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CLASSIFICATION OF METHODS OF MODIFICATION
AND MICROALLOYING OF DEPOSITED METAL (Review)

A.A. Babinets and 1.0. Ryabtsev
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

A literature review of the main methods of modification and microalloying of deposited metal was made. It was shown
that, in contrast to the «microalloying» term, the «modification» term should mean not only a method of introducing
small additives of chemical elements or their compounds into the deposited metal but also various physical effects or
technological processes aimed at achieving the same goal — refinement of micro- and macrostructure of metal, cleaning
of grain boundaries and near-boundary zones, improving the complex of technological, mechanical and operational
properties of steels and alloys. Examples of such physical effects are application of vibrations to a product in the pro-
cess of surfacing; input of energy from a pulsed heat source; pulsed electrode or filler wire feed; application of sources
with modulation of welding current; external electromagnetic effect, etc. The classification of modification methods,
depending on the scheme of their implementation and impact on the properties of the deposited metal is given. The
main advantages and disadvantages of methods of introducing modifying and microalloying additives into the depos-
ited metal are shown. It was determined that from the considered methods of modification, the chemical method is the
simplest and the most rational, which implies introducing modifiers into the deposited metal directly through the charge
of flux-cored electrode wires. This method is technologically and economically simple and versatile, and can be used
with minor changes in electric arc, electroslag and plasma surfacing. 33 Ref., 1 Table, 3 Figures.

Keywords: arc surfacing, deposited metal, flux-cored wire, modification, microalloying, metal structure, service

properties

It is well-known that «microcontent» of chemical el-
ements or their compounds in the metal or alloy can
significantly influence the nature of metal solidifi-
cation, shape and composition of nonmetallic inclu-
sions, structure of grain boundaries and near-bound-
ary regions, weldability, hardenability, thermal and
wear resistance, etc., i.e. a whole range of technologi-
cal and service properties [1].

One of the technologically and economically effec-
tive methods of controlling the metal «microcontent»
at electric arc surfacing is its modification and microal-
loying. Investigation of this problem is rather widely de-
scribed in literature as regards modification of steels and
alloys, produced by casting methods, as well as welds.
At the same time, information on application of different
methods of modification and microalloying at surfac-
ing is rather scattered. Therefore, the objective of this
work, which consists in analysis of the main methods of
modification and microalloying, which can be applied at
different surfacing processes, as well as their main ad-
vantages and disadvantages, apparently, is quite urgent.

Despite the fact that the «modification» and «mi-
croalloying» terms often mean similar processes, which
consist in addition of small amounts of certain elements
to the metal, which change the metal structure and prop-
erties, this idea is not entirely accurate [2].

The process of metal modification has been known
for a rather long time. In keeping with the data of [3],
this process was first used to obtain high-quality cast
iron with application of silicocalcium and ferrosili-
con as modifiers. At the same time, there exist several
thoughts at present about what exactly should be un-
derstood by «modification» term. So, in keeping with
[2, 4], modification is a process of active regulation
of initial crystallization and/or change of the degree
of dispersity of the crystallizing phases, by adding to
the melt small amounts of individual elements or their
compounds. In work [5], modification means some-
thing more, namely any technological process of pro-
ducing alloys with a fine-grained structure with the
purpose of improving their mechanical, technological
and service properties. By such processes the authors
mean any chemical or physical methods of influenc-
ing the structure and properties of metals or alloys,
namely addition of modifiers; application of different
physical impacts (vibration, ultrasonic or electromag-
netic stirring) or a combination of the above.

Unlike modification, microalloying is usually un-
derstood as a method of adding individual elements or
their compounds with not higher than 0.1 % residual
content, which make a significant impact on the process-
es running in the solid phase (on phase composition of
the alloys, size of secondary austenitic grains, structure
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and purity of the boundaries and near-boundary zones,
etc.) [4]. In the opinion of the author of work [2], the
«microalloyingy» term often includes the modification
and deoxidation processes, differing by the mechanism
of their impact on the structure and properties of steel
and alloys. The role of small additives at microalloying
is manifested predominantly as a result of their influence
on the metal solid state (formation of interstitial or sub-
stitutional solid solution; sizes of secondary grains; dis-
persity, shape and distribution of nonmetallic inclusions;
boundary structure and fine structure of the grains; low-
ering the negative impact of impurities, etc.).

Thus, the «modification» term should be under-
stood as a totality of any chemical, physical or com-
plex processes influencing the final structure and
properties of the metal (alloy). The term «microalloy-
ing» means the method of influencing the structure
and properties of the metal (alloy) only due to adding
to its composition small amounts (< 0.1 %) of ele-
ments or their compounds, which have a considerable
influence on the processes running in the solid phase.

Classification of the modification methods. The
methods of modification of the deposited metal can
be divided into three main groups: chemical (adding
modifiers); physical (application of external physical
impact) and combined ones.

1. Chemical methods of modification. In this case
a certain amount of chemical elements or their com-
pounds are added to the deposited metal to achieve
favourable changes of the metal structure and proper-
ties. Depending on their impact, the modifiers can be
divided into four classes [5, 6]:

e modifiers of the 1* kind that improve wettabili-
ty of one component of the alloy by another one, i.e.
which lower the surface tension on their interface, and
thus facilitate formation of the solid phase contacting
the liquid one;

e modifiers of the 2" kind that are the direct crystal-
lization centers. They, however, can be so rather condi-
tionally in the case when the melt temperature is so close
to that of modifier solidification that it will be insuffi-
cient for melting of the modifiers added to the pool;

e modifiers of the 3™ kind (inoculators) that
change the structure due to reduction of overheating
of the crystallizing liquid metal. Higher cooling rate
promotes increase of the crystallization rate and re-
duction of development of the liquation processes that
is favorable for the structure;

e complex modifiers, which are a complex of two
and more modifiers from one or different element
classes from those given above. Depending on their
type, the impact of such modifiers is usually manifest-
ed in a more intensive and complex manner, simulta-
neously affecting the mechanical, technological and
service properties of the metal.

It should be also noted that the nature of action
of modifiers of the 1% kind can change at formation
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of modifier chemical compounds with other elements.
The new chemical compound will in the long run have
the role of an independent modifier already of the 2™
kind. These compounds can be surface-active under
some conditions, and under other conditions they can
be inactive, contrarily. So, for instance, boron, which
usually is a modifier of the 1% kind, can form a more
stable chemical compound with iron — FeB,, which
is the crystallization center as a modifier of the 2™
kind [5]. The names of some chemical elements, or
their compounds, which are often used for modifica-
tion and microalloying, as well as their main physical
properties are given in the Table [7, 8].

1.1. Modifiers of the I* kind. Modifiers of such
a type include additives, unlimitedly soluble in the
liquid phase and slightly soluble in the solid phase
(0.001-0.1 %). In their turn, these additives can be
divided into two types: those, which do not change
the surface properties of the crystallizing phase —
«a», and those, which change the surface tension on
melt-crystal interface — «b». Soluble impurities of
type «a» can slow down the growth of the solid phase
only due to the concentration barrier on the crys-
tal-melt interface with no change taking place in the
process energy characteristics [5].

Additives of «b» type are usually called surface-ac-
tive. They selectively concentrate on the surface of

Physical properties of modifying chemical elements (com-
pounds) [7, 8]

Modifier Melting tempera-| Boiling tempera- Density,
ture, K ture, K g/lcm®

Mg 923 1363 1.738
Ba 1002 2170 3.500
Sr 1042 1657 2.540
Ce 1071 3740 6.757
Ca 1115 1757 1.550
La 1194 3730 6.150
Pr 1204 3785 6.773
Y 1795 3611 4.470
SiO, 1983 2503 2.650
Zr 2125 4650 6.506
ALO, 2345 3250 3.950
B 2349 4200 2.340
SiC 3003 3103 3.210
VC 3083 4173 5.770
wcC 3143 6273 15.630
TiN 3203 N/D 5.400
ZrN 3253 Same 7.090
TiCN 3400 » 5.120
TiC 3533 4573 4.930
NbC 3763 4573 7.820
ZrC 3805 5373 6.730
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crystals (dendrites). The surface-active substances
can create a continuous adsorption layer. It means that
with practical absence of solubility of the surface-ac-
tive modifiers in the solid phase, a shell of the liquid
enriched in modifiers forms around it [5].

Addition of modifiers of the 1% kind is accompanied
by the change of surface tension and activation energy in
opposite directions. It complicates their overall impact
on crystallization and grain size. Macrograin refinement
is the most characteristic effect for modifiers of the first
kind. As increase of activation energy through additive
adsorption on crystal faces promotes lowering of crystal
growth rate, it causes coarsening of the grain dendrite
structure. Thus, under the impact of modifiers of the
1% kind the macrograin is refined, but the micrograin is
coarsened at the same time, i.e. an integrated impact on
the macro- and microstructure is manifested [5].

1.2. Modifiers of the 2™ kind. Parameters of crys-
tallization and macrostructure can be affected by
hard particles added to the melt. Here, a number of
researchers associate this influence exactly with the
contact action on the process of nucleation of crys-
tallization centers. It is accounted for by the fact that
introduction to the melt of an insoluble additive with
properties close to those of the crystallizing liquid, a
significant lowering of the melt metastability range
takes place. Such additives are called isomorphous
with the crystallizing liquid, they have the crystalline
lattice parameters close to those of this liquid, and it
is believed that, similar to modifiers of the 1% kind,
they ensure macrograin refinement. The content of
this type of modifiers is usually limited to 0.1 % [5].

Proceeding from generalization of different works,
the following conditions were formulated for selection
of insoluble particles with the greatest modifying abil-
ity at surfacing [5]: use of refractory insoluble com-
pounds; use of disperse particles with the large total
interface; it is desirable for the particles to have met-
al properties (by the type of chemical bond); the most
effective are particles of stable chemical compounds,
which will form in the weld pool, as a result of interac-
tion with one of the components or the alloy base.

1.3. Modifiers of the 3™ kind (inoculators). In or-
der to increase the quality of the deposited metal at
surfacing and welding, specially prepared powders of
micro- and nanosized particles from refractory com-
pounds of different elements are often used. When
added to the weld pool, they are evenly distributed in
the liquid metal volume and act as effective centers
of metal pool crystallization. In keeping with the data
of [5], addition of inoculants to the crystallizing melt,
ensures an increase of homogeneity and dispersity of
the cast structure, optimization of the shape and distri-
bution of the nonmetallic inclusions, and reduction of
the quantity of some defects that essentially increases
the level and isotropy of the metal properties.

4

However, despite improvement of the macrostruc-
ture, application, for instance, of metal powder, cast shot
and other similar additives as inoculators at electroslag
surfacing can lead to greater contamination of steel by
nonmetallic inclusions, mainly oxides. This is related
to insufficiently mastered technology of introducing the
inoculators, complexity of producing and storing them,
as they require protection from oxidation during storage,
transportation and addition to the liquid pool [5].

1.4. Complex modifiers. The main advantage of
application of complex additives-modifiers is the fact
that simultaneous action of two and more modifiers en-
hances the effect obtained at application of one modifi-
er. This is related to the above process of crystallization
center nucleation on insoluble impurities in the layer
of the liquid phase with diffusion overcooling, due to
addition of a soluble additive (especially surface-ac-
tive) [5]. There are three types of complex modifiers:
refining; strengthening and refining-strengthening. A
feature of steel modification by complex modifiers is
the fact that parallel to structure refinement, the nature
and shape of nonmetallic inclusions also changes, level
of grain boundary contamination by nonmetallic inclu-
sions decreases, uniformity of distribution of structural
components becomes higher, etc. [5].

2. Physical methods of modification. The main
methods applied at surfacing, which can be regarded as
this type of modification, and are aimed at metal struc-
ture refinement, are rather well known and covered in
technical literature. This is, in particular, application of
vibrations to the product during surfacing; input of ener-
gy from a pulsed heat source; pulsed feed of electrode or
filler wire; application of sources with welding current
modulation, and in a number of cases addition of sepa-
rate heat sources which affect the HAZ near the line of
the weld (deposited bead); external electromagnetic im-
pact, etc. It is not rational to conduct a detailed review of
each of the above-mentioned methods is in this paper, so
we will briefly focus on several processes, which allow
making a rather significant influence on the structural
state of steels and alloys and on their properties, respec-
tively, and which can be used at surfacing.

2.1. Low-frequency vibrations and mechanical stir-
ring of the liquid pool. Vibration is a method of forced
mixing of the liquid pool. Vibration frequency usually is
1-30 Hz at variable amplitude, resulting in breaking up
of large dendrites during solidification. Their fragments
promote nucleation of new crystallization centers, lead-
ing to microstructure refinement and intensification of
the processes of liquid pool degassing [9, 10].

2.2. Electromagnetic stirring. This method first
became applied at continuous pouring of steel ingots,
and then it began to be used in welding and surfacing.
This method ensures breaking up of dendrites on the
crystallization front and distribution of their fragments
over the entire liquid pool volume, leads to lowering
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and leveling of temperature in the pool volume and
widening of the region of overcooled liquid metal. The
number of crystallization centers grows in direct de-
pendence on power, applied to the inductor, and, hence,
on the speed of liquid phase movement [11, 12].

One of the examples of application of electromagnet-
ic stirring is use of current-conducting mould (CCM) at
electroslag surfacing [13]. In this case, slag pool rotation
in the horizontal plane takes place in the mould, which
is due to interaction of magnetic fields of the slag pool
and the current-conducting section of the mould. Slag
pool rotation leads to that the filler material particles fed
into the slag pool, melt completely and the metal is better
refined. In addition, pool rotation ensures a more fine-
grained structure of the deposited metal.

2.3. Ultrasonic treatment. This method envisages an
impact of high-frequency mechanical vibrations on the
liquid pool. An alternating pressure is applied to the lig-
uid, resulting in its rupture with formation of fine voids
— ultrasonic cavitation. It may lead to breaking up of
primary dendrites and phase components. Its fragmen-
tation and even distribution of the fragments create ad-
ditional crystallization centers and lead to macrograin
refinement. The grain size decreases with increase of
power applied to the pool, particularly after the cavita-
tion threshold has been reached [14]. By some data [5],
unlike electromagnetic stirring, at ultrasonic treatment
not only volume crystallization and the associated un-
desirable phenomena do not develop, but, contrarily, the
size of dendrite clusters decreases with grain refinement,
as a result of shortening of the transition zone.

3. Combined modification methods. In this case,
chemical additives-modifiers are applied simultane-
ously with physical impact and technological mea-
sures. It leads to enhancement of the effect of the
modifiers and enables producing superfine and special
structures. For instance, at addition of surface-active
modifiers and application of ultrasonic treatment, the
latter affects the nucleation energy in such a way that
the modifying additive more is uniformly adsorbed on
the nuclei of subcritical size and improves their resis-
tance [15]. Selection of a rational method of physi-
cal impact and of the modifier in each specific case
should be performed, proceeding from the objective
of physical impact (increase of mechanical, techno-
logical, and service properties of the manufactured
end products), as well as practical realization and
cost-effectiveness of the method of impact.

Technologies of adding modifiers at chemical
modification processes. At present exactly chemical
methods of modification of the deposited metal and
weld structure are quite widely used for surfacing and
welding processes by adding powders of refractory
chemical compounds to the weld pool. It ensures re-
finement of the metal structure and formation of new
strengthening phases that promotes improvement of
the metal service properties [16].
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There exist a rather large number of methods of mod-
ifier addition to the weld pool: through electrode or filler
flux-cored wires and strips; electrode coating; solid or
flux-cored filler rods and wires, which are placed direct-
ly into the gap in welding; ceramic flux, etc.

Here, a partially unsolved problem still is pres-
ervation of ultradisperse particles in the weld pool,
which actively dissociate during surfacing, as addi-
tion of modifiers directly into the weld pool through
the flux or electrode wire is less effective than at cast-
ing, because of high temperature in the welding zone
[17]. It is already widely known that the temperature
in the arc column, through which the molten metal
drop passes, may reach 5000-6000 K, the tempera-
ture of the drop proper reaching 2300-2700 K. There-
fore, one of the methods to increase the effectiveness
of deposited metal modification at arc surfacing is ap-
plication of elements and compounds having a high
melting temperature (2700 K) as modifiers.

Let us consider the main known methods of add-
ing modifiers to the deposited metal, as well as their
advantages and disadvantages.

1. Addition of modifiers contained in flux-cored
wire charge, directly through the arc. Despite the
above-mentioned disadvantages of the process of met-
al modification at passage of modifier additives directly
through the welding arc, such a method is quite often
applied, due to its relative simplicity and availability.

So, in [18] a complex master alloy was devel-
oped, which contains yttrium, cerium and rare-earth
elements, and which was successfully applied in the
charge of self-shielding flux-cored wires PP-AN155
and PP-AN156 for surfacing tools for hot deforma-
tion of metal (different forming and mill rolls, hot
cutters, etc.) and flux-cored wire PP-AN163 for sub-
merged-arc surfacing of propeller shafts and other
parts. As shown by production testing, modification
and microalloying of the deposited metal allowed in-
creasing the tool resistance by 20-30 %.

In work [19] metal modification to improve its wear
resistance was performed with success by adding po-
tassium fluorzirconate to flux-cored wire charge. Steel
modification by zirconium by adding to electrode wire
composition powders of ferroalloy of Fe—Si—Zr alloying
system was also applied with success in [20].

In the opinion of the authors of [21], when boron
is used as modifier, it addition to the charge of flux-
cored electrode wires looks the most promising, as
application of solid wire requires increase of its bo-
ron and titanium content, which results in increase
of the wire hardness and rigidity. Addition of boron
microadditives to the deposited metal through the flux
seems to be insufficiently reliable, because of low
metallurgical activity of boron.

In works [22, 23] deposited metal modification
was performed by adding to the charge flux-cored




METALLURGY AND TECHNOLOGY OF WELDING AND SURFACING

¢ — with TiO, addition, d_, = 4 um

electrode wires of titanium and tungsten carbide and
boron nitride powders. In these cases, so-called mi-
crocoolers were used (see below), in order to enhance
the modification effect.

As we can see, despite the negative influence of
high temperatures in the arc gap, the method of mod-
ification by introducing modifiers into the charge
of flux-cored electrode wires is quite successfully
used. By the data of [24], the sizes of disperse parti-
cles of the refractory compounds should be equal to
50-300 pum, in order to achieve a more tangible effect
from addition of modifiers to the weld pool through
the flux-cored wire charge. More over, in the opinion
of the authors of [25], in order to guarantee the tran-
sition of modifier components from electrode materi-
als into the deposited metal, such processes should be
used, in which a low-power and short-term thermal
cycle is realized and a weld of a small volume forms.

2. Application of «microcoolers». In order to re-
duce overheating and melting of modifying additives,
penetrating into the arc zone, in work [22] it was pro-
posed to apply the additives-modifiers in a mixture
with cold macroparticles (microcoolers) from wire
chips of 2x2 mm size, which are fed into the mixture
with modifiers in the form of filler material.

The same idea was realized in several works at nano-
modification of welds [6], and deposited metal [26]. In
order to preserve the activity of modifying nanoparticles
and to ensure their attachment to macroparticles that
have the role of microcoolers, mechanochemical treat-
ment of the powder mixture of macro- and nanoparti-
cles was performed in high-energy planetary mills. In
particular, in work [26] nickel-based composite micro-
granules, containing nanoparticles (up to 100 nm size)
of titanium carbonitride, were added to the charge of ex-
perimental flux-cored wires as a modifier.

More over, in keeping with the data of works [3,
17], reduction of the dimensions of additives-modifi-
ers to the nanoscale allows improving their effective-
ness. The smaller the sizes of the modifying particles,

6

and, hence, of the crystallization centers, the smaller
is the weld metal grain, and the smaller are the stress
intensity factors. Refinement of modifier particles in-
creases the specific energy of the colliding particles
and the probability of chemical interaction between
them with formation of strong ties and more effective
refinement of the metal structure (Figure 1).

3. Application of additional electrode or filler
wire. The effectiveness of metal modification can be
increased by introducing modifying additives to the
low-temperature zone of the pool in the composition
of additional electrode or filler flux-cored wire. Here,
it is rational to use one flux-cored wire in multiarc
welding (surfacing) process to change the produced
joint quality characteristics [27].

So, in [16] it was demonstrated that metal modi-
fication was quite successfully performed using flux-
cored filler wire, which consisted of low-carbon steel
sheath and filler, containing granulated powder from
nano- and microparticles of titanium nitride.

In work [28] a comparison was made of the results
of titanium modification at two schemes of its addition
in submerged-arc welding: standard, through the flux-
cored wire charge through the arc column and with di-
rect introduction of additional filler wire into the «cold»
part of the weld pool. Investigations showed that as ti-
tanium is an effective deoxidizer, the probability of its
oxidation is the highest in the arc column and in the
drop, as well as in slag deoxidation reactions. There-
fore, at titanium addition directly through the charge of
flux-cored electrode wire a reduction of its content in
the weld by 3.5 times was noted compared its content
in the flux-cored wire. However, at application of wire
of identical composition, but as a filler, titanium con-
tent in the weld decreased only by 1.3 times.

At the same time, application of additional filler
wires and strips for deposited metal modification can
be complicated by a number of factors. Introduction
of electrode wires in front of the main electrode, as
well as at a small distance from it, similar to addition-
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METALLURGY AND TECHNOLOGY OF WELDING AND SURFACING

Figure 2. Scheme of adding modified flux-cored filler wire to the
weld pool during electric arc surfacing [16]: 1, 2 — electrode and
filler flux-cored wires; 3 — electric arc; 4 — weld pool; 5, 6 —
deposited and base metals; 7 — deposited metal solidification
front; 8 — overcooled zone of metal melt

al heating of the welding wire by current, still leads
to considerable losses of the modifier, because of its
melting and dissolution in the overheated melt. Appli-
cation of electroneutral filler wire significantly limits
its feed rate, exceeding which causes wire welding to
the pool bottom, while application of several wires
leads to pool overcooling and violation of the quality
of deposited metal layer formation (Figure 2) [16].

In order to solve this problem, a comprehensive ex-
perimental study was performed in work [16], to deter-
mine the optimal parameters of introducing additional
filler modifying wire into the weld pool: angle of inclina-
tion, feed rate, distance from electrode wire to filler wire
edge, etc. Such an approach, however, requires consider-
able time and costs and needs to be improved.

Thus, the method of deposited metal modification
through additional filler wire, fed into the weld pool
tail part, allows increasing the content of modifiers in
the deposited metal. At the same time, this method is
complicated in terms of technology, involving consid-
erable difficulties of ensuring a stable arc process and
high quality of deposited metal formation and homo-
geneity of its structure.

4. Application of additional fillers, placed directly
on the workpiece, being welded or surfaced. A meth-
od of laying filler rods or wires directly into the groove
at welding is sometimes used to reduce the modifier
losses. So, in [29, 30] cast rods or consumable electrodes
of a specified length and diameter were used for weld
modification, which were placed into the groove along
the butt length directly before welding.

This method was upgraded in work [31], and a
two-arc welding process was used for melting the
modified master alloy and additional mixing of the
weld pool. Such a schematic allows avoiding direct
impact of the arc on modifying additives and shields
them by a liquid interlayer (Figure 3).

In work [32] modifying additives (disperse pow-
ders of silicon carbide and aerosil) were used, which
were located in a layer of alloying charge, applied di-
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Figure 3. Scheme of two-wire submerged-arc welding with appli-
cation of modified master alloy [31]: 1 — master alloy; 2 — flux;
3 — liquid slag; 4 — gas bubble; 5, 6 — electrode wires; 7 — lig-
uid pool; 8 — solidified slag; 9 — weld metal

rectly on the processed surface. However, this method
has a significant disadvantage: at its application sound
formation of the deposited metal can be achieved only
in a narrow range of surfacing modes. In order to solve
this problem, the authors of [33] suggested additional
superposition of an external magnetic field. Such an
approach, however, complicates the surfacing process
even more in terms of technology.

As we can see, the above-listed deposition meth-
ods allow in a certain way avoiding direct impact of
the welding arc on modified filler wires or rods. They,
however, are technologically quite complicated, and
often cannot be applied for surfacing.

Thus, the simplest and most rational of the
above-described methods is addition of modifiers
directly through the charge of flux-cored electrode
wires. This method is quite versatile and can be used
with certain modifications at different electric arc,
electroslag, plasma and other surfacing processes.

Conclusions

1. Distinction between the terms «modification» and
«microalloying» should be made. Modification is a set
of any chemical or physical processes influencing the
final structure and properties of metal (alloy), while
microalloying is a method of influencing the structure
and properties of the metal (alloy) only due to intro-
ducing into its composition small additives (< 0.1 %)
of elements or their compounds, having a significant
impact on the processes running in the solid phase.

2. Modification and microalloying of steels and
alloys are mostly used for refining their micro- and
macrostructure; reduction of chemical, physical and
structural inhomogeneity; favourable changes in the
nature and shape of nonmetallic inclusions; enhance-
ment of the set of technological, mechanical and ser-
vice properties of steels.

3. In terms of technology and economy, the sim-
plest and most rational method of metal modification
at surfacing is addition of modifiers directly through
the charge of flux-cored electrode wires. In order to
increase the modification effectiveness in this case, it
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is recommended to use modifiers with melting tem-
perature above 2700 K and (or) additionally use spe-
cial particles-microcoolers.
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PROBLEMS OF WET UNDERWATER WELDING
OF DUPLEX STEELS

S.Yu. Maksymov, A.A. Radzievska, D.V. Vasyliev and G.V. Fadeeva
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The article considers the problem of welding duplex steels: state-of-the-art of the problem and prospects for further
development. Welds made in air and under water using coated electrodes, are characterized by a similar structure and
properties. Intensive cooling provided by the water environment does not increase the content of ferrite in the weld and
HAZ as compared to its content in the joints made in the air. Butt joints produced under water at an unstable arc burning
are characterized by a tendency to cold crack formation in the weld metal, but in the HAZ cracks were not detected.
In the article the analysis of hardness distribution in the studied joints was presented, which did not reveal significant
differences between the values determined in the welds made in air and in water. The size of austenitic phases in dry
welding was larger than in wet welding under the same conditions of heat input. In wet welding, the share of y-phase
increased significantly at increase in input energy from 27.31 to 39.46 % for the weld center and from 35.01 to 44.9 %
for the weld metal adjacent to the fusion line. All the studied variants of chemical composition of the weld metal were
insensitive to local corrosion due to high values of PREN. The weld metal adjacent to the fusion line showed optimal
resistance to local corrosion, and the weld metal also showed better resistance to local corrosion than did the heat-af-
fected-zone. 17 Ref., 1 Table, 8 Figures.

Keywords: duplex steels, underwater welding, welded joint, formation, structure, corrosion, service properties,

welding consumables

From the start of 1900s, duplex and superduplex
stainless steels have an important role in oil and gas
industry, in transportation, construction and process-
ing industry [1]. By now the sphere of their applica-
tion expanded to metal structures that operate in wa-
ter environment, in particular, at construction of navy
and nuclear power units, pipelines for sulphur triox-
ide, oil and sea water, due to a favourable combina-
tion of high mechanical strength and general and local
corrosion resistance and cracking resistance, caused
by interaction of stresses and hydrogen, the source of
which is the acid environment of liquid hydrocarbons,
as well as lower cost due to lower nickel content [2].
Modern duplex stainless steels usually contain 4.5—
7.5 % nickel and 20-25 % chromium at a low level of
carbon and have a two-phase ferrite-austenite micro-
structure. As one can see from the diagram of phase
transformation of Fe-Cr-Ni system [3] (Figure 1),
when Cr/Ni equivalent ratios are higher than 1.75, just
the ferrite phase evolves from the liquid up to complete
crystallization. During the further cooling process fer-
rite partially transforms into austenite, when the tem-
perature drops to that of d—y transformation, which is
determined by the chemical composition. During ferrite
transformation into austenite with cooling, the austenite
morphology can be consistently manifested in the form
of grain-boundary amorphous structures, Widmanstatten

S.Yu. Maksymov — https://orcid.org/0000-0002-5788-0753

side plates or intragranular side plates, acicular, as well as
fine intragranular precipitates [4]. With the start of trans-
formation, austenite first appears on the boundary of the
grains due to its maximum free energy. Transformation
of intragranular austenite requires the greatest driving
force, and takes place at the lowest possible temperature.
The temperature of transformation of austenite of Wid-
manstatten side plate is between two of the above-men-
tioned temperatures. The degree of transformation and
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Figure 1. Diagram of pseudobinary phase transformation of Fe—
Cr—Ni system [3]
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final morphology of austenite are determined by chem-
ical composition and cooling rate. The higher the con-
tent of austenite stabilizers, the greater is the degree of
its transformation. The higher the cooling rate, the more
acicular and fine precipitates are present in ferrite.

Mechanical properties and corrosion resistance of
duplex steel welded joints depend on ferrite and aus-
tenite fraction in the structure, morphology and size of
ferrite and austenite grains, type, morphology and dis-
tribution of intermetallic phases, which can precipitate
from ferrite. Standard duplex and superduplex steels
cover a whole range of microstructures, the properties
of these alloys depend mainly on the balance of the
two phases — ferrite and austenite. Any form of heat
treatment, including thermal cycles of welding, influ-
ences the morphology of these steels, and, consequent-
ly, the mechanical and corrosion properties of the HAZ
in welded joints [5]. So, at heating from approximately
600 up to 1000 °C, the superduplex stainless steels are
prone to formation of intermetallic phases (for instance,
c-phase, y-phase and R-phase) [6]. Reheating can also
cause formation of secondary austenite and nitride pre-
cipitation. Presence of these phases considerably impairs
the corrosion resistance and impact toughness.

The value of heat input and cooling rate have an es-
sential influence on the microstructure and secondary
phase formation in the HAZ. During welding, the HAZ
is brought to a temperature, at which the material is prac-
tically completely ferritic. Austenite reformation starts at
cooling. The degree of ferrite transformation into austen-
ite depends on the steel composition and welding condi-
tions. A higher content of nickel and nitrogen and slower
cooling facilitate this transformation. At rapid cooling a
high content of ferrite can be recorded in the HAZ, re-
sulting in lowering of the joint strength and corrosion
resistance. Ferrite content in the metal of the weld and
HAZ should be within 25-70 %, so as to ensure opti-
mum mechanical properties and corrosion resistance [7].
In order to achieve the required balanced microstructure,
it is necessary to strictly control the filler metal compo-
sition and cooling rate. In the opinion of the authors of
work [8], the filler metal composition has a stronger in-
fluence on the final ratio of ferrite/austenite than does the

Figure 2. Cross-section of an underwater weld [11]

10

cooling rate. Cold cracking susceptibility in the welded
joints of duplex steels depends on ferrite content in their
structure, heat input and hydrogen content in the shield-
ing gas. It was noted that it becomes higher, if the fer-
rite content in the weld is more than 50 %. On the other
hand, hydrogen addition to the shielding gas (Ar) led to
reduction of cracking. The shape of edge preparation can
also promote cold cracking due to unfavourable distribu-
tion of residual stresses after welding [9, 10].

Despite the broad application of duplex steels, the
effect of water environment on the structure and proper-
ties of welded joints is little studied so far. There are no
results of extensive research or reports on duplex steels
behaviour at underwater welding and properties of the
produced joints. The most unfavourable factors for un-
derwater welding of duplex steel are believed to be in-
creased cooling rate and hydrostatic pressure, and there
also exists the risk of increased content of hydrogen in
the ferritic phase [11, 12]. Here, most of the problems are
associated with the HAZ and not with the weld.

At wet welding, the factors affecting the welding
quality, are more complex than at dry welding, and
the welding process is also more complicated. Most
of the accessible results of the conducted experiments
have been obtained at application of manual weld-
ing with industrial electrode materials, used in air,
as specialized electrode materials for wet underwa-
ter welding of duplex steels have not been developed
so far [13]. Here, the susceptibility to formation of
cold cracks and pores, influence of the thermal cycle
of welding directly in the water environment on the
structure and properties of weld metal were assessed.

So, works [12, 14] give the results of determination of
cold cracking resistance of 2205 UNS-S31803 stainless
steel, using Tekken sample (1.4462). Welding was per-
formed with Bohler FOX CN 22/9N (EN 1600 -E 22 9
3 N LR 3 2) electrodes of 4 mm diameter at the depth
of 0.5 m. Tested samples had undercuts, lacks-of-fusion
and incorrect shape. During underwater welding, it was
noted that the arc was unstable, leading to sputtering,
and uncontrolled increase of welding parameters that
exceed the admissible heat input for duplex steels. The
results of metallographic investigations revealed inter-
nal defects in the weld metal, namely pores and cracks,
which formed in the root pass (Figure 2). HAZ was very
narrow, and it could not be identified up to x50 magni-
fication. Base metal had a typical two-phase structure,
which consists of a ferrite matrix (35-50 %) and austen-
ite grains, arranged in bands; average ferrite content was
equal to approximately 48 %. The weld structure con-
sisted of precipitates of ferrite and acicular austenite nor-
mal to the fusion line (Figure 3, a); ferrite amount was
in the range from 52 to 56 %. Difference in ferrite con-
tent between the base metal and weld can be the result
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Figure 3. Microstructure (x100) of weld metal (a) and HAZ () [11]

of chemical composition of metal, deposited with FOX
CN 22/9N electrodes, characterized by a higher content
of nickel. The HAZ overheated zone (Figure 3, b) was
characterized by a higher content of ferrite, which, how-
ever, did not exceed the limit value of 70 % and was
in the range from 54 to 69 %, while the transition zone
contained local purely ferritic bands.

Hardness measurement was conducted along a line
located 2 mm below the control weld surface. Hardness
distribution in the joint cross-section along the measure-
ment line is characteristic for duplex steels: base metal
hardness was not higher than HV 5-270, hardness of
weld metal and HAZ was approximately the same, and
did not exceed critical values. This leads to the conclu-
sion that no processes of secondary phase precipitation
occurred under the impact of the thermal cycle of weld-
ing. It should be added that accurate hardness measure-
ment was made difficult by a very narrow HAZ.

Investigations of samples of S32101 steel joints,
made with E2209-T0-4 flux-cored wire at the depths of
20 and 60 m with welding mode variation (see Table),
demonstrated a certain correlation of porosity and weld
metal microstructure [15, 16]. The appearance of the de-
posited metal and its X-ray pattern are given in Figure 4.
Metal porosity in welds made at the depth of 60 m was 6
to 14 % that is almost two times higher than in welding
at 20 m depth (Figure 5). The authors attribute it mainly
to increase of hydrostatic pressure.

Comparing experiments No.1 with No.2 and No.5
with No.6 (see Table), it is easy to see that at both the
water depths porosity increases with voltage rise, and
increase rates are 21 and 67 %, respectively. Similar-
ly, comparing No.3 with No.4 and No.6 with No.8, at

Welding mode parameters [16]

Num- U, I, vV, H, Q, 3,
ber \Y A mm/s m kJ/mm %

1 27 275 8.5 20 874 3.16

2 33 275 8.5 20 1068 3.81

3 33 225 8.5 20 874 5.58

4 33 225 5.5 20 1350 3.86

5 27 275 5.5 60 1350 6.36

6 33 275 5.5 60 1650 10.59

7 33 225 5.5 60 1350 8.78

8 33 275 8.5 60 1068 13.23
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lowering of welding speed porosity decreases by 31 and
20 %, respectively. However, at lowering of welding
current porosity increases by 46 % at 20 m depth, and
decreases by 17 % at 60 m depth. Reduction of weld
porosity at 60 m depth can be associated with a higher
heat input that leaves more time for the dissolved gas to
escape, despite the higher hydrostatic pressure. Changes
in welding parameters which can give more time for hy-
drogen removal, promote reduction of porosity.

Cr/Ni ratio in the welding wire was equal to 2.56,
and it corresponds to the type of completely ferritic
crystallization. Initial solidification of the melt pool in-
cludes epitaxial growth of ferrite from base metal on
the fusion boundary. The temperature gradient deter-
mines the initial direction of dendrite growth and pro-
motes formation of coarse columnar ferritic structure.

Microstructure of the metal of welds made at the
depth of 20 and 60 m, differs significantly by distribu-
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Figure 4. Appearance of the weld (a) and its X-ray pattern (b) [16]
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Figure 5. Weld porosity at different welding parameters (1-8 —
experiment numbers (see table); 1-4 — 20 m depth; 5-6 — 60 m
depth [16]
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tion and morphology of the austenitic phase. Any causes
for reduction of the actually input amount of heat will
stimulate initiation and growth of intragranular austenite
due to relative increase of the cooling rate. Continuous
network of austenite and fine particles develops in ferrite
grains in the form of intragranular precipitates. The size
of microstructural components of the weld metal can be
reduced by increasing the welding speed.

When welding is performed with the same heat
input, the microstructure and mechanical properties
of the welds can differ. In other words, changing the
input heat amount by changing the voltage or current
can have different results. So, comparison of welds
made in mode 1 and 3 (see Table) having the same
heat input, shows that the high current promotes mi-
crostructure refinement. A similar result was obtained
at welding in modes No.5 and No.7.

The authors explain the cause for the above phe-
nomenon by a greater impact of the arc on the weld
pool that causes a stronger convective motion, which
leads to improvement of heat removal conditions.

The influence of welding parameters on the porosity
and microstructure is of a complex and nonlinear nature.
However, the diffusivity and solubility of hydrogen in
ferrite and austenite differ significantly. The ferrite grain
boundaries absorb hydrogen. Meanwhile, hydrogen at-
oms located on fine grain boundaries can diffuse eas-
ier, than those in larger grains. More over, increase of
the heat input can extent the time of staying at a high
temperature, and gas can easily leave the melt pool. As
regards porosity and microstructure ratio, the welding
parameters should be considered together.

Comparative studies of the structure of metal and
HAZ at dry welding in the chamber and directly in the
water environment [17] (Figure 6), showed that the

width of the high-temperature region, which is heated
above 1000 °C, somewhat decreases, and is equal to
30-70 um. At the same time the austenite grain size
also becomes smaller. The authors attribute it to short-
ening of the recrystallization time and increase of the
amount of y-phase, as well as limitations of diffusion
of stabilizing elements from the weld metal. Farther
from the fusion line, the volume fraction of austen-
ite becomes smaller, more intensively at wet welding
than at the dry process: from 35.01 to 25.39 % and
from 51.61 to 32.29 %, respectively.

In the weld metal the previous transformation
austenite (PTA) and grain boundary (GBA) austenite
precipitated rapidly along the ferrite grain boundaries
(Figure 6, weld section adjacent to the fusion line).
A large amount of austenite precipitates in the form
of Widmanstatten austenite (WA), which grows into
the ferrite grains, and particles of intragranular aus-
tenite (IGA) of an acicular morphology are observed
in the ferrite grains (Figure 6, weld metal in the center
and near the fusion line). Compared to dry welding,
the volume fraction of these structural components
becomes smaller. A higher cooling rate shortened the
transformation time. y-stabilizers, such as N, Ni, and
Mn had less time for diffusion that restrained the nu-
cleation and growth of the austenite grains.

Microstructural studies of the HAZ high-tempera-
ture zone revealed appearance of pits on the boundar-
ies of a—a and a—y grains, as well as inside the ferrite
grains that is indicative of precipitation of chromi-
um-enriched nitrides in these areas after welding. The
probability of their formation at wet welding becomes
higher. With increase of the heat input, the volume
fraction of chromium nitrides decreases as a result of
cooling rate lowering.

Dry welding

e '....'_;\.‘-“ N|
< 1 "";3 -~

Wet welding

Figure 6. Microstructure of welded joint zones [17]
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Figure 7. Schematic diagrams of distribution of chromium-enriched nitrides in the HAZ low-temperature zone [17]. The arrows show

chromium-enriched nitrides inside the a-phase and on a/y boundary

A longer stay at increased temperature promotes
nitride precipitation, which occurs on y/a. and o/o in-
terface, due to a high coherence of these boundaries. In
addition, a small amount of chromium nitrides appeared
in a-phase. A large amount of heat allowed enough time
for nitrogen atoms for diffusion that prevents oversatu-
rated nitride deposition. The obtained results are sche-
matically presented in the diagram in Figure 7.

Precipitation of chromium nitrides leads to depletion
of the adjacent areas in chromium that had a strong im-
pact on local corrosion resistance. Figure 8 shows the
graphs of /1 values for the base metal and low-tem-
perature region of the HAZ for different heat inputs.
Base metal demonstrated the highest density of activa-
tion current | and the lowest density of reactivation cur-
rent | (1.83-10 and 4.25-10°°, respectively). The degree of
activation was the highest at the value of 1/1, = 2.32-10~.
As BM was exposed to a series of thermal cycles, it
demonstrated a balanced microstructure. Austenite was
uniformly distributed in the ferrite matrix and no harm-
ful secondary phases (such as carbides, nitrides, ¢ or y
phases) were revealed. This is indicative of the fact that
the base metal demonstrated better resistance to local
corrosion that did the HAZ metal.

Itshould be noted that I /1, values gradually increased
at dry welding from 2.60-10 at minimum heat input
(726 J/mm) to 6.67-10- at maximum heat input (1383.3
J/mm) (Figure 8). In the latter case, the metal was ex-
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Figure 8. | /I_values for base metal and HAZ low-temperature
region for different heat inputs [17]

posed to heat treatment for a longer time and the nitrides
also had more time for precipitation on y/o. and oo
boundaries, owing to high coherence. Thus, at dry weld-
ing the degree of nitride precipitation and sensitivity to
local corrosion increased with heat input increase. At wet
welding I /1. values gradually decreased from 8.18-10
at minimum heat input to 4.78-10 at maximum heat
input that is indicative of increase of local corrosion re-
sistance with heat input increase. Dissolution of part of
austenite led to higher nitrogen content in ferrite of the
HAZ metal. Chromium nitrides were deposited from a
ferrite mixture as the high cooling rate led to decrease of
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nitrogen solubility. Here, the probability of their deposi-
tion decreased, because of the high cooling rate and short
ageing time. Thus, at wet welding the volume fraction of
chromium nitrides in a-phase decreased with increase of
the heat input that promotes lowering of the sensitivity to
local corrosion. As a result, the metal of the weld HAZ at
wet welding becomes less sensitive to local corrosion at
maximum heat input than at dry welding.

Conclusions

1. At present general purpose electrodes and flux-
cored wires are used for wet underwater welding of
duplex steels, because of absence of specialized weld-
ing consumables.

2. Destabilization of the arcing process in the wa-
ter environment leads to cold cracking in the weld
metal. No cracks were revealed in the HAZ.

3. Welds made in air and under the water using
coated electrodes, were characterized by a similar
structure. Intensive cooling that is ensured by the
water environment, did not lead to increase of ferrite
content in the weld or HAZ, compared to its content
in the joints made in air.

4. Analysis of hardness distribution in the stud-
ied joints did not reveal any significant differences in
welds made in air and in water. Hardness values, de-
termined in the HAZ, were limited by a range falling
between the values of base metal hardness and depos-
ited metal hardness.

5. Size of austenite phases at dry welding was larg-
er than at wet welding under the same heat input con-
ditions. At wet welding the y/a ratio increased con-
siderably at increase of the heat input: from 27.31 to
39.46 % for the weld center and from 35.01 to 44.9 %
for weld metal adjacent to the fusion line.

6. All the studied variants of weld metal compo-
sition were insensitive to local corrosion, because of
the high PREN values. The weld metal adjacent to the
fusion line, showed optimum resistance to local cor-
rosion, and the weld metal demonstrated better local
corrosion resistance than did the HAZ. Local corro-
sion resistance of the HAZ low-temperature zone in-
creased with increase of the heat input at wet welding,
while a reverse tendency was observed in the case of
dry welding. The HAZ high-temperature zone at dry
welding demonstrated an improved local corrosion
resistance, compared to that for welded joints made
by wet welding under the same heat input conditions.

7. Further studies will be related to stabilization of
the arcing process, and determination of the impact of
different conditions of the welding process on the possi-
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bility of cold crack formation, for instance, effect of wa-
ter type (fresh, sea), or change of the geometry of welded
joint edge preparation and development of specialized
electrode materials for wet welding of duplex steels.
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SOME ADVANTAGES OF WELDED JOINTS
OF ALUMINIUM 1201 ALLOY PRODUCED
BY FRICTION STIR WELDING

A.G. Poklyatskyi, S.I. Motrunich, .M. Klochkov and T.M. Labur
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper analyzes the structural features, characteristics of strength and resistance to initiation and propagation of
in-service cracks of butt joints on 1201 aluminium alloy of 2 mm thickness, produced by friction stir welding (FSW)
and argon-arc welding with nonconsumable electrode (argon TIG). It is shown that in FSW as a result of intensive
plastic deformation of metal in the weld nugget, a fine-grained structure with a grain size of 5-6 pum is formed. In the
zone of thermomechanical impact, deformed extended grains are observed, oriented in the direction of movement of
plasticized metal, as well as small equiaxial grains, the size of which varies within 4-12 pm, whereas at argon TIG
welding of this alloy the weld metal has a characteristic cast structure with large (0.20-0.25 mm) dendrites. The ab-
sence of beads and reinforcements in the welds produced by FSW, allows avoiding high levels of stress concentration
in the places of transition from the weld to base material, which negatively affect the service and life characteristics
of welded joints. The peculiarities of formation of permanent joints in the solid phase during FSW also help to reduce
the degree of metal softening in the welding zone and increase their ultimate strength, and resistance to initiation and
propagation of operational cracks. 15 Ref., 7 Figures.

Keywords.: microstructure, hardness, ultimate strength, resistance to initiation and propagation of in-service cracks

For the last twenty years friction stir welding (FSW)
has been widely applied in many countries of the
world for integration of flat and three-dimensional
panels, which are used in manufacture of the hulls of
ships, ferries, bodies of railway cars, etc. [1-5]. Such
a process of producing permanent joints in the sol-
id phase has become applied in car-making, electri-
cal engineering, construction, as well as in aerospace
engineering, including fuel tanks for liquid hydrogen
and liquid oxygen [2, 6-9]. In our countries heat-hard-
enable 1201 alloy of AI-Cu-Mn alloying system is
used for fabrication of welded structures exposed to
low temperature in service. This alloy contains 5.8—
6.8 % Cu and 0.2-0.4 % Mn. It has high (>425 MPa)
strength and preserves its ductility to —253 °C. In ad-
dition, presence of manganese and titanium in the al-
loy ensures its rather high heat resistance. Satisfactory
weldability of the alloy allows its wide application to
restore the welded structures, operating for a long time
at up to 200 °C temperatures, and at up to 300 °C tem-
peratures for a short time. However, in fusion weld-
ing, melting of a certain volume of the materials being
joined and welding wire in a common weld pool and
their subsequent solidification, considerable structural
transformations take place in the metal of the weld
and adjacent areas and defects appear quite often in

the form of pores, oxide film macroinclusions, and
hot cracks. As a result, the strength of welded joints
of 1201 alloy produced by fusion welding does not
exceed 70 % of that of the base metal in most of the
cases [10, 11].

At FSW weld formation occurs in the solid phase,
as a result of heating due to friction of a certain vol-
ume of the materials being joined up to a plastic state
and its stirring by a special tool in a closed space, lim-
ited by the substrate and working surfaces of the tool
shoulder and pin. That is, the process of permanent
joint formation takes place without application of an
arc discharge and without metal melting and crystal-
lization, and here there is no need to additionally ap-
ply filler wire or shielding gas. Due to that the FSW
process has several advantages, compared to fusion
welding. Among them, we should note formation of a
fine-crystalline weld structure, less pronounced soft-
ening of the joined materials, preservation of their
chemical composition, absence of defects, character-
istic for fusion welding and improvement of mechan-
ical properties of welded joints [12, 13].

The objective of this work is determination of the
advantages of FSW process, compared to argon TIG
welding, when producing butt joints of sheet alumin-
ium alloy 1201.
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Figure 1. Schematic representation of characteristic zones in FSW joint and metal microstructure (x400) in these zones of a butt joint

of 2 mm 1201 alloy

Sheets of 2 mm 1201 aluminium alloy were used
for investigations. Butt joints were produced by non-
consumable electrode argon-arc welding with 20 m/h
speed at 145 A current in MW-450 welding machine
(«Fronius», Austria), using 1.6 mm Sv1201 filler
wire. FSW was performed in a laboratory unit devel-
oped at PWI, using a special tool with a conical pin
and shoulder diameter of 12 mm [14], the rotation
speed of which was 1420 rpm, and linear displace-
ment speed was 14 m/h. The produced welded joints
were used to prepare sections to study the structural
features of welds and samples with 15 mm width of
the working part, in order to determine their ultimate
strength at uniaxial tension, in keeping with GOST
6996-66. Argon TIG welded samples were tested
both with the beads removed to base material level,
and with additionally cleaned weld reinforcement.
Mechanical testing of the samples was performed in
an all-purpose servohydraulic complex MTS 318.25.
Fracture resistance characteristics of base material
and welded joints were determined on Kan samples
[15] with a sharp notch (R = 0.1 mm), which ensures
crack initiation at a relatively low energy level, using
an all-purpose testing machine RU-5. The notch was
placed so that its tip coincided with the weld axis. The
ultimate strength at simultaneous stretching and bend-
ing of the sample and specific work of crack propa-
gation were determined, using «load-deformation»
diagrams, obtained during testing. Metal hardness
was measured on face surface of scraped joints. The
degree of metal softening in the welding zone was
assessed in ROCKWELL instrument at the load of
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P = 600 N. Structural features of welded joints were
evaluated using optical electron microscope MIM-8.
Performed research revealed that the features of
FSW process lead to formation of a specific structure
of welded joints (Figure 1). They are divided into the
central part of the weld (nugget), formed mainly in the
zone of action of the working surfaces of the tool pin
(D); zone of thermomechanical impact, adjacent to it,
where the metal was exposed to thermal and mechan-
ical impact as a result of the tool rotation and linear
displacement (C), as well as HAZ (B), where struc-
tural changes of the base metal (A) are due only to
temperature change, similar to fusion welding.
Microstructural analysis of the transverse sections
of the produced butt welded joints of 2 mm 1201 alloy
is indicative of the fact that a fine-crystalline structure
forms in the weld nugget as a result of intensive plas-
tic deformation, with grain size of 5-6 um. Here, the
size of grains and intermetallic inclusions is 5-7 times
smaller than in the base material, so that the volume
fraction of their boundaries becomes much greater. In
the thermomechanical impact zone deformed extend-
ed grains which are oriented in the direction of plas-
ticized metal movement, and fine equiaxed grains,
the size of which varies in the range of 4-12 um,
are observed, whereas in nonconsumable electrode
argon-arc welding of this alloy using Sv1201 filler
wire, the weld forms a characteristic cast metal struc-
ture with rather large (0.20-0.25 mm) dendrites, as
a result of molten metal crystallization (Figure 2). In
the zone of weld fusion with the base material, the
impact of high-temperature heating of metal leads to
partial melting of structural components of the grain
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Figure 2. Microstructure (x400) of weld metal (a) and zone of its fusion with base material (») obtained at argon TIG welding of 2 mm
1201 alloy using Sv1201 filler wire

boundaries at permanent joint formation. It results in
formation of a coarse continuous net of brittle fine-
grained interlayers, which have a negative effect on
the mechanical properties of such joints.

The microstructure of welded joint surface, shown
in Figure 3, can provide a visual illustration of struc-
tural transformations in the FSW metal, as a result of
its intensive plastic deformation. It clearly shows the
change of grain sizes in the metal being welded near
the tool shoulder edge on the interface of the HAZ (on
the left) with the thermomechanical impact zone (on
the right). In the areas, which directly interacted with
the tool working surfaces (thermomechanical impact

Figure 3. Microstructure (x500) of the surface of 2 mm 1201 al-

loy welded joint on the interface of the HAZ (left) and thermome-
chanical impact zone (right) of FSW joint

Figure 4. Cross-sections of welds of 2 mm 1201 alloy, produced
by FSW (a) and argon TIG welding (b)

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 9, 2021

zone and weld) a pronounced refinement of welded
metal grains takes place.

Performed studies showed that FSW welds differ
favourably by their shape and dimensions from those
made by fusion welding, due to permanent joint for-
mation on a backing without a groove and without
filler wire application (Figure 4). Absence of beads
or reinforcements in such welds allows avoiding the
high levels of stress concentration in the points of
weld to base metal transition, which have an adverse
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Figure 5. Hardness distribution in welded joints of 2 mm 1201
alloy produced by FSW (1) and argon TIG welding (2)
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Figure 6. «Load-deformation» diagrams recorded at simultane-
ous stretching and bending of Kan samples with a sharp notch
from BM (a) and welded joints of 2 mm 1201 alloy produced by
FSW (2) and argon TIG welding (3)
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Figure 7. Fractograms of fracture surfaces of samples of FSW welded joints on 2 mm 1201 alloy in the weld metal (a) and in the weld

to base material transition zone () (x500)

effect on the service and life characteristics of the
welded joints.

More over, it was shown as a result of the per-
formed studies that the features of formation of sol-
id-phase permanent joints at FSW also promote low-
ering of the degree of metal softening in the welding
zone and improvement of its mechanical properties.
So, measurement of metal hardness in the weld forma-
tion zone showed that it is much higher at FSW than
at argon TIG welding (Figure 5). Solid phase welded
joints have minimum metal hardness on the level of
HRB 85-86 in the weld and zones of its mating with
the base material, whereas at argon TIG of 2101 alloy
using Sv1201 filler wire the minimal metal hardness
in the weld central part is on the level of HRB 67-68,
and in the zone of fusion with the base material it is on
the level of HRB 87-88.

The ultimate strength of samples of 1201 alloy
welded joints with reinforcement, produced by argon
TIG, using Sv1201 filler wire, is on the level of 296
MPa. Fracture of such samples at static tension takes
place in the zone of the weld fusion with the base ma-
terial, where a network of brittle fine-grained inter-
layers forms during welding. Samples with removed
weld reinforcement fail at stretching in the weld cen-
tral part, where metal hardness is minimal, and have
the strength on the level of 241 MPa. As filler wire is
not used at FSW, the welded joints have no weld rein-
forcement. However, due to lower metal softening in
the welding and forming zone in the welds and in the
adjacent areas of the deformed fine-grained structure
of the welds, the ultimate strength of samples of such
welded joints at uniaxial tension is on the level of 303
MPa. Here, their fracture takes place in the zone of
thermomechanical impact in the area of weld transi-
tion to base material.

Curves, obtained at simultaneous tension and
bending of Kan samples with a sharp notch, are indic-
ative of susceptibility of 1201 alloy to rapid initiation
and propagation of cracks (Figure 6). At testing of
argon TIG welded joint samples, the crack initiating
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near the stress raiser tip in the form of a sharp notch
propagates through the weld metal, whereas in fric-
tion stir welded samples after initiation in the weld,
it shifts to the zone of weld transition to base materi-
al. Here, the presented diagrams demonstrate that the
rate of crack initiation and nature of its propagation in
FSW samples, are approximately the same as those in
the base metal. However, fracture of such samples oc-
curs at loads, close to those in the base metal, or much
higher, than that in fusion welded samples. Minimum
value of specific work of crack propagation in the
base metal is on the level of 2.7 J/cm?, indicating that
crack propagation proceeds more readily in it than in
welds produced in the solid phase and by melting, for
which these values are 3.8 and 3.5 J/cm?, respectively.

Analysis of fractograms of fracture surface on
samples of FSW joints reveals the tough mode of
their fracture (Figure 7). In the weld central part, near
the notch tip, shallow pits without any flat areas of
the relief are clearly visible. Propagation of the main
crack through the metal of such a weld will require
high-energy consumption and will be accompanied
by considerable plastic deformation. Therefore, at
testing such samples, the crack shifts into the zone of
weld transition to base material, where the fractogram
of fracture of this region shows pits limited by sharp
ridges, that is indicative of quasicleavage mechanism,
which requires lower energy consumption.

Conclusions

1. Intensive plastic deformation of metal at FSW of
1201 alloy results in formation of a fine-crystalline
structure with 5-6 um grain size in the weld nugget.
Deformed extended grains oriented in the direction
of plasticized metal displacement and fine equiaxed
grains, the size of which varies within 4-12 um, are
observed in the thermomechanical impact zone, while
at argon TIG welding of this alloy the weld forms a
characteristic cast structure of the metal with grain
sizes of 0.20-0.25 mm. In the zone of the weld fusion
with the base material partial melting of the structur-
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al components of grain boundaries takes place, and
a continuous net of brittle fine-grained interlayers is
formed, which have an adverse effect on the joint me-
chanical properties.

2. Owing to formation of permanent joints on a
backing without a groove and without application of
filler wire, FSW welds have no beads or reinforce-
ment that allows avoiding high levels of stress con-
centration in the places of transition from the weld to
base material, which have a negative impact on the
service and life characteristics of the welded joints.

3. FSW process runs in the solid phase that ensures
considerable lowering of metal softening in the weld-
ing zone and improvement of mechanical properties
of 1201 alloy welded joints. Hardness of FSW weld
metal is on the level of HRB 85-86 that is 25 % higher
than at argon TIG welding. Ultimate strength of sam-
ples of such joints at uniaxial tension is on the level of
303 MPa, while for samples without weld reinforce-
ment, obtained at argon T1G welding, this value is just
241 MPa. Fracture resistance values at simultaneous
stretching and bending of samples of FSW welded
joints are indicative of their higher resistance to crack
initiation and propagation in operation, than of those
produced by fusion processes.
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STC «The E.O. Paton Electric Welding Institute» works in
various areas of industry (such as machinery/engineering,
shipbuilding, trunk pipelines, nuclear power plants, etc.) with
structures that are working under difficult condition (that
includes variable amplitude loading, very high and low
temperatures, different aggressive environment).

STC has comprehensive solution to problems related to:

» design and modelling of various construction;

> integrity and strength analysis;

> non-destructive testing, microstructure analysis, mechanical
testing;

» risk analysis and incidents investigation;

» modeling of thermohydraulic processes;

» repair and coating of elements and structures;

» improving fatigue life of welded joints;

» extension of economic life of current equipment.
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INFLUENCE OF DEFORMATIONS FROM STATIC LOADS
ON IMPACT AND FRACTURE TOUGHNESS
OF CYLINDRICAL SHELLS

V.P. Dyadin, Ye.O. Davydov and R.I. Dmytrienko
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The work is a study of the effect of accumulation of plastic deformation in the base metal of the pipeline from the action
of inner pressure on the change of impact toughness of the Charpy specimens cut out in the longitudinal and circum-
ferential directions. The studies in this direction are carried out on the specimen made from electrically-welded straight
seam pipe of 630x8 from 17G1S steel. The obtained test results allow correcting the requirements to the specific work
of impact specimens taking into account its possible reduction depending on the predicted plastic deformation of the
structural element and anisotropic properties of the material. 17 Ref., 4 Tables, 10 Figures.

Keywords: plastic deformation, ageing, impact toughness, heat-affected zone, brittle-ductile transition tempera-

ture, fracture toughness characteristics

Various processes can develop in pipelines in opera-
tion, including strain ageing. Its development, on the
one hand, leads to adverse consequences, which low-
er the ductility and toughness values of pipeline and
pressure vessel metal, and on the other hand — ageing
is used as a variant of treatment, which allows im-
provement of structural strength of steel products [1].

Direct evaluation of the impact of strain ageing on
the change of structural material properties involves
a number of difficulties, associated with absence of
reliable witness-specimens. Application of the results
of collateral testing, performed earlier, does not al-
low guaranteeing the correctness of the conclusions,
because of a considerable scatter of the metal rolled
stock properties, characteristic for mass production
structural steels. So, works [2—4] report absence of re-
liable data that is one of the main causes for contradic-
tions between the results of different studies. Further
complications during such evaluations are also related
to that the maximum possible changes between the
metal properties during natural strain ageing after op-
eration should be determined not so much by time, as
by the magnitude of the accumulated plastic defor-
mation.

A feature of plastic deformations in pipelines is
their local nature that complicates their direct deter-
mination, and they can reach 7 and more percent [5].
Moreover, plastic deformations may accumulate in
the areas of mechanical damage, corrosion defects,
corrugations, etc. Plastic deformation increases the

rate of corrosion processes in the areas of accumula-
tion of plastic damage of metal.

Change of local mechanical, ductile and corrosion
properties of metal of various purpose pipelines, is the
main practical result of their strain ageing.

Of all the mechanical characteristics the most
dangerous, as a result of strain ageing, is the change
of structural steel susceptibility to brittle and ductile
fracture, which are measured in terms of the values of
impact toughness (KCV), critical brittleness tempera-
ture (T_) and nominal breaking stress.

Allowing for the negative impact of plastic defor-
mation accumulation on structural strength is quite
widely covered in works [6—11].

Research performed at PWI shows that in the pres-
ence of cracklike defects in the pipeline, the structural
steel toughness is determined by the steel resistance
to initiation and propagation of a ductile crack up to
formation of a ductile zone or through thickness de-
fect. At the initial stage the material ability to resist
initiation of ductile crack extension is characterized
by deformation criterion &, (value of critical crack
tip opening displacement at the moment of ductile
crack initiation). The second stage is related to sta-
ble growth of the crack, and it is characterized by the
tangent of the opening angle of a stable propagating
crack (COA) [12, 13].

It is known from local and foreign publications
that the current requirements to the value of impact
toughness of a Charpy specimen correlate quite well

V.P. Dyadin — https://orcid.org/0000-0002-2061-8436, Ye.O. Davydov — https://orcid.org/0000-0003-3470-2329,

R.I. Dmytrienko — https://orcid.org/0000-0001-8842-5051

© V.P. Dyadin, Ye.O. Davydov and R.l. Dmytrienko, 2021

20

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 9, 2021



FRACTURE MECHANICS

with the resistance of structural steels and their joints
to possible fractures, which, in their turn, are charac-
terized using different criteria of fracture mechanics.
Thus, impact toughness values of a Charpy specimen
indirectly characterize the resistance of structural ma-
terials and their joints to possible defect growth.

Approaches developed at PWI for determination
of 5. (mm), Kl(é) (kgf/mm®2), and COA (tgo) charac-
teristics by the results of impact testing of standard
Charpy specimens 10 mm thick (GOST 9454-78) and
of their strength allow considerably simplifying such
assessment [12—17]:

5,=0.05 KCV__/o

max

@
O]

0.2’

K® = (A-E-KCV® [ (1-v2))05;

S
tga=0.50—8t(1+ gt), ©)

0.2

where K is the crack resistance characteristic at
propagation of a through-thickness crack in a struc-
tural element of thickness t for temperature T; A is
the correlation factor; KCV® is the Charpy specimen
impact toughness (J/cm?) at corrected temperature 77,
taking into account the thickness; KCV __ is the spe-
cific work of destruction of the Charpy specimen on
the «upper shelf» (at completely ductile fracture): 7" =
=T + AT, where AT is temperature shift at limitation
of the thickness of structural elements (5 mm <t <
<10 mm); ¢, is the deformation, which corresponds to
tensile strength of the material 6; o, is the yield limit
(kgf/mm?); E is the modulus of elasticity, (kgf/mm?).

Dependence (3) has certain physical meaning,
the essence of which is in that the opening angle of
a growing stable crack (tga) will decrease with low-

ering of the ductile properties of the material. Conse-
quently, it will lead to greater length of the extending
crack in the case of reduction of the uniform compo-
nent of metal plastic deformation &,

Influence of plastic deformation on the change of
KCV . characteristics of specimens cut out in the
transverse direction to that of deformation, and Gy
o, was studied earlier [6], in the case of 09G2S steel.
As follows from work [6], prior deformation of metal
greatly lowers the value of impact toughness KCV,__
on the upper shelf and increases the brittle-ductile
transition temperature (T, ,) at a slight change of ten-
sile strength o, of the studied steels.

In order to perform a more detailed study of the
possible impact of accumulated residual deformation
in the pipeline on the change of impact toughness of
Charpy specimens in the longitudinal and circumfer-
ential directions, a full-scale specimen was prepared
from a 630x8 mm pipe under PWI laboratory condi-
tions. By its design the specimen consisted of a pipe
section and two flat covers (made in-house) of the di-
mensions, which allowed applying static loading by
hydraulic pressure up to fracture. In order to ensure
satisfactory conditions for specimen welding and to
prevent fracture from appearance of a zone of irre-
versible deformations during testing, the cover was
fitted by welded-on coils of the same diameter, as that
of the pipe. For this purpose, one coil 100-120 mm
wide was cut from each of the end faces (A and B) of
the pipe (Figure 1).

The main objective of conducting hydraulic test-
ing was development of deformed sections in the full-
scale specimen metal in the pipe, as a result of testing,
for their further study.

Characterization of the specimen components:

280 120
1 1 T
I 1 ]
3 1 S PO PR N (e S ||
I _'d 1 I
3 0 I A T
1 B 1 I
7 k Ead B A TR (S | ——
I 1 I
s It —
6 -2
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8
9
10 .
1
12
13
a End face B

Figure 1. System of marking the measured points (a, »); marked full-scale specimen (c)
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Figure 2. General view of the cover

Pipe marking 630x8

1, 2, 3, 4 — Sections for deformation measurement 383
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Figure 3. Marking for measurement of residual deformations: a — sections 1-7; » — points 1-32 for marking the measured bases

e clectrically welded straight seam 630x8 pipe to
GOST 10705 and GOST 10701 after service; inner and
outer surfaces had corrosion damage, wall thickness
measured by TUZ-3 thickness meter was 6.9—-7.6 mm,
length was 2970 mm, and material was 17G1S;

e flat welded cover (2 units) made in-house from
sheet steel St20 50 mm thick with 30 mm thick stiff-
eners in the quantity of 6 pcs (Figure 2).

To study the changes of geometrical parameters
(residual deformation), a system of marking the points
and sections was applied on the pipe surface in the ini-

Figure 4. General view of the site of fracture in a pipe reference
specimen after hydraulic loading by pressure 13.25 MPa

22

tial state, in which the measurements were taken. The
end faces of the full-scale specimen were marked as
A and B. The pipe surface was divided into 8 longitu-
dinal bands and 13 rings, at the intersection of which
cylindrical sectors of 247.78x247.78 mm size were
formed (Figure 3). Aring («ring 0») was cut out of the
pipe before specimen welding to study the pipe metal
in undeformed state.

In order to reach maximum deformations, the pipe
specimen was brought to destruction by hydraulic
testing (Figure 4).

After completion of testing for plastic deforma-
tion, measurements of the full-scale specimen were
taken by nondestructive testing methods (Table 1).

Metal from the specimen middle part, where max-
imum plastic deformation was observed, was used to
make specimens for destructive kinds of testing (see Ta-
ble 1, specimen fragment is shown by black drawing).

Investigations were conducted on specimens,
made in the axial and circumferential directions. Fig-
ure 5 shows specimen layout and notch position.

Specimens were cut out of an undeformed frag-
ment of the pipe («ring 0») and deformed fragment of
the pipe, shown in Table 1.

24 Charpy specimens were made for each direction
of the above-mentioned fragments. Specimens for the
wrought case were subjected to natural ageing for 40
days.
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Table 1. Distribution of residual deformation (%) in the circumferential direction after hydraulic loading of the pipe in the zone of

cross-sections 1-4 and 5-7 (I, = 61.00 mm)

(« End face A) Sections (End face B —)
Sector Area Points
1 2 3 4 5 6 7
8 1 12 2.85 3.03 3.74 3.69 3.36 4.39 451
2 2-3 3.13 3.39 3.70 3.62 3.61 4.23 4.02
3 34 3.13 3.75 3.23 3.85 T 3.56 P3.51 4.13
7 4 4-5 2.85 3.03 3.64 3.84 3.43 3.67 411
5 5-6 2.90 2.77 2.69 3.07 3.03 3.36 3.30
6 67 3.03 3.02 3.39 2.84 3.23 3.82 P3.64
7 7-8 3.33 3.15 3.84 431 3.92 3.80 3.75
6 8 89 3.13 3.15 3.16 3.13 2.87 3.92 341
9 9-10 2.56 2.49 244 2.33 3.20 3.20 2.97
10 10-11 2.49 241 2.36 2.31 3.07 3.00 2.84
11 11-12 1.93 2.84 2.80 3.03 2.54 2.49 2.90
5 12 12-13 1.90 2.08 2.05 2.28 2.03 2.59 2.25
13 13-14 1.49 1.77 1.61 1.75 1.54 2.16 2.28
14 14-15 1.92 1.26 1.72 1.66 1.64 2.59 2.77
15 15-16 2.00 1.89 2.56 2.49 2.66 2.80 2.80
4 16 16-17 2.33 2.28 2.69 2.69 2.67 2.67 3.18
17 17-18 0.97 1.16 1.77 1.70 1.57 2.33 1.46
18 18-19 0.77 0.67 0.69 0.72 0.67 1.41 0.80
19 19-20 1.69 1.90 2.10 2.26 1.92 2.67 2.56
3 20 20-21 211 2.87 3.36 3.26 2.49 241 2.72
21 21-22 2.44 2.31 2.66 2.34 2.90 P 3.05 P 3.03
22 22-23 1.92 2.28 1.87 1.59 K 2.66 K2.87 2.80
23 23-24 1.92 2.07 2.48 2.70 2.33 H2.05 2.02
2 24 24-25 2.44 3.05 3.46 4.39 2.54 H3.18 297
25 25-26 2.74 3.34 3.69 3.57 3.79 3.74 3.64
26 26-27 2.98 3.15 2.82 3.13 H3.43 H4.30 3.38
27 27-28 2.54 2.26 2.89 3.52 H2.28 H3.43 3.05
1 28 28-29 2.92 3.64 3.21 3.59 3.33 421 3.90
29 29-30 3.36 3.13 3.03 3.43 3.38 3.79 3.64
30 30-31 2.82 2.74 2.77 2.80 2.52 2.70 2.69
8 31 31-32 2.80 3.07 3.69 3.62 3.46 3.95 3.67
32 32-1 1.57 2.31 231 261 2.67 2.90 2.64
Average % 241 2.57 2.76 2.88 2.76 3.16 3.06

Figure 5. Location of specimens and position of the notch in
Charpy impact specimen (KCV) in the pipe: 1 — general view of
welded specimens cut out in the circumferential direction; 2 —
direction of pipe longitudinal axis; 3 — orientation of V-shaped
notch; 4 — general view of impact specimens, cut out in the axial
direction. Size of axial specimens 10.0x6.9 + 0.1 mm — treated,;
for transverse specimens — 10.0x7.1 mm — untreated
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Figure 6 shows the general view of the specimens
made in the axial and circumferential directions.

Impact out-of-plane bending tests were conducted
in the temperature range from —60 to 40 °C.

Results of testing specimens, made from an un-
deformed pipe fragment («ring 0»), are shown in Ta-
ble 2 and in Figure 7.

Figure 6. General view of impact specimens for the circumferen-
tial and axial directions
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Table 2. Results of testing Charpy impact specimens, made from an undeformed pipe fragment

Circumferential direction Axial direction
Number
B, mm H, mm F, mm? t, °C KCV, Jlecm? B, mm H, mm F, mm? t,°C KCV, Jlem?
1 7.46 8.25 61.55 -40 38.18 6.94 8.12 56.35 -40 47.03
2 7.46 8.25 61.55 -40 28.76 6.94 8.23 57.12 -40 66.88
3 7.38 8.28 61.11 -40 24.87 6.94 8.20 56.91 -40 41.29
4 7.44 8.14 60.56 -20 28.90 6.94 8.22 57.05 -20 72.22
5 7.42 8.35 61.96 -20 27.76 6.94 8.22 57.05 -20 67.84
6 7.43 8.30 61.67 -20 30.16 6.94 8.20 56.91 -20 70.64
7 7.38 8.35 61.62 0 55.66 6.94 8.24 57.19 0 111.38
8 7.40 8.35 61.79 0 4451 6.94 8.20 56.91 0 119.84
9 7.42 8.32 61.73 0 40.01 6.94 8.28 57.46 0 126.35
10 7.45 8.16 60.79 +20 66.13 6.94 8.18 56.77 +20 150.26
11 7.44 8.29 61.68 +20 67.93 6.94 8.16 56.63 +20 138.27
12 7.45 8.27 61.61 +20 65.25 6.94 8.24 57.19 +20 130.09
13 7.49 8.23 61.64 +40 66.52 6.94 8.20 56.91 +40 140.92
14 7.42 8.15 60.47 +40 66.81 6.94 8.28 57.46 +40 129.66
15 7.47 8.36 62.45 +40 67.09 6.94 8.30 57.60 +40 126.91
16 7.40 8.32 61.57 -60 14.34 6.94 8.18 56.77 -60 45.80
17 7.48 8.24 61.64 -60 18.30 6.94 8.18 56.77 -60 13.48
18 7.46 8.30 61.92 -60 9.50 6.94 8.12 56.35 -60 29.94

Table 3. Results on mechanical properties of an undeformed pipe
fragment

Undeformed fragment («ring 0»)
Characteristics Inthe axial ~ |In the circumferen-
direction tial direction
Yield limit 5,,, MPa 410-410 490-494
Tensile strength o, MPa 568-581 591-593
Relative elongation 3, % 24.9-26.9 21.3-223

Table 3 gives the results of tensile mechanical
testing of specimens made from an undeformed pipe
fragment.

As is easily seen from Figure 7, the pipe wall met-
al has a considerable anisotropy of impact toughness
properties in the circumferential and axial directions,
that is indicative of low resistance of this material to
crack growth in the axial direction.

In addition, a considerable difference of brit-
tle-ductile transition temperatures is observed for the

axial and circumferential directions determined by
30 J/cm? criterion.

So, for the axial direction this temperature is ap-
proximately —48 °C, while for the circumferential di-
rection it is —15 °C.

Considering that the temperature of brittle-ductile
transition (T, ,) at plastic deformation of metal shows
a tendency to grow, with accumulation of plastic de-
formations of metal it may lead to T, shifting to the
plus temperature region in individual pipe areas. Con-
sequently, it may lead to considerable decrease of ser-
vice properties of pipe metal.

In order to solve this problem, Table 4 and Fig-
ure 8 give the results of testing Charpy impact spec-
imens, made from a fragment of a pipe ring, which
was exposed to plastic deformation of approximately
3.5 % (see Table 1).

Figures 9, 10 give comparative graphs of the re-
sults of testing Charpy impact specimens, made from
undeformed and deformed (3.5 %) pipe fragments.

KCV, J/em?2
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Figure 7. Temperature dependence of impact toughness of Charpy
specimens oriented in the circumferential (K) and axial (O) direc-
tions for undeformed pipe metal: 1 — curve by minimum values
for circumferential specimens; 2 — curve by minimum values for
axial specimens; 3 — 30 J/cm? level
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Figure 8. Temperature dependence of impact toughness of Charpy
specimens oriented in the circumferential (K) and axial (O) direc-
tions for deformed pipe metal: 1 — curve by minimum values
for circumferential specimens; 2 — curve by minimum values for
axial specimens; 3 — 30 J/cm? level
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Table 4. Results of testing impact specimens made from pipe specimen fragment deformed by 3.5 %

Circumferential direction Axial direction
Number
B, mm H,, mm F, mm? t,°C KCV, Jlcm? B, mm H,, mm F, mm? t,°C KCV, J/lcm?

1 7.1 8.0 56.80 -60 7.75 6.88 8.06 55.45 -60 24.71
2 7.1 8.06 57.23 -60 7.71 6.86 8.0 54.88 -60 10.71
3 7.1 8.0 56.80 -60 5.35 6.87 8.03 55.17 -60 6.58

4 7.0 7.92 55.44 -40 12.03 6.85 7.95 54.46 -40 11.70
5 7.15 8.03 57.41 -40 13.83 6.86 8.07 55.36 -40 10.46
6 7.1 8.15 57.87 -40 12.37 6.86 8.07 55.36 -40 11.51
7 7.0 7.9 55.30 -20 13.29 6.86 8.05 55.22 -20 40.02
8 7.1 7.9 56.09 -20 24.43 6.86 8.12 55.70 -20 13.20
9 7.0 8.06 56.42 -20 19.14 6.86 8.06 55.29 -20 25.14
10 7.05 7.93 55.91 0 25.04 6.86 8.13 55.77 0 54.15
11 7.1 7.95 56.45 0 26.40 6.86 8.08 55.43 0 46.91
12 7.0 8.02 56.14 0 26.18 6.87 8.0 54.96 0 47.31
13 7.1 8.2 58.22 +20 48.78 6.88 8.1 55.73 +20 117.89
14 7.1 8.06 57.23 +20 54.69 6.88 7.91 54.42 +20 119.44
15 7.1 8.1 57.51 +20 49.21 6.85 8.05 55.14 +20 127.49
16 7.1 8.06 57.23 +40 52.25 6.86 8.03 55.09 +40 127.25
17 7.1 8.0 56.80 +40 52.64 6.86 8.07 55.36 +40 125.72
18 7.0 8.04 56.28 +40 53.13 6.88 8.16 56.14 +40 127.18

As one can see from Figures 9 and 10, after defor-
mation of pipe metal by 3.5 % in the circumferential
direction a considerable shift of brittle-ductile transi-
tion temperatures determined by 30 J/cm? criterion, is
observed for the axial and circumferential directions.
In this case, the shift of brittle-ductile transition tem-
peratures for the axial and circumferential directions
was assessed by minimum values of impact toughness
of Charpy specimens. It should be also noted that spec-
imens cut out in the axial direction are more sensitive
to the effect of pipe metal plastic deformation in the
circumferential direction (3.5 % of plastic deforma-
tion) on the general change of brittle-ductile transition
temperature, than those cut out in the circumferential
direction. So, the given graphs of the dependence of
impact toughness of Charpy specimens on testing
temperature show that the total shift of brittle-ductile
transition temperatures is equal to 40 °C for the axial
direction and about 20 °C for the circumferential di-
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Figure 9. Temperature dependence of impact toughness of
Charpy specimens oriented in the circumferential direction for
undeformed (K) and deformed (K”) pipe metal: 1 — curve by
minimum values for specimens for undeformed metal; 2 — for
deformed metal; 3 — 30 J/cm?
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rection. At the same time, the brittle-ductile transition
temperature, which was determined on the specimens
in the circumferential direction, is much higher than
that for specimens in the axial direction. Moreover,
in the ductile condition a drop of impact toughness of
the Charpy specimens is observed for the circumfer-
ential direction at pipe deformation by 3.5 % during
hydraulic loading, that is absent in specimens in the
axial direction (see Figures 9, 10).

The latter case completely confirms the validity of
the proposed approach to lowering of the characteris-
tics of brittle and tough fracture resistance of pipeline
metal under the impact of strain ageing.

From the above results it should be noted that test-
ing of Charpy specimens cut out in the direction of
pipeline axis, leads to considerable error in assess-
ment of pipeline material resistance to brittle and qua-
sibrittle fracture. So, at assessment of transition tem-
perature by specimens of 30 J/cm? impact toughness

KCV, J/em?
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Figure 10. Temperature dependence of impact toughness of
Charpy specimens oriented in the axial direction for undeformed
(O) and deformed (0) pipe metal: 1 — curve by minimum values
for specimens for undeformed metal; 2 — for deformed metal;
3 —30 J/icm? level

25




FRACTURE MECHANICS

for an undeformed pipe, the error is more than 40 °C.
More over, the ductile fracture resistance (KCV__ ) of
the material in the axial and circumferential directions
differs by almost two times that only worsens the as-
sessment (see Figures 7, 8).

The same tendency is also in place for pipe de-
formation by 3.5 % in the circumferential direction,
where at assessment of the transition temperature by
impact toughness specimens at 30 J/cm?, the error is
more than 12 °C at more than two times decrease of
material ductile fracture resistance (KCV__). In this
case, increase of ¢, yield limit is not even taken into
account.

Obtained conclusions can be useful for assessment
of the welded joint HAZ resistance to brittle and qua-
sibrittle fracture in pipelines.

Conclusions

1. Plastic deformation of pipeline wall can significant-
ly lower the ductile fracture resistance characteristics
(8, tga, KCV, g, T ) even at relatively low values
of plastic deformation in its local regions. So, for in-
stance, for 17G1S steel 7.0 mm thick the error is more
than 12 °C, at assessment of transition temperature
by impact toughness specimens at 30 J/cm? for a pipe
with 3.5 % deformation.

2. Determination of the temperature of brittle-duc-
tile transition by minimum values of impact tough-
ness of Charpy specimens for axial direction does not
correspond to the real state and is seriously underes-
timated, compared to specimens made in the circum-
ferential direction. So, for instance, for 17G1S steel
7.0 mm thick, at assessment of transition temperature
by impact toughness specimens at 30 J/cm? for an un-
deformed pipe, the error is more than 30 °C.

3. Obtained conclusions can be useful for assess-
ment of welded joint resistance to brittle and qua-
sibrittle fracture of pipelines.

1. Babich, V.K., Gul, Yu.P., Dolzhenkov, |.E. (1972) Strain age-
ing of steel. Moscow, Metallurgiya [in Russian].

2.

10.

11.

12.

13.

14.

15.

16.

17.

Paton, B.E., Semenov, S.E., Rybakov, A.A. et al. (2000) Age-
ing and procedure of evaluation of the state of metal of the
main pipelines in service. The Paton Welding J., 7, 2—10.

. Girenko, V.S., Semenov, S.E., Goncharenko, L.V. (2001)

Strain ageing of pipe steels. Tekh. Diagrost. i Nerazrush. Kon-
trol, 3, 32-35.

. Pashkov, Yu.l., Anisimov, Yu.l., Lanchakov, G.A. et al. (1996)

Prediction of residual strength limit of main gas and oil pipe-
lines taking into account the operating time. Stroitelstvo
Truboprovodov, 2, 2-5 [in Russian].

. Pashkov, Yu.N. (1996) Crack resistance of welded pipes for

gas pipelines: Syn. of Thesis for Dr. of Tech. Sci. Degree.
Moscow [in Russian].

. Dyadin, V.P. (2007) Influence of pre-deformation on impact

toughness of Charpy sample in fracture. The Paton Welding
J., 1,22-26.

. Zolotarevsky, V.S. (1998) Mechanical properties of metals.

Moscow, MISIS [in Russian].

. Mochernyuk, N.P., Krasnevsky, S.M., Lazarevich, G.1. et al.

(1991) Influence of operating time of main gas pipeline and
working gas pressure on physical-mechanical characteristics
of pipe steel 19G. Gazovaya Promyshlennost, 3, 34-36 [in
Russian].

. Gumerov, A.G. (1998) Defectiveness of oil pipelines and

methods of their repair. Moscow, Nedra [in Russian].

(1967) Structure and mechanical properties of metals. M0s-
cow, Metallurgiya [in Russian].

Gafarov, N.A., Goncharov, A.A., Kushnarenko, V.M. (1998)
Corrosion and protection of hydrogen sulfide-containing oil
and gas fields. Moscow, Nedra [in Russian].

Girenko, V.S., Dyadin, V.P. (1990) Correlation of crack re-
sistance characteristics of materials and welded joints with
results of standard mechanical tests. Avtomatich. Svarka, 6,
1-4 [in Russian].

Siratori, M., Miesi, T., Mitsushima, H. (1986) Computational
fracture mechanics. Moscow, Mir [in Russian].

Phaal, R., Madnald, K.A., Brown, P.A. (1993) Correlations
between fracture toughness and Charpy impact energy. Doc.
5605/7/93.

Girenko, V.S., Dyadin, V.P. (1985) Dependencies between
impact toughness and fracture mechanics criteria 3., K, of
structural steels and their welded joints. Avtomatich. Svarka,
9, 14-22 [in Russian].

Dyadin, V.P. (2010) Evaluation of temperature shift depend-
ing upon the specimen thickness by the force and deformation
criteria of fracture mechanics. The Paton Welding J., 4, 14-21.
Troitskii, V.A., Dyadin, V.P. (2011) Selection of control sec-
tions of the main pipelines for diagnostic examination. Tekh.
Diagnost. i Nerazrush. Kontrol, 3, 5-11 [in Russian].

Received 25.06.2021

SEPTEMBER 9, 2013

SEPTEMBER 10, 1957

named plasma cutting.

Las Vegas High Roller amusement ride of 168 m was opened in the
USA. The observation wheel is the fantastic fulfillment of achievements of machine-building and
design as well as world record-holder in height. New amusement ride is equipped with 28 cabins
of 6 meters diameter, each of which can include up to 40 people. External rim of «High Roller»
wheel was welded from two tubular steel beam of inch thickness, then they were joined in groups
of four on four beams forming rim section. Each of these elements then were joined and as a re-
sult an external wheel rim was obtained. Supporting structures were designed and constructed in
the same way in order to carry tremendous load of the wheel.

Plasma cutter was patented. Plasma cutting was invented in 1954 in a
laboratory of Linde department of Union Carbide Company. Young scientist Robert Gage found that
TIG arc passed through small diameter nozzle significantly rises its intensity and temperature. Passing
through this focused arc sufficiently large gas flow, he discovered that such arc can be used for metal
cutting. Arc temperature, reaching more than 24000 K, melts metal and intensive air flow blows out
molten metal for cutting. Since gas in arc was in overheated state, called plasma, this process was
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MODELING OF THE PROCESS
OF INDUCTION HEAT TREATMENT OF WELDED JOINTS
FROM RAIL HIGH-STRENGTH STEELS

R.S. Hubatyuk, S.V. Rymar, O.S. Prokofiev, V.A. Kostin, O.V. Didkovskyi and E.V. Antipin
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The selection of technological parameters of the heat treatment process, which provides the necessary structural and
phase transformations of rail welded joint, is a very expensive process that requires a large number of experiments with
a significant consumption of power, time, labor and financial resources. The paper proposes the method of mathemat-
ical and physical modeling of thermal processes to determine the optimal parameters of heat treatment of rail welded
joint on model specimens based on the theory of similarity, taking into account the interrelated properties and physical
phenomena with the original study. The solutions obtained during realization of this method provide a considerable
reduction of resources at determination of optimum modes of heating of products from high-strength carbon steels, in
particular, rails. Based on the scale factors of criteria of electromagnetic and thermal similarity, a mathematical model
of the induction system for numerical calculation of propagation of electromagnetic and thermal fields was developed.
The finite element method was used, which represents a tool for combining integral characteristics with the values
of vector characteristics of the studied electromagnetic fields. The dependence of physical properties of materials on
temperature was taken into account. In the course of parametric study, the parameters and configuration of the «induc-
tor—product» system were determined and the space-time distribution of the temperature field during heat treatment
modeling was determined. The obtained data of numerical calculation should be used during physical modeling of
optimization of the modes of heat treatment of the sample and will significantly reduce the number of experiments
to determine the effect of thermal heating on phase transformations and mechanical properties of steel in the zone of
welded joint. 18 Ref., 2 Tables, 9 Figures.

Keywords: induction heating, heat treatment, welded joint of railway rails, mathematical modeling, similarity

theory

At present, laying of continuous tracks is performed at
construction and reconstruction of the main railways.
This is due to the general tendency of increase of roll-
ing stock speed, particularly for high-speed passenger
trains, increased traffic intensity and traffic density.
In order to ensure a higher reliability and operational
durability of the rails, new generation high-strength
rail steels with higher carbon content are used, when
laying the continuous tracks [1].

At construction of the railway tracks, high-strength
rails are joined by welding their end faces. The joints
are mostly made by flash-butt welding process de-
veloped at PWI [2], or automatic electric arc fusion
welding. World experience shows that in the removed
defective rails the weld is the region, where up to
30 % of defects are observed. Although defects in the
weld are not predominant, they deserve close attention
at control of the rail track quality. Inhomogeneity of
the metal microstructure is found in the welded joint
zone, and unfavourable residual stresses are observed,
which create the conditions for formation of internal

defects, weakening the rail section with the weld. The
HAZ of the rail welded joint has different sections,
characterized by the presence of soft metal layers on
the rail rolling surface and layer of lower ductility and
toughness, more prone to brittle fracture, compared to
the rail base metal.

Higher carbon content cardinally changes the steel
weldability. In terms of one of the main indices of
steel weldability, namely carbon equivalent C,, the
rail steel is close to the high-strength medium-alloyed
steels with 0.30-0.45 % carbon content. The values of
carbon equivalent for these steels are approximately
the same: C_ = 0.8-1.0 %. It points to the fact that by
the weldability criterion the current high-strength rail
steels belong to satisfactory ones, i.e. to those which
require special welding modes and technological
measures, without which it is impossible to ensure the
integrity and quality of the welded joint [1].

One of such measures is heat treatment (HT) of the
rail welded joint, which minimizes the consequences
of the high-temperature heating of metal during weld-
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ing, refines its microstructure, increases the welded
joint strength, and relieves residual stresses. HT ap-
plication has a positive impact on the service life of
the rail butt joint [3].

Purpose and objectives of the study. The pur-
pose and objectives of the study is development of
a mathematical model for numerical modeling of
the process of high-frequency induction heating of
a model sample from high-carbon high-strength rail
steel with a welded joint with determination of the
parameters and configuration of «inductor—product»
system for further performance of a real induction HT
of a model sample, as well as determination of space-
time distribution of the temperature field during HT
performance.

Here, in order to shorten the time for calculation,
it is rational to divide the mathematical modeling pro-
cess into two stages: first — modeling of the process
of high-frequency induction heating of «inductor—
product» system; second — modeling of the structure
of phase transformations and properties of the weld
metal in the product, depending on the thermal cycle.

The following objectives were defined, in order
reach the purpose:

e develop the concept of physical modeling of in-
duction HT of welded joints of high-strength railway
rails on model samples;

e using the physical model as a basis, develop a
mathematical model for numerical calculation of in-
duction heating of a model sample with the welded
joint from high-strength rail steel,

e develop a mock-up and perform experimental
studies on physical modeling of induction heating of
a model sample.

Analysis of published data and problem defini-
tion. Analysis of application of computational models
of induction heating systems shows wider application
of numerical modeling methods when solving the
problems of optimization of technological parame-
ters of HT process. Numerical modeling of induction
systems enabled studying not only individual aspects
of electromagnetic and thermal field propagation, but
also the accompanying phenomena and processes,
such as stress-strain state and structural transforma-
tions of metal, and developing multiphysics models,
taking into account the inextricable connection be-
tween these processes and physical phenomena.

In work [4] at development of a mathematical
model of an induction heating system methods of in-
duction system analysis are proposed, which enable
consistently taking into account the nonlinear de-
pendencies of thermophysical properties of the met-
al being heated, and in [5] the method of parametric
optimization with distributed parameters was used.
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However, here the transformations in steel when ex-
ceeding the temperature of magnetic transformation
points are ignored, that introduces an error at calcula-
tion of energy characteristics of the studied induction
system.

In [6, 7] at development of a numerical model of
induction heating of bodies of different cross-section
with inhibition of the edge and end effects, a more
uniform temperature field in the billet is achieved
through application of the technological measures of
changing the number of inductor sections, current fre-
quency, different designs of magnetic concentrators,
regulation of the speed of billet movement, etc. Here,
the dependence of the billet magnetic permeability ei-
ther on temperature, or on the magnetic field intensity
is not taken into account.

Induction heating models from works [8, 9] use
temperature-dependent B—H curves, nonlinear depen-
dencies of the material thermophysical properties and
change of phase transformation during sample heat
treatment at rapid heating and cooling. Used as the
model sample material is base metal of the studied
object, homogeneous over the entire cross-section,
which was not subjected either to thermal or to me-
chanical impact before that. Modeling is performed
on samples in keeping with the normative standards
or samples of an arbitrary shape and geometrical di-
mensions without indicating the criteria for selection
of a particular parameter that influences the accura-
cy of the obtained results at transition from physical
modeling on model samples to real objects and real
technological process.

In view of the fact that the modern technologies
of induction HT are not always optimal and do not
allow fully obtaining the required characteristics of
metal in the zone of rail welded joints [1], it becomes
necessary to perform further investigations and study
the features of phase transformations in the rail weld-
ed joint after HT. Performance of high-quality HT re-
quires refining the modes and optimizing the param-
eters, influencing the heating processes, conducting a
large scope of costly research on the effect of heat-
ing rates, soaking and cooling time on the features of
structure formation in the welded joint zone. Solving
this kind of problems requires an integrated approach
that includes rational application of mathematical and
physical modeling methods for investigations, and
determination of key parameters of HT process. It is
urgent and rational to solve such a problem first by
modeling on small model samples of rail steel welded
joints. For this purpose it is necessary to develop on
the base of the theory of similarity the mathematical
model of HT process of model samples, taking into
account the interrelated properties and physical phe-
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nomena with the studied original. A small model sam-
ple can be used to optimize the heating modes and to
study the properties of the treated weld metal, which
is followed by transition to refining the modes of HT
of a butt welded joint of a real rail [10]. The proposed
approach enables greatly reducing the resources used
at determination of optimum modes of heating prod-
ucts from high-strength carbon steels, in particular,
rails. Developed models of induction HT process will
allow optimizing the inductor design to ensure the
required temperature field in the zone of the welded
joint of the object being heated, and it allows a more
effective performance of HT process.

Methodology and methods of investigation of
the induction system. At induction heating the elec-
tromagnetic and thermal processes are interrelated,
and they are described by nonlinear differential equa-
tions, which cannot be solved analytically. This kind
of problems can be solved only by numerical meth-
ods. The finite element method is extensively used for
modeling the induction heating systems. This meth-
od is a tool for correlating the integral characteristics
with the values of vector characteristics of the studied
fields. The problem of induction heating modeling
belongs to multiphysics problems that involve inter-
related calculations of propagation of the electromag-
netic and thermal fields [11].

At temperature variation in a broad range it is im-
portant to take into account also the change of phys-
ical properties of the materials, as it has a significant
impact on the electromagnetic and thermal charac-
teristics of «inductor-product» system. For correct
solution by mathematical modeling of the process of
induction HT, and in order to solve the interrelated
problems of propagation of the electromagnetic and
thermal fields it is rational to use multiphysics soft-
ware packages of finite element analysis, for instance
Comsol Multiphysics.

The object of study is «inductor—product» induc-
tion system, which consists of a cylindrical multiturn
inductor that covers a cylindrical sample in the form
of a solid rod from high-strength rail steel with in-
creased carbon equivalent that has a transverse weld-
ed joint.

Introduced simplifications. The complex shape of
the rail cross-section and different weight and size
parameters of the rail main parts do not allow per-
forming mathematical modeling of the process of in-
duction HT in the two-dimensional or axisymmetric
definition of the problem, but only in 3D formulation
that requires considerable computational resources
and quite considerable computer time. In order to
obtain a faster evaluation result of mathematical and
physical modeling of the process of induction heating
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Figure 1. Transverse sections of the rail head and the solid cylin-
drical rod, which replaces it

of the rail butt welded joint, it was proposed to reduce
the rail cross-section to a simpler form and to sep-
arately study induction heating of the main rail ele-
ments — head, web and foot. Here, these elements are
replaced by simple figures: solid (for the head) and
hollow (for the web and foot) cylindrical rods with
equal parameters, surface areas and weights of the
rail and rod elements. More over, in order to simplify
physical modeling of the heating, these simple figures
can be further reduced, by applying the similarity the-
ory [12, 13].

As an example, let us consider the rail head, which
is the most prone to dynamic loads, wear of the rolling
surface and is susceptible to initiation of defects and
cracks in the transverse weld zone. The head contains
layers of hardened, transition and base metal.

The cross-section of the rail head in Figure 1 is
presented in the form of a solid cylindrical rod of di-
ameter D, perimeter L, and area S,, which are equal
to the perimeter of the heating zone under the induc-
tor of head L, and head area S,. Such a geometrical
transformation allows preserving the weight and size
parameters of the head and the rod, and ensures cor-
rect results of physical modeling. In the site of the
anticipated axial section P of the rail a condition is ac-
cepted that the temperature of this region is the same
as that of the head surface and no heat removal occurs
in this direction.

The criteria of geometrical, and electrodynamic
similarity and similarity of thermal processes allow
determination of the parameters of the mathematical
and physical model, geometrical dimensions of a cy-
lindrical sample with a transverse welded joint, and
frequency of inductor supply current. The geometrical
parameters of the inductor are determined when solv-
ing this problem.

To simplify further physical modeling of induction
heating, we will reduce the overall dimensions of the
cylindrical full-scale rod shown in Figure 1, to a mod-
el rod, introducing scale factors into consideration
[13, 14].

Scale factors, similarity of electromagnetic pro-
cesses. For induction system under consideration, we
will assume the scales of magnetic induction m,, mag-
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netic permeability m, of steel, magnetic field intensity
m, and specific electric resistance m_ of full-scale 1
and model 2 rods to be equal to a unity that is valid in
the case of using steel with the same electrophysical
characteristics:

B
m=-_t=1 m=2=-1
B 82 T "
H
m, :H—1=1, m —&_1,
2 P pZ

where B, B,; u,, n,; H,, H,; p,, p, are the magnetic
induction, magnetic permeability, magnetic field in-
tensity and specific electric resistance in the full-scale
and modeled rods, respectively, which are according-
ly equal to each other.

We will assume the following main linear | geo-
metrical dimensions: diameters of full-scale and mod-
el cylindrical rods d,, d,; length of magnetic lines of
force in the rods under the inductor L, I, (close to in-
ductor length in the considered models); depth of pen-
etration of magnetic fluxes and induced currents in the
rod A, A,. The scale of linear dimensions m,, equal
to the ratio of the mentioned geometrical dimensions,
will be equal to:

M=4 "A L @)

Depth of penetration of the induced currents in the
full-scale and model rods for steel is [15]:

A 1 2p
12k ' 3
K\ T, HoH,
where k= 1.4 is the coefficient of reduction of pene-
tration depth for a ferromagnetic medium; f, f, are the
frequencies of induced currents in the full- scale and
model rods; p, = 4n:107 H/m is the magnetic con-
stant; p_is the relative value of the steel magnetic per-
meability. For nonferromagnetic steel, which lost its
magnetic properties, when its temperature rose above
the Curie point (approximately 740 °C), k, = 1 and
uo=1
Having divided A, by A, using expressions (1)—
(3), we will have:

wifi
== | = =—, 4
LA, f N

where m, is he scale of current frequency.

2’ ©)
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Time is inversely proportional to frequency t ~ 1/f.
Thus, the time scale per one period of current oscilla-
tion m,, allowing for expression (5), will be equal to:

t f 1
_ 1 2 _ 2
mt—g T om U (6)

In keeping with the law of electromagnetic induc-
tion, the voltage in the full-scale and model cylindri-
cal rods (in the first approxirnation) is:

=2xnf B..S )

12712712
where S, S, are the cross-sectional areas through
which the magnetic flux passes in the rods. At high
frequencies

S, =nkd A ®)

d1,2712?
where Kk, is the coefﬁc1ent of reduction of the rod di-
ameter, approximately by the depth of the magnetic
flux penetration. This coefficient is the same for both
the rods.
The voltage scale m , allowing for expressions (1),
(2), (5), (7) and (8), is equal to:

U fdA

l
ZdZAZ

my, = =memm, )
that corresponds to m scale.
Electric resistance of rod regions, through which
the current flows is:
d
_ 12
R1,2 = pnkd = (10)
12

where S, S, are the cross-sectional areas, through
which current passes in the rods. At high frequencies:

S'~A |

17 P121,2 (11)

Scale of electric resistance m,, allowing for ex-
pressions (2), (10) and (11), is equal to:

R1 Jdal, mo 1
M = T d, AI mlmI m (12)
In keeping with Ohm’s law the current is:
I _U1,2
(13)

7R,

Current scale m,, taking into account expressions
(9), (12) and (13), is equal to:

N (14)

Current density is:
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12
Jl 2

g 15
208, (15)
Scale of current density m , taking into account ex-

pressions (2), (11), (14) and (15) is equal to:

o, LAL mmm
Full and active power is:
_ ) )
S1,2 _U1,211,2’ }12 =1 R1,2‘ (17)

12

The scales of full mg and active power m, taking
into account expressions (9), (12), (14) and (17), are
equal to:

S

1
m =-1
S

SZ

3
3

1l
3

(18)
m =—=mm_=

P P | R

2
L
2 Mg

Energy per one period of current oscillation is pro-
portional to power and time 1 ~ Pt, its scale being m

WA

3
=1~ I-mm=m,
W W2 Pztz Pt l (19)
Flux linkage W is:
Y, =wd, =wB S, (20)

where w is the number of turns, for rods w = 1; ,,
®, are the magnetic fluxes in the rods. Here, the scale
of flux linkage m, and of magnetic fluxes m, from
expressions (1), (8) and (20) is as follows:

¥, da .

1 2.
m, =—= =mm =m L1 =—
1 17 1,2
2 dzAz '1,2

y =g (21)

Inductance is:
v

12
L1,2 T

12

(22)

Scale of inductance m,_taking into account expres-
sions (1), (14), (20) and (22), is equal to:

|
- L2 lell m|

(23)

Inductive (reactive) resistance is:

X1,2 - 2nf1,2 L1,2‘

Scale of inductive resistance m, taking into ac-
count expressions (5), (23) and (24), is equal to:

(24)
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m = (25)

1
m

Scale of full resistance m, allowing for expres-
sions (23) and (25) is:

Z 1
T M2 am? =

mz —ZZ = mR+mX —ml . (26)
Similarity of thermal processes. Fourier criterion
[16] for nonstationary thermal processes has the fol-

lowing form:
Fo = @7)

where a is the heat conductivity coefficient:
}\‘I

a__y
yC

(28)
where A is the heat conductivity; v is the density; ¢ is
the heat content (a, A, y and ¢ are the same for the full-
scale and model rods); t' is the heating (or cooling)

time.
t’ |
m'=—1,={iJ=m2.
t t I |
1 2

The rate of heating v of the rod sections is directly
proportional to temperature T and is inversely propor-
tional to time t', v ~ T/t'. As the temperatures should
be the same, the scale of the rate for thermal processes
of the rod heating m , is as follows, allowing for ex-
pression (29):

(29)

b L 11
U e @

Model scaling. For a full-scale sample the current
frequency of the thyristor frequency converter is f, =
= 2.4 kHz, for a model sample the thyristor frequen-
cy converter has current frequency f, = 130 kHz. The
scale coefficient of frequency by formula (5) is m, =
= 18.462-1073, while the scale coefficient of linear di-
mensions by formula (4) is m = 7.36.

The depths of penetration of induced currents
in the full-scale and model rods by formula (3) (at
Pgso -c = 7.76:107 Ohm'm) are A, = 9.05 mm, A, =
=1.23 mm in the case, when the steel has lost its mag-
netic properties.

The full-scale sample diameter is d, = 62.7 mm. \We
will use the scale factor of linear dimensions to deter-
mine the model sample diameter d, = d./m, = 8.5 mm.

In Table 1 we will give the values of scale factor
for the model rod, and in Table 2 — the initial data for
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Table 1. Values of induction system scale factors

Table 2. Initial data for numerical modeling of «inductor—rod»
system

Parameter Transition factor Scale factor
High-carbon steel
Linear dimensions | m, = ]/Jmf 7.360 Parameter (0.8% C)
Current frequency f m, = 1/m? 18.46-10°° Sample length, mm 110
Current period T m, =m? 54.200 Sample diameter, mm 85
Current | m=m, 7.360 Ambient temperature, °C 20
Electric resistance R m, = 1/m, 0.135
- Initial sample temperature, °C 20
Current density J m, = 1/m, 0.135
Power S m=m 7.360 Supply current frequency, kHz 130
N | "
Power P m,=m, 7.360 Inductor current, A 200
Energy W m, =m? 398.680 Specified temperature of zone heating, °C 850...900
1 - 2
Flux linkage ¥ m, =m, 54.20 Outer diameter of the inductor, mm 28-33"
Inductance L m,_=m, 7.360 : :
Inner diameter of the inductor, mm 8.75-10.75"
Reactance X m, = 1/m, 7.360
Impedance Z m, = 1/m, 0135 Inductor width, mm 28-38
. . L . . Distance between inductor windings, mm 7-10
numerical modeling of this «inductor-rod» induction :
system. Tube diameter, mm 6
The computational domain of the studied model of | “Initial values for parametric investigation of the inductor geomet-
the induction system is shown in Figure 2. It contains | rical dimensions.

a three-turn water-cooled inductor Q , from a copper
conductor in the form of a round tube with an internal
rectangular concentrator of the magnetic field and is
a source of variable magnetic field of specified fre-
quency. The product being heated is a sample in the
form of a solid cylindrical rod Q, from high-carbon
ferromagnetic rail steel with simulation of the welded
joint HAZ Q, in its center and of ambient air €2,. From
the viewpoint of axial symmetry, the mathematical
model is represented in a two-dimensional cylindrical
axisymmetric system of coordinates r0z. The electro-
magnetic problem was considered in the frequency
domain, and the thermal nonstationary problem — in
the time domain. The following physical processes
were taken into account at modeling: joulean heating
of sample metal due to eddy currents generated in it,
thermal conductivity in the metal volume, heat losses
for radiation and convection.

The process of induction heating is described by
a nonlinear interdependent system of Maxwell and

mim
-1 30
-1 20
Q> —10
v =)
1 1 1 U
mm 30 25 -30

Figure 2. Axisymmetric model of the induction system
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Fourier equations for the electromagnetic and thermal

fields with the respective boundary conditions [16].
In order to solve the electromagnetic part of the

calculation, the system of Maxwell equations is pre-

sented in the differential form:

0B

@ @
rOtH—J'FE, rOtE——E,

_ — (31)
divD = Py divB =0,

where H , E are the vectors of magnetic and elec-
tric field intensities; D, B are the vectors of electric
and magnetic induction; J is the vector of conduc-
tion current density; J = oE ; o is the specific electric
conductivity; p_ is the density of extraneous electric
charge.

Density of bias current %—lt) does not have any no-

ticeable influence up to megahertz frequency range,
as the conduction current density is much higher than
that of bias current, so that it can be ignored, and then
the equation becomes:

rotH =J. 32)

The system of equations (31) was complemented
by material equations for establishing a connection
between the magnetic field intensity and magnetic in-
duction, electric bias and electric field intensity, char-
acterizing the electric and magnetic properties of the
environment:
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B= uourH; D= SOSrE, 33)
where ¢ is the absolute dielectric permeability of the
material; & is the relative dielectric permeability of
the material.

Numerical calculation of the electromagnetic fields
of the induction system by finite element method is
performed, using the representation of the distribution
of vectors H, E in the form of potential functions,
and the equations are written using the vector magnet-
ic potential A and scalar electric potential V' which
are defined as follows:
oA

E=-——gradV.

B =rotA; i

(34)

As in the axisymmetric model the currents are
directed normal to the geometrical model plane, the
vector magnetic potential Aq) has a single component
(0, @, 0), unlike H, B fields, which have two com-
ponents (r, z) in this plane.

Proceeding from the system of Maxwell equations,
and allowing for the assumptions made and the con-
nections for the conducting sections (of the inductor
and steel rod) the differential equations will be written
in the following form:

vl_:j;
A O

joo(T)A+V x A (=0,

— A
(“o“r (T))

where V is the nabla operator; 70 is the vector of
current density; i=v-1 is the imaginary unit; © is
the angle frequency of the field, ® = 2xf. Here, ¢ and
u, depend on temperature T.

For correct calculation of the induction system
parameters, it is necessary to take into account the
dependence of electrophysical properties of steel on
temperature T, as well as the loss of magnetic proper-
ties by it after reaching the temperature of the Curie
point — T, that will change the depth of penetration
of the magnetic field and eddy currents into steel, res-
onance frequency and quality factor of the induction
system.

In order to determine the magnetic permeability p
of the steel sample with carbon content in the range
of 0.5-1.0 %, depending on magnetic field intensity
I-_IO and temperature, an approximation function of
the following form was adopted [18]:
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aHP -1
1+ 0 s if T<T;
y
_ T
u(H, T)= 1+(TK_T] (36)
LifT>T,,

where o' =3-10% B'=-0.85; %' = 1.9; 8' = 0.16 are the
approximation factors.

At modeling of the process of induction heating,
the following was assigned as the boundary conditions
of the electromagnetic part of the problem: on axis of

oH

symmetry 0z the Neumann condition = 0 — ab-

sence of the tangential component of the magnetic
field intensity; Dirichlet condition A(p =0 — pres-

ence of magnetic insulation on the outer boundaries,
when the field is localized within the calculated re-
gion. The condition of constant temperature (30 °C)
in the inductor turns due to cooling was accepted in
a similar way.

In order to solve the nonstationary thermal prob-
lem in the time domain [16], Fourier equation, de-
scribing the temperature field distribution, was used:

yC(T)% —VAVT =Q, 37)
where Q is the specific power of the heat sources.

Considering the nonlinear nature of the dependen-
cies of physical parameters v, C, A, and 6 on tempera-
ture T, in equation (37) they were assigned by the in-
terpolation functions based on reference data for the
high-carbon steel.

Calculation of specific power of inner heat sourc-
es links the electromagnetic problem to the thermal
problem through determination of ochmic losses from
the induced eddy currents in the sample that has a
non-zero resistance, and non-zero density, according
to Joule-Lentz law:

(38)
where P is the evolving volumetric power; ‘7| is the
total current density in integration point i.

In order to take into account thermal losses from
convection and radiation from the side and end faces
of the rod, the following expression was given:

q=-n(kVT)=k(T -T)+e3(T* -T"). (39)
where @ is the unit outward normal vector; k is the

convective heat transfer coefficient; T is the ambient
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Figure 3. Distribution of force lines of the magnetic field of in-
duction system

temperature; € is the Stephan—Boltzmann constant; &
is the emissivity.

For correct accounting for the surface effect in the
conductors and product, the computational grid cells
were taken to be rectangular and very fine in the thin
layer along the depth of magnetic field and eddy cur-
rent penetration. In other areas the grid cells have the
form of triangles.

Results of studying mathematical modeling of
an induction system of heat treatment process.
A distribution of the electromagnetic field of an in-
duction system was derived as a result of solving the
problem in the frequency domain (Figure 3). Due to
the ring effect the lines of force of the magnetic field
gather near the inductor inner surface and the rod out-
er surface with a high intensity of the magnetic field.
Similarly, the current is concentrated in this area on
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the inner surface of the inductor conductors, namely
on the edges of the rectangular concentrators of the
magnetic field near the rod, and in the rod — on the
surface under the inductor.

Figure 4, a shows the distribution of magnetic in-
duction, B, and Figure 4, b — distribution of cur-
rent density, J . The presented figures clearly show
the ring effect and skin-effect in the inductor and rod
conductors.

Figure 5, a shows the distribution of current den-
sity in the rod cross-section from its center to the side
surface in its magnetic and non-magnetic state (tem-
perature above the Curie point). On the rod surface
in the magnetic state the current density is maximum
and reaches the value of 422 A/mm?. Closer to the rod
center the current density drops abruptly and at the
depth of 0.02 mm its value is equal to 313 A/mm?; at
the depth of 0.04 mm it is 234 A/mm?; at the depth of
0.1 mm — 96 A/mm?, and at the depth of 0.4 mm —
just 2 A/mm2, In the nonmagnetic state the current
density is the highest on the rod surface and equal to
49 A/mm?, at 4 mm distance from the rod center it
is 30 A/mm?, at 3 mm distance — 8 A/mm?, and at
2 mm distance — 1 A/mm?. Current density distribu-
tion in the axial direction on the rod surface is shown
in Figure 5, b. Its peak values are determined under
the rectangular concentrators of the magnetic field of
inductor turns, where the distance to the rod surface
is the shortest.

During modeling the energy parameters of the in-
duction system were studied, depending on inductor
current frequency f = 0.05-130.0 kHz. Figure 6, a
shows the calculated dependencies of the total S, re-
active Q, and active P, = I>R power of the inductor,
active power in a model rod P, = Q and power factor
cosp = P /S, (Figure 6, b). The active power release
is enhanced with increase of current frequency that is
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Figure 4. Distribution of induction system energy characteristics: a — magnetic induction; » — current density
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related to reduction of the skin layer and increase of
active resistance in the current passage path.

At calculation of the processes in the time domain
the electromagnetic and thermal calculations were
conducted sequentially, with refining of tempera-
ture-dependent parameters at each iteration step. In
the electromagnetic part of the calculation, the most
important parameter, which is transferred to the ther-
mal part of the calculation, is the electric power, which
evolves in the product and is responsible for heating.
The ultimate goal of the calculation is obtaining a
favorable distribution of the temperature field in the
product at heat treatment of the sample with minimiz-
ing the thermal impact on the base metal beyond the
welded joint. The welded joint proper consists of sev-
eral different zones: fusion line (white band), zones of
the coarse and fine grain, and softening zone. The met-
al in these zones has different structural components
and different mechanical characteristics, which differ
from the zone of base metal, which is not exposed to
the thermal impact of welding. During modeling of
heat treatment of metal in the welded joint zone, its
heating was performed up to temperature somewhat
higher than the structural transformation point A ,,
close to 850-900 °C, at which the required structural

1000

800 -

600 -

Power, W

1 1 1 1 1

60 90 120
a Frequency kHz

transformations of metal in the welded joint zone take
place, to ensure a uniform structure of the metal.

During parametric solution of the problem, in
order to obtain the required temperature field, the
geometrical design parameters of the inductor — its
width of 33 mm, interaxial distance of 8 mm, inner
diameter of 9.75 mm and outer diameter of 30 mm
were determined.

Figure 7 shows the distribution of the induction
system temperature field at the end of the heating
cycle. These geometrical parameters of the inductor
provide the required temperature field and heating
temperature above that of the start of phase transfor-
mations in the area of the sample welded joint that
will allow achieving the required structural transfor-
mations in the joint metal.

Figure 8, b shows the location of points for tem-
perature monitoring, when solving the thermal prob-
lem in different zones of the welded joint and the rod
base metal zone.

In Figure 9 the graphs of temperature variation
with time in these points were plotted. One can see
that the process of sample heating can be divided into
two characteristic regions. The first is the region of
heating the ferromagnetic metal to magnetic transfor-
mation point (Curie point), where the most intensive

048 -

0.46

0 40 80 120
b Frequency kHz

Figure 6. Energy parameters of induction system, depending on inductor current frequency: a— S, Q, P, and P,; » — power factor

cosQ
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Figure 7. Temperature field distribution in the sample longitudinal section

heating takes place due to absorption of the electro-
magnetic energy by a thin skin-layer and high densi-
ty of induced current flowing in it, with considerable
evolution of thermal power and temperature propa-
gation to the deep layers due to heat conductivity. In
the second region a lowering of heating intensity is
observed, because of the metal loosing its magnetic
properties and of an increase in the depth of current
penetration at lowering of its density with reduction
of the released thermal power and lowering of heating
intensity.

Physical modeling of the process of induction
heat treatment of a model sample. The parameters
determined from earlier performed mathematical
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Figure 8. Sample for physical modeling of induction HT: a —
illustration of the scheme of cutting out model samples from a
welded joint of railway rail: » — layout of points for model sam-
ple temperature monitoring
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modeling were used to conduct experiments on physi-
cal modeling of the process of induction HT. Physical
modeling was performed on a sample of 8.5 mm di-
ameter and 110 mm length, which was cut out of the
railway rail head from high-strength rail steel K76F
with a welded joint, located in the sample center (Fig-
ure 8, a).

Induction heating of the model sample was con-
ducted using the developed low-power laboratory
mock-up of a high-frequency power source based on
a bridge inverter. The resonant oscillating circuit of
the laboratory mock-up operates by the series type of
RLC-circuit connection, where the model sample is
the load. The copper three-turn water-cooled inductor
with a magnetic field concentrator is placed above the
welded joint zone. A battery of compensation capac-
itors and a matching transformer are connected. The
power of the laboratory mock-up of the high-frequen-
cy current source for induction HT is equal to 2 kW,
current frequency is 130 kHz. Rogowsky belt and dig-
ital oscilloscope Siglent SDS 1102CLM+ were used to
control the inductor current, frequency, shape and am-
plitude of inductor voltage. To monitor the tempera-
ture change in the model sample, two reference points
were defined: the first was thermocouple 1 (Figure 8)
in the sample central part on its surface, to determine
the maximum temperature of sample heating, and the
second was thermocouple 2 at the end of welded joint
HAZ to monitor the temperature field propagation in
keeping with mathematical modeling. Used as sen-
sors for temperature monitoring, were chromel-alu-
mel thermocouples of K type of 0.75 mm diameter,
which were welded-on in the specified points on
the sample surface by capacitor-discharge welding.
Conversion of the signal from thermocouple sensors
in real time was performed by ADC L-Card E20-10
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and galvanic decoupling block Promsad PSA0101, as
well as special software for computer visualization of
the derived data.

The thermal cycle of the induction heating process
was determined, when conducting the experiments on
physical modeling of induction HT of an experimental
model sample from high-strength rail steel (Figure 9).
At physical modeling the sample maximum tempera-
ture in the first reference point was equal to 882 °C
for 180 s of the heating process, and in the second
reference point it was 578 °C for 180 s. When com-
paring the calculated and experimental thermal cycles
the largest error was close to 10 %. The calculation
data obtained with application of the finite element
method and measurement data at physical modeling
of the thermal cycles lead to the conclusion that the
calculated temperature change in the mathematical
model agrees well with the experimental data. This
allows using it for the next modeling step: determina-
tion of structural transformations in the welded joint
metal under the impact of technological parameters of
heat treatment that enables optimizing the technolog-
ical processes of induction heat treatment of welded
butt joints of railway rails.

Results of investigations at induction system
modeling. Analysis of the presented results shows the
correct solution of the problem, allowing for the phys-
ical processes and phenomena during modeling of the
induction heating process. The developed mathemat-
ical model for numerical modeling of the process of
high-frequency induction heating of a model sample
of welded joint on high-carbon, high-strength rail
steel, derived on the base of the similarity theory, al-
lows establishing the parameters and configuration
of «inductor—product» system for performance of
induction HT of a sample, and determination of the
space-time distribution of the temperature field during
performance of its HT. Then the results of the first
part of the modeling problem should be transferred
to the second part, where modeling of the kinetics of
phase transformations and weld metal properties will
be performed, depending on the process thermal cy-
cle, which will allow determination of the range of
optimally required parameters of HT process. After
numerical calculation, the obtained data will be used
during physical modeling, with optimization of the
modes of sample HT, and it will help significantly
reduce the number of the conducted experiments on
determination of the thermal cycle impact on the fea-
tures of phase transformation kinetics and mechanical
properties in the welded joint zone. At achievement of
satisfactory results on a model sample, it is necessary
to go over to investigation of the process of induction
heating at HT of the metal of weld and near-weld zone
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Figure 9. Change of temperatures in time in reference points of
the model sample: 1, 2 — thermal cycle during physical model-
ing; 1', 2’ — calculated data from mathematical modeling

of a real product — the rail, while performing recalcu-
lation of the parameters by the similarity theory, fol-
lowing the established HT modes and refining them,
as well as correcting the inductor configuration.

Conclusions

1. To simplify physical modeling of induction heat-
ing, the theory of similarity of the electromagnetic
processes was used to reduce the overall dimensions
of a model cylindrical rod using the scale factors.

2. The developed mathematical model for numeri-
cal modeling of the process of high-frequency induc-
tion heating of a welded joint sample from high-car-
bon high-strength rail steel allows determination of
optimum geometrical and energy parameters of «in-
ductor—product» system.

3. The numerical solution of an axisymmetric
problem, taking into account the main nonlinear de-
pendencies of the induction model, allows modeling
the space-time distribution of the temperature field.

4. Proceeding from determination of the main
energy parameters of «inductor—producty» system, a
parametric search for optimum geometrical parame-
ters of the inductor was performed, and the required
distribution of the temperature field in the zone of the
sample welded joint was obtained.

5. When modeling of thermal heating of a weld-
ed joint sample was performed, the temperature field
of the sample with the weld was determined that al-
lows modeling the change of the space-time structur-
al-phase state of the metal during heat treatment.

6. The proposed mathematical and physical mod-
els of model sample heating can be used, when solv-
ing the problem of optimization of induction heat
treatment of welded joints of railway rails. Use of
these data at determination of key parameters of the
heat treatment process on model samples allows go-
ing over to heat treatment of welded joints of the real
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railway rails in the welded joint zone, based on the
similarity theory.
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USE OF CAPACITIVE ENERGY STORAGES
TO CREATE HIGH-EFFICIENT
MULTISTATION WELDING SYSTEMS

0.Ye. Korotynskyi and M.I. Skopyuk
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

Analysis of structures of multistation sources for arc welding, designed on the base of capacitive energy storages, was
carried out. Their prospects for creation of high-efficient welding-technological systems are shown. The structures of
centralized power supply systems of welding stations are considered, in which one powerful electric energy storage is
used. A decentralized power supply system of the stations is more flexible, when an individual electric energy storage
is installed at each workplace. Its advantage consists in the fact that a standard rectifier of VDGM type can be applied.
For shipbuilding, a combined power supply system can be used, which implements the positive qualities of both power
supply systems and provides a high quality and power efficiency of the welding process. As an example of the use of
multistation power sources, a diagram is given, which is based on the method of charge transfer. 13 Ref., 6 Figures.

Keywords: pulsed arc welding, capacitive energy storage, capacitor with double electric layer, charge transfer

method, multistation welding systems, step-down converter

Itis known that multistation welding systems (MSWS)
are widely used in large machine-building enterpris-
es, which is particularly true for shipbuilding. Evolu-
tion of these systems followed the path of increase of
their energy efficiency. At the first stage these were
the studies associated with elimination of ballast
rheostats from their design, application of which low-
ered MSWS efficiency to 40 % in a number of cases.
Development of this direction was based, mainly, on
designing different types of converters [1, 2], which
essentially lowered the power losses and brought the
efficiency to 8085 %.

MSWS application in welding offers a number of
advantages to users, such as:

e two-three times lowering of power consumption,
compared to welding with single-station welding
units [1];

e reduction of no-load losses [3];

e reduction of the expenses for equipment pur-
chasing [1];

e increasing labour safety during welding opera-
tions, as power is supplied to the welding station at
the voltage of 60-70 V (220 or 380 V at single-station
welding) [2]. At the present stage MSWS are imple-
mented by application of semi-conductor step-down
converters [3, 4], so that ensuring stable operation of
welding stations on maintaining the specified accu-
racy of technological welding modes under the con-
ditions of external impacts requires a more detailed
consideration.

© O.Ye. Korotynskyi and M.1. Skopyuk, 2021
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Known is a method of MSWS control, according
to which, one welding current source, stabilized by
output voltage level, and several unstabilized sources
are used to stabilize the voltage level in low-voltage
busbars. All the above-mentioned sources are connect-
ed to the industrial three-phase current mains (380 V,
50 Hz), their outputs are permanently connected to
sections of the low-voltage busbar. The open-cir-
cuit voltage in the busbar is created by this summary
source, stabilized by output voltage level. At increase
of current load in the welding arc the voltage drop in
the busbar is compensated by additional connection
of unstabilized power sources to the busbar. If cur-
rent in the common busbar is reduced, switching off
of additional unstabilized sources is performed in the
reverse order [5, 6]. Thus, voltage stabilization in the
common busbar is achieved by increasing the weight
and dimensions of welding equipment without main-
taining the specified accuracy of the technological
welding modes, their programming, as well as in the
absence of the possibilities for realization of modulat-
ed current welding processes.

More and more attempts to use various electric en-
ergy storage devices for stabilization of energy flows
in welding processes have been observed recently. In
particular, known are devices for conversion of the
energy of electrochemical storages into the energy
of electric welding arc burning [7, 8] and methods
to control the energy flows with the purpose of their
stabilization in MSWS, using electrophysical storage
devices [9].
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Figure 1. Structures of multistation welding systems with capaci-
tive storages: a — centralized; b — decentralized

However, it should be noted that MSWS have cer-
tain disadvantages related to dependence of welding
current on voltage fluctuations and change of the arc
gap length; mutual influence of welding stations at
their simultaneous operation, absence of the possibil-
ity of maintaining the specified accuracy of the tech-
nological modes of welding or their programming; as
well as absence of the possibility of modulated cur-
rent welding.

Application of high-frequency converters as weld-
ing stations, where technological mode stabilization
is performed by PWM-controllers does not complete-
ly provide the continuity of welding current and volt-
age at the device output.

A significant disadvantage of such MSWS built
using converters, is deterioration of the parameters of
electromagnetic compatibility (EMC). And this leads
to considerable power losses in enterprises manufac-
turing welded structures.

In this connection, the objective of this work is de-
velopment of new approaches to creation of MSWS
built, as will be shown later, using capacitive ener-
gy storages (CES). MSWS based on capacitive en-
ergy storages (CES), can use circuits corresponding
to three topological structures. Figure 1, a shows a
structure with a centralized CES [9]. A decentralized
MSWS structure, where an individual storage device
is installed at each station, is given in Figure 1, 5. And
finally, a combined supply diagram for the power sta-
tions is shown in Figure 2 [10]. Here, common energy
storages are used, and additional storages are installed
at each station. Such a structure of MSWS ensures
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maximum stability of the energy stations, as well as a
high quality of welded joint formation.

The centralized power supply system of the stations
(Figure 1, a) includes a controlled rectifier (CR), volt-
age control sensor (VS) on the busbar (Figure 1, a), to
which the capacitive energy storage is connected. The
main purpose of the storage is forming a stable supply
voltage for the stations. Supply voltage stabilization
in this case is performed by control block (CB) which
is connected to VS output.

The decentralized structure (Figure 1, b) can use a
common rectifier (R), without any particularly strin-
gent requirements to output voltage stability. Howev-
er, you have to pay for it by increasing the complexity
of the equipment of the stations, where charge devic-
es (Ch) and station storages (CES/s) are additionally
installed. It should be mostly used at development
of systems with few stations (2 — 4 stations), for in-
stance, for development of self-sufficient field weld-
ing-technological complexes for pipeline welding.

The best is a combined station power supply sys-
tem (Figure 2), which combines the positive qualities
of the above-described multistation welding systems
[10]. It has a common storage, with much lower elec-
tric capacitance, compared to a centralized power
system, and an individual energy storage CES/s is
installed at each station, which has the function of ad-
ditional stabilization of supply voltage. The operation
of this MSWS system is described below.

The industrial network voltage (380 V, 50 Hz) is
decreased to a safe level by a power step-down trans-
former included into the controlled rectifier CR. Low-
er voltage is rectified and converted into charge current
of CES storage. Energy level of the storage, which is a
capacitor in this case, is controlled by voltage sensor
VS (defined as U = Q/Cs, where C, is the storage ca-
pacity; U is the voltage level at its terminals; Q is the
accumulated charge level). Here, the voltage sensor
signal which comes to the input of control block CB,
sets such a velocity (current) of the charge, at which
the following condition is fulfilled R, (I,)< Rtotimp(lb)’
where R, is the inner resistance of controlled rectifier
CR, 1, is the busbar current; R . “is the total imped-
ance of the welding stations connected to the busbar.

The busbar voltage is connected, through the pow-
er terminals of the station input key InKs, to station
charger WSch. Its outputs are connected to the termi-
nals of station storage CES/s (extra high capacity ca-
pacitor bank), where the voltage level is controlled by
voltage sensor VSs. The inputs of the block of forming
the station volt-ampere characteristics BF/VVAChs are
connected to the terminals of storage CES/s. Welding
current required for conducting the specific techno-
logical process of welding, is controlled by WCS, the
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Figure 2. Multistation welding system with a combined diagram of station power supply

signal of which controls the switching frequency of
input key InKs to maintain the required level of the
charge in storage CES/s, which is necessary to per-
form a specific technological process of welding.

CES based on capacitors with a double electric
layer have significant differences from the classical
capacitors, which should be taken into account at their
application in MSWS. One of such characteristics of
supercapacitors (SC) is Coulomb energy efficiency.
Its essence consists in that these devices cannot be
discharged to a level below a certain preset specified
charge level, because of the electrochemical process-
es, accompanying their operation. Its value, as a rule,
is equal to 25-30 % of the charge maximum level.

This is exactly why the energy, transferred to the
load, is provided by partial discharging of the storage.
We will use a simple example to explain it.

:CS_UCZha CSUdZ

nd W, = .
2

W
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Energy, which is transferred to load AW, is defined
as the difference between AW and AW

G|

If we denote U, = AU_, where o characterizes the
voltage level at discharge C_, we will have:
CsUczh
2
Considering that the storage charge is equal to

Q = CU,, the latter expression can be presented as
follows:

AW = (1-a?).

AW :UchQ UchQKE’

1-a”)
2

-o).

where K. =

If we introduce parameter v (Figure 3), charac-
terizing the effectiveness of storage charge utilization
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Figure 3. Coulomb energy effectiveness of storages based on ca-
pacitors with a double electric layer, depending on o coefficient

and denote it by ratio y, :i, as a result we will
have: AQ

We proposed and experimentally studied the fol-
lowing welding modules as station converters for
the above-described MSWS topological structures:
a device for powering the nonconsumable welding
electrode [11]; a device for transformation of mains
alternating voltage of industrial frequency into an
alternating voltage of arbitrary frequency [12], or a
device for forming welding current pulses of different
polarity [13].

Taking the above into account, we will consider in
greater detail the realization of the method of charge
transfer in station converters.

The topology of the sources, build using convert-
ers with charge transfer (CChT) is based on capacitive
energy storage (CES), fitted with charger (Ch) with
high dynamic parameters and control module (CM).

The latter implements the control algorithms in CES
charging circuit, as well as the processes of charge
transfer in the welding circuit.

We will use the following reasoning, in order to
functionally connect the processes, taking place in the
sources with charge transfer. As is known, the charge
(9,) in the storage can be determined by the following
expression:

gs =C Uch’

where C_is the storage capacity; U_, is its charge volt-
age.

On the other hand, the charge is consumed in the
welding circuit:

S

g=11
where | is the welding current; t is the welding time.
Then, the following ratio will be the condition for
existence of continuous welding current:

CU, =1t
Assuming that the process of energy flow conver-

sion runs in each period, i.e. t = 1/f, i.e. the latter ex-
pression can be brought to the following form
Cu, =1/

Therefore, welding current | is defined by the fol-

lowing ratio:
l,=CU,=1f

The expression for welding current links all the
main parameters of CChT-based sources. It is a base
for calculation of all the processes and components of
this type of arc welding sources.

Realization of the above-described algorithm of
welding source operation is shown in Figure 4.

Term.
: SCB N
220V Ch o Welding
50 Hz Cs converter
maims —T-

Figure 4. Block diagram of a welding source based on converters with charge transfer
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Figure 5. Converter with charge transfer
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Its composition includes charger (Ch), supercapac-
itor bank (SCB), metering energy storage (C,), which
actually powers the welding converter. The device op-
eration frequency is set by the switching device.

As an example of practical application of the above
approach, Figure 5 shows the diagram of a welding
current source, which has the topology of a step-down
converter (SDC). The device consists of three main
components: constant voltage generator (CVG), pulse
voltage converter (PVVC) and welding current convert-
er (WCC). CVG includes a rectifier of diode bridge
(DB), charger (Ch), the level of actuation of which
is assigned by potentiometer R1 and filtering capac-
itor (C.). Pulse voltage converter consists of molec-
ular storage C,,; and key block K1-K4, the switch-
ing algorithm of which is assigned by control block
(CB). The operating mode of the latter is determined
by feedback signal by welding current c.fb. PVC im-
plements the known mode of a «flying» capacitor,
which provides quasi-galvanic decoupling between
the input circuit and welding circuit. The operation
of WCC block is similar to that of step-down voltage
converter, so that we will omit its description. A de-
tailed description of its operation is given in [4]. The
method of charge transfer can be implemented simi-
larly in any topologies of the welding current source.

Results of an experimental study of the station
converter, made according to the diagram, present-
ed in Figure 5, are shown in Figure 6. Surfacing was
performed with electrodes of UONI-13/N1-BK grade,
which are usually used for the corrosion-resistant fit-
tings. We used the mode of dynamic arc burning at
two fixed frequencies: a — 10 and » — 100 Hz. In
both the cases, the welding currents were equal and
corresponded to the value of 120 A, the meander
mode being connected.

Conclusions

At the conclusion of this work, it should be noted that
application of capacitive storages in the structure of
multistation welding systems yields a set of positive
results. They include, first of all:

e high energy efficiency, which is due to low inner
resistance of the supercapacitors;

e possibility of developing different topological
structures of multistation welding systems, depending
on technological tasks, which differ by the simplicity
and reliability of technical realization;

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 9, 2021

Figure 6. Results of an experimental study of a station converter
with charge transfer: a — 10; » — 100 Hz

e ensuring a high stability of the welding modes
due to a quick reaction to destabilizing factors, that is
related to a fast response of the station components;

e essentially improved parameters of electromag-
netic compatibility, which prevents generation of the
high-frequency harmonics into the factory power sup-
ply mains.
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The issue of thermodynamic equilibrium in Fe—-O-H system at the temperature of steel-making processes (1600 °C)
was considered. The historical data array, features of experiments on obtaining them and their drawbacks were ana-
lyzed. A new more correct calculation of hydrogen and oxygen concentration in liquid iron and in the gas phase was
performed. New coefficients of activity were calculated, proceeding from precise thermodynamic principles, unlike the
earlier used artificial models based on interaction parameters. 19 Ref., 6 Figures.
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Interaction in Fe—O—H system, together with Fe—O-C
system, is fundamental in steel production [1-3]. This
system has been studied in great detail for the con-
ditions of reduction of iron oxides in the solid phase
and in less detail for interaction of liquid iron with
the gas phase. In the latter case, most of the known
fundamental studies were focused either on determi-
nation of hydrogen solubility in liquid iron, or of ox-
ygen solubility, using a gas mixture of H,0-H, [3].
Despite the importance of the data on interaction in
this system, in publications there is practically no de-
tailed diagram of phase equilibrium at high tempera-
tures (for instance, 1600 °C) or any consistent data on
hydrogen or oxygen activities, when they are simul-
taneously present in liquid iron. The majority of these
data (obtained in the previous century) use artificial
simplified models of the solutions with application of
interaction parameters, which do not have an appro-
priate and substantiated thermodynamic base [2-4].
The differences in previous experiments and the then
applied analytical methods do not allow plotting the
respective phase diagrams, based on such data.

In order to develop a thermodynamically sub-
stantiated approach to equilibrium in this system, in
this work the available data on hydrogen and oxygen
concentration in liquid iron were analyzed, and new
calculations were performed and respective diagrams
were plotted.

Known experimental data. One of the first stud-
ies of hydrogen and oxygen solubility in iron were
the works by Hamilton and Vacher [5, 6]. They used
a gas-vapour mixture of H,O-H, as an auxiliary sub-

stance to study oxygen solubility in parallel with in-
vestigations of Fe-O-C system equilibrium. They
also took the first measurements of hydrogen content
and came to the conclusion that its quantity is quite
insignificant, and has no influence on oxygen content.
Compared to measurements taken 30-40 years later,
it is clear that in these experiments [5, 6] the exact
hydrogen content could not be measured, using the
methods available in those times.

Development of the theory and technology of
steel production was accompanied by a series of in-
vestigations of hydrogen and oxygen solubility, due
to higher requirements made of the steel quality [2],
in particular, for railway transport [7]. More detailed
measurements at that time, taken at different tempera-
tures, and, what is important, at different argon and
hydrogen ratios in H,O-H_-Ar gas phase, are given
in work [8]. They determined the formal constant of
equilibrium of the following reaction

H,0=H, +[O], @
showing that it is not steady, but depends on H,O/H,
and Ar/H, ratio [8]. However, the researchers did not
pay enough attention to the question of how exactly
does the Ar/H, ratio influence either the equilibrium
of reaction (1), or hydrogen solubility in iron.

In a parallel study [9], the authors noted the in-
fluence of Ar/H, ratio not only on hydrogen content,
but also on oxygen concentration, even though in the
conditions of a limited concentration range. In work
[10], the authors added more experimental points in
this system at higher values of H,O/H, ratio at Ar/H, =
= 5. Later on in work [11] the limit of hydrogen sol-
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ubility in liquid iron was determined at 1600 °C in
25.9 ppm (or 10 %) or in 0.00142 mole fractions, if
iron is in equilibrium with pure hydrogen at the pres-
sure of 1 Atm.

In work [12] the authors noted the fact that it is
incorrect to consider the thermodynamics of just re-
action (1), ignoring hydrogen solubility in iron,
simultaneously with oxygen, even if its con-
centration is low. They synchronously analyzed
the content of hydrogen and oxygen in iron in
equilibrium with H,O-H, gas phase, but without
argon additives (Ar/H, = 0). Figure 1 shows the
results of these and other experimental measurements.
As one can see from this data, in the experiments in
[8] hydrogen concentration in the solution was practi-
cally unchanged, despite the variation of partial pres-
sure of water vapour. This does not agree well with
other independent data [9, 10, 12], possibly because
in work [8], the Ar/H, ratio was not kept constant.

Despite all these works, a very simplified ap-
proach, based solely on reaction (1) almost without
exception, predominated in the theory of steel-melt-
ing processes [1, 13] for a long time. In work [4] it
is shown that such an approach is incorrect from the
viewpoint of the rule of phases, as it ignores the pres-
ence of other components in the system. Application
of a similar approach to Fe—O-C system showed that
taking into account CO, and CO simultaneously much
better agrees with the experiments, than when it is just
CO. It is worth noting that the need to measure CO,
alongside CO, was shown already in 1930s [5, 6], but
this fact was not considered any further in terms of the
process thermodynamics.

Formalism of equilibrium in Fe—O-H-Ar sys-
tem. Available results can be first described by the
balance of masses. We will assume that all the main
components of the gas phase are ideal:

PHz * I:)Hzo + POg + I:)Ar = PO’ 2
where P° is the total pressure (1 atm). Introducing
designations A =P /P, B=P,/P, . we can write
(2) as follows:

PHz (1+A+B)=P°- Poz. A3)

As at high temperatures the equilibrium in the gas
phase is practically instantaneous, the partial pressure

of oxygen can be determined through the constant of
the reaction of water vapour dissociation:

2H,0=2H,+0O,; Py, = A?PIUK,, (4)
which has been assessed in detail many times. At
1600 °C by the data of [1, 12] Ig K, = 8.000-8.0827,

and by the new data Ig K, = 7.97161 (thermodynam-
ic data base «FactSage 8.0», 2020). Thus, the partial
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Figure 1. Experimental data (1 — [8]; 2 — [9]; 3 — [10]; 4 —
[12]) on oxygen and hydrogen content in liquid iron at 1600 °C.
Horizontal line shows the limit of oxygen solubility

pressure of hydrogen and oxygen in any mixture will

be defined as follows:

P,, =P (1— 47K )/(1+A+B);

_ ®)
Po, = A2PUK,,

An interesting conclusion can be made from for-
mula (5): partial pressure of oxygen does not depend
on B (Ar/H, ratio), unlike partial pressure of hydro-
gen, which depends both on Ar/H, and on H,O/H,. It
accounts for the discrepancies (Figure 1) in the exper-
imental results with argon application.

Hydrogen and oxygen in the gas phase interact
with liquid iron in proportion to their concentrations,
forming Fe—-[H]-[O] solution. In this case we assume
that Ar does not dissolve in liquid iron, and then the
content of hydrogen and oxygen will be proportional
to activities of these components in equilibrium with
partial pressures of hydrogen and oxygen. The com-
ponent activity (or coefficient of activity (y,)) is a mea-
sure of effectiveness in a particular solution in terms
of its reactions with other components. A classical
definition of the activity links it with partial pressure
of the dissolved component in the solution relative to
its reference state, as a pure substance:

0

a (X)) =R(X)/F, ©
where P, is the partial pressure of this component; P°
is its pressure in the reference state a’ = 1). Many
thermodynamic calculations take a default reference
state, designed for a pure substance. However, for a
metallurgical system at 1600 °C, the pure liquid oxy-
gen is not a reference state, as it cannot exist in such a
form. It was shown [16, 17] that such hypothetical ref-
erence states, which earlier were used in metallurgical
practice for years, lack thermodynamic and mathe-
matical substantiation [14]. In the thermodynamics
of metallurgical processes, the Wagner—Lupis—Elliott
formalism was traditionally used with expansion of
the coefficient of activity into the Taylor series [3, 4,
14], when the reference state was selected to be the
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formal composition of the solution with 1 wt.% of
the component (even if such a solution did not actu-
ally exist). However, the Taylor series expansion is
only valid around a point, where the derivative with
respect to concentration is taken [17], and it cannot
be extrapolated on the whole to a wide concentration
range. Work [18] showed that the traditional \Wagner—
Lupis—Elliott equations are invalid with respect to the
basic Gibbs—-Duhem equation [19]. The authors of
[17] showed the five main principles for correct selec-
tion of the reference state and calculation of the chem-
ical potential, and proved that the reference state of a
component in a solution is its solubility limit under
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Figure 2. Diagram of phase equilibrium in Fe—-O-H system at
1600 °C (a) and angle from the iron side, as component (b), using
correct chemical potentials [17]. Dash line determines the stoi-
chiometry of water vapour (mole ratio of hydrogen to oxygen is
equal to 2)
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these conditions, as all the required thermodynamic
and mathematical conditions are fulfilled only there.

Thus, for hydrogen the reference state at 1600 °C
is in place at its maximum content in iron (25.9 ppm)
at equilibrium with pure hydrogen at the pressure of
1 atm [11], while the reference state for oxygen (max-
imum oxygen content of approximately 0.20 %) is ob-
served at equilibrium with such a gas mixture, for which
the partial pressure of oxygen reaches 5.11-10-° atm
(contact with pure oxygen would have led to complete
transformation of iron into oxides). These maximum
concentrations correspond to activities, equal to 1 for
hydrogen and oxygen, as:

e Gibb’s energy function is continuous and dif-
ferentiated by the quantity of substance added to the
solution phase, when this solution is present (is not
hypothetical);

e component activities are real, measurable and
continuous, monotonically growing functions in the
solution phase (saturation state is reached within the
appropriate concentration range);

e in the saturated state the derivatives for compo-
nent activity by temperature and by pressure are zero.

Correct determination of the activities and free
energy enable calculating the detailed equilibrium in
Fe—O-H system.

Numerical thermodynamic calculation in Fe—
O-H system. Thermodynamic calculation will be
performed, using «FactSage 8.0» software and data
bases. The formal diagram of phase equilibrium in
this system at 1600 °C was first calculated in mole
fractions (Figure 2). One can see two phase regions
from the iron side: metal-gas or metal-gas-slag (liquid
iron oxides). If oxygen content is not high, and that
of hydrogen is practically absent, then the third possi-
ble phase (iron-slag) can be in equilibrium with iron
without any evident gas phase (Figure 2, b). The same
diagram was calculated in weight percent (Figure 3).
One can see that the line of equilibrium between slag
(FeO) and liquid iron is almost horizontal, that points
to practically unchanged oxygen solubility limit, de-
spite an increase of hydrogen content to a concentra-
tion of approximately 0.0019 % [H]. Further increase
of hydrogen in the system leads to an abrupt drop of
oxygen content in iron.

The next calculation was made for the case of add-
ed argon at Ar/H, ~ 0.1-0.2 and 5.0-6.0 under other
conditions being equal (Figure 4). As argon concen-
tration has little influence on oxygen content, the de-
pendence of hydrogen content on Ar/H, was assessed
at different H,O/H, (Figure 5).

This hydrogen content can be approximated by a
regression equation in Figure 5, which predicts hy-
drogen concentration the more accurately, the higher
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Figure 3. Phase equilibrium diagram in Fe-O-H system at
1600 °C. Regions of stability of different phases are shown
is B = Ar/H, ratio. It is logical, as at low argon content
(B — 0) the quantity of hydrogen in the solution will
strongly depend on A = H,O/H, (by expression (5)).
At B increase, particularly at B > A the hydrogen con-
tent will be mostly determined exactly by Ar/H, ratio
(it is rational to note that at 1600 °C the maximum
value of A <0.5-0.75, when iron oxides, i.e. slag, still
do not form). In previous experiments (see Figure 1)
using argon, the values of B = 5.0-7.6, that also ac-
counts for considerable differences in the measured
hydrogen concentrations at similar H,O/H, values.
The next question was determination of the coef-
ficients of hydrogen and oxygen activity in the solu-
tion. The direct approach uses the ratio of component
activity to its concentration in mole fractions and does
not require any artificial models of the solutions [12,
14, 16, 17]. In keeping with equation (6) in the refer-
ence state (a, = 1), the coefficient of activity of any
component (v,°), which will be equal to its reverse sat-
urated concentration (X):

o, ppm/
10000 ===

—— %

0
ArH, 5

Figure 4. Oxygen and hydrogen content in Fe-O-H system at
1600 °C for different Ar/H, ratios. Dash lines show the solubility
limits of hydrogen and oxygen
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Figure 5. Hydrogen content in Fe—~O-H system at 1600 °C (Fig-
ure 4) for different Ar/H, ratios. Dash lines show the confidence
interval for the regression equation
72 =1XP. (7
Coefficients of activity of hydrogen and oxy-
gen change, depending on Ar/H, and H,0/H, ratios
within narrow limits, but nonlinearly (Figure 6). The
first ratio has a stronger impact on the coefficient of
oxygen activity and much less on the coefficient of
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Figure 6. Natural logarithms of the coefficients of activity of oxy-
genIn(y,) = (@+bx +cy + dy?)/(1 + ex + fy + gy?): a = 4.9944208;
b =11.13995; ¢ = 32.451068; d = —0.88011301; e = 2.2286863;
f=6.515328; g =-0.17770942 (@) (a) and hydrogen In(y,) = a +
+bx + cy: a==6.5685561; b = 0.016389753; ¢ = 0.00018215654
(b) in liquid iron from Ar/H, and H,O/H, ratios at 1600 °C
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hydrogen activity. The second has an opposite effect:
has a stronger influence on the coefficient of activity
of hydrogen, and not oxygen, as it could have been
anticipated. One can see from regression equa-
tions in Figure 6, that the influence of y = Ar/H,
and x = H,O/H, ratios on the coefficient of activity
of hydrogen, is independent on the other, i.e. there is
no correlation between the influence of these ratios
(Figure 6, b). For oxygen, contrarily, the simultane-
ous impact of these ratios of the coefficient of activity
is in place (Figure 6, a). Approximating the surfaces
and equations, a nonlinear regression was plotted by
points, calculated in this work.

Thus, we can note that hydrogen content in liquid
iron, which is controlled by Ar/H, and H,O/H, ratios
simultaneously, influences the coefficient of activity
of oxygen and its concentration stronger that it was
earlier believed. A similar influence on the coefficient
of activity of hydrogen is smaller, and it depends more
on H,O/H,, as does hydrogen concentration at smaller
Ar/H, values.

Conclusions

1. Analysis of the known experimental data on inter-
action of Fe—O—H-Ar system was performed, as well
as calculations of phase equilibrium diagram, using
new data, allowing for correct determination and cal-
culation of the component activity.

2. It is shown that partial pressure of oxygen in
the gas phase is independent on Ar/H, ratio, unlike
partial pressure of hydrogen, which depends both on
Ar/H,, and on H,O/H,. It accounts for the available
discrepancies in the results of historical experiments,
using argon.

3. Hydrogen content in liquid iron can be approxi-
mated by a regression equation, which predicts hydro-
gen concentration the more accurately, the higher is
the Ar/H, ratio. At a low content of argon the quantity
of hydrogen will strongly depend on H,O/H,, and in
the opposite case the hydrogen content will be mostly
determined exactly by Ar/H, ratio.

4. The coefficients of activity of hydrogen and ox-
ygen change depending on Ar/H, and H,O/H, ratios
in narrow ranges, but nonlinearly. The first ratio has
a stronger influence on the coefficient of activity of
oxygen and a much weaker one on that of hydrogen.
The second has an opposite effect: it influences the
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coefficient of activity of hydrogen more than that of
oxygen, as one might have foreseen.

5. Investigation results are of practical importance
for controlling the hydrogen and oxygen content at
steel treatment by argon-based gas mixtures in the
presence of water vapour. This approach can be ex-
tended to alloyed steels and alloys of different com-
position.
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THREE-DIMENSIONAL VISUALIZATION
OF THE DETECTED DEFECTS
BY EDDY CURRENT COMPUTING TOMOGRAPHY
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Nondestructive computing tomography methods based on different physical phenomena are reviewed as an effective
tool to solve many NDT problems in the context of NDE 4.0 revolution. Eddy current (EC) tomography principle and
experimental set-up are presented to demonstrate the possibility to reconstruct tomography images related to the distri-
bution of material electric conductivity. A riveted joint of two aluminium alloy sheets with 2 mm long artificial crack-
like defects was selected as an example of complex enough inspected structure. Investigations were carried out with
two types of eddy current probes (ECP) application: the first one — the traditional EC probe of absolute type with coax-
ial driving and sensing coils, and the second — low-frequency double differential EC probe of MDF 1201 type. The set
of vertical (orthogonal to the inspected surface) slices for the rivet zone were obtained to demonstrate the effectiveness
of EC tomography. The horizontal slices were analyzed to demonstrate the possibility to produce tomography images
at different depths. Two-layer structures, consisting of upper sheets with thicknesses from 0 to 8 mm and 5 mm thick
lower sheath with a cracklike defect were applied to reconstruct the vertical tomography slices using double differential
EC probes. The latter results demonstrate the great depth of evaluation with application of ECP of double differential
type and the possibility to estimate the detected defect size and distance from the inspected surface. 34 Ref., 8 Figures.

Keywords: eddy current (EC) tomography, eddy current probe (EC probe), double differentiation EC probe, elec-

tric conductivity, tomography images, slices, riveted joints

The fourth industrial revolution gradually acquires real
meaning, as indicated by numerous publications [1, 2].
Fully automated plants, built on Industry 4.0 principles
with real-time control of all the processes, are already
in operation. The respective government programs are
in place in the majority of industrialized countries. Un-
fortunately, Ukraine is still far behind this global trend,
even though some leaders do appear here too [3].

It is obvious that the coming restructuring of indus-
try cannot avoid the need to form new approaches in
nondestructive evaluation (NDE) and the world NDE
community is already actively discussing this topic,
proclaiming formation of the 4" revolution in NDE un-
der the abbreviation of NDE 4.0 (Nondestructive eval-
uation 4.0) [4, 5]. Reviewing these studies is not the
objective of this paper. We will only note that one of
the directions in development of NDE 4.0 technologies
is automation of testing operations (also using robots)
and intellectualization of the control means. We will
state with cautious optimism that local specialists on
eddy current evaluation have certain achievements in
this direction [6—8]. A series of automated systems (in-
cluding robotic system) have been designed, and new
approaches have been developed to processing signals
from eddy current probes (ECP) [6-9].
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NDE methods, based on tomographic principles
of data processing and presentation, can be definitely
regarded as NDE 4.0 technologies. The most widely
accepted NDE methods, based on probing the evalu-
ated object (EO) by external fields of different nature,
are gradually getting tomographic realizations.

The first mathematical tomographic algorithms
were used in X-ray radiation range, characterized by
an exponential decay law. X-ray computer tomog-
raphy (CT) allows realization of NDE of OC inner
structure by multiple X-ray transmissions in different
directions with subsequent processing of the projec-
tion data and plotting a 3D distribution of the degree
of radiation attenuation. X-ray CT for medical ap-
plications was invented for the first time by Godfrey
Hounsfield, British inventor, who was granted the
respective patent [10] in 1972, and already in 1979,
together with Alan Kormak he won the Nobel Prize
in physiology and medicine for «Development of
computer tomography». And industrial tomography,
as an NDE method, emerged already as a projection
of the success of medical CT. At present, X-ray CT
is the most widely used method of tomographic plot-
ting of images of the internal structure in medicine
and industrial NDE [11-14]. This development led to
that application of X-ray CT at NDE is regulated by
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a series of international standards (EN 16016-1(2,3)-
1(2,3):2011), starting from 2011.

Achievement in ultrasonic CT became the next to-
mographic «stronghold», where we can mention the
results obtained by scientists of G.V. Karpenko Physi-
co-Mechanical Institute of NASU [15-18]. With time,
it was the turn of electric (resistive) and electromag-
netic (including eddy current) methods [19-28]. Here,
the priority belongs to the results of the representatives
of Ukraine, obtained in the Turkish-Ukrainian Interna-
tional Laboratory of High Technologies of «Marmara»
Research Center (Hebze, Turkey). Here, theoretical ap-
proaches were used, developed earlier for UHF range
[20-22]. It is important that in addition to formulation of
the theoretical principles, a series of experimental results
were derived [19, 23-24], which showed that practical
implementation of eddy current tomography (ECT) ap-
proaches will allow raising the eddy current NDE meth-
od to a fundamentally new level. Note that foreign stud-
ies on ECT are still of a theoretical stage, and have not
reached the experimental level [28].

The objective of this paper is presentation and gen-
eralization of developments on eddy current computa-
tional tomography.

Principle of eddy current tomography. Restor-
ing the distribution of specific electric conductivity
(SEC) in any EO cross-slice is based on an integral
equation of tomography [19-22]:

(v, yl)exp(iylyl)
& (v)
= HK(x’, y’)exp[—Zni(ax’ +By")]dx'dy’,
S

)

where ¥(v,y;) is the Fourier-transformation of a
complex scattered field (X, y), measured above the
surface of the studied environment on the scanning
liney =y,; v variable is the spatial frequency; c,[y,(V),
7,(v)] is the complex function of v; y,; v,, and B are
the complex functions of v in the general case; o is
the real-valued function of v; K(x', y) is the unknown
(sought) normalized distribution of current in S do-
main (EO transverse slice) that is the scattered field
source. The studied domain was limited, so that the

-
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Figure 1. Diagram of experimental set up for eddy current to-
mography
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integral in equation (1) can be considered in unlimited
boundaries. Here, it is taken, that Fourier transforma-
tion of the scattered field does exist, as this field is
considered in a limited space domain.

Solution of this integral equation allows defining
K(x', y') function that describes the normalized current
distribution in the studied transverse slice, perpendicu-
lar to the metal surface, and including the scanning line
(vertical slice). K(x', y") function depends on operation-
al frequency (frequency of the probing electromagnetic
field). In tomography measurement and reconstruction
of K(x', y') function are performed for a certain set of
operational frequencies in a specified range. The tomo-
graphic image function is the module of the sum of these
functions. It enables detecting the inhomogeneity of
metal SEC in the vertical slice, including that associated
with the presence of defects. Application of tomograph-
ic algorithm allows obtaining sufficiently high-quality
images of the transverse slices of local (pore type) and
extended (cracklike) defects. A set of images in different
vertical (orthogonal relative to the surface of the object
of inspection) transverse slices allows reconstruction of
a 3D image of the studied EO zone.

Experimental set-up for automatic evaluation
by the principle of eddy current computing to-
mography. Experimental set-up (Figure 1) consists
of personal computer 1, eddy current block 2 to de-
termine the signal components in the operational fre-
quency range, control unit 3 with stepping motors 4
and 7 of scanning of ECP 6 along coordinates X and
Y, which are a component of two-coordinate scanner
8, and studied specimen 5. Appearance of the set-up
with a two-coordinate scanner, installed on the evalu-
ated specimes, is shown in Figure 2.

Personal computer controls the operation of step-
ping motors of the two-coordinate scanner and eddy
current block, records and stores the parameters (am-
plitude and phase) of ECP signals in discrete points
of the evaluated zone at sixteen operational frequen-
cies in the selected range, performs discretization and
processing of signals by the developed tomographic
algorithm and forms a colour presentation of the ob-
tained results, which reproduces the two-dimensional
distribution of SEC in the selected EO slices. Eddy
current block functions as a conventional multifre-
quency flaw detector, which operates ECP of different
types (absolute, differential, etc.). Its feature is fast
switching of operational frequencies, required for re-
alization of tomographic algorithms, and an improved
compensation scheme, which allows widening the
dynamic range during processing of ECP output sig-
nals. In the reconstructed tomographic images the EO
homogeneous region was reproduced by blue colour,
the zone of anomaly (defect) — by red colour and the
transition zones — by green colour.
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Two types of ECP were used for experimental
studies. The first is the traditional ECP of absolute
type produced by Nortec Company, which consisted
of two (driving and sensing) coaxial windings. The
features of ECP of this type are described in a review
[29], and those of spatial distribution of ECP signal
from cracks of different length were analyzed in work
[30]. Another, low-frequency double differention ECP
of MDF-1201 type was developed at G.V. Karpenko
Physico-Mechanical Institute of NASU [31]. ECP of
double differentiation consists of two excitation wind-
ings connected in series and placed side by side, and
two differentially connected sensing windings. Sens-
ing windings are located in the neutral plane, where
the electromagnetic field of excitation windings flows
in the opposite direction, so that the total electromag-
netic field of both the windings is absent, and eddy
currents are added, contrarily. Such an ECP has four
sensitivity zones for a local defect. Elongated defects
form a «quasiabsolute» signal with maximum ampli-
tude directly above the defects, as in the standard ECP
of absolute type. A feature of this ECP is the great
depth of testing that was reported in a series of publi-
cations [31, 32].

Tomographic visualization of defects in the riv-
eted joint. Rivets are the most widely used element of
multilayer aircraft structures, which are used for join-
ing the connected skins, reinforcing plates, stringers,
etc. At the same time, rivet welds of aircraft structures
create the greatest number of stress raisers and thus
require greater attention in service. Note that during
detect detection in the riveted joint it is necessary to
eliminate the effect of the rivet itself, which, essen-
tially also is an admissible, in terms of design, large-
sized defect and which creates additional interference
signals. Therefore, the task of detecting fatigue cracks
(particularly, internal), that form in operation in the
riveted joint, is a real challenge for eddy current meth-
od developers. Nonetheless, we showed in our re-
search that it is possible to create a range of no-alter-
native NDE technologies for riveted components on

1

\"'\
=S

3 4

o

Figure 2. Appearance of an experimental set-up for eddy current
tomography

the base of eddy current method, particularly when it
is necessary to detect fatigue cracks in the rivet inner
layers or under its head [33, 34]. In our experiment, a
rivet with a defect was selected to show the capabili-
ties in difficult cases.

A fragment of an aircraft two-layer skin was used
for investigations, which has SEC value equal to
35.4 mS/m, with rows of rivets with artificial cracklike
defects, made by electric erosion method. The thick-
ness of each layer of the structure was equal to 2.5 mm.
Rivet head diameter was 6 mm, and that of the rivet
hole was 5 mm. The scheme of scanning zone of the
selected rivet is shown in Figure 3, a (side view) and
Figure 3, b (top view). Rectangular slice of two-di-
mensional scanning (frame) for an individual rivet
was selected equal to 10 mm along coordinate X and
15 mm along coordinate Y (marked by gray colour in
Figure 3). Figure 3, a shows that in the selected design
the rivets were placed in special recesses, so that a slot
formed between the sheath material and the rivet body.

Results obtained with application of traditional
ECP of an absolute type. The process of obtaining to-
mographic images in different slices, corresponding to
different scanning lines, and different ECP positions rel-
ative to the rivet, respectively, is shown in Figure 4. The
numbers denote the coordinates on axes X and Y. The re-

Figure 3. Scheme of riveted joint scanning: 1 — ECP; 2 — rivet; 3 — defect; 4 — two-layer structure; 5 — scanned region

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 9, 2021
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Figure 4. 3D tomographic images of the riveted joint with a defect in different vertical slices
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Figure 5. Tomographic reconstruction of the horizontal slice of the riveted joint with a defect at the depth of: 0 (a); 0.9 (b); 1.2 (c), 1.5

mm (d), using traditional ECP of an absolute type

sults were obtained by calculation of the amplitude and
phase of ECP signal in sixteen operational frequencies
in the range from 5 to 50 kHz. The coordinates in the
direction normal to the surface (in-depth of the sample)
are shown on the right in each image.

After completion of scanning of the selected region,
horizontal slices were obtained, which correspond to
SEC distribution at different depth. The reconstructed
tomographic images are shown in Figure 5.

Developed algorithms allow studying and analyzing
different slices of the evaluated zone after completion
of the scanning process. As an example, Figure 6 gives
a 3D tomographic image of the riveted joint, when the
control zone slice was selected along the defect.

The given results also show that when applying
the traditional ECP of absolute type in the operational
frequency range from 5 to 50 Hz, horizontal tomo-
graphic images can be obtained at the depth down to
1.5 mm. Note that similar studies conducted in the op-
erational frequency range from 100 kHz to 1.0 MHz,

Figure 6. 3D tomographic image of the riveted joint with a verti-
cal slice along the defect
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allow reaching the control depth of just 0.2 mm, that
can be readily attributed to a stronger skin-effect.

Results of control of the riveted joint, obtained
using low-frequency ECP of double differentia-
tion. In the next experiment, a low-frequency ECP of
MDF 1201 type was used [31]. Obtained results that
characterize the horizontal slices at different depths
to 3 mm for defectfree (above) and defective (below)
rivets are given in Figure 7. Operational frequencies
at application of this ECP were varied in the range of
0.9-10 KHz.

Tomographic images of horizontal slices for a de-
fectfree rivet (Figure 7, a, b, c) have a characteristic
four-lobe form, corresponding to the four sensitivity
zones of ECP of double differention type [31]. Pres-
ence of a cracklike defect distorts the four-lobe im-
age, characteristic for a defectfree rivet. The image
becomes asymmetric and one lobe disappears. Such
distortions were observed during traditional visualiza-
tion of the results of riveted joint testing, when the 2D
distribution of ECP signal was recorded on electro-
chemical paper [33]. Note that the testing depth here
reached 3 mm that confirms the great depth of testing
with application of this ECP.

Vertical slices of electric conductivity distribu-
tion from subsurface defects of different depth.
Low-frequency ECP of MDF 1201 type was also
used to conduct experiments with layered specimens
with cracklike defects in the internal layers. Recall
that for elongated defects of the type of cracks the
signal from ECP of double differention type is of a
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Figure 7. Tomographic image of a horizontal slice at different depths: 0 (a, d); 2.0 (b, €); 3.0 mm (c, f) during eddy current scanning of

the zone of defectfree rivet (a, b, ¢) and rivet with a crack (d, e, f)

«quasiabsolute» nature that affects the obtained tomo-
graphic images. The crack was simulated by a butt
of two aluminium plates 5.0 mm thick, which were
placed on a base aluminium plate 5.0 mm thick. The
specimen was covered from above by plates 1.5; 2.5;
5.0; 6.5 and 8.0 mm thick to change the defect depth.
Layered specimens were scanned by ECP parallel to
the surface by a linear trajectory 39.6 mm long. In or-
der to reconstruct the vertical (normal to the surface)
specimen slice, ECP signals were recoded in sixteen
operational frequencies in the range of 0.9—10 KHz
in each point every 0.6 mm along the scanning line.
In the tomographic reconstructed images the homoge-
neous region was reproduced by blue colour, anoma-
lous zone — by the red colour and the transition zones
were shown by green colour. In the tomographic im-

10 20 30 10 20

0
5
10
15
a
0
5
10
15
d

e

ages of vertical slice of the layered specimens (Fig-
ure 8) the coordinates along the line of scanning over
the specimen surface are shown on top in mm, and on
the right are the coordinates in the direction normal
from the surface (in-depth of the sample).

In the tomographic images of vertical slice, the anom-
alous zones that correspond to the defect, are marked by
the red colour, their upper edge corresponding to the
defect depth (upper plate thickness), which is counted
by the right scale. The length of the red anomalous zone
along the vertical in-depth of the metal corresponds to
defect height (5.0 mm). An exception is the tomograph-
ic image of the specimen slice with the surface defect
(without upper plate) (Figure 8, a), in which the anom-
alous zone separated into two regions. It is attributable
to existence of side maximums for large-sized defects in

30 10 20 30

0 0
5
10
15
0
5
10
15

-
mm
!

Figure 8. Reconstructed vertical slice of a sample for surface defect (a) and defects located at the depths of 1.5 (b), 2.5 (c), 5.0 (d),

6.5 (), 8.0 mm (f)
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ECP of double differention type. However, the vertical
boundary of the red region in the image starts from the
specimen surface, as could be anticipated. With increase
of the defect depth, large green regions appear in the to-
mographic images that is related to greater sensitivity of
inspection system, and interference level, accordingly.
However, the red anomalous zone allows reliably iden-
tifying the defect, which is located at down to 8.0 mm
depth. Moreover, the position of the defect lower edge is
clearly visible, which for the deepest-lying defect corre-
sponds to 13 mm distance from the surface.

The given results are indicative of the principal
possibility of quantitative eddy current evaluation
with assessment of the detected defect parameters,
based on tomographic approaches. Moreover, the
great depth of testing using ECP of MDF 1201 type
was confirmed.

Conclusions

1. A brief review of nondestructive methods of com-
puter tomography is given, based on different phys-
ical phenomena, as an effective technique to solve
numerous NDE problems in the context of NDE 4.0
revolution.

2. ECT principle and experimental set-up are pre-
sented for reconstruction of tomographic images, re-
lated to distribution of material electric conductivity.

3. Two ECP types were used for investigations: the
first is a traditional ECP of absolute type with a coax-
ial sensing and driving windings, and the second is a
low-frequency ECP of double differentiation.

4. ECT studies were performed on a two-layer
specimen that consists of two plates of an aluminium
alloy with rivets and 2 mm cracklike defects. A set
of vertical slices (orthogonal relative to the inspect-
ed surface) were obtained for the riveted joint, which
demonstrated ECT effectiveness. Tomographic im-
ages of horizontal slices at different depth were also
analyzed.

5. Reconstruction of vertical tomographic slices
with application of ECP of double differentiation was
performed, using a multilayered structure, which con-
sisted of an upper skin 0-8 mm thick and cracklike
defects in the lower layer. Obtained results showed
the great inspection depth at application of ECP of
this type and possibility of assessment of the size of
the detected defect and its distance to the inspected
surface.

6. Application of ECT principles will allow raising
the eddy current evaluation to a fundamentally new
level. Resuming ECT investigations and develop-
ments can be regarded as a national priority.
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INFORMATION

INVERVIEW WITH A.l. PANFILOV, PRESIDENT
OF APIS HOLDING LLC

Andriy Panfilov, founder of Steel Works LLC, Presi-
dent of APIS HOLDINGS LLC, spoke about the crisis
in the industrial sector and company activities during
the period of fighting the coronavirus COVID-19 in-
fection.

Andrii Ivanovich, what steps are you taking now to
keep the business afloat?

Business is stable only, when it is able to adapt
quickly, change its processes and models in a signifi-
cantly variable environment. We also understand that
today it will not be as it was yesterday, our market in
Ukraine will be falling, and it is difficult to predict by
how much — 10-20-30 %. We are taking anticrisis
measures, which consist in an abrupt reduction of the
expenses, optimization of the organizational structure
and increase of operational efficiency.

What about the team now: working in a regular
mode, unpaid leaves or layoff?

We continue working. In view of the quarantine,
the protective measures for personnel have been sig-
nificantly enhanced. Our main objective is to preserve
the core of the team, those staff members, who create
the base of our product. We believe that starting from
autumn an unfavourable situation formed in all the
markets for our industry. That is why we are consider-
ably reducing the expenses, conducting optimization
of the organizational structure, which is necessary un-
der the current conditions. But we are not considering
a shutdown.

What losses are incurred by your company because
of quarantine? How much has the demand dropped?

Our main clients are mining and metallurgical
works, mines and cement plants. At present we cover
practically the entire line of equipment parts, which

56

are exposed to wear, and we often act as the general
contractor — from design to turn-key project delivery.

Now we feel both a drop in demand by 40-50 %,
and an unsatisfactory payment discipline, every-
body is in the standby mode as regards overhauling
and investment projects. We waited for spring, but
the new «black swan» introduced even more uncer-
tainties, market outlook is rather value. And few can
foresee when it will end in our country. Based on the
forecasts, the virus will be active in Ukraine till the
summer, and then we assume work in the mode of
less stringent quarantine restrictions up to one to two
years. We are assessing the losses now.

How do you manage to keep the sales markets
in difficult economic conditions? Which markets are
more important for you?

For us the priority always is the domestic market of
Ukraine. At the same time, we are actively developing
our positions in the EC countries. The priority export
directions are Poland, France, and Germany. We are,
primarily, focused on the metallurgical and mining
industries. We have extensive experience of devel-
opment and implementation of solutions as regards
addressing the problems of improvement of wear re-
sistance in the enterprises of Ukraine, and know what
our foreign clients need and how to achieve it. We are
also constantly looking for partners, suppliers of sur-
facing materials, alternative wear-resistant products
for joint projects, both in Ukraine and in the foreign
markets.

What would you recommend as a business manag-
er and owner under the conditions of this quarantine
and crisis?

Despite all that is happening, we have to work and
continue planning our activity. We are now forming
a strategy for the next 3—5 years, taking new circum-
stances into account. Our business is conservative, it
will not go digital, but we know that it is necessary
to improve our work as regards cultivating our rela-
tions with clients, rebuilding our business-model to
suit their urgent tasks, going ahead of the market in
some aspects, creating prerequisites for formation of
new trends in our market.

We in our business have been in the market for
more than 20 years, and have experienced more than
one crisis, but we regard it as the next manifestation,
and do not make a disaster of it. We focus on what we
can influence, what is in our power to change, what
exactly depends on us. And for our part, we try to
communicate this philosophy to our partners.
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