Used for this purpose, was a numerical solu-
tion of a nonstationary equation of heat conductivity
alongside with successive tracking of the develop-
ment of elastoplastic strains of a continuous medium
by finite element solution of the boundary problem of
nonstationary thermoplasticity.

2. It is shown that development of a thermodefor-
mational state of CPS AE structure during welding of
the cone to the shell leads to formation of a biaxial
SSS, characteristic for welding thick-walled pipes,
with considerable prevalence of circumferential and

longitudinal stresses. In the zone of connection of the
CPS AE tip to the shell, the weld is located in the sol-
id part of the structure which leads to formation of a
subsurface area of intensive postweld circumferential
and axial stresses. The maximum radial stresses rise
to the level of other components of the stress tensor.
As a result, this area of the structure is in the state of
triaxial stress.

3. During operation, the total pattern of stress distri-
bution is preserved, but their maximum values become
lower. This phenomenon is related to the fact that at
the working temperature of 350 °C the material yield
strength decreases, compared to its room temperature
value, at which assembly welding was performed. As a
result, the material becomes more susceptible to plastic
strains, which promotes partial redistribution of stresses.

4. During the reactor shutdown and its cooling to
room temperature a significant lowering of the external
pressure takes place. As the internal pressure of the filler
is no longer balanced by the coolant pressure, it caus-
es an abrupt increase of maximum stresses in the wall
of CPS AE shell. Such a situation creates the most un-
favourable conditions for strength of welded joints, in-
creasing the risk of defect development and deterioration
of the operational reliability of the structure.
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ABSTRACT

High-strength low-alloy steels are a promising material for the manufacture of welded metal structures, but their widespread
use is hampered by their increased susceptibility to defects that arise during the welding process. Therefore, a fundamental
aspect of developing the technology for welding these steels is understanding how the properties of the metal change during the
welding process and identifying the main microstructural characteristics that explain these changes. Research on high-strength
ferritic-bainitic steels, which concerns the microstructural characteristics and mechanical properties, is aimed at determining
the total angle of structural grains misorientation, using the electron backscatter diffraction (EBSD) method, which can be
implemented on electron microscopes, and requires special software installation. The metallographic analysis method using
the Hough transformation, which can be implemented on optical microscopes and does not require special software, should be
considered as an alternative to the EBSD method.

KEYWORDS: high-strength low-alloy steel, welding, microstructure, metallographic analysis, grain boundaries, structural

grains misorientation, Hough transformation

INTRODUCTION

Recently, in Ukrainian industry, there has been a sig-
nificant increase in the volume of work involving the
use of high-strength low-alloy steels (HSLA) man-
ufactured at leading metallurgical enterprises in the
EU, Great Britain, USA, and Canada. Working with
such materials presents new challenges for both in-
dustrial engineers and researchers. Preliminary re-
sults have shown that the complex of mechanical
properties of modern foreign high-strength steels can
be significantly superior compared to traditional do-
mestically produced steels. A limiting factor for steels
with higher strength is their increased susceptibility to
defect formation resulting from welding. Therefore, a
fundamental aspect of developing welding technolo-
gy for these materials is understanding how the met-
al properties change during the welding process and
identifying the main microstructural characteristics
that explain these changes.

It is generally known that the mechanical proper-
ties of metallic materials correlate with microstructur-
al dimensions, most commonly with the average grain
size, according to the Hall-Petch relationship [1, 2]:

c=o,+ kd'"?,

where o is the lattice friction stress required to move
individual dislocations; & is a material-dependent con-
stant known as the slope of the Hall-Petch curve; d is

Copyright © The Author(s)

the average grain size. The Hall-Petch relationship
applies to a wide variety of materials and their prop-
erties, such as hardness, stress-strain state properties,
and endurance limit [3, 4]. However, in addition to the
average grain size, for weld metal characterized by
stochastic grain orientation, it is necessary to consider
other specific factors, such as differences in the ori-
entation of ferrite plates within the body of structural
grains, in order to predict material properties in the
general case.

It is known that the strength and toughness of most
steels at low temperatures can be improved through
grain refinement during a controlled thermomechan-
ical process. Numerous studies have shown that un-
der the influence of thermal cycles, due to the pecu-
liarities of metal crystallization process, anisotropy
of structural and mechanical properties of the metal
may occur, particularly low-temperature toughness,
which may impose certain limitations on the selection
of technological parameters for its processing [5-7].
Most studies on HSLA steels concern the microstruc-
tural characteristics and mechanical properties of the
metal [8, 9], whereas the relationship between struc-
tural grain size, their orientation, and fracture tough-
ness is still far from being understood due to the com-
plex ferritic-bainitic-martensitic microstructure and
the absence of a macroscopic numerical value that
reflects this relationship.
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Due to the fact that HSLA steels have an increased
susceptibility to brittle fracture, the design of their
welding technology requires the development of spe-
cific mechanisms that suppress crack formation and
growth. Although microscopic defects, such as initial
crack nuclei, are always present in weld metal, partic-
ular attention must be paid to mechanisms that help
prevent their formation and branching, arrest their
propagation, or even close cracks that are capable of
growing or have already begun to grow. A fundamen-
tal review [10] demonstrates (Figure 1) that for HSLA
steels, internal interfaces represent a relatively weak
link with respect to crack formation and growth. This
is related to the fact that elementary crack growth oc-
curs through delamination and dislocation emission
at the crack tip, that is, through decohesion of atom-
ic bonds and the material’s ability to create a zone
of plastic relaxation around the propagating crack
tip. Due to lower lattice coherency in grain bound-
ary zones compared to their interior, cracks in high-
strength steels can often propagate more easily along
grain boundaries than through their interior.

Plastic slip at intergranular boundaries is deter-
mined by the competition between three microforces
at the interface: the volume-induced microforce asso-
ciated with bulk densities; the dissipative microforce
associated with resistance to slip at the interface; and
the energetic microforce associated with the Burg-
ers vector of the network, which tends to counteract
the accumulation of residual defects at the interface.
Greater misorientation of adjacent grains retards nor-
mal slip at the interface and reduces the slip rate, in-
creasing the strain hardening rate. At smaller grain
sizes, larger deformation gradients develop, leading
to the initiation of slip at the interface at lower shear
strain.
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Figure 1. Schematic method for quantitative assessment of car-
bon segregation in ferrite [10]
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The current viewpoint of some researchers is that
the structural units that affect the toughness of ferrit-
ic-bainitic steels are grains with misorientation angles
at grain boundaries greater than 15°. This is related
to the fact that high-angle grain boundaries (HAGBs)
with grain boundary misorientation angles greater
than 15° are effective grains that contribute to crack
arrest or its deflection at a large angle upon encoun-
tering an intergranular boundary during crack prop-
agation [11, 12]. For BCC metals, a cleavage crack
always propagates along {100} cleavage planes. The
angles between adjacent grains will affect the abili-
ty to change the crack propagation direction, which
is confirmed by the nature of fracture facets. For ex-
ample, the authors of [13, 14] found that structural
blocks with low grain boundary misorientation angles
less than 15° (LAGBs) are microstructural units that
control cleavage fracture and the increase in duc-
tile-to-brittle transition temperature.

Direct studies of the effect of grain boundary
misorientation on hydrogen transport, the results of
which are presented in [15], showed that grain bound-
aries are pathways with high flux of dislocations and
associated hydrogen, where the flux magnitude typi-
cally increases with increasing trap binding energy at
grain boundaries. Modeling of hydrogen penetration
in the early stages of deformation showed (Figure 2)
that high-angle grain boundaries are faster pathways
than low-angle ones.

It should be noted that currently, the volume of
experimental data is insufficient to establish a rela-
tionship between toughness and structure in different
directions of acicular ferritic-bainitic steels through
analysis of {100} cleavage plane angles.

A large number of experiments show that cracks
can propagate both directly through structural grains
and through grain boundaries. Therefore, the effective
grain size d according to the Hall-Petch relationship
requires certain refinements with respect to ferrit-
ic-bainitic structures of HSLA steels. According to
Professor Derek Raabe and colleagues from the Max
Planck Institute in Diisseldorf [16], proper under-
standing and quantitative characterization of various
interrelated effects of grain boundaries and associat-
ed effects are conditions for nanoscale engineering of
damage-resistant HSLA steels.

In metallographic studies, the electron backscat-
ter diffraction (EBSD) method is used as a criterion
for characterizing grain boundaries to determine the
overall misorientation angle of structural grains — an
analytical method integrated with a scanning electron
microscope. EBSD is a powerful microstructure char-
acterization method that allows obtaining important
information about grain orientation, phase identifica-
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Figure 2. Curves of average and normalized output flux through low-angle (@) and high-angle () grain boundaries [15]

tion, and local deformation distribution. The method
plays an increasingly important role in improving our
understanding of material behavior. Modern comput-
er programs for EBSD analysis allow processing of
high-resolution images, enabling the analysis of fine-
scale microstructures and obtaining detailed grain
boundary characteristics. In addition, EBSD allows
measurement of orientation gradients, which are nec-
essary for understanding deformation mechanisms.
The EBSD method is widely used for character-
izing the microstructure of martensitic and bainitic

steels, allowing understanding of phase transforma-
tions and grain boundary characteristics. These ca-
pabilities are crucial for optimizing the mechanical
properties of steels, such as strength, toughness, and
ductility [17-20].

Reference [21] provides an example of automated
identification and quantitative statistical analysis of
bainite microstructural boundaries using EBSD data.
The results indicate that crystallographic differences
between different bainitic and martensitic structures
provide a theoretical basis for understanding differ-

Figure 3. Microstructure of the base weld metal of 09G2S steel (x200) (a). Results of determining the principal orientation direction

of structural grains and examples of misorientation of the principal

vector of two adjacent grains at an angle not exceeding 15° (b)
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Figure 4. Distribution of misorientation angle at the boundary of
two adjacent grains in the weld metal structure
ences in the mechanical properties of metal and allow
high-throughput statistical analysis of these relation-
ships. Another important aspect of EBSD is the deter-
mination of grain orientation angles in polycrystalline
material, which define crystal orientation relative to
the reference coordinate system. Determination of
orientation angles allows obtaining a more accurate
relationship between microstructural characteristics
of the metal and its mechanical properties. Based on
[21], EBSD can be effectively used for feature ex-
traction and quantitative statistical analysis of micro-
structural information, and machine learning methods
can become the foundation for establishing the rela-
tionship between microstructure and metal properties.
It should be noted that the EBSD method can be
implemented on an electron microscope and requires
installation of specialized software for processing Ki-
kuchi patterns. As an alternative, a method based on
Hough transformations can be considered, which al-
lows detecting angular orientations of crystallograph-
ic planes in the microstructure. The Hough transfor-
mation calculation program is freely available, and
in this case, the analysis is performed on images of
metallographic structures obtained with optical mi-
croscopes. Such an approach can be used to determine
not only the overall pattern of grain or crystal orien-
tation angle distribution in the metal structure, but
also at intergranular boundaries, which are among the
most probable origines for brittle fracture nucleation.
Exactly at these boundaries the possibility of crack

2i7 Bk

S0BRSEL |3 20kV

transition from one grain to another or a change in
its propagation direction is determined. According to
this methodology, a computer program [22, 23] iden-
tifies each ferrite plate in the microstructure image,
determines its area and the coordinates of the plane
center, draws the maximum diagonal through the cen-
ter, constructs a perpendicular to this diagonal, and
determines the angle of its intersection with a speci-
fied axis (for example, the abscissa axis). Thus, each
ferrite plate in the image is described by two parame-
ters — p and 0 (p is the distance from the origin to the
line, and 6 is the angle between the line perpendicular
to the specified one and the positive direction of the
abscissa axis). However, such an approach, consid-
ering the density distribution of ferrite plates in the
grains of structural constituents of low-alloy steels,
requires processing and analysis of a large volume of
information. Modern computer analysis methods in-
volving Al allow solving this problem.

An attempt to use the Hough transformation for
metallographic studies of the weld metal microstruc-
ture of HSLA steel was described in [24]. The authors
implemented a visual method for analyzing the orien-
tation and misorientation of microstructural constitu-
ents using the Python programming language. Using
Al, the position of the principal orientation vector of
each structural grain was found (Figure 3) based on
the Principal Component Analysis (PCA) method,
which allows determining the main direction of grain
orientation.

Based on this analysis, statistical data on grain
misorientation angles were obtained (Figure 4), en-
abling analysis of the studied zone for the presence of
such a critical parameter as the relative density distri-
bution of LAGBs in the metal microstructure.

The permissible limits of grain misorientation in
metallic structures depend on the specific material, its
operating conditions, and manufacturing technology:.

As can be seen from the data presented in Figure 4,
approximately 20 % of boundaries between adjacent
structural grains are characterized by a misorientation
angle of no more than 35°. Such grain boundaries in-

70402 /1060 SE)

Figure 5. Fractographs of fracture surface of 09G2S steel weld metal specimen after impact bending test at a temperature of —20 °C
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hibit crack propagation along grain boundaries and
promote transcrystalline fracture. Figure 5 shows im-
ages of fractographs of a weld metal specimen frac-
tured during impact bending tests at a temperature of
—20 °C, which were obtained using a Jeol JISM35CF
scanning electron microscope (Jeol, Japan). As
can be seen from these images, the nature of crack
propagation indicates precisely such a fracture process
development — approximately one-third of cracks in
this case have a transgranular nature.

Despite the agreement between the determination
of misorientation angles at intergranular boundaries
of the microstructure and the results of fractal anal-
ysis, such data are insufficient to establish a critical
level of LAGB density in the metal microstructure as
a “brittleness criterion”. Such conclusions will only
be possible after accumulating a substantial database
of experimental data, their statistical processing, and
through analysis. This should be the task of future re-
search, the results of which will provide an opportu-
nity not only to expand our knowledge base regarding
the mechanisms of metal microstructure formation,
but also to increase the level of mechanical properties
of welded joints in HSLA steels.

CONCLUSIONS

A limiting factor in the adoption of modern high-
strength low-alloy steels is their susceptibility to de-
fect formation resulting from welding, which occurs
during the welding process. Therefore, a fundamental
aspect of developing their welding technology is un-
derstanding how metal properties change during the
welding process and identifying the main microstruc-
tural characteristics that explain these changes.

When determining the influence of structural pa-
rameters on the properties of weld metal, it is neces-
sary to consider such specific factors as differences in
the orientation of ferrite precipitates within the body
of structural grains.

The metallographic analysis method using Hough
transformation, which can be implemented on optical
microscopes, does not require specialized software on
one hand, and allows determining the orientation of
ferrite plates within the body of structural grains and,
accordingly, the misorientation angle at the boundary
of two contacting grains on the other hand, and should
be considered as an alternative to the EBSD method.

Simplification of the procedure, through the use
of Al tools, for determining structural grain orienta-
tion angles and misorientation angles at intergranular
boundaries significantly increases the database of ex-
perimental data for establishing the critical level of
LAGB density in metal microstructure as a “brittle-
ness criterion”.

The obtained results can be used in developing
technological solutions when, in addition to structural
grain size, attention is paid to forming a mixed mi-
crostructure with a balanced distribution of low-angle
and high-angle grain boundaries, which will allow
increasing both the strength and toughness of weld
metal.
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ABSTRACT

At present, a wide variety of designs for electromagnetic-acoustic transducers (EMATs) are known, which are intended for
measurements, quality control, and diagnostics of materials and products. Such transducers generate and receive pulses of all
known ultrasonic wave types in metal products, both ferromagnetic and non-ferromagnetic. Recently, there has been intensive
development of transducers that use powerful pulsed magnetic fields. On one hand, these are structurally more complex under
the same conditions, but on the other hand, they offer a significant advantage when measuring characteristics of ferromagnetic
objects, since they practically eliminate mutual attraction forces. The complexity of EMAT designs with pulsed magnetization
necessitates research into optimal parameters and the application of new operating methods, considering the simultaneous
interaction of dynamic magnetic and high-frequency electromagnetic fields in the surface layer of the metal product — during
both the excitation and reception of ultrasonic wave pulses. It is especially important to account for such interaction in widely
used measuring combined ultrasonic straight EMATs with pulsed magnetization. Therefore, it is advisable to conduct manda-
tory experimental studies to determine the optimal parameters, as the available theoretical works do not provide sufficiently
accurate results needed for the development of technologies and the design of new measurement and control tools operating
with pulsed magnetization.

KEYWORDS: experimental research, ferromagnetic product, ultrasonic pulses, electromagnetic-acoustic, measurement, con-

trol, diagnostics, magnetic field, electromagnetic field, pulsed magnetization

INTRODUCTION

Ultrasonic methods of measurement, quality control
and diagnostics are the most common in non-destruc-
tive testing (NDT) [1, 2]. Traditional testing using a
couplant is not always acceptable, as it requires con-
stant costs for cleaning the surface of the tested object
and the couplant [3, 4]. The state of the environment
also deteriorates [2, 4].

Application of electromagnetic-acoustic (EMA)
methods and means of NDT allows greatly improv-
ing the situation [5-9]. However, application of EMA
transducers (EMAT) with constant magnetization
[5, 10], when studying the quality of ferromagnetic
tested objects (TO) leads to EMAT damage, because of
strong mutual attraction and excitation of coherent in-
terference from the ferromagnetic particles, for instance
scale. EMAT with pulsed magnetic fields allow solving
the above problems [11-17]. Such devices, however,
have their drawbacks [15, 17]: dynamic interaction of
the pulsed magnetic field and the high-frequency mag-
netic field in time and space is insufficiently investi-
gated; design and technological parameters of EMA
transducers and their power supply devices, which
significantly affect the testing results, are insufficiently

Copyright © The Author(s)

studied; optimal values of the design and technological
parameters are not established, primarily by experi-
mental methods. This is particularly important for in-
struments with portable combined straight EMATs for
thickness measurement and testing of ferromagnetic
TO by pulses of shear ultrasonic waves [9, 15], both
during their manufacture and during operation in the
enterprises and in the field conditions [17].

THE OBJECTIVE OF THE RESEARCH

is to improve the EMAT for portable ultrasonic devic-
es during excitation and reception of pulses of shear
ultrasonic waves normal to the surface of ferromag-
netic TO due to pulsed magnetization.

EXPERIMENTAL RESEARCH OF A DEVICE
FOR PULSED MAGNETIZATION AS PART
OF A MODEL OF COMBINED STRAIGHT
EMAT FOR EXCITATION AND RECEPTION
OF SHEAR PACKET ULTRASONIC PULSES
NORMAL TO THE SURFACE OF THE
FERROMAGNETIC METAL PRODUCT

In [18] it was shown that in case of application of a
source of a constant magnetic field made in the form
of a parallelepiped, its optimal height should be close
to 60 mm, and the size of the pole turned to the TO,
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Figure 1. A simplified model of portable ultrasonic device for
studying the characteristics of EMAT and its elements

should be in the range of 30x30-50x50 mm? Ac-
cordingly, in [14] it is shown by simulation that with
pulsed magnetization when ensuring a quasistationary
time of the magnetic field impact during a specified
interval the results of [ 18] as to the sizes of the pulsed
magnet core can be used. Such conclusions, however,
should be confirmed experimentally. For this purpose,
a special stand was developed [19], which envisages
regulation of the main characteristics of EMAT with
pulsed magnetization during the research perfor-
mance. The high-frequency part of the stand remains
the same as for EMA transducer with a constant mag-
netic field [3, 5, 18].

The proposed approach can be realized using an
experimental portable device, a simplified model of
which is given in Figure 1, where: / is the pulsed mag-
net; 2 is the laminated core of the pulsed magnet made
from insulated from each other ferromagnetic plates
with a high saturation inductance; 3 is the magnetiza-
tion coil; 4 is the flat high-frequency induction coil;
5 is the ferromagnetic electrically conducting metal
product; 6 is the local area of the surface layer of the
metal product, in which ultrasonic pulses are excited
and received from TO, accordingly; 7 is the synchro-
nizer; & is the supply unit of the magnetization coil 3;
9 is the regulator of setting the time of the beginning
of the magnetization pulse; /0 is the regulator of set-
ting the time of the end of the magnetization pulse;
11 is the generator of powerful high-frequency packet
pulses of supply current of the high-frequency induc-
tion coil 4; 12 is the regulator of clock position of the
high-frequency packet pulses of supply current of the
high-frequency induction coil relative to the time of
the beginning of the magnetization pulse; /3 are the
ultrasonic pulses, which propagate in the volume of
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TO 5; 14 is the amplifier of the received ultrasonic
pulses /3; 15 is the block of data processing, record-
ing and displaying; L is the distance from area 6 of
the surface with the excited pulsed magnetic field to
the end of the ultrasonic testing zone in the volume of
TO 5; [ is the current in coil 3 of pulsed magnet /; B
is the magnetic field induction; D is the defect in the
volume of the ferromagnetic electrically conducting
metal product being tested.

Considering the above, we will choose the di-
mensions of the pulsed magnet laminated core of
36x36x60 mm?® from the above-mentioned range.
Here, it should be noted that manufacturing a lami-
nated core of the pulsed magnet leads to reduction of
the coefficient of its filling with metal. Accordingly,
this factor will lead to reduction of the magnitude of
the induction of the forming magnetic field. A con-
tradiction arises: on the one hand bringing the lami-
nated magnet core closer to a flat high-frequency coil
should enhance the magnetic field induction in the
TO surface, and on the other hand the core lamination
leads to decrease in the magnetic field induction. The
influence of this factor should be additionally studied
experimentally.

In [11] it is shown that in order to shorten the time
of the magnetization pulse increase, and accordingly,
also reduce the power losses, the inductive compo-
nent of the pulsed magnet should be minimal. Another
contradiction arises. On the one hand, increase of the
metal volume in the magnet core and of the number of
the magnetization coil turns [17] enhances the mag-
net coil inductance, and on the other hand, in order to
reduce the inductance of the magnetic field source, it
is rational to reduce the number of turns in the mag-
netization coil. As we have determined the geometric
dimensions of the pulsed magnet core, its parameters
can be changed only due to the parameters of the mag-
netization coil, its position on the core and character-
istics of the pulsed supply current. However, there is
a contradiction here too. In [12] it is shown that the
magnetization coil should enclose the core along its
entire height of 60 mm. On the other hand, in keeping
with the results of [11], the magnet core should be en-
closed by the magnetization coil only partially, which
reduces the inductance of the pulsed magnetic field
source. Such a contradiction requires verification by
experimental research into the height of the magneti-
zation coil position relative to that of the core with all
other conditions being the same.

Thus, it is necessary to experimentally study the
influence of the following parameters on EMAT effec-
tiveness: magnetization coil parameters; pulsed magnet
supply voltage; relative time relationships of the magne-
tization pulse and the high-frequency signal, etc.
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EXPERIMENTAL RESEARCH PROCEDURE

At the first stage a coil was wound on the pulsed mag-
net core with 1.2 mm wire with a lacquer coating up
to filling along the entire height. Then the number of
turns was reduced, as shown in Figure 2.

All together pulsed magnets with the number of
turns of 45, 30, 15, 9 and 6 pcs were manufactured
with copper wire of 1.2 mm diameter. When the num-
ber of turns was reduced, they were located in the
lower part of the core, as proposed in [11]. Research
was conducted on a specimen from 09G2S steel of
100x100x40 mm? size without cleaning the surfaces
from scale. The degree of maximal roughness of the
specimen surface was up to 0.5 mm in some areas.

The main criteria of the pulsed magnet effective-
ness were determined as follows: magnitude of mag-
netomotive force [17] and duration of quasiconstant
magnitude of the magnetic field, sufficient for exci-
tation and reception of ultrasonic pulses from a fer-
romagnetic specimen of the specified thickness. In its
turn, the values and duration of a quasiconstant mag-
nitude of the magnetic field were clearly determined
by the strength of current in the magnetization coil.

During investigations the pulsed magnet was
placed with one pole plane on the specimen surface
through a lavsan gasket 0.2 mm thick. A 30 V voltage
was applied to the magnetization coil with a pulse of
400 ps duration through an electronic key. The cur-
rent in the circuit was measured with a shunt from ni-
chrome of 1 mm diameter with 0.13 Ohm resistance.

Examples of the shape and strength of current in
the magnetization coil with different supply voltages
of the discharge key circuit are given in Figure 3.

Analysis of the data, given in Figure 3, allows the
following conclusions to be drawn. When the num-
ber of turns of the pulsed magnet winding is reduced,
first, a “shelf” is gradually formed with time duration
sufficient for TO measurement, control and diagnos-
tics, and, secondly, the rate of current rise in the coil is
significantly increased. That is, it is possible to short-
en the magnetization pulse, and, accordingly, reduce

Figure 2. A pulsed magnet for EMAT with 36x36x60 mm? lami-
nated core with winding of 45 and 15 turns from 1.2 mm copper
WIre

the consumption of the device battery power and opti-
mize the pulsed magnet temperature mode.

It should be noted that it is not rational to short-
en the duration of the magnetization pulse by re-
ducing the capacitance of the discharge capacitors,
as it is necessary to form the working “shelf” with
the time duration, sufficient for taking the measure-
ments of the TO parameters. Then, reduction of the
magnetization coil inductance is possible practically
only due to reduction of the number of turns of the
magnet coil, with other conditions being equal, and it
cannot be achieved through reduction of the volume
of the magnet core metal as it is determined [3, 5, 19]
by the dimensions of the working area of the EMAT
high-frequency inductance coil which should be max-
imal possible [5].

Calculations of the magnetomotive force, which
can be used in a certain approximation [17] showed
that for the given variants of pulsed magnets MMF is
equal to: for 45 turns — 1575, for 30 turns — 3090,
for 15 turns — 6000; for 9 turns — 5965, and for
6 turns — 4800.

During experiment performance it was found that
placing a small number of turns of the pulsed magnet
magnetization coil along the entire core height yield a
significant MMF increment. A magnetization coil from
a thin wire overheats even at small numbers of probing

Figure 3. Signals equivalent to current in the pulsed magnet coils, depending on the number of turns of 1.2 mm wire in the core lower

part: @ — 15 turns; b — 9 turns; ¢ — 6 turns
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Figure 4. Pulsed magnet winding with 8.5 turns made from
60%0.5 mm? strip along the height of 60 mm of 36x36 mm? lam-
inated core

pulses. Therefore, in order to eliminate the above fac-
tor, the induction coils were made from a copper strip
60 mm wide and 0.5 mm thick with the turn number of
8.5 (Figure 4) and from a copper strip 60 mm wide and
0.1 mm thick with the turn number of 5.75 pcs.

In order to measure the current in a magnetization
coil with a low resistance, a specially produced shunt
with the resistance of 0.4 mOhm was made, which was
calibrated using a standard shunt 75ShSMM3-200-0.5
with the resistance of 0.375 mOhm. The resistance of
the coil in Figure 4 which was measured at direct cur-
rent with E6-15 milliohmeter was equal to 1.51 mOhm.
Winding inductance is equal to 10 mH (measured with
E7-22 instrument at 120 Hz frequency, which can be
conditionally considered a close value to the funda-
mental frequency of pulsed current). The results of
measurement of the strength of current, and, according-
ly, of the magnetic field inductance of coils from strips
of different thickness, are given in Figure 5 in case of
application of 0.4 mOhm shunt.

508 10500,
S e,

Figure 6. Model of a pulsed magnet with a coil made from
10x1 mm? copper bus, 6.75 turns

Analysis of the data in Figure 5 shows that the max-
imal MMF for such magnetization coils is higher than
11000. With the number of turns close to 6 the work-
ing “shelf” of quasiconstant inductance of the magnet-
ic field forms earlier. That is, it is necessary to reduce
the number of the magnetization coil turns. Further re-
duction of the number of coil turns below 6 leads to
decrease in the MMF value. Moreover, a disadvantage
was revealed: the thermal mode of the pulsed magnet
deteriorated, which is due to insufficient heat transfer
by the coil internal turns and magnet core.

To preserve the MMF, reduce the resistance and
improve the temperature mode, the magnetization coil
was made from a 10x1 mm? copper bus (Figure 6).
The inductance of the coil on the core was equal to
0.008 mH (measured at the frequency of 1 kHz). Re-
sistance of the direct current coil was 40 mOhm. Such
a magnetization coil was used for further research.

Influence of supply voltage of the key discharge
stage on the results of current measurement is shown
in Figure 7. Its maximal value in the working area was

b

Figure 5. Voltage equivalent to current on 0.4 mOhm shunt with the pulsed magnet winding of: @ — 8.5 turns from 60x0.5 mm? strip;
b — 5.75 turns from 60x0.1 mm? strip. Supply voltage of the discharge key of 30 V
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Figure 7. Current in the magnetization coil, equivalent to the magnetic field, when the key stage is powered by voltage of, V: a — 30;

b — 20; ¢ — 10. Magnetization pulse duration of 400 us

equal to 2.5 kA. Accordingly, MMF has the value of
approximately 16800, which is much higher than the
value determined in [17], as sufficient for testing.

Comparative analysis of the results given in Fig-
ures 5 and 7 leads to the conclusion that in order to
increase the MMF the number of turns in the magne-
tization coil should be close to 5-6 pcs. Shortening
of the magnetization pulse enables saving the battery
power of the portable devices and decreasing the ther-
mal load on the pulsed magnet. Open surface of the
coil in Figure 6 increases the heat transfer.

However, the main characteristic of EMAT with
pulsed magnetization is the information signal amplitude
[5, 11], by the magnitude of which the TO quality is de-
termined. To measure the information (bottom) signal of
the EMA pulse, the transducer was mounted so that the
direction of ultrasonic pulse emission was normal to the
specimen plane, i.e. measurement was conducted across
a 40 mm thickness. Testing was performed through a
lavsan gasket between the TO and EMAT 0.2 mm thick.

During research performance, the frequency of ultra-
sonic vibrations was equal to 2.3 MHz, the duration of
the packet probing high-frequency pulse was 3 periods
of the filling frequency, and the peak current strength in
the flat high-frequency induction coil was 400 A. Supply
voltage of the key stage of the stand (Figure 1) was equal
to 30 V. The duration of the magnetization pulse was 400
us. Measurement results are given in Figure 8.

Analysis of the results presented in Figure 8, con-
firms the high effectiveness of excitation and reception
of ultrasonic pulses of EMA transducer with pulsed
magnetization. The ratio of the amplitude of the first
bottom pulse to that of interference is more than 30
times, which is more than sufficient for effective opera-
tion of the ultrasonic thickness meter [5] or flaw detec-
tor [3, 16]. Recoding of a significant number of bottom
pulses is indicative of sufficient duration of the “work-
ing area” of current excited in the pulsed coil. It should
be noted that the derived results were not processed by
any method, i.e. they are preliminary.

During research performance, the influence of a
very important factor was established. An acceptable
value of bottom pulses is recorded by the oscillograph
not immediately after the beginning of the magnetiza-

tion pulse. First, the bottom pulses, depending on the
delay of the time of excitation of the high-frequency
pulse relative to the beginning of the magnetization
pulse, are absent at the minimal level, and then their
amplitude is gradually increased (Table 1).

During performance of research, 30 V supply
voltage of the discharge key and 0.4 mOhm shunt
were used for the magnetization coil with 5.75 turns
of 60x10 mm? size. The formed “working shelf” of
current in the pulsed magnet coil is effective, starting
from 200 ps after the beginning of the magnetization
pulse. Maximal amplitude of the high-frequency cur-
rent pulse was equal to 400 A with the duration of
3 filling periods with the frequency of 2.3 MHz.

Thus, it is rational to choose the number of the
magnetization coil turns close to 6 pcs with the lam-
inated core of 60x36x36 mm? size, made from trans-
former steel with plates 0.5 mm thick or thinner,
which ensures absence of coherent interference from
the pulsed magnet core.

Figure 8. Time sweep with bottom pulses reflected from TO,
obtained during operation of EMAT with pulsed magnetization
on the screen of a dual-beam oscilloscope on a specimen from
09G2S steel 40 mm thick: / — induced signal of the magnetiza-
tion pulse beginning; 2 — probing high-frequency packet pulse
with the duration of 3 periods of filling frequency of 2.3 Hz; 3 —
reflected from the specimen first bottom pulse, after which the
second, third, fourth and fifth bottom pulses reflected in the TO,
are successively recorded; 4 — induced signal from the magneti-
zation pulse finesh

45



G.M. Suchkov et al.

Table 1. Dependence of the amplitude of bottom pulses 4, on the time of the high-frequency packet pulse delay relative to the begin-
ning of the magnetization pulse of 400 ps duration when supplying 30 V voltage to the initial key stage

Parameter Time of high-frequency pulse (%ela?/ relative to the beginning
of the magnetization pulse
Delay time, pis 50 100 150 200 250 300 350 390
Amplitude of the first bottom pL}lse A, relative 3 18 2% 34 34 34 34 34
to interference level, times

Table 2. Dependence of the amplitude of bottom pulses 4, and the maximum current in the magnetization coil on the key stage supply

voltage with the magnetization pulse duration of 225 s

Parameter Parameter value
Supply voltage of the initial key stage, V 5 10 15 20 25 30
Amplitude of the first bottom pulse, 4, relative to interference level, times 2 10 19 28 32 36
Maximal current in the magnetization coil, A 325 775 1100 1600 2000 2250

Analysis of the data given in Table 1 also leads
us to the conclusion about the rationality of shorten-
ing the magnetization pulse, which allows saving the
battery power of the device and improving the pulsed
magnet temperature mode.

The influence of the supply voltage of the key cas-
cade on the investigation results under the previous
conditions are given in Table 2. The duration of the
magnetization pulse was reduced to 225 ps. The shape
of such a magnetization pulse is shown in Figure 9.

Analysis of the data in Table 2 and in Figure 7
gives grounds to assert that increase of the supply
power of the magnetization coil raises the rate of the
pulsed magnetic field increase, which, in its turn, en-
ables shortening the magnetization pulse. MMF in-
creases to almost 13000 ampere-turns.

During performance of experimental research it
was determined that the maximum of the magnetiza-

Figure 9. Shape of magnetization pulse of 225 us duration with
an induced high-frequency pulse: / — beginning of the magneti-
zation pulse; 2 — end of the magnetization pulse; 3 — high-fre-
quency pulse
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tion current clearly correlates with the maximum of
the magnetic field inductance in the surface layer of
the metal, which determines the maximum of the am-
plitude of ultrasonic information (bottom) pulses.

An effective advantage of EMA transducers is the
possibility of measurement and control through a lay-
er of a dielectric coating, for instance, paint coating.
The thickness of such a coating, as a rule, can reach
1-2 mm. That is why, the influence of dielectric inter-
layers between the EMAT and TO (Table 3), as well
as between the pulsed magnet core and high-frequen-
cy induction coil was studied (Table 4). The thickness
of the dielectric base, on which high-frequency coil is
mounted, was 3 mm.

The data in Table 3 demonstrate that the influence of
the distance between the EMAT and TO surface on the
ultrasonic pulse amplitude is quite significant. However,
at typical thicknesses of paint coatings of 0.1-0.3 mm,
the EMAT of the developed type will be effective.

During performance of the above-mentioned re-
search, the frequency of the high-frequency packet
pulses was equal to 2.3 MHz, probing frequency was
4 Hz, the maximal current in the magnetization coil was
2250 A, number of periods of filling frequency in the
packet pulse was 3, duration of the magnetization pulse
was 225 ps, time of the high-frequency pulse delay rel-
ative to the beginning of the magnetization pulse was
175 ps, supply voltage of the initial key stage was 30 V.

Analysis of the data in Table 4 allows us to draw a
conclusion that the distance from the pulsed magnet core
to the high-frequency coil does not affect the magnitude
of ultrasonic pulses that much. However, this distance
should be set minimal. “Ringing” after the probing
high-frequency pulse does not change with increase of
the distance from the core to the high-frequency coil.

With increase of the thickness of the dielectric
interlayer between the EMAT and TO from 0.2 to
1.7 mm the magnitude of “ringing” becomes great-
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Table 3. Influence of the dielectric interlayer thickness on the metal on the amplitude of the first ultrasonic bottom pulse

Parameter Parameter value
Thickness of the dielectric interlayer between the metal and EMAT, mm 0.2 1.5 22 3.7
Amplitude of the first bottom pulse 4, relative to the interference level, times 34 28 26 24

Table 4. Influence of the thickness of the dielectric interlayer between the core and EMAT high-frequency induction coil on the ampli-

tude of ultrasonic bottom pulses

Parameter

Parameter value

Thickness of the dielectric interlayer between the core
and the high-frequency induction coil, mm

0.2 0.4 0.6 0.8 1.0 1.2 1.7

Amplitude of the first bottom pulse 4, relative
to the interference level, times

34 34 32 32 30 30 26

Table 5. Influence of the duration of the high-frequency pulse packet on the amplitude of the ultrasonic bottom signal

Parameter Parameter value
Number of periods of filling frequency of the packet supply pulse | ) 3 4 5 6
of the high-frequency coil, pcs
Amplitude of the first bottom pulse 4, relative to interference level, times 26 34 35 36 36 36

er, and the “dead zone” increases from 18 to approx-
imately 35 mm, respectively. This is essential for
evaluation of the quality of the metal product, so that
it is necessary to develop devices for more effective
inhibition of the amplitude and duration of “ringing”.

Another parameter, which can affect the amplitude
of ultrasonic pulses, is the duration of the high-fre-
quency package, which is determined by the number
of the filling frequency periods. The results of study-
ing this parameter are given in Table 5.

Analysis of the data in Table 5 suggests that for
excitation and reception of ultrasonic pulses it is suf-
ficient to use a packet high-frequency pulse of the du-
ration of 3 or more periods of frequency filling with
the above-established magnitude and duration of the
magnetization pulse.

CONCLUSIONS

A stand was developed for experimental research of
the factors which determine the effectiveness of the
device for ultrasonic testing of ferromagnetic materi-
als during pulsed magnetization of EMAT.

Performed research showed that the useful signal
value essentially depends on the clock position of the
high-frequency pulse relative to the beginning of the
magnetization pulse. The value of the high-frequency
pulse delay should be determined experimentally for
a specific ferromagnetic material of the TO.

It was proved that the pulsed magnet inductance
should be minimal, and the magnetization coil resis-
tance should also be minimal. As a result, the dura-
tion of the magnetization pulse does not exceed 200—
300 ps, with the working part of the magnetization

pulse which enables measurement, control and diag-
nostics of the ferromagnetic steel metal products up
to 150-200 mm thick. For portable EMA instruments
the consumption of supply power will be minimal.

It is shown that it is rational to manufacture an ef-
fective pulsed magnet of the EMA transducer from
plates of transformer steel so that the plate planes were
normal to the working part of the conductors of the
high-frequency coil. It is rational to choose the core size
of 30x30x60-50x50x60 mm?. The number of turns in
the pulsed magnet coil should be approximately equal to
6 pcs with conductor size of 10x1 mm?.

Increase of the pulsed magnet supply voltage sig-
nificantly shortens the time of the magnetic field in-
crease, and, accordingly, reduces the duration of the
magnetization pulse, which is important for maintain-
ing the EMAT temperature mode.
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