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APPLICATION OF ACTIVE FLUXES AND ACTIVE GASES
TO INCREASE EFFICIENCY OF ARC AND PLASMA
WELDING

B.E. PATON, M.M. SAVITSKY, V.S. GVOZDETSKY, I.V. KRIVTSUN, A.M. SAVITSKY, Yu.E. GODLIS and A.F. LUPAN
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Considered are probable causes of increase in the penetration depth in plasma and arc welding by the MIG and TIG
methods using activating fluxes. It is shown that deep penetration of metal is caused by contraction of the arc and
increase in the concentration of thermal and mechanical effects of plasma on metal with a simultaneous decrease in its
surface tension at the presence of elements that have a high surface activity and susceptibility to formation of negative

or positive ions.

Keywords: plasma and arc welding in inert-gas atmos-
phere, activating fluxes, metal and tungsten electrodes, arc
pressure, surface tension, penetration, mechanical properties,
welded joint

Activation of processes occurring in the weld pool
and arc burning in inert gases by using microadditions
of chemical elements is an advanced area of develop-
ment of welding |1-3]. Addition of 0.10-0.01 % (of
mass of metal melted) of elements which have a high
surface activity and susceptibility to formation of
negative or positive ions to the welding zone allows
values of the weld form factor to be varied over wide
ranges with no changes in welding conditions. For
example, narrow welds with deep penetration (down
to 12 mm) or wide welds with low penetration (about
1-2 mm) can be produced in argon-arc welding by
the TIG method |4].

Technologies of argon-arc welding of steels and
titanium alloys by the TIG method, developed by the
E.O. Paton Electric Welding Institute, were widely
applicd, starting from 1970, in aircraft and rocket
engineering, nuclear power generation and other in-
dustries of the former Soviet Union. Some of them,
collectively called A-TIG welding, after they were
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Figure 1. Effect of the total content C of sulphur and oxygen in
steel (solid curves), as well as sulphur and oxygen in steel and
shielding gas (dashed curves), on ¢ (1), j (2), h (3) and b (4) in
argon-arc welding

tested by TWT in 1993-1995, became the subject of
investigation and application in different countries of
Europe, Asia and America. The efforts made sepa-
rately and at different times in the USA and Japan
on adaptation of the above technologies to local con-
ditions and their improvement were included into the
lists of priority directions of development of welding
[6, 7].

Analysis described in [8] showed the absence of a
single opinion on this matter. Existing hypotheses
can be conditionally subdivided into two main groups.
The first group includes those which give preference
to metallurgical and thermal processes occurring in
liquid and solid metal, whereas the second group in-
cludes hypotheses which suggest that physical pro-
cesses in the welding arc are of a primary importance.

However, the most typical situation is that in
which both groups of the processes participate, with
some of them prevailing over the other depending
upon the conditions. Thus, it was established that in
argon-arc welding by the TIG method the certain
correlation exists between variations in surface ten-
sion coefficient o of liquid steel and weld width b,
as well as between current density 7 in the active spot
at anode and penetration depth /%, depending upon
the total sulphur and oxygen content of steel or of
steel and shielding gas (Figure 1). These elements are
known to have a high surface activity and energy of
affinity for electron, i.e. they can simultaneously ini-
tiatc metallurgical processes in the weld pool and
physical processes in the arc.

It can be scen from the Figure that as the total
content C of these elements in steel grows from 0.010
to 0.014 wt.%, the surface tension coefficients and
width of the weld substantially decrcase, which is
accompanied by increase in the current density and
penctration depth. Further increase in the total con-
tent of sulphur and oxygen in steel, or an extra amount
of oxygen added to the shiclding gas leading to in-
crease in the total content of these elements in the
welding zone to 0.02 wt.% of the molten metal, has
a lower cffect on the surface tension coefficient and
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width of the weld than on the current density and
penetration depth in steel.

Therefore, it can be assumed that at an insignifi-
cant content (up to 0.014 %) of sulphur and oxygen
in steel the metallurgical processes are dominant
within the welding zone. With the content of these
elements in excess of 0.014 wt.% the physical pro-
cesses in the arc become more active, thus leading to
increase in the current density and pencetration depth
of metal, probably because of a more intensive thermal
and mechanical impact on the weld pool by the arc.

Arc pressure P, on the surface of the weld pool in
TIG welding is attributable to interaction of two
forces. The effect of one of them is caused by retar-
dation near the anode surface of the plasma flow
formed in the arc column as a result of interaction of
the electric current of the arc with a natural magnetic
field [9], whereas the effect of the other is caused by
a reactive pressure of the jet of metal vapours from
the anode spot of the arc [10]. As proved by the
experimental and calculation data, both components
of the arc pressure are a function of current density
7, and, since the distribution of the current density
in the anode spot is described by the curve with maxi-
mum at the centre [11], the are pressure has a similar
distribution (Figure 2). As shown by experiments,
incrcasce in the sulphur and oxygen content of stecl
is accompanied by increase in the arc pressure on
mectal, while after extra activation by oxygen its valuc
becoms commensurable with the value of surface ten-
sion (compare Figurcs 1 and 2).

Contraction of the arc by activators and reduction
in transverse size of the weld pool surface seem to
lead to increase in resistance of molten metal to pene-
tration of the arc. However, the effect of this factor
is compensated for by decrcase in surface tension of
metal at the metal—slag interface.

If the first component of the arc pressure is domi-
nant in TIG welding, this leads to formation of a
crater in metal, in which the plasma flow is subjected
to additional contraction by the metal pressed out
from the crater. This results in choking of the vapour
flow, causing increcase in the kinetic energy of the
flow and, hence, the penetrating power of the arc.

Geometric sizes of a weld and characteristics of
the plasma flow vary in a similar way. It can be seen
from transverse macrosection of the weld shown in
Figure 3 that the penetration zone, while going deeper
into metal, first narrows and then gradually widens.
If in this case the bottom of the crater is broken out,
this leads to formation of a channel in metal, in which
a secondary plasma flow is formed. This process is
identical to that occurring in the plasmatron [12, 13].
The above-said seems to be the factor which makes
the plasma flows formed by the activated arc and
plasmatron closer to cach other in energy and tech-
nological characteristics.

It should be noted that during the plasma welding
process the plasma flow rapidly widens at its exit
from the plasmatron nozzle as a result of the pressure
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Figure 2. Distribution of excess pressure on anode by the arc in
argon-arc welding of steel with z <0.010 (1), equal to 0.010—
0.014 (2) and = 0.014 (3) % (horizonital lines show levels of resis-
tance of metal to penetration of the arc caused by surface tension
P, and hydrostatic pressure P; of metal during welding in argon
and Ar + 3 % O, mixture; 7, is the anode spot radius)

drop, which usually leads to decrease in the intensity
of heating and penetrating power of plasma. To add
to it, there are easily ionised elements near the surface
of the metal welded, which are contained in the base
metal vapours. These elements favour widening of the
plasma flow and increase resistance of metal to the
penetration of plasma into the weld pool because of
a high surface tension of molten metal in argon. Values
of the required characteristics of plasma are usually
maintained by increasing the welding current, flow
rate of the plasma gas and contraction of plasma using
hydrogen, as well as by decreasing the nozzle to work-
picce distance [13]. Little consideration has been
given so far to the effect exerted by easily ionised and
surfacc-active clements in plasma welding. The inves-
tigation results |4| are indicative of the fact that al-

Figure 3. Transverse macrosection of the weld made by argon-arc
welding by the TIG method with activation in steel 6 mm thick
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Figure 4. Macrosections of welds made on steel 6 mm thick by
plasma welding without (@) and with (b) activation

Figure 5. Macrosections of welds made by MIG welding on steel
VSt3kp 10 mm thick in CO, (@) and argon with activation (b)

KCV, J/cm?

30 1 I L 1
20 0 -10 -20 -30 T, °C
Figure 6. Temperature dependence of impact toughness of metal

in different zones of a welded joint made by MIG welding with
activation: 7 — weld; 2 — HAZ; 3 — base metal

4

Table 1. Parameters of arc and plasma welding with activation

Welding method I, A U,V oy m/h
A-TIG with flux VS-2e 165 10 6
Plasma:

with flux VS-2e 110 22 12
without flux 150 22 12

lowance for these factors would open up new oppor-
tunities for further increase in the efficiency of this
welding method. Macrosections of the welds made by
plasma welding on steel 6 mm thick without and with
activation under conditions indicated in Table 1 are
shown in Figure 4. As it can be seen from this Figure,
application of an activating flux which contains ma-
terials with an increased surface activity and affinity
for electron enables the plasma flow in the near-anode
region to be additionally contracted and its penctrat-
ing power to be increased by a factor of 1.5-2 in
welding at low currents. In this case mechanical pro-
perties of welded joints are improved and the full-
strength joints are provided.

Interesting results were obtained also in MIG
welding using wire Sv-08G2S, performed in argon,
CO, or their mixture (Ar + 15 % CO») with or without
activating fluxes. Plates 10 mm thick of steel VSt3kp
(rimming) were used as the base metal [14].

The effect of increase in the penetration depth is
more pronounced in welding performed in pure argon.
As shown by the results of the investigations con-
ducted (Table 2), application of an activator in this
case allows the penetration depth to be increased al-
most 1.6 times compared with welding in CO; and
in a mixture of Ar + 15 % CO», and 1.8 times com-
pared with welding in argon without an activator.
The shape of the weld is also changed in this case.
The finger-shaped penetration characteristic of weld-

Table 2. Effect on penetration depth by activators”

Penetration depth,

Welding method
mm

Shielding atmosphere

Without activator Ar 3.8
Ar + 15 % CO, 4.5

CO, 4.5

With activator Ar 7.0
Ar +15 % CO, 6.8

CO, 4.8

*Welding conditions used were as follows: I, = 280 A; U, = 28 V;
vy =25m/h.

Table 3. Effect of an activator on energy parameters of gas-
shielded welding of steel VSt3kp 10 mm thick

One-pass welding I, A U,V o, m/h q/0
In Ar with activator 400 34 40 8654
In CO, without 350 40 25 22190

activator

5/2003
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Table 4. Effect of activator on mechanical properties of welded joint

KCV, J/cm?

Welding process Welded joint region a,, MPa 0., MPa
+20°C —20°C
In Ar with activator Weld 510 680 79 70
HAZ N/D N/D 74 74
In CO, without activator Weld 368 570 61 33
HAZ N/D N/D 80 75

Note. Welding was performed on metal with the following mechanical properties: 0, = 349 MPa, o, = 476 MPa, KCVy = 71 and KCV 5=

=37 J/’cmz.

ing in pure argon becomes wedge-shaped under the
effect of an activator (Figure 5).

Comparison of technological capabilities of weld-
ing in argon with an activator and in CO, without
an activator showed that in one-pass welding with
full penetration of metal of the same thickness the
heat input g/o in the first case was approximately
2.6 times as low as in the second case (Table 3).

This fact is one of the probable causes of improve-
ment of mechanical properties of welded joints. This
can be well illustrated by an example of variations
in impact toughness of the weld and HAZ metal speci-
mens with a sharp notch (Charpy) tested at =20 °C
(Table 4).

As established, values of impact toughness of the
basc and HAZ metal tend to monotonously decrease,
the value of impact toughness of the weld metal re-
maining almost unchanged (Figure 6).

It should be noted in conclusion that activation
of physical-chemical processes occurring in TIG, MIG
and plasma welding under the effect of microadditions
of chemical elements creates preconditions for a more
cfficient utilisation of energy of the arc and perform-
ing welding at a decreased heat input, as well as for
controlling the weld metal melting and solidification
processes and the kinetics of structural transforma-
tions in thec HAZ to improve mechanical propertics
and performance of welded joints. In addition, this
will provide a substantial improvement in culture of
welding production and its environmental safcty.
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STRUCTURE AND PROPERTIES OF WELDED JOINTS
OF NICKEL-BASED HEAT-RESISTANT ALLOY

A.A. SLIVINSKY' and P. VEIT®
1Insti'tute of Joining and Beam Technologies, Otto-von-Guericke University, Magdeburg, Germany
’Institute of Experimental Physics, Otto-von-Guericke University, Magdeburg, Germany

Results of metallographic examinations of different regions of the NiCr25FeAlY high-nickel alloy welded joints, made
by tungsten electrode in inert gas, consumable electrode in mixture of gases and under the flux layer, are given.
Susceptibility of the alloy to the formation of hot cracks was evaluated and the presence of ductility dip in it near
700 °C temperature after heat treatment was found. The relationship was established between the decreased ductility
of the alloy and formation of phase and chemical heterogeneity.

Keywords: arc welding (TIG, MAGMS, SAW, MMAW),
high-nickel alloy, welded joints, structure, technological
strength, curve of ductility

Nickel-based alloy of NiCr25FeAlY type (commercial
designation Nicrofer® 6025 HT — 602 CA), developed
by the specialists of Krupp VDM GmbH in 1992, is
widely used in manufacture of equipment for the me-
tallurgical, ceramic and chemical industries, units for
waste recycling [ 1—3]. Chemical composition of alloy
NiCr25FcAlY is as follows, %: Ni — base; 2426 Cr;
8—11 Fe; 0.15-0.25 C; 0.1 Mn; < 0.5 Si; £0.1 Cu;
1.8-2.4 Al; 0.1-0.2 Ti; 0.05-0.12 Y; 0.01-0.10 Zr.
From the data of company-producer the material pos-
scsses a high heat resistance and high-temperature
strength and can be used at temperature up to 1200 °C
in carburizing, oxygen-containing and nitriding me-
dium [1].

To attain the high-temperature strength of the al-
loy the developers used the principles of a solid-solu-
tion, carbide and dispersion hardening that provides
the presence of a complex phase structure in the ma-
terial, including a solid y-solution of carbon in Ni—
Cr—Fce-matrix [1]; strengthening carbide MeysCe,
where Me = (Cr, Fe, Ni) [1, 4-6]; intermetallic y-
phase Niz(Al, Ti) [1, 7-9].

The same as many other austenitic dispersion-har-
dened alloys, the alloy NiCr25FeAlY is characterized
by a satisfactory weldability, with a manifestation of
susceptibility to the formation of hot cracks in weld-
ing and heat treatment |9—15]. The possible changes
in structure of material caused by the processes of
welding or heat treatment and leading to the loss in
technological strength can be as follows:

e growth of austenitic grain in HAZ metal;

« agglomeration of primary carbides (tendency of
carbides to the formation of coarse grain-boundary
precipitations during heating at the unchanged total
share of precipitated carbides);

* formation of a carbide chain (process, opposite
to the above-described), i.e. precipitation of numerous
fine carbide phases along the grain boundarics;

© A.A. SLIVINSKY and P. VEIT, 2003
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 formation of brittle topologically close-packed
M-, 0-, Laves-phases.

Similar structural transformations for some alloys
on nickel base can cause not only the formation of
hot cracks in welding, but also to reduce significantly
the serviceability of welded structures, made from
these materials, under the action of high temperatures.

At the Institute of Joining and Beam Technologics
a scrics of cxperiments was performed, including
welding of high-resistant nickel alloy NiCr25FeAlY,
test for susceptibility to hot cracking, mechanical-
technological tests and analysis of microstructure of
the welded joint. The latter was performed at the
assistance of Methodological-Diagnostic Center of
Materials Science of Magdeburg University. It in-
cluded the optical microscopy (microscopes «Nikon-
Epiphot» and «Leica Reichert MeF3A»), scanning
clectron microscopy (clectron microscope JEOL JSM
5410) and transmission electron microscopy (electron
microscope Philips CM200).

Welding was performed on 500 x 150 mm plates
of 6 and 10 mm thickness with V-shaped groove prepa-
ration. In the scope of investigations the plasma weld-
ing without filler material was used for filling root
welds, and next passes were made using four different
methods: tungsten electrode in inert gas (TIG), con-
sumable clectrode gas-mixture shielded (MAGMS)
and submerged arc welding under the flux layer
(SAW), and also with covered electrodes (MMAW).
In all cases a filler metal was used, which is similar
to parent metal (PM) in chemical composition. The
main welding parameters are given in the Table. To
increase the productivity and to decrease the number
of passes the TIG welding on 10 mm thick plates was
performed with transverse arc oscillations.

The quantitative analysis of grain size in HAZ
metal and PM showed that the thermal cycle of weld-
ing influences negligibly the growth of the matrix
grain. Only in the direct vicinity of the fusion line
(up to 0.2 mm) some coarsening of structure by one
number of grain is observed. At some distance from
the fusion line, for more than by 0.2 mm, the grain
preserves stable sizes. The processes of agglomeration
of carbides and formation of a carbide chain in HAZ
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Parameters of welding for filling passes on 10 mm thick plates

Method of welding

Parameter
TIG MAGMS SAW

Diameter of filler material, mm 1.2 1.2 1.6
Welding current, A 180 148 220-250
Arc voltage, V 10 23 35
Welding speed, cm /min 20 33 30
Oscillations of arc:

amplitude of oscillstions, mm 5 - -

rate of oscillations, cm /min 10 - -
Shielding gas / flux:

kind Ar+1%N, Ar+5%N,+5% He+0.05% CO, SAW flux 50-11

consumption, 1,/min 12 20 -

metal were not observed in HAZ metal. Carbide phase
in PM and HAZ metal is presented by carbides of
two types, precipitated both at the boundaries and
also inside the austenitic grain. The first group in-
cludes the carbides of mainly round or globular shape
with an average diameter of about 2—5 pum, the second
group includes the coarser carbide inclusions of ir-
regular shape with an 12—18 um average length, elon-
gated in the direction of rolling PM plates (Figures 1
and 2).

The electron microanalysis of carbide phase
showed that the structure of welded joints of alloy
NiCr25FeAlY includes the particles of carbides
Mecy3Cg and Me;Cs, where Me = (Cr, Ni, Fe). Domi-
nating role in the formation of carbide phase is played
by the atoms of chromium, i.e. separate particles of
carbide represent in principle the pure compounds of
chromium and carbon. The presence of carbides of
Mey3Cg and Me;Cs types in the alloy structure was
confirmed also by the measurements of microhardness.
Microhardness of grains of y-matrix was on average
HYV 0.03-320-350 (HV 0.04-230-270). Values of mi-
crohardness of carbide particles prove the presence of
two groups of carbides with different levels of micro-
hardness: HV 0.03-880-980 (HV 0.04-500) and
HYV 0.03-1350 (HV 0.04-680-750). With allowance

Figure 1. Microstructure of parent metal of TIG welded joint of
NiCr25FeAlY alloy at the distance of about 5 mm from fusion line
(dark particles — carbide phase; light particles — yttrium and
zirconium; SEM, back scattered electrons)
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for the reference data on microhardness of carbides
Cr;Cs and Cry3Cg [16] the conclusion can be made
about the presence of both types of carbides in the
alloy structure in initial state and after welding. In
general, this phenomenon, widely spread for high-
temperature high-strength materials on nickel base
[9], is confirmed also for NiCr25Fe¢AlY by data of
[17]. In parallel with investigations of a carbide phase
in regions adjacent directly to the fusion line (in HAZ
metal and along the boundaries of dendrites in weld),
the areas with eutectoid structure of phase precipita-
tions were observed (Figures 2—4).

The presence of the eutectoid phase near the fusion
line can serve a negative factor, intensifying the for-
mation of hot cracks during welding-technological
treatment of alloy NiCr25FcAlY. This is duc to a
higher fusibility of cutectic with respect to PM and
its clearly expressed brittle (lamellar) morphology
(Figurc 4). The microhardness of the cutectoid phasc
3 times exceeds that of y-matrix on average and
amounts to HV 0.04-510-680. In its turn, the distri-
bution of eutectoid formations along the grain
boundarics around the matrix carbides indicates the
process of redistribution of elements of the carbide
phase and y- matrix, formation of eutectoid composi-
tion, its pre-fusion and subscquent crystallization in

Figure 2. Microstructure of HAZ metal of TIG welded joint of
NiCr25FeAlY alloy near the fusion line. Typical are the eutectoid

formations along the fusion line from the side of HAZ metal (SEM,
back scattered electrons)
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Figure 3. Microstructure of HAZ metal of TIG welded joint of
NiCr25FeAlY alloy near the fusion line (SEM, absorbed electrons)

the form of eutectoid phase, arranging only around
the carbide.

To establish the effect of above-described struc-
tural transformations in the material on its techno-
logical strength a series of tests was made for resis-
tance of alloy NiCr25FeAlY against hot cracking in
welding. Tests (PVR-test) were performed in accor-
dance with a standard document DVS 1004-1. The
test principle is shown schematically in Figure 5.

Welding torch was displaced along the axis of a
200 x 40 x 10 mm flat specimen at a constant welding
speed, providing its penctration for some depth, de-
pending on the welding parameters. Simultaneously,
with the beginning of the welding process the speci-
men began to be subjected to tension in the direction
of arc movement with a constantly increasing speed.
Here, the definite value of tension rate e corre-
sponds to each point in the weld. The quantitative
criterion for determination of material susceptibility
to hot crack formation is a critical rate of tension v,
(rate of tension at which the first cracks are observed
at the specimen surface).

During tests the argon TIG welding without filler
wire was used as the most preferable method of weld-
ing from the point of view of resistance against hot
cracking. The welding speed for different test speci-
mens varied within 10.6-22.2 ¢cm /min at other pa-
rameters being constant. The processed test data are
given in Figure 6.

Critical rate of tension is inversely proportional
to linear energy, i.e. with increase of the latter in
welding the hazard of formation of hot cracks is also
increased. According to [18] the conclusion can be
Y

Pl

mm,frmin

P

/

Figure 4. Eutectoid phase around carbide particle, area of HAZ
metal near the fusion line (SEM, absorbed electrons)

made, on the basis of criteria established experimen-
tally, about the satisfactory resistance of alloy
NiCr25FcAlY against the hot crack formation as ma-
terial indicating the critical rate of tension, locating
in the interval of 30-70 mm /min during the PVR-
test. Thus, in welding at low values of linear energy
(= 6 kJ /cm) the material possesses the high enough
crack resistance and makes it possible to produce the
quality welded joints. At the same time when the
lincar ¢nergy reaches 8.5 kJ /cm and more the alloy
possesses unsatisfactory resistance against the hot
crack formation in shiclded-gas arc welding.

Hot cracks formed in welds during PVR-test have
a clearly expressed interdendritic nature and formed,
first of all, in periphery zones of welds near the fusion
line. An additional factor promoting initiation and
propagation of hot cracks in these regions, in particu-
lar, is the presence of an eutectic liquid in the inter-
grain and interdendritic space below the solidus tem-
perature. The transition of hot cracks from the weld
to the HAZ metal was observed in some cases by this
reason (Figure 7).

To check the serviceability of welded joints of
heat-resistant alloy NiCr25FeAlY at high tempera-
tures a number of investigations was carried out, in-
cluding heating and holding of welded specimens
made by different methods of welding in the range of
critical temperatures with a subsequent mechanical
technological tests and metallographic examinations
of structural changes.

Some references [19, 20] indicate the hazard of
formation of the so-called cracks of a repeated heating
for heat-resistant alloys on nickel base at their heat

/
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Figure 5. Schematic diagram of PVR-test
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Figure 6. Dependence of critical rate of tension v,, for NiCr25FeAlY alloy on welding speed (a) and linear energy (b)

treatment or in the operating conditions under the
action of high temperatures. Interval of temperatures
600—800 °C is most hazardous here. The decisive factor
stipulating the reduction in ductility of the material
within this temperature interval is accepted to be
considered its dispersion hardening as a result of pre-
cipitation of y-phase Niz(Al, Ti) [13, 19, 21, 22].

The study of fine structure of heat-treated welded
specimens of alloy NiCr25FeAlY (heating up to
700 °C, holding for 100 h, air cooling) showed the
presence of y-phase in its structure, which was not
observed in study of material structure in the initial
state. Particles of y-phase are precipitated in the weld,
HAZ metal and PM and have a rounded shape (di-
ameter of about 21-31 nm) (Figures 8 and 9). As the
grain boundaries of the as-delivered PM were almost
free from the carbide precipitations (Figure 10), the
study of a fine structure of the welded joints after
heating showed the presence of numerous precipita-
tions of a fine-dispersed carbide phase both along the
grain boundaries in the PM (Figure 11) and HAZ
metal, and also along the interdendritic boundaries
in weld (Figure 21).

To establish the effect of temperature load and
caused structural transformations by it in the material
on its mechanical-technological properties the com-
parative tests were made on transverse tension, bend-
ing and impact strength of welded specimens from
NiCr25FeAlY alloy. Results of impact strength tests
are shown in Figure 12. Samples with V-notch for
tests were cut out from welded joints made by TIG,
MAGMS welding and SAW (root weld was filled
with a plasma welding). The notch was located on
PM, along weld axis in transverse section, fusion line
and in HAZ metal. Energy of fracture A, at impact
strength test for specimens from PM and typical re-
gions of the welded joint was approximately similar
and equal to 75-80 J. Here, the noticeable advantage
of any method of welding was not observed. At the
same time the provoking heating up to 700 °C and
holding for 100 h has led to the decrease in fracture
energy almost by 30 % both in PM and also in HAZ
metal. However, the highest drop in material tough-
ness due to low-temperature holding was observed in
the weld. In this case the fracture energy was 4 times
reduced and equal to 18-20 J for the welds.
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Figure 7. lllustration of hot crack «coming outs from weld metal
to HAZ metal (optical microscopy, etching according to Bloech
and Wedl II)

Figure 8. Particles of y-phase in weld after low-temperature hold-
ing (electron transmission microscopy)

Figure 9. Particles of y-phase in parent metal after low-temperature
holding (electron transmission microscopy)




Figure 10. Intergrain boundary in parent metal before low-tem-
perature holding. Dislocation network and separate carbide mi-
croparticles are typical (electron transmission microscopy)

Figure 11. Microstructure of parent metal after low-temperature
holding. Grain boundaries are covered with carbide precipitations.
Right grain with contrast precipitations of y-phase (electron trans-
mission microscopy)
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Figure 12. Fracture energy A, of NiCr25FeAlY alloy in typical
regions of welded joints: PM (7), weld (2), fusion line (3) and
HAZ metal (4) made by different methods of welding in initial
state after welding (1) and after low-temperature holding (1)
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Figure 13. Change in fracture energy of NiCr25FeAlY alloy de-

pending on temperature of provoking heating for welds made by
TIG (1), and for PM (2)
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Figure 14. Change in ductility of NiCr25FeAlY alloy in typical
regions of welded joints: PM and welds made by different methods
of welding in initial state after welding (7) and after low-tempera-
ture holding (2)
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Figure 15. Change in strength of NiCr25FeAlY alloy in typical
regions of welded joints: PM and welds made by different methods
of welding in initial state after welding (7) and after high-tem-
perature holding (2)
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Figure 16. General view of fracture surface containing TIG weld
after impact strength test

The further tests of welded specimens of
NiCr25FeAlY alloy at different temperatures of the
provoking heating showed that the range of tempera-
tures near 700 °C is most hazardous from the point
of view of reduction in the impact strength (Fi-
gure 13). The holding duration was not changed and
equal to 100 h for all cases. Similar results were ob-
tained also at comparative testing of specimens of PM
and alloy NiCr25FeAlY for transverse bending (Fi-
gurc 14). Bending angle of samples, not subjected to
heat action, made from PM and containing welds,
was 180°. The initiation of the first cracks was ob-
served in samples from PM, heated to 700 °C and
subjected to holding for 100 h at 102° angle of bend-
ing. When testing welded samples, whose root weld
was filled by a plasma welding, the tensile forces were
transferred to filling passes made by TIG, MAGMS
welding and MMAW. In this case, a brittle fracture
in weld at bending angles 81, 78 and 64° at different
methods of welding was observed in samples subjected
to the provoking heating.

Thus, tests for transverse bending also confirmed
the presence of a significant drop in ductility of ma-
terial of welds of NiCr25FeAlY alloy welded joints,
subjected to heating and holding in the range of tem-
peratures near 700 °C.

Tests for transverse tension of samples from PM
and containing welded TIG, MAGMS and MMAW
welds, also confirmed the material hardening due to
the above-described temperature trecatment (Fi-

Figure 17. General view of fracture surface of sample containing
TIG weld after impact strength test. Before the sample test the
low-temperature holding (700 °C, 100 h) was used
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Figure 18. Fractographic pattern of fracture of TIG weld after
impact strength test (SEM)

gure 15). Here, the samples were fractured in PM in
all cases.

Study of fracture surfaces of welded samples after
impact strength tests reveals the higher ductility of
the structure of root welds made by the plasma wel-
ding (Figures 16, 17, right part), in comparison with
filling passes made by different arc methods of wel-
ding, in particular with a TIG (Figures 16, 17, left
part). In addition, the comparison of a shape of sec-
tions of fracture surfaces shows the much higher level
of a plastic deformation in non-heated samples (Fi-
gure 16), as compared with the more brittle pattern

Figure 19. Fractographic pattern of fracture of TIG weld after
impact strength test. Before sample test the low-temperature hold-
ing (700 °C, 100 h) was used (SEM)

Figure 20. Microstructure of HAZ metal of TIG welded joint of
NiCr25FeAlY alloy after thermal holding (700 °C, 100 h). Typical
regions: polycrystal chromium carbide (@), matrix with a disloca-
tion network (b) (electron transmission microscopy)
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Figure 21. Microstructure of TIG weld of NiCr25FeALY alloy
after thermal holding (700 °C, 100 h). Typical regions: ¢ — in-
terdendritic boundary covered with carbide precipitations; b6 —
«fringing», adjacent to it, being free from precipitations; ¢ —
matrix with a dislocation network (electron transmission micros-
copy)

of fracture in samples, subjected preliminary to the
provoking heating (Figure 17). The more comprehen-
sive investigation of fracture surfaces in welds shows
the cellular (honeycomb) structure of fracture typical
of ductile materials in samples, which were not sub-
jected to thermal action after welding (Figure 18),
as compared with brittle (shear) structure of fracture
surface of welds subjected to a low-temperature hold-
ing (Fi-gure 19).

Thus, the results of mechanical-technological tests
of welded joints of NiCr25FeAlY alloy indicate ade-
quately the essential decrease in ductility and tough-
ness of the material due to even comparatively short-
time holding in the region of 700 °C that is, in its
turn, causcd directly by the y-phase precipitation.
Here, the most weakened zone of the welded joint is
the weld. This fact cannot be grounded only due to
the y-phase precipitation.

During examinations using the method of electron
transmission microscopy the presence of «fringings,
free of hardening particles and dislocations near the
interphase carbide—matrix boundary was revealed in
the microstructure of metal of HAZ and weld of ther-
mally-affected samples (Figures 20 and 21). The
width of «fringing» is about 0.1 pm. In Figures 20
and 21 the presence of y-phase is designated by dis-
location lines, i.e. on areas, being free of dislocations,
there are no also the particles of the y-phase. More-
over, the electron microanalysis of structure showed
some depletion of «fringings metal with chromium
as compared with the matrix. This phenomenon can
be explained by the fact that in the conditions of
formation of the hardening carbide Mey3Cg (760-980 °C
according to [9]) the matrix is depleted with chromium
that increases, in turn, the solubility of y-phase near
the boundary of grain or dendrite, and, more clearly,
elements of y-hardeners, resulting in the formation of
the above-described zones, being free from precipita-
tions. These were samples, in which the intensive pre-
cipitation of fine-dispersed carbide phase along the
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boundaries of grains and dendrites was observed after
the low-temperature holding (700 °C, 100 h).

Thus, the significant decrease in ductility of the
welded joints caused by the temperature effect, is the
result of a phase and chemical inhomogeneity, stipu-
lated by complex structural transformations, such as
precipitation of hardening y-phase in the matrix, pre-
cipitation of fine-dispersed carbide phase MeysCs
along the boundaries of dendrites and partial homo-
genization (dissolution of y-phase) in the near-boun-
dary region. Here, the weld with its dendritic struc-
ture is the most weakened zone because of the anisot-
ropy of its mechanical properties as compared with
PM or HAZ metal.
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PECULIARITIES OF CRYSTALLINE STRUCTURE
OF WELDED JOINTS IN SINGLE CRYSTALS
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Crystallographic texture and microstructure of fusion welded joints were studied. Criteria were selected for estimation
of the degree of inheritance of structural state of the base metal by the weld metal. Factors determining the degree of
such inheritance were established, and conditions for a minimum distortion of the structural state were identified.

Keywords: fusion welding, metal solidification, crystal-
lographic orientation, single-crystal state, X-ray examinations,
disorientation, dislocation density, inheritance of structure,
welding conditions

Structural state of the weld metal is one of the main
factors determining physical-mechanical properties
and performance of welded joints |1-3]. The latter
greatly depends upon how precisely the structural
state of the base metal is inherited by the weld metal.

Proceeding from basic postulates of the metal so-
lidification theory [4-6], it can be presumed that the
degree of inheritance is determined cumulatively by
the initial crystallographic orientation, perfection of
structure of a material welded and parameters of the
thermal effect of a welding heat source (welding con-
ditions and parameters).

Publications dedicated to this issue are not nume-
rous, and those available often contain contradictory
results [1, 6-11]. They focus mainly on just a state-
ment and illustration of the fact of inheritance of
orientation of melted grains of the base metal by the
weld metal, as well as on peculiarities of a coarse-
crystalline macrostructure of the weld metal. How
precisely at different scale (structural) levels the weld
metal can inherit crystallographic orientation and
structure of the base metal, as well as which factors
this inheritance depends upon — these are the issues
the present study is dedicated to.

The object of the package of investigations in this
study is an initial crystallographic orientation and
microstructure of the single-crystal base metal, as well
as their variations under the effect of the thermal-de-
formation welding cycle.

Criteria for estimation of structure of welded
joints are as follows:

» macroparameters of structural perfection (reten-
tion of the single-crystal nature and crystallographic
orientation of the base metal, deviation of crystal-
lographic orientation of the weld metal from the re-
spective characteristics of the initial base metal);

 paramcters of structure at a meso-level (density
of dislocations, uniformity of their distribution, scat-
ter of the most probable crystalline orientation of the
weld metal).

Investigations were performed on single crystals
of tungsten, molybdenum and niobium. This elimi-
nated the effect of multiplicity of crystallographic
orientations within the melting zone on structural
perfection of the weld, as in polycrystals and cven
heavily textured metals this factor has a substantial
effect on accuracy of the investigation results.

One-component textured polycrystals always con-
tain part of grains with the orientation other than the
basic onc, which affects both mechanism of inheri-
tance of structure and its perfection. Moreover, in-
vestigations of single crystals, owing to the accuracy
of determination of crystallographic orientation of
welded (melted) surfaces, can provide much more
conspicuous results on the effect of this characteristic
on structural perfection of the weld metal. In addi-
tion, the choice of single crystals as the investigation
object makes it possible to study characteristics of
formation of different dislocation distributions under
the cffect of welding conditions and parameters with
specific crystallographic orientations of the single
crystals welded.

The choice of refractory metals for the investiga-
tions was bascd on the necessity to have the possibility
to widely vary thermal fields during welding. Besides,
owing to the isomorphic nature of refractory metals
less distortions are brought into structure during so-
lidification and cooling, thus providing a more accu-
rate answer to the questions posed. Initial refractory
metals are characterised by a low content of impuri-
ties, which also allowed us to raise the accuracy of
results and avoid the probability of a non-uniform
nucleation of the solidification centres. According to
the certificate data on the initial single crystals grown
by the zone melting method, the metals investigated
had the following compositions, wt.%:
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Figure 1. Spatial distribution of intensity I (a, ¢, ¢) and iso-intensive lines (b, d, f) of scattered X-ray radiation in azimuthal plane
I for different zones of a welded joint in tungsten single crystals: @, b — base metal; ¢, d — fusion line; e, f — central part of the
weld (melting surface (111), welding direction [110], reflex (222), welding speed 28 mm /s)

W — 99.99; [C] — 1001010,
[O] — 10071007 [H] — (5-8)010;
Mo — 99.99; [C] — 10007°—10107";
[O] — 1007°-1007"; [H] — 100~*-1007;
Nb — 99.99; [C] — 1007-1007;
[O] — 100721007 [H] — 100 —100°.

The base (initial) metal is characterised by a uni-
form distribution of dislocations, a small number of
low-angle boundaries and disorientation of elements
of a substructure in an irradiated volume of 1 mm?
equal to 10-20 mrad (Figure 1, a, b).

Samples for welding experiments were cut from
single-crystal rods 20—-36 mm in diameter grown by
zone melting. The rods used had a different crystalline
orientation of the axis: <110>, <111>, <112> and
<100>. This allowed us to vary crystallographic ori-
entations of fusion surfaces and welding directions,

14 T On

the top surface being kept unchanged — (110). The
accuracy of orientation of the single-crystal rods, ac-
cording to the certificate data, is approximately
35 mrad. Welding of the samples cut from different
rods may lcad to a substantial disorientation in the
joint. Special arrangements were made to avoid the
negative cffect of such disorientation: firstly, the sam-
ples for welding were taken from one rod; and, se-
condly, the flat plates were cut from the rods, which
were then cut lengthwise. The plates were abutted
for welding along the cut. This provided the same
crystallographic orientation of the fusion surfaces and
welding directions and avoided a distorting effect of
inaccuracics of cutting and assembly of the plates for
welding. As a result, the relative disorientation of the
samples in a butt was not in cxcess of 35 mrad (ac-
curacy of determination of orientation by the Lauc
method). The samples were cut by the electric-spark
mcthod. A defective surface layer was removed by
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machining followed by electric polishing. Immedi-
ately before assembly for welding, the surfaces of the
samples were cleaned by chemicals, degreased and
dried. Thickness of the samples welded was from 0.5
to 2.0 mm.

The top surface, end and specially made oblique
sections were used for microstructural and X-ray exa-
minations. The special surface was provided as a result
of cutting the welded samples at an angle of 90 mrad
to the welding direction and normal to the top surface.
The purpose of preparation of special examination
surfaces was to increase accuracy of estimation of cha-
racteristics of different zones in welded joints through
enlarging the examination area.

The welding experiments were performed using a
highly concentrated precision electron beam in va-
cuum in order to accurately reproduce results on com-
paratively small (about 20 x 60 mm) samplcs, ensure
mobility and locality of heating, vary the thermal
welding cycles over wide ranges and climinate con-
tamination of the weld metal. The standard electron
beam welding cquipment was utilised.

As it was necessary to study peculiarities of so-
lidification and structurc allowing for the possible
process variants, the experiments were conducted
within a wide range of welding conditions and pa-
ramcters, including with clectron beam preheating
and postweld heating. Heat removal was regulated
by using the process fixture. The welding speed was
varied from 1 to 40 mm /s, and the preheating tem-
perature was varied from 200 to 800 °C. The welded
joint was of the butt type with through penetration.

It should be noted that a consistent through pene-
tration is an imperative condition of producing the
quality single-crystal welded joint. Violation of sta-
bility of welding conditions, weld geometry and ho-
mogeneity of the temperature field may cause forma-
tion of high-angle grain boundaries and extra defects
of the crystalline structure. Welding parameters were
selected on this basis. Table 1 gives typical conditions
and parameters of welding tungsten single crystals of
a differing thickness. For molybdenum and niobium
the beam current was decreased 1.5 and 2 times,
respectively, compared with tungsten.

Metallographic examinations were carried out us-
ing optical microscopes «MIM-75 and «Neophot 32»
at a magnification of 10 to 500 power. The density
of chaotically distributed dislocations was determined
from the ctching pits by using the calculation method
suggested in |[12]. This method has an insufficient
accuracy and scnsitivity, and is employed mostly for
express-estimation of the state of structure. Retaining
of a single-crystal nature and abscence of high-angle
boundaries were estimated by the express-method
from the presence of regions of a differing ctehability.
It should be noted that the metallography method is
very rapid, but it gives only qualitative estimates.

Values of microhardness are an indircet measure
of defectiveness of single crystals and their welded
joints. Microhardness was measured using the LECO
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hardness meter M-400 with an automatic indenter
drive under a load of 0.5—1.0 N and holding for 15 s.

X-ray examinations by the Laue method and the
rocking crystal method were used to study crystal-
lographic orientation and relative disorientation of
elements of a substructure of both base metal and
welds. The Laue method of backward take was em-
ployed to estimate the degree of single-crystallinity
and deviation of crystallographic orientation of the
weld metal from the base metal. Positions of reflexes
in diagrams, their distortion and directions of prefered
smears, compared with the reference ones, served as
the characteristics. The method of the backward take
of a rocking single crystal was employed for quanti-
tative estimation of the dislocation substructure pa-
rameters and determination of uniformity of distribu-
tion of elements of the dislocation ensemble. When
using a single-crystal sample, one should take into
account the quantitative relationship between width
O,0 and shape I, of distribution of the X-ray reflex
intensity and parameters of the dislocation ensemble
[13, 14]. Criteria for estimation of the substructure
elements were position, general angle broadening and
shape of distribution of the reflex intensity, while in
formation of the intensity peaks in distribution 7,5
the criteria were their quantity, angle broadening of
individual peaks and level of the intensity drop be-
tween them. This allowed us to estimate the density
of dislocations, their distribution, as well as general,
mean and local angles of disorientation of elements
of the dislocation ensemble. Examinations were per-
formed with the URS-2.0 unit and the DRON-3M
diffractometer using copper radiation.

Distributions of the intensity of X-ray reflections
in azimuthal directions of reflexes, such as {110},
{200}, {310}, {321}, {222} and {211}, constituting thc
angle of less than 785 mrad with one of the exami-
nation plancs were studied. The appropriate correc-
tions were made in the intensity values at an inclined
position of a sample.

Therefore, the qualitative and quantitative cha-
racteristics (metallographic methods) complemented
with the quantitative parameters of structure (X-ray
methods) allow the many-aspect characterisation of
the initial metal, as well as variations caused by its
melting and solidification during the welding process,
with a high degree of accuracy and reliability.

To make investigations more convenient, the basic
factors determining formation of structure within the
welded joint zone were subdivided into characteristics
of the welding conditions and parameters and parame-
ters of the initial structure.

Investigations of welded joints in niobium and
tungsten single crystals, produced at a speed ranging
from 3 to 30 mm /s, revealed the following struc-
tural-orientation peculiaritics of metal of these joints
depending upon the welding conditions and parame-
ters (primarily the welding speed).

First of all, X-ray (Figures 1-3) and metal-
lographic examinations showed the possibility of re-
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Figure 2. Diagrams of the EB weld metal on tungsten single crystals produced at a speed of 28 mm /s with the following initial
orientations of fusion surfaces: @ — [110]; b — [100]; ¢ — [111]; d — [112]; ¢ — base metal {110}

taining of a single-crystalline structure of welded
joints in single crystals of a differing crystallographic
orientation, produced within the above speed range.
The weld metal inherited the base metal crystal-
lographic orientation with each of the considered com-
binations of welding conditions, orientations of the

/., pfs

c

fusion surface and welding directions (Figure 1).
However, the diagrams of different zones of a welded
joint fixed deviations of the orientation relative to
that of the base metal from 35 to 175 mrad. The
disorientation angle depends primarily upon the ini-
tial orientation of the weld edges, as well as upon the

£ mrad
140

70+

o i, mrad

Figure 3. Spatial distribution of intensity (@, ¢) and iso-intensive lines (b, d) of scattered X-ray radiation in azimuthal plane I for
the central part of the weld: @, b — molybdenum; ¢, d — tungsten (fusion surface (211), welding direction [110], reflex (211), Weldmg

speed 3 mm /s)
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Table 1. Typical conditions of EBW of tungsten single crystals

Thickness of metal

Beam current, mA
welded, mm

Welding speed, mm/'s

1.0 110 5
1.0 150 22
1.5 190 22
2.0 230 22

Notes. 1. Preheating conditions were selected on the basis of al-
loy welded, sample size and fixture type. 2. Accelerating voltage in
all cases was 30 V. 3. Pressure inside the chamber amounted to
6.7 MPa.

welding conditions and parameters. Values of vari-
ations in the crystallographic orientation across the
section, obtained by the Laue method, are 35—
175 mrad. As the measurement error of 35 mrad and
inaccuracy of cutting and assembly of the samples
equal to 35-50 mrad are commensurable with the
values obtained, deriving of the exact numerical de-
pendencies of variations in crystallographic orienta-
tion of the weld metal upon the welding conditions
and parameters involves problems. Nevertheless, it is
possible to distinguish the main trends in inheritance
of the crystallographic orientation depending upon
the welding conditions and parameters. These trends
arc identical for the molybdenum, tungsten and nio-
bium single crystals. However, there are also some
differences not of a principal importance. Exact peaks
of the intensity of reflection of the weld metal (tung-
sten) arc indicative of a more developed polygonisa-
tion process (Figure 3).

Main peculiaritics of variations in structurc of the
welded joints in a direction from the base metal to
the weld centre are as follows: spots in the diagrams
and patterns of the intensity of scattered X-ray ra-
diation gradually increase in width and split into in-
dividual maxima (Figures 1-3). This is indicative of
variations in density and distribution of dislocation
defects in different parts of the weld.

Consider generalised results of investigation of the
welds made by penetration of a solid plate, resulting
in minimisation of the effect of the error of positioning
and preparation of samples. Table 2 gives the data of
investigation of welded joints with the fusion surface
orientation of (111) (welding direction <112>). As
seen from the Table, the welding speed has a substan-
tial effect on perfection of structure of the weld metal
(the first and second groups of structure parameters
characterising inheritance of the base metal struc-
ture), i.c. on the accuracy of inheritance of the base
metal structure. The best results were obtained at a
fusion surface of (111) and welding direction of [100]
and |110], and the worst results — at a welding
direction of [111]. Good inheritance of perfection of
the single-crystal structure with a fusion surface of
(111) for all welding directions was fixed at low
welding speeds (2.8 mm /s) (disorientation of sub-
structure was equal to 20—30 mrad, deviation of ori-
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Table 2. Estimates of dislocation structure of metal in the zone
along the weld axis®™ resulting from calculation of the actual
physical broadening of radial distribution of the intensity of scat-
tering of X-ray radiation

Density of  Angle of

Weld-  Actual L)ensz_ty of M@an distribution local
. chaotically  distance L
g broade distributed — between of disorienta-
speed, ning, dis.loc vllionys zf 1”'5' dislocations  tion of sub
mm/'s mrad C:”,z B / 0,(3 om " walls, grains,
) ’ cm™? mrad
2.8 5.061 810° 3.9 200’ 1-5
8.372
28 1624 0.200’ 1.2 300" 5-10
20.32

“Initial orientation of the melting surface [111].
Values of actual broadening are given for reflexes (110) and

(220).

entation of the weld in its central part was 35—
50 mrad). Further decrease in the welding speed (to
1 mm/s) aggravates the trend to decrease in disori-
entation of the substructure elements and dislocation
density with the welding speed decreased to this ori-
entation of the fusion surface. However, low welding
speeds may cause problems of a technology character
(increase in the weld width, burns-through etc.).
Similar ecxaminations of butt welded samples re-
veal the effect of disturbances associated with assem-
bly and preparation of fusion surfaces (Table 3, Fi-
gure 4). Disorientation of the substructure elements
at the weld centre for the best welding variants is
40-50 mrad. For a fusion surface of (001) [100], dis-
orientation of the substructure elements at the central
part of the weld produced at a speed of 2.8 mm /s
amounts to 110—-140 mrad. Increasing the welding
speed to 30 mm /s leads to decrease in disorientation
to 30—40 mrad. With further increase in the welding
speed (to 40 mm /s) the trend to further improvement
of perfection of the weld structure was fixed, but,
like at low welding speeds, this results in a techno-
Table 3. Disorientation of the substructure elements within the
zone of the weld axis in tungsten butt welded joints made at dif-

ferent welding speeds on samples with a different crystal-
lographic orientation

Sm‘[ace orienta- “'781(11-719 speed, M aximum (/tb'()l'l(‘r”t(ltl()”, Illl'ﬂ(]

tion mm/s 0w o]
[100] 2.8 100—160 60-70
22.0 40—-60 15-30
28.0 35—40 15-20
[110] 2.8 110-190 35-35
22.0 45-55 18-25
28.0 30-35 5-10
[111] 2.8 30—40 15-25
22.0 65-100 35-160
28.0 50-60 30—-40
[112] 2.8 120-175 40-55
22.0 50-65 50-60
28.0 35-40 25-30
Note. Orientation of the sample surface — [110]; v, ;7 — normal
to the welding direction; vy — parallel to the welding direction.
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Figure 4. Histograms of disorientation (7, 3 — minimum; 2, 4 —
maximum) of substructure elements of the weld produced by EBW
at different speeds: ¢ — 2.8; b — 28 mm /s; 7, 2 — normal to
the welding direction; 3, 4 — parallel to the welding direction
(6 — angular width)

logical problem of formation of sound welds (under-
cuts, recesses ete. ).

As seen from Tables 1-3 and Figures 2 and 4, the
effect of the welding speed on perfection of the weld
metal structure is closely related to the initial orien-
tation of the base metal. Examinations of samples of
other crystallographic orientations, welded under dif-

0, mrad

p-0.5, cm-2
[ 80 |
1.1070

60 |
1100 |

Weld axis
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1108
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14

a
HV, MPa
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Weld axis
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0.5 1.0 1.5 2.0 L, mm

b
Figure 5. Variation in characteristics of substructure in a cross
section of welded joints in tungsten single crystals of a differing
orientation: @ — disorientation of substructure elements, total
dislocation density; b — microhardness: 7 — [111]; 2 — [112];
3 — [100]; 4 — [110]; 5 — [100] (polycrystalline structure along
the axis)
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ferent conditions (speeds), show that, along with the
welding conditions and parameters, an even higher
effect on formation of the weld metal structure is
exerted by orientation of the initial melting surface
(Figures 2, 4, 5), as the fusion surface serves as a
primer (substrate) for solidification. The degree of
inheritance of the substrate structure determines per-
fection of the weld metal structure.

Analysis of the above data showed that the best
results could be obtained for samples with a melting
surface of {100} and {110} at incrcased welding speeds,
while for samples with a melting surface of {111} the
best results were obtained at low welding speeds, and
the less perfect single-crystal welds were produced at
a melting surface of {112}, Increcasing the welding
speed for surface orientations of [ 111] and [112] leads
to some decrease in maximum values of disorientation
of the substructure clements. However, reflexes with
clearly defined heterogeneous asterism were revealed
in the X-ray patterns (sce Figure 2), which is indica-
tive of the presence of redundant, non-uniformly dis-
tributed dislocations with different Burgers vectors.
This distribution of dislocations forms regions of local
overstresses susceptible to recrystallisation. For a fu-
sion surface orientation of {112} we failed to produce
welds with a structure close to that of the base metal.

Therefore, it can be concluded that each initial
crystallographic orientation has its own optimal weld-
ing conditions and parameters providing a more per-
fect structure.

Results of estimation of the total dislocation den-
sity in the weld structure coincide with ecarlier estab-
lished dependencies of perfection of the weld metal
structure upon the crystallographic orientation of the
initial metal, as well as welding conditions and pa-
rameters. As disorientation of the substructure ele-
ments increases, the dislocation density grows from
about 100%-1007 to 100%-1@0° ¢m™. In regions
where the total dislocation density grows more than
10 times, the density of chaotically located disloca-
tions falls (see Table 2) because of their re-grouping
and formation of sub-boundaries. The total dislocation
density of the entire dislocation ensemble increases
due to variations in the concentration and disorien-
tation of sub-boundaries.

Values of microhardness in different parts of the
weld are shown in Figure 5. Microhardness grows in
the HAZ and decreases in the zone of the weld axis.
Deccreasce in microhardness of metal in the central part
of the weld may be related to the polygonisation pro-
cesses (decrease in the density of chaotically located
dislocations and formation of sub-boundaries). Redis-
tribution of dislocations lcads to changes in distribu-
tion of interstitial impuritics. Increase in the concen-
tration and angle of disorientation of the dislocation
walls is accompanicd by growth of the concentration
of impurities, i.e. «cleaning» of the material matrix.

The revealed structural orientation peculiaritics
can be explained as follows. Crystallographic orien-
tation of metal and perfection of structure in growth
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Figure 6. Stereographic projection (a) and diagrams (b—d) of orientations of niobium crystals demonstrating variations in the direction
of their growth depending upon the speed of displacement of the molten pool: b — 2.8; ¢ — 3.6; d — 5.6 mm /s

of crystals depend to a substantial degree upon the
parameters, the solidification rate in particular [6,
15—17|. Apparently, each specific range of the solidi-
fication rates has its own, most favourable crystal-
lographic directions, the so-called crystallographic
planes of the priority growth.

We conducted experiments intended to verify va-
lidity of this postulate and specify it for the EBW
conditions. The samples were locally and successively
remelted with electron beam by overlapping the pene-
trated zonc to a distance more than half the weld
width. Figure 6 shows results of X-ray examinations
of these samples. It follows from them that variations
in both orientation of growth and perfection of struc-
turc of the remeled weld metal depend upon the speed
of displacement of the molten zone. Thus, at a speed
of 2.8 mm /s (Figure 6, b) solidification occurs in a
dircction close to [110]. Diffraction spots in the dia-
grams have the form of reflexes of a regular shape
with a slightly developed internal structure, which is
indicative of an insignificant disorientation of blocks
and a high perfection of material. Increasing the speed
to 3.6 mm /s (Figure 6, ¢) leads to growth of crystals
in the [310] direction, i.c. the orientation gradually
shifts to the [001] direction. The diffraction spots arc
more smeared and have an internal structure. At a
speed of displacement equal to 5.6 mm /s (Figure 6,
d) the direction of a preferred growth is [001].

If the solidification direction and substrate orien-
tation coincide with the direction of a preferred
growth, the solidification process to occur requires
the least overcooling, it takes place under more equi-
librium conditions, and metal structure is more per-
fect.
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Therefore, the decisive factors in formation of
structure of a welded joint are perfection and initial
crystallographic orientation of the fusion surface, as
the latter serves as a foundation on which the «bricks»
of a solidifying metal are arranged, inheriting its ori-
entation and perfection. Effect of the solidification
rate is more pronounced in the case of non-coincidence
of initial orientation and direction of a preferred
growth, which prevents inheritance of the initial
structure. Manifestation of this phenomenon s
growth of the dislocation density, causing redistribu-
tion of dislocations, thus lcading to formation of over-
stressed centres in the case of unfavourable welding
conditions and parameters. The stronger the deviation
of the welding parameters from the favourable ones
for a given crystallographic orientation, the higher
the defectiveness of a structure. This can explain dif-
ference in the dislocation density and disorientation
of the substructure clements in metal of the welds
produced at different welding speeds (see Figures 4
and 5, Tables 2 and 3).

As the solidification rate is different across the sec-
tion of the weld (almost cqual to zero near the fusion
line, and maximum, almost equal to the welding speed
along the weld axis [1, 18]), the effect of conditions of
growth of single crystals on their perfection can be
traced in one weld (see Figures 1 and 5).

X-ray reflexes for the base metal had a smooth
distribution of the intensity with a width of about
10—20 mrad. In the¢ HAZ the width of this distribution
grows, but its shape remains smooth. The clearly de-
fined peaks in the intensity distribution appear in the
central part of the weld. These peaks characterise a
well-formed sub-grain structure.
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The dislocation density in the weld metal may
grow almost by an order of magnitude even with the
best variants of relationships between the initial crys-
tallographic orientations and welding speed, while in
other less successful experiments it may grow to a
much higher value (sec Figure 5, a).

Values of microhardness (see Figure 5, b) correlate
with the above results of X-ray examinations. Regions
with the highest density of chaotically located dislo-
cations have a maximum hardness, and regions in
which the dislocations arc arranged into walls and
the sub-boundaries are formed have a minimum hard-
ness.

It can be concluded here that variations in the
welding speed arce capable of substantially (by orders
of magnitude) changing the dislocation density in the
weld metal, thus determining inheritance of structure
of the initial basc mctal by the weld metal. Increasce
in the speed of welding of the samples, in which the
denscly packed crystallographic plancs of the [100]
and | 110] type prevail, leads to formation of the least
distorted structure of the weld metal. For surfaces
with the less densely packed crystallographic planes
of the type of [111] and closc to them, the similar
results can be obtained with decrease in the welding
speed.

It should be emphasised that the results obtained
should not be allowed for separately, and the effect
of the crystallographic orientation should not be sepa-
rated from the effect of welding conditions and pa-
rameters. And it is the last factor that the scatter of
the data obtained is associated with. Variations in the
welding conditions and parameters, most different
from the optimal ones, may lead to a substantial scat-
ter of the data and degree of dependence of structural
perfection upon these parameters. Each particular case
requires specification of solidification conditions, es-
pecially the speed, and even to a high degree — the
initial crystallographic orientation at the moment of
nucleation of a crystal (the initial stage of solidifica-
tion).

Results of the investigations performed helped to
determine the ways of producing welded joints in
both single crystals and textured and polycrystalline
metals with a minimum distortion of the initial struc-
ture and required propertics.

Therefore, X-ray and metallography examinations
proved that in fusion welding the weld metal inherited
the structural state of the base metal.

The degree of inheritance of the initial structural
state, determining the level of mechanical propertics
of a welded joint, can be estimated not only by de-
viation of crystallographic orientation of the weld
metal from the base one, but also by disorientation
of the substructure clements, density and distribution
of dislocations.

The degree of inheritance is determined by the
initial crystallographic orientation, as well as welding
conditions and parameters. With their favourable
combination the deviation of the crystallographic ori-
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entation of the weld metal from the initial one is not
in excess of 90 mrad, and disorientation of the sub-
structure clements is 30—40 mrad at 10-20 mrad for
the base metal. Growth of the dislocation density (by
an order of magnitude and more) in the weld metal
and differing distribution of dislocations were fixed
in all the variants of the investigated crystallographic
orientation and welding conditions.

The revealed peculiarities of inheritance are at-
tributable to correspondence of the solidification rate
and speed of preferred growth for a certain crystal-
lographic orientation. Variations in the inheritance
characteristics across the section of the welds is caused
by variations in the solidification rate.

Each crystallographic orientation of the weld
edges has specific welding conditions and parameters
characterised by a minimum distortion of the initial
structural state. Lower welding speed and preheating
are required for a satisfactory inheritance of structure
of the weld edges by the weld metal, in the texture
of which the less densely packed crystallographic
planes of the type of (111) and (112) prevail. And
vice versa, for the densely packed planes (100) and
(110) of the fusion surface the best results can be
obtained at increased welding speeds.
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ADDITIONAL APPROACHES TO THE EVALUATION
OF SUSCEPTIBILITY OF LOW-CARBON

AND LOW-ALLOY STEELS TO LAMELLAR-TOUGH
AND LAMELLAR-BRITTLE FRACTURES

A.V. BERNATSKY
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The paper sets forth the possibilities for determination of reduction in area ¢_and KCV _ based on the results of testing
standard samples cut out across the direction of rolling on the sheet plane. ‘An additional notion of lamellar cr acking

coefficient is introduced, which is the KCV™: KCV™ ratio in the entire range of transition temperature.

Keywords: low-carbon and low-alloy steels, anisotropy of
mechanical properties, reduction in area, impact strength, la-
mellar-tough and lamellar-brittle fracture

It was established from the results of expert evalu-
ation of fractured welded joints, connections and
structures, and from the laboratory investigations
made at the E.O. Paton Electric Welding Institute,
that the anisotropy of characteristics of toughness and
ductility of rolled metal influences greatly not only
the technological strength of welded joints, but also
service reliability and life of welded structures duc
to formation of lamellar-tough and lamellar-brittle
cracks | 1-3].

Absence in the domestic practice (until the end of
the 1990s) of the methods of testing the rolled metal
in the direction of thickness did not make it possible
to judge even approximately of its suitability for the
defect-free manufacture and service of welded struc-
tures, and also limited the output of steels with stan-
dardized characteristics of reduction in arca ¢,, that
predetermined the working out of GOST 28879-90.

The main problem consisted in the necessity of
creation of a separate document on regulation of al-
lowable anisotropy of characteristics of ductility and
crack resistance of rolled metal, including the impact
strength to provide the resistance of welded joints
not only to lamellar-tough fractures in welding, but
also to lamellar-brittle fractures in service.

The important criterion of evaluation of suscepti-
bility of rolled mctal to lamellar-tough fractures is
the reduction in area ¢, |4-6].

From the data of foreign and domestic researchers,
the lamellar cracks in welding metal structures occur at
$, < 15 % and almost climinated at ¢, > 25 % [7, 8].

German researchers have developed the system of
estimates for the evaluation of different factors for
establishing required values ¢, of rolled metal, which,
in the opinion of authors of the present article, include
some not quite correct positions, and also statements
of a discussing nature. The approach proper, defining
more precisely the estimation of contribution of dif-

© A.V. BERNATSKY, 2003
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ferent factors to the resistance of connections and
welded joints to the lamellar fractures from the en-
gineering point of view represents an undoubted in-
terest. At the same time the requirements of the con-
sumer to the supplied rolled metal should have, pro-
bably, the more definite nature.

In accordance with the earlier developed GOST
2887090 «Steel. Mcthods of Tensile Testing of
Thick-Sheet Rolled Metal in the Direction of Thick-
ness» depending on reduction in arca ¢,, the sheet
rolled metal is classified into groups of quality, de-
signated as Z15, Z25, Z35 (Table 1).

Group of quality Z15 is lowest, and steels, in-
cluded into it, are not suitable for use in structures
or connections where the occurrence of tensile forces
in the direction of sheet thickness are possible. It is
considered that in structures manufactured from the
sheet rolled metal of the group of quality Z35 the
lamellar-tough cracks cannot occur. Stecls used in
critical welded connections and structures refer to an
intermediate group of quality Z25.

It is rccommended to record the ultimate resistance
o; and yield strength 03 in cases of limited values of
reduction in are ¢, between the groups of quality Z15
and Z25 (Figure 1).

It was alluring from the engineering point of view
to develop the mechanism of determination of reduc-
tion of area ¢, from the results of testing standard
samples located in the sheet plane ¢. Using the results
of testing low-carbon and low-alloy steels, carried out
at PWI, it is possible to plot the graphical dependence
of ¢min on ¢2 min (Figlﬂe 2)

Table 1. Classification of sheet rolled metal depending on reduc-
tion in area

Value of reduction in area ¢, not less than, %

Group
of quality Mean - U_alues /;raw resul 1-s Separate
of testing three samples
715 15 10
725 25 15
735 35 25
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Figure 1. Dependence of ratio of strength characteristics of test
specimens (0, /0, and 02,/0,) on reduction in area ¢, in the direction
of thickness (mean value): 7 — St.3, 70 mm thickness; 2 —
16G2AF, 20 mm; 3 — 16G2AF, 40 mm; 4 — 14G2AF, 40 mm;
5 — 14G2AF, 40 mm; 6 — 14G2AF,36 mm; 7 — 14G2AF, 36 mm;
8 — 16G2AF, 40 mm; 9 — 16G2AF-Sh, 40 mm; 70 — 09G2S,
1§ mm; // — 14G2AF, 50 mm; 72 — 12KhGDAF, 50 mm; @ —
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Figure 2. Dependence of reduction in area in the direction of
thickness ¢, on reduction in area in the rolling area ¢,,. Desig-
nations of =72 here and in Figure 4 are similar to Figure 1; 13 —
09G2S-Sh, 50 mm; 74 — 09G2S, 35 mm
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Figure 3. Dependence of impact strength KCV, KCV,, KCV; on
temperature for specimens 2a, 2b and 3a of 09G2S grade of steel
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Figure 4. Dependence of impact strength in the direction of thick-
ness KCV™ on impact strength KCV™" in rolling plane: 13 —
09G2S-Sh, 50 mm; 74 — 09G2S, 35 mm; 15 — 17G1S, 15 mm
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Table 2. Results of mechanical tensile tests of 15 mm thick steel
of 09G2S grade

Location o o
()f S])e(?inmns G)" MPa Ou MPa 5 % ¢‘ %
Across direction  352-360 482-509 3440 71-75
of rolling 356 495.5 36 73
Direction Z 359-381 465475 18-33 24-40
370 470 25.5 32

Note. Here and in Tables 3, 4 the numerator includes ranges of
values, while the denominator includes the mean values.

Using the dependence obtained it is possible to
determine by reduction in area ¢ < 60 % the belonging
of steel grade tested to the group of quality Z15 (Ta-
ble 1) and in some case to Z25 and Z35 (¢ > 60 %).

In other words, from results of acceptance tensile
tests in the conditions of mass production of structural
steels it is possible to evaluate approximately the sus-
ceptibility of a steel sheet and its welded joints to
lamellar-tough fractures.

As is outlined in |3], the determination of ¢, is
necessary, but not sufficient condition for the evalu-
ation of susceptibility of the sheet or welded joint to
lamellar-tough and, in particular, to lamellar-brittle
fractures. Thus, in some cases, the satisfactory value
¢, does not always correspond to the required level
of metal crack resistance in tough and, in particular,
in brittle state.

Tables 2 and 3 and Figure 3 give results of tensile
and impact bend tests of 15 mm thick steel of 09G2S
grade.

In spite of preliminary predictions, based on values
of reduction in area in the thickness direction ¢, =
= 2440 %, the impact strength KCV, (Figure 3,
curve 3a) occurred to be inadmissibly low within the
entire range of temperatures. It should be noted that
impact strength specimens with a notch, located in
the thickness direction (2a) and «from sheet surface»
(2b), also showed very low values of the impact
strength that indicates the possibility of initiation of
fractures, including those from the sheet surface. Fur-
ther, this characteristic (conditionally KCV3g) can be
used for obtaining the additional information.

Table 3. Results of mechanical impact bend tests of 15 mm thick
steel of 09G2S grade

Location
of specimens

Impact bend tests, j/cmz, at T, °C

and notches =70 —40 0 +20
2a, KCV 4 10—11 45 41-45
10.5 43
2b, KCV 9-10 20-27 65—69 60
10.5 23.5 67
3a, KCV, ﬁ 2.5-4.0 ﬂ 4-12
1.3 3 3.6 6.6

Note. Location of specimens relative to rolling direction is shown
in Figure 3.
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Table 4. Results of mechanical tensile tests of 24 mm thick steel of X57 type

Location of specimens ay, MPa 0, MPa S % o, %
Across rolling direction 471.5-457.7 574.2-579.7 25.3-29.3 62.0-64.0
462.3 576.6 26.6 63.3
Direction Z 452.1-457.2 566.0-571.1 21.0-23.3 50.0-57.0
453.8 568.6 21.7 52.3
Table 5. Results of mechanical impact bend test of 24 mm thick steel of X57 type
Location of specimens Impact bend test, j/vmz, at T, °C
and notches ~70 40 ) 0 20 +50
2a, KCV 55.0-61.0 91.0-105.0 - 111.0-114.0 325.0-124.0 -
54.5 96.6 112.3 189.0
Ja, KCV, - 5.0-10.0 4-10 - 20.0-9.0 42.0-55.0
7.3 6 15.5 48.5

The use of test specimens for impact strength of
rolled metal in the thickness direction (3a) was re-com-
mended in the standard draft. This was met with ob-
jections from the side of representatives of the metal-
lurgical industry because of the impossibility to manu-
facture the welded cruciform specimens in the conditions
of a mass production at the metallurgical plants and
difficulties to provide a sufficient impact strength in
the direction Z. By these reasons the impact strength
tests were not included into GOST 28870-90. This de-
cision does not provide a direct evaluation of resistance
of steels to the lamellar-brittle fractures. An attempt
was made to evaluate the susceptibility of steels to the
formation of lamellar-tough and lamellar-brittle frac-
tures, in particular, from the results of impact bend
tests of standard specimens located across the rolling
dircction in the sheet plance (2a).

The main idea, confirmed by numerous tests, con-
sists in the fact that there is no almost anisotropy of
the transition temperature in steels having a slightly-
expressed crystallographic texture of rolling. In other
words, KCV, value is reduced with respect to values
of KCV at the upper «shelf» of temperature relation-
ship of the impact strength that predetermines its
appropriate decrease in the range of the transition
temperatures. In this case the transition temperature,
determined by a fraction of a tough component in
fractures, remains similar in both cases.

Figure 4 shows the relationship between the mini-
mum values of KCV, and KCV for steel grades in-
vestigated at the «upper shelfs.

CLC, %
40 r
20
1 1 1 1 1 1 | 1 1 |
0 -70 -40 -20 0 20 T, °C
Figure 5. Dependence of CLC for steels with a slightly-developed
crystallographic texture on temperature: 1 — 14G2AF, 40 mm;

2 — 14G2AF, 35 mm; 3 — 09G2S-Sh, 50 mm; 4 — 14G2AF,
35 mm; 5 — 16G2AF, 20 mm
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Using the impact strength KCV, determined from
the results of testing standard specimens, located
across the rolling direction in the sheet plane, it is
possible to evaluate only approximately the minimum
values of KCV, in the conditions of a tough state of
the metal.

Figure 5 shows the coefficient of a lamellar crack-
ing (CLC) representing the KCVI* /KCV™X ratio
in the entire range of transition temperatures for some
steels investigated.

Values CLC, confirming the absence of the clearly
expressed anisotropy of transition temperatures for
steels supplied in hot-rolled condition are shown in
Figure 5.

It was established (Tables 4 and 5) in investigation
of mechanical properties of 24 mm thick steel of a
controllable rolling (X57) that steel is characterized
by the isotropy of ductility characteristics in the rol-
ling plane and direction Z (reduction in area ¢, =
= 50-57 % is comparable almost with reduction in
area ¢ = 62-64 %).

Other characteristics of strength and ductility ob-
tained in testing specimens cut out in the direction
Z, also correspond almost to similar characteristics
obtained in testing specimens cut out in the sheet
plane.

At the same time the steel of X57 grade is cha-
racterized by an increased susceptibility to lamellar-

KCV, KCV,, Jjem?2

120

80

40

(V]
0 S50 30 50 T, °C

Figure 6. Dependence of impact strength KCV and KCV, for
specimens 2a and 3a of X57 type steel on temperature
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Figure 7. Dependence of CLC for steels of a controllable rolling
with a developed crystallographic texture on temperature: 1—4 —
09G2S with different temperature of rolling end; 5 — X70 type;

6 — X57 type

brittle fractures even at positive temperatures (Fi-
gure 6). Thus, at 7= 20 °C the values KCV, are equal
to 9—20, and at negative test temperatures — to 4—
10 J /cm?.

Unlike steels with a slightly-developed crystal-
lographic texture, steels of a controllable rolling have
highly-differed values CLC (Figure 7) that proves
the presence of anisotropy of transition temperatures.

It is impossible in the latter case to judge of sus-
ceptibility of rolled metal to lamellar-brittle fractures
from values KCV.

Thus, the steels of a controllable rolling require
direct tests to determine the KCV, values during ser-
vice under the conditions of a minimum temperature.

CONCLUSIONS

1. It was established that it is possible to evaluate the
susceptibility of some low-carbon and low-alloy steels
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with a slightly-developed crystallographic texture to
the initiation of lamellar-tough cracks from the results
of tests of standard tensile specimens located across
the rolling direction in the sheet planc .

2. Tt is possible to determine approximately the
values KCV;™ and temperature of metal transition
to the brittle state from the results of impact bent
tests KCV™ of standard specimens located across
the rolling direction in the sheet plane.

3. Direct tests of specimens, located in the direc-
tion of sheet thickness, are necessary for impact bend
KCV, to evaluate the susceptibility of steels of a
controllable rolling to lamellar-tough and lamellar-
brittle fractures.
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REDISTRIBUTION OF RESIDUAL WELDING STRESSES
UNDER THE EFFECT OF NORMAL INCIDENT SHOCK
WAVE

V.G. PETUSHKOV
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Interaction of normal incident shock wave with the field of internal stresses in metal is considered. It is shown that
under rational conditions of loading of structural steels this correction is about 5 % of the wave amplitude. Therefore,

it can be ignored in practical calculations.

Keywords: residual stress, explosion treatment, stress re-
lief, shock wave, dynamic yield stress, elasto-plastic strain

Explosion treatment using captive strip or cord ex-
plosive charges has received currently a wide accep-
tance for relieving residual stresses in welded joints.
A number of studies [1—4 etc.] have been dedicated
to practical and physical aspects of this phenomenon.
For example, study | 1] considered symmetric case of
initial stresses 0,9 = 0,9 and 0,9 = 0 to investigate the
path of a point representing the stress-strain state of
a material in the space of principal stresses during
explosion loading and unloading. The plane of front
of the shock wave in this case is located in parallel
to the surface of metal, axes g, and o, are in the plane
of the surface of a plate treated, and axis g, is normal
toit. It is assumed that behaviour of metal corresponds
to the model of an elasto-plastic medium. In the case
under consideration, whatever the initial stresses are
within the elasticity limits, the straight line of an
elastic stress propagates to the yield surface at points
which belong to a certain straight line, the projection
of which to plane a,, 0, is straight line QQ shown
in Figure 1 (in the case of the elasticity waves this
is straight line PP). 0D = 0F = 0F = 0G = g, (here
0, is the dynamic yield stress), section 0S is the pro-

c A /P
4
S
Q
D, Ar_ 0 A / >
/ F Oy
P B
G
S
C,
a

jection of a hydrostatic axis. During further loading
the representative point moves along straight line QQ.

In a characteristic case the path of loading is more
complex for the majority of the types of welded joints
at 0,0 # 0,9. As shown below, these paths in the plastic
region are a family of curves that have as an asymptote
at high values of g, the straight lines the projections
of which to plane a,, g, are PP and QQ.

The purpose of this study was to determine the
above paths and, on this basis, boundaries of the re-
gion of applicability of the diagram shown in Figure 1
for a case of asymmetry of initial stresses. It should
be noted here that there are physical theories of the
processes of interaction of shock waves with stressed
metal which are based on more sophisticated models
of a medium, including those which allow for non-
unidimensionality of loading (sce, e.g. [5, 6]). Ne-
vertheless, it is of interest to analyse how high the
correction to calculations, allowing for asymmetry of
initial residual stresses, may be. The input data for
the consideration using the diagram suggested are re-
sidual stresses 0, and o, in metal welded and values
of stresses 0, caused by external loading.

If we use the associated yield law for a material
that follows the Saint Venan—von Mises yield crite-
rion (the case of ideal plasticity) in the form [7, 8]:

Gy AR1

Figure 1. Paths of a representative point in plane of principal stresses for a case of «approximated» (a) and «refined» (b) theory

© V.G. PETUSHKOV, 2003
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Sy = 20, - 354 Number of
Ao, = ﬁ curve in Fi
=-1/3 VZUSZ — SAU(Z) O; al gure 2, b
0 (broken) 20, 00 -
3
Oys 0.6600; 190.0 5
2
20yg 0.6540, 106.0 4
3
30ys 0.6510; 83.3 3
4
Oys 0.6380; 46.0 2
20ys/V3 = 0.6299, 34.0 1
= 1.150ys
da‘.,:dsyzzdeZZ:IdeZI )
S.\' Sy SZ | Si | ’

where €; is the strain and S; are the stress tensor
components, we can derive the following system of
equations:

ds,
4 Gde, = L
S%
1 —
o—S
2 e 295, ds, @
3 VO 95, S, 95. 3.
1= ) 1= )
20; 20;

(here G is the deviator component of the stress ten-
sor), which will make it possible to find the loading
parameter dependence of o, 0, and o,. Figure 1, b
shows on the combined coordinate planes oy, g, and
O., 0, the probable paths of loading in the elastic and
plastic regions corresponding to solutions of system
(2). Here the region confined by straight lines RR
and RyR; is the projection of a yield cylinder, straight
line QQ is the asymptote of the paths at 0, - o, and
0.1 corresponds to the beginning of plastic flow. It
is more convenient to consider the process on coordi-
nates o,, 0,, where 0,, = 1/2(0g, + 0,). The corre-
sponding paths are shown in Figure 2, a.

cS)(
A
4
D, T POk A/ >
/ Cm
B
N
QB
R Oxk
chx X
Q a

Figure 2. Plots in plane of principal stresses illustrating algorithms and results of application of the «refined» theory: o,

+ 0,) (see a, b and the rest of the designations in the text)
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The loading process can be described as follows.

1. The initial point belongs to section AD, 0,0 =
=1,/2(0,0+ 0,). Different values of Agy= 0,9 + 0,:
| AO—| < 2/3 OyYs = Omo » | GOm0 | < Oys, where Oys is the
static yield stress, may correspond to one initial point.
It was assumed in the calculations that o, = 30vys.

2. Elastic loading occurs along straight line

3)

1-v 1
0, = T(Om - 0-mO) atv=ro 0, = 2(0))1 - 01110)'

3
3. The point of yield going to the surface is cha-

racterised by value
0
%S.r + GmOB

where S, =—1/3 V4o — 3AG3.

Atv= 1/3 O, =35, +20,,0.

4. Further loading can be described by the follow-
ing parametric equations derived from solving system

(2):

_1-v
O

12 ()

0 ¢
Eéc\. 2f3e” — 1 S,
DO_S’ :73 eL+1+t 7(5':,
0 . )
|Io-m _ l 4 1 — o+ S.\"1
0%  3e +1 20,
(0] 35 1
where B = 20:: T 35: ’ t> 0’ AG( = Oxk = Oyl; AG,” =

= 0,,x — O is the wave amplitude; o,,, is the value
of g,, corresponding to g,;; and g, is that correspond-
ing to ay.

Asymptotic relationship between 6, and o, at
large amplitudes of . can be derived from formulae
(5) and relationships (3) and (4): 0,4 - O, — O.
Therefore, the paths of loading in the plastic region
on coordinates o, — g,, have the form of curve NR
shown in Figure 2, a.

Consideration of loading using the simplified dia-
gram suggests replacement of the path of broken line
KNR and Ao cqual to zero. Point P corresponds to
an approximated unloading value of ,,, point T cor-
responds to the precise value of g,,,. Designate cor-
rection PT as g, (g, > 0).

Ac/oyg %/%vs

0.08

0.04

|Acyl/ovg

= 1/2(01, +

m
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To determine the stressed state after unloading, it
is necessary to know the values of 0,2, 0, and differ-
ence of stresses after unloading Aoy = 0,5 — 0,5. The
Ao, dependencies of Ao and g, at v =1,/3, obtained
by transformation of system (5), have the following
form in the parametric representation:

o

_ exp (t/2) O, 6
gL = AVEB - Gl

Bel,+1 ’ O'YS:BeL+17

where sign in the first formula coincides with that of
Aoy.

Figure 2, b shows the calculation corrections to
parameters given in the Table. Dashed lines corre-
spond to the g, value, and solid lines correspond to
Ao.

The algorithm of using the simplified diagram with
corrections is as follows. The following calculations
are made, proceeding from initial stresses 0,9 and 0,:

Omo = 1/2(0y0 - 020)1 AOO = oy(] — Oy.

Then, allowing for the known wave amplitude gy,
the approximated broken line of loading and unload-
ing of the type of KQGP is plotted, and the approxi-
mated unloading value of @, (point P in Figure 2,
a) is determined. Then the Ao, value is found. The
values of Ag, and Agy can be determined from the
value of Ao, = 0, — 0, using plots shown in Figure 2,
b; and then 0,5 and 0,5 are found from formulae
Ao, . Ao,

Y O, = Oy — 2 0p~

oyZ ) + 2 P’

It can be seen from Figure 2, b, that the Ac cor-
rection is most substantial, and the value of g, at
Ao, < —0, can be ignored.

If 0,0 < —Oys, point T starts drifting (see Figure 2,
a) to increase in the o,, values after the shock-wave
process. The calculation made on the basis of the
associated yield law (1) and condition of the g, =€, =
= 0 uniaxial strain showed that the final state of 0,3
and Ags could be determined from the following sys-
tem of equations:

3 Ao;  [0,50
2 2 _ 3 _ me
O3 + Z A03 - O%'S¢ E - o Dy

3(1 —v) D
T v atv = 3y—3/2.

It can be assumed in the first approximation that
0,3 = —Oys and Ags = A0y — (Oys /0,2)° .

It is important to know also correction g, (see
Figure 2, @) for a practical use of the above calcula-
tions. This correction is a difference between the «pre-
cise» and approximated wave amplitude needed to
determine the certain final state 0,5 characterised by
point T'.

where y =
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The value of g, can be determined from the fol-
lowing transcendental equation:

O 4

o 1+ B €exXp ((X - O-p,r/o-s)y

where a = 2 + (3/05) (S, + G0 — Op2) and 0, <
< Opo-

The calculation made at g, = 0 showed that at
g, = 30ys max(0,,/0,) = 0.114, which is less than
6 % of the wave amplitude 0, equal in this case to
0,. Therefore, this correction can be also ignored in
practical calculations. This results from the fact that
an insignificant relative variation in the wave ampli-
tude o, leads to more pronounced variations in the
final state of 0,2/ 0ys, as usually 0, O 60ys.

We should dwell now on peculiarities of the dy-
namic shock-wave process allowed for in this study
in comparison with the quasi-static loading and un-
loading conditions. For example, as shown in [9, 10],
the actual high-rate picture of deformation of a tough
elasto-plastic material can be described using the
clasto-plastic quasi-static process characterised by
some efficient dynamic yield stress, which depends
upon the strain rate and toughness of the material.

At an actual strain rate achieved in the process of
relieving residual stresses by explosion treatment of
such materials as steel St.3, the dynamic yield stress
is 3-5 times as high as the static one. These data
generated from experiments on high-rate tension and
compression of rods are given in |11]. In addition,
peculiarity of the dynamic character of deformation
should be allowed for by adding to the process con-
sidered the drift of the point which represents the
stressed state of a material with respect to the static
yield stress.
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METHOD OF EVALUATION
OF THE EFFECTIVENESS OF MULTIFACTORIAL
CONTROL OF THE WELDING PROCESS

I.A. TARARYCHKIN
East-Ukrainian National University, Lugansk, Ukraine

The paper suggests a method to evaluate the effectiveness of preventive measures, aimed at improvement of the accuracy
of the multifactorial process. Criteria are defined, which allow determination of the nature of the change in the accuracy
and stability of the process being controlled. The possibilities of the method are considered in the case of narrow-gap
arc welding of a circumferential weld on a thick-walled cylindrical shell.

Keywords: narrow-gap arc welding, process control, sta-
tistical regulation, product quality, preventive measures, accu-
racy criteria

Method of statistical regulation, described in [1], al-
lows controlling the condition of a uni-dimensional
technological process by a pre-established accuracy
characteristic. The actual welding processes, as arule,
are multidimensional, and their current condition is
determined by a combination of a large number of
factors (mode parameters). Control of multifactorial
technological processes is associated with the need to
control their condition and periodically taking pre-
ventive measures, aimed at increasing the accuracy of
the process being controlled | 2—4].

Analysis of the accuracy of multifactorial systems
is made difficult by the absence of procedures, allow-
ing objective estimation of their condition. Perfor-
mance of such analysis is related to the need to assess
the effectiveness of the preventive measures.

The difficultics, arising in this case, arc related to
the fact that purposeful change of the process condi-
tion by onc or several accuracy characteristics may
lead to change of the value of other characteristics,
because of the presence of an implicit or explicit cor-
relation. In this casce a situation may arise, when an

9s3 1
> 5

M

e
st
Figure 1. Schematic of relative location of vectors G and M in
Js1 952953 System of coordinates
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attempt to change the process condition, in order to
improve its accuracy will lead to a reverse result.

If before taking the preventive measures, the con-
dition of an n-dimensional process was described by
vector G~ with coordinates gii, g%, ..., g5 and after
the measures were taken it was characterized by vector
G™" with coordinates g%}, ¢33, ..., g5, it necessary to
determine, whether the registered change of the pro-
cess condition indeed corresponds to the case of im-
provement of its accuracy.

Let us assume that before the start and after com-
pletion of preventive measures, the accuracy of an
n-dimensional process was ensured, i.e. conditions
gei<1land g <1 (i=1, 2, ..., n) were satisfied,
and the purpose of taking these measures was im-
provement of accuracy. For the case of three variables,
the process condition can be described in the system
of co-ordinates gy gs gs3 (Figure 1). The boundary
of the limit state is the surface of a unit cube. An
arbitrary point G, located inside the cube, has co-or-
dinates g1, gs2, gs3- In this case the smaller is angle
 between vector G and cube diagonal (vector M),
the higher the accuracy of the process, as with increase
of w vector G approaches the boundary of the limit
state. In addition, the latter occurs also with the in-
crease of the length of radius-vector p.

In keeping with the described approach, evalu-
ation of the effectiveness of the preventive measures
should be performed as follows. If the initial position
of vector G™ is characterized by a set of values p” and
w’, and after taking such measures values p™ and @
correspond to vector G, the accuracy of the process
is improved, provided the following condition is sa-
tisfied:

Bp=p—p" >0

o = of - o > 0. M
The process accuracy will not change, if
p = 0;
@Aw =0, (2)
and will decrease at
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g .
o<o

FAw<0. 3)

Now, if parameters Ap and Aw are of different
signs, i.e. one of the following conditions holds:

n] . g .
Bo<0; Bp>0;

%w> O, %w <O, (4)

it is impossible to make an unambiguous conclusion
about the nature of the change of process condition.

Implementation of the proposed algorithm of
evaluation of the effectiveness of preventive measures
is related to the need to determine the following pa-
rameters:

e angle w between vectors G- and M in n-dimen-
sional space of factors g, [5]

Q)D:arccosé gSDL-/ an gE?@
=1 i=1

« angle between vectors G~ and M

n

m

z Gsi
i=1

(L)m] = arccos

Qni 95t
=1

i

* increment of angle Aw

n n

O m
z Gsi Z Gsi
i=1 i=1

AW = arccos ——————— — arccos ———————: 5
Y, ny gs v nYy g5’
i=t i=1
« modulus of vector G~
p"=VY g
i=1
« modulus of vector G~
p" = Qz 99
i=1
 increment of modulus Ap
Ap:;zggfazgg? (6)
i=1 i=1

Effectiveness of preventive measures is evaluated,
depending on the sign of Aw and Ap criteria in keeping
with the established inequalities (1)—(4).

Let us consider the possibilities of the proposed
method in the case of filling of a V-shaped groove
with a multilayer weld by the following schematic:
one layer per pass. In order to ensure the edge pene-
tration the torch, directed along the gap center, makes
transverse oscillatory motions. The conditions for im-
plementation of the welding process may change with
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time, due to random and systematic causes. So, as the
groove is filled, its current width will increase, which
may cause lacks-of-penetration at the walls. During
welding the oscillation amplitude may change, which
may also be accompanied by appearance of lacks-of-
penctration. Analyzing the condition of a two-dimen-
sional process, with monitoring by the current width
of the gap 2B (accuracy criterion gg) and amplitude
of torch oscillations A (accuracy criterion gg), it
should be noted that point A (Figure 2), charac-
terizing the limit condition of the process, corresponds
to the case of possible formation of lacks-of-penetra-
tion at further increase of the current width of the
groove. In this case, gy = 0 is taken, i.e. it is assumed
that the amplitude of torch oscillations corresponds
to the nominal value, while oscillations occur in pa-
rallel to the axis, coinciding with the groove center.

Point B (Figure 2) corresponds to a limit condition
of the process, in which further reduction of the am-
plitude of torch oscillations is accompanied by for-
mation of lacks-of-penetration. In this case it is as-
sumed that there are no deviations of the geometrical
dimensions of edge preparation (gy = 0).

Thus, in terms of the possible formation of lacks-
of-penetration, the condition of the welding process
for points A and B (Figure 2) turns out to be equiva-
lent, despite the differences in the conditions of its
implementation.

If we use the proposed procedure, and define the
process condition in point A by a set of values g5 =
=1, g3 =0, and in point B by g% =1, ¢% = 0,
respectively, then Aw = 0 and Ap = 0. This means,
that in terms of the possible formation of lacks-of-
penetration, the above conditions of the process
should be recognized to be equivalent.

The considered example demonstrates, that when
the proposed procedure is used, the controlled pa-
rameters of process accuracy should be selected, pro-
ceeding from the condition of a significant influence
on product quality characteristics, and the parameters
proper should have the same or close status, deter-
mined by the recommendations, given in Table 1.

[« 3
11 A ° M
G B »
Ll
0 1 9s2

Figure 2. Schematic for determination of the condition of a two-
dimensional welding process, using complex accuracy criteria g,
and g,
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Table 1. Status of the controlled parameters of welding process accuracy

Status of the controlled
parameter of process ac-

Anticipated consequences of lowering the process

Recommendations on control and documentation of the process

curacy accuracy by the parameter condition
Critical It will certainly lead to formation of difficult-to- Control, using systems of statistical regulation by a
detect defects, requiring subsequent repair combined schematic [2]. Documenting, using control
cards [6] and condition control cards [1]
Important High probability of formation of defects, part of Control, using the first or second regulation sequence [2].
which will require further repair Documenting, using control cards or condition control
cards
Significant May lead to formation of defects, detection and Control, using g,; criteria and documenting the current
correction of which will not create any serious  condition in those cases, when an unsatisfactory accuracy
problems of the process is found
Insignificant Formation of defects, which may require Control by current indices of measuring instruments. No

subsequent repair, is not anticipated

documenting is done

Table 2. Tolerance ranges, established for the controlled parameters of the process

Controlled parameter

! Nominal value of the parameter
of the welding process / s

Designation of the
appropriate complex

Tolerance range limit, mm

Upper Lower accuracy criteria
2B, mm Assumed to be equal to average value 2B,, 2B, +2 2B,, — 2 g1
for the current width of gap 2B in welding
of an individual layer
A,, mm 0.5(2B,, — 10) 0.5(2B,, —10) +1  0.5(2B,, — 10) — 1 9
U, V 30 32 28 [
vy, cm /s 0.52 0.54 0.50 Gsi
I, A 320 330 310 Jss

Let us analyze the possibility of evaluation of the
effectiveness of preventive measures, when control-
ling the condition of a multifactorial process of nar-
row-gap arc welding of a circumferential weld of a
shell with 75 mm wall thickness. The angle of opening
of a one-sided groove is 5°. Unsatisfactory accuracy
of the multifactorial welding process may lead to for-
mation of lacks-of-penetration of the side walls. Sub-
sequent detection and repair of such defects, lying in
thick metal at a great depth, runs into serious tech-
nical problems.

Possible formation of lacks-of-penetration is in-
fluenced by a number of factors such as the current
width of the gap 2B, amplitude of torch oscillations
Ay, as well as arc voltage U,. During the groove filling
with the circumferential weld, the welding speed vy
is gradually increased (as a result of vertical displace-
ment of the torch from the axis of rotation), which

Table 3. Values of complex accuracy criteria of narrow-gap arc
welding

Values of accuracy criteria, when taking
Controlled parameter preventive measures

of welding process

Before After
2B, mm g =0.57 g =10.62
A, mm g5 =0.83 92 =0.64

U,V g% =0.77 g2 =0.83
v,, cm/s g5 =0.81 g2 =0.71
I, A g = 0.66 g2 =0.70

30

is accompanied by a decrease of the heat input and
may lead to formation of lacks-of-penctration. Weld-
ing current I is another parameter, influencing the
heat input. Therefore, it should be taken into account,
when controlling the process condition.

Thus, as the controlled five-dimensional process
approaches the boundary of the limit state, corrective
measures should be taken, which are related to low-
ering of welding speed (angular speed of the shell
rotation) and increase of the amplitude of torch os-
cillations. Such corrections of process condition will
result in a total change of accuracy characteristics,
because of a presence of correlation links between
mode parameters. The taken corrective measures,
aimed at prevention of lacks-of-penetration, should
be accompaniced by an actual, not anticipated process
accuracy.

In order to ensure the possibility of evaluation of
the accuracy of a multifactorial welding process, it is
necessary to first set the nominal values and admis-
sible range of wvariation of the controlled charac-
teristics (define design tolerance). Nominal values
and design tolerance range for such characteristics
may be established, proceeding from the available
production cxperience, by welding a test batch of
samples at the stage of technology optimization, by
the results of analysis of publications, taking into
account the experts’ opinion, etc.

For the considered case of welding the circumfe-
rential weld, the specified tolerance ranges for the
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controlled characteristics of process accuracy are
given in Table 2.

Table 3 gives the values of complex criteria of
accuracy, designed in keeping with the procedure of
[ 1], before and after taking the preventive measures,
related to correction of the angular speed of rotation
of the shell and amplitude of oscillations of the wel-
ding torch. Values of Aw and Ap were found during
processing the data in Table 3, using dependencics

(5) and (6):

Ap = 0.069;
fAw =0.03.

Positive values of the calculated criteria Ap and
Aw indicate that taking preventive measures increases
the accuracy of the controlled welding process. This
means that the above measures are highly effective.

SCIENTIFIC AND TECHNICAL E

Thus, it is rational to use the proposed method to
evaluate the effectiveness of the preventive actions in
those cases, when higher requirements are made of
the accuracy of the controlled multifactorial welding
process and quality of welded joints.

1. Tararychkin, I.A. (2001) Statistic regulation of welding tech-
nological processes using the method of construction of charts
of condition control. The Paton Welding J., 10, 28-31.

2. Tararychkin, I.A. (2002) Statistical methods of quality as-

surance of welded products. Lugansk: V. Dal EUNU.

3. ISO 9001-2001. Quality management systems. Require-

ments. Introd. 01.01.01.

4. ISO/TO 10017-99. Recommended practices for selection of
statistical methods as applied to ISO 9001:1994. Introd.
01.01.99.

. Korn, G., Korn, T. (1973) Reference book on mathematics
for researchers and engineers. Moscow: Nauka.

6. Hawler, L., Howell, J., Gold, B. et al. (1984) Statistical

methods of quality control of products. Moscow: Standart.
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CALCULATION OF VISCOSITY OF SLAG SYSTEMS
OF FLUX-CORED WIRES

V.N. SHLEPAKOYV and S.M. NAUMEJKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Van-Laar theory and Melvin-Hughs methods were the basis to develop the procedure of evaluation of dynamic viscosity
of three-component salt-oxide systems. The possibility of preliminary theoretical investigation of the viscosity of slag

systems is demonstrated.

Keywords: viscosity, multicomponent slag systems, flux-
cored wires, Van-Laar theory, Melvin-Hughs method, slag vis-
cosity, non-associated liquids

In arc welding the viscosity of slag melts has a domi-
nating importance in formation of weld and its qua-
lity. The conception about the relation between con-
ditions of weld producing and main physical-chemical
properties of slags is reflected in some works [1-5].
It was established that in vertical and overhead po-
sitions and in welding circumferential welds it is ra-
tional to use the short slags with an increased viscosity
where the slag is solidified quickly and prevents re-
liably the weld pool from its spreading. Otherwise,
slag during welding is flowing out, thus resulting in
the formation of poorly formed hummocky welds with
metal overlaps, undercuts and other defects. At the
samc time, the slags, having rclatively low values of
viscosity at temperature of steel melting (slag has a
time for spreading over the surface), and quickly-so-
lidified short slags at temperature decrease to 1200—
1300 °C are necessary in flat welding for producing
a smooth surface of the weld. Thus, knowing the
temperature relationship of the slag viscosity it is
possible to predict the welding-technological proper-
ties of flux-cored wires by the indices of covering

© V.N. SHLEPAKOV and S.M. NAUMEJKO, 2003
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capability of the slag and weld formation in vertical
planc.

Experimental determination of viscosity is rather
labour-intensive, a practical aspect of slag sclection
does not often take into account the change in some
properties. One of the alternative methods is the con-
struction of mathematical models to predict the tem-
perature relationships of viscosity of the slag systems.
Many known mathematical models are complicated
and based on a large number of experimental data
[6-8]. In the present article a method of calculation
of viscosity of three-component systems on the basis
of Van-Laar theory and Melvin-Hughs method is of-
fered [9].

Van-Laar theory considers alloys consisting of
molecules of almost similar sizes, mixed chaotically
and interacting one with another in a certain way.
This method leads to rather complex equations, which
show that energy in interexchange depends on a co-
ordination number and energy of interaction Qy;, typi-
cal of different pairs of molecules. Theory in its in-
terpreted form takes into account only the interaction
of the nearest neighbors and makes no allowances for
attraction to molecules locating beyond the first co-
ordination layer. Equations describing the change in
viscosity are suitable only for non-associated liquids,
i.c. for salt-oxide slag systems, having an ion nature.
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According to the Van-Laar theory and Melvin-Hughs
method [9], the coefficient of viscosity in binary regu-
lar melts with allowance for the ion nature of the
systems has a form

_oxxy O
- X1+ x a;TﬂqD ol 6T|7’2D ol |:|6x1
where x4, x, are the molar fractions of components 1
and 2 in the melt respectively; 7y, 7, are the radius of
molecules of components 1 and 2, nm; D is the coef-
ficient of diffusion; W, Wy are the chemical potentials
of components 1 and 2 in the melt; / is the distance
between molecules, measured in the direction normal
to the movement direction.
The Van-Laar theory for the two-component sys-
tem will be used for three-component systems. Then
the viscosity can be expressed in the form

)

M gt o 1 dbgol
n= X+ Xy + X %&TWD 0l 615D 0l Qoxy
PG I o 1 dmgol
Xq + X9 + X3 %TU’1D al 6T[7'3D al DaX1 (2)
T g 4 O 1 kgl
X+ xy + x5 %WzD ol 6T[r'gD ol Da?ﬁ

Definite dependences of viscosity coefficient on
composition can be obtained according to equation
(2), if chemical potentials of yielding units are known.
Expressions of chemical potentials for the three-com-
ponent system were obtained on the basis of data for
two-component systems in the approximation of a
complicated model of the theory of regular solutions:

K ' "
M = “2 +R TlnxK - Z (xiijij + 2xix/2'Qij) +

=
k-1 n (3)
+ Z (%O + 2x2, Q) + z (x;01, + £70y)),
j=1 j=k+1

where B is the chemical potential of «<k» component
in the melt; pj is the chemical potential of a pure
liquid component «k»; xy, x;, x;are the molar fractions
of components; Q,/, Q,,, sz, ik Qk/, Qk/ are the
energies of interparticle interaction determined from
state diagrams of binary melts, J; R is the universal
gas constant; T is the slag temperature, K.

Chemical potentials of components 1, 2 and 3 in
the melt have the following form:

_ 2 g 3, 2 2N A
My = kTInx, + (x5 + 29x3) Oy + (a3 + 25005 — x24%5) Oy +
N~ 2, .3 PP
+ (923 + 25) Qg + (x5 + x5 — 24x5) Q3 — (4)
. 5
= 25%3Q93 — 22,%53093;

Table 1. Composition of slags and radius of holes occurring in

melting slags
No. of

composition

Element content, wt. % ry, nm

60CaF,~7Ca0-33A1,0, 0.148
2 20CaF,~55Ca0-25AL,0, 0.135
3 65CaF,~10Ca0-25A1,0;, 0.150
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Hy = kTnxy + (a7 + 201203) Oy + (2720 + 24205%3) Qi —
— 22303 — 220503 + (3)
+ (g3 + 23) Oz + (1425 + &5 — 2,23) Oss;

. o ) .
— 2429019 — 222501 + (X7 + x12) Q3 +

+ (2123 + 220,20503) O3+ (6)

U3 = lele:g

+ (10, + 23) Oy + (2233505 + 205%3) O,
where k is the Boltzmann's constant equal to
1.38007" J /K.
Differentiating expressions (4)—(6) by [

0| 0 0
MM O My
ol 0x; 0x, Ox;
1 Q‘u Ql’z Qza
. — (3x, + xy) RT + (20,00, — 20,05 — 503) RT + (g + xz) == 0,\"‘ (7)
% . ) bt
al’
+2:x4(xq + 2x,) % = (3x; + x,) % + (2x,x5 — 22,05 — ’3\1) %
0| 0 oy, 9
Mo O o O r s
ol dx, Ox; Oxy
@ L*(3\+t)—+2(t +\'\'*\'\'*3\'\')J* @
3 X3 T XXy 2
E Xy , E (8)
Q3 [ox
E (3t3+\l) +(2t2t3 513 2\13) +(11+t3) T E—lz
B +2(x] + 3w,ad) = E B
dl 8\3 Bt[ 8\2
Hi
€))

+2(x) + 22y + XXy — 3t2t3) - By, +xy) =+

+ (g ‘*‘2)_*'2(‘ +2‘|‘2) e ’(Y +3‘2)Q_T+H
ET Qvl‘w %0,\"1

Q 13
—3a5) o ﬁ

At the condition Xy taytaxz= const and rI=ry=
= r3 the viscosity of pure components is

o KT o KT _o_ kT
i = 6D’ =60 " T 6w D

Substituting values of derivatives (7)—(9) to for-
mula (2) and taking into account (10) it is possible
to describe the viscosity of melts whose yielding units
are either not changed or undergo negligible changes.

Let us consider the salt-oxide system CaO—CaFy—
Al,O3. Volume and radius of holes, occurring in melt-
ing slags (compositions of slags are indicated in Ta-
ble 1), can be evaluated using equation [10]:

=0.68 B?—D

0o o
where o is the surface tension of slags, N/m; r, is
the radius of holes, having a form

5 30.68(kT /0)*"
h=E——
4TT

(10)

11)

—Tth,

(m). (12)

The surface tension of slags is 04 = 0.35, 0, = 0.42,
03=10.34 N /m at temperature 1873 K [4]. Thus from
the experimental data of surface tension and formula
(12) we shall find the radius of holes 7, necessary for
a tough yielding (Table 1).

In all compositions of slags the value of radius of
holes is occurred to be close (7, = 0.135—0.150 nm)
to the sizes of oxygen ion (r = 0.132 nm), single-atom

5/2003




Table 2. Experimental and calculated data of viscosity of CaO—
CaF,—Al,03 system slags

R r - T ) )
Composition, mass [raction Temperature, Viscosity, Pals

of elements, % c Calculated — Experimental
60CaF,~7Ca0—-33Al1,0; 1400 0.0945 0.40 [11]
(ANF-6) 1500 0.0299 0.033 [11]
1600 0.0121 0.031 [11]
20CaF,-55Ca0—-25A1,0, 1400 0.285 0.15 [4]
1500 0.056 0.08 [4]
1600 0.0216 0.08 [4]
65CaF,~10Ca0—-25A1,0, 1400 0.045 0.10 [11]
(ANF-23) 1500 0.0307 0.03 [11]
1600 0.0205 0.03 [11]

ions are the units of tough yielding, i.e. these slags
refer to non-associated liquids and the Van-Laar theo-
ry can be applied to them.

As the theoretical units of the tough yielding are
unchanged at all the temperatures, the relationship
between the coefficients of viscosity of fluoride and
oxides can be obtained by extrapolation of polytherms
of viscosity of pure components plotted in the system
of coordinates Ig n = f(1 /T).

The values obtained by extrapolation

7050

13)
Ig Newo = —— = 5.22;

14030
Ig N0, = —5— ~ 8.78; (14)
l 0C;1F2 = 387‘:50 - 362 (15)

represent coefficients of viscosity of hypothetic oxides
and fluorides capable to form the liquid solutions
within the whole interval of compositions at tempera-
tures being lower than the temperature of melting of
real oxides. In spite of this, their use provides the
necessary values of coefficients of viscosity of melts
at temperatures being lower than those of melting of
pure components.

Parameters of interaction for binary systems were
determined from state diagrams by cquations:

RTIn: + ()" = (6] (0 — O +
- . (16)
+ [(x'2)3 - (XZ)E] 2Q;=0;

Xy "o ‘9 . .
RT? + ()" — (271 (Q; +20;) —
A2
. , . (17)
~ @)~ (@)120; =0,

wherex| + x4, = 1; 27 + 2, = 1; x, and x4, are the molar
fractions of components (upper index — phase num-
ber, lower index — number of component).

Table 2 gives the experimental and calculated data
of viscosity of slags of CaO—CaFy—Al,O3 system. De-
viation of calculated polytherms of viscosity of ANF-6
and ANF-23 slags from experimental data is also caused
by the fact that real slags ANF-6 and ANF-23 contain
up to 3 % SiO, in its composition which is not taken
into account in calculations. Thus, it is possible to de-
scribe the viscosity of oxide-fluoride melts with the help
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1373

1573 1773 1973 T, K

Temperature relations of dynamic viscosity n of welding slags of
CaO-CaF,~Al,O, system for flux of composition ANF-6 (1), ANF-
23 (2) and 20CaF,-55 CaO-25A1,0; (3) (solid curves — calcu-
lated data from formula (2), point curves — experiment by [11])

of theoretical formulae. It is evident, that the viscosity
of melt depends both on the size and shape of separate
molecules and complexes formed by them, and also
on strength of intermolecular bonds, and, in case of
formation of complexes, also on the ratio of strength
of bonds between the molecules inside and outside
the complex. It can be assumed for the CaO—CaF,—
Al,O3 system investigated from the data of viscosity
that there is no formation of complexes in the selected
points of the system.

It should be noted in conclusion that the theory of
Van-Laar and Melvin-Hughs method make it possible
to evaluate the dynamic viscosity of three-component
salt-oxide systems. Comparative evaluation of calcu-
lated and experimental data proves the suitability of
use of the developed procedure for the preliminary theo-
retical investigation of viscosity of the slag systems.
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SPARSELY-ALLOYED HIGH-STRENGTH STEELS
FOR WELDED STRUCTURES

L.I. MIKHODUJ', V.I. KIRIAN', V.D. POZNYAKOV', P.A. STRIZHAK' and V.V. SNISARENKO’
'E.0. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
?Company «Ukrstalkonstruktsiya», Kyiv, Ukraine

Results of analysis of properties and weldability of sparsely-alloyed high-strength steels of 06G2B and 09G2SYuch (g >
> 440 MPa) are given. Prospects of their use in manufacture of unique and reliable engineering structures of different
purpose (bridges, towers, pressure vessels, tanks) are estimated.

Keywords: high-strength steels, weldability,
properties, cold resistance, delayed fracture

strength

Rational use of advanced microalloyed materials with
high characteristics of mechanical properties makes
it possible to reduce effectively the metal and energy
consumption, to increase the reliability and life, to
widen the technical capabilities of engineering struc-
tures and to solve the new tasks without technical
modification of the production. In industrialized
countries the new generation of steels with 600—
800 MPa yicld strength is used now for this purposc
[1, 2] and the problem of application of the stronger
materials is under the consideration [3]. These steels
contain mainly up to 0.12 % of carbon and the limited
amount of manganese, molybdenum, niobium, tita-
nium and boron. To attain the required complex of
their properties, both the heat and also ther-
momechanical treatment (controllable rolling) are
used. In some cases nickel, chromium, copper and
other clements (up to 2-3 % in total) arc added to
these steels.

Undoubted advantage of these structural stecls is
their high reliability, cold resistance, good weldabi-
lity, reached as a result of more economic alloying as
compared with known materials. At the same time,
due to a latter circumstance, these steels represent a
specific group of materials, as the resistance of welded
joints to a dclayed and brittle fractures [4] can be
decreased in the process of technological treatments
in fabrication of metal structures.

Unfortunately, in domestic practice the low-alloy
steels with up to 350 MPa yield strength are used
until now in fabrication of unique and large engineer-
ing structures |5|. Taking into account the foreign
experience, it can be expected that in the nearest
future they will be not competitive in separate cases
not only in the far and near foreign countries, but
also in our country. This is mainly promoted by the
fact that only separate attempts are outlined in
Ukraine for the creation and mastering of production
of new, stronger and promising structural steels.

The aim of the present work was to analyze com-
prehensively the properties and weldability of two
domestic sparsely-alloyed high-strength grades of
steels (Nb-containing 06G2B and microalloyed
09G2SYuch with o, = 440 MPa) as regards to their
promising application in fabrication of unique and

reliable engineering structures of different purpose
(bridges, towers, pressure vessels, tanks).

Composition and properties of steels. Require-
ments to the composition and properties of steels inves-
tigated, according to technical specifications, are given
in Table 1. The Table includes also data about widely
known steels of grades 10KhSND and 16G2AF (with
>390 and = 440 MPa yicld strength) for comparison.

In accordance with TSU 14-16-150-99 the Nb-con-
taining steels of 06GB and 06G2B grades (developed
by Mariupol Institute of Structural Materials
«Prometej») of strength classes C 355—C 490 are sup-
plied in sheets of 8-50 mm thickness. Here, the pro-
ducing of four levels of strength properties (o, =
> 355, 390, 440 and 490 MPa; g, = 450, 490, 540 and
590 MPa) is regulated by varying heat treatment con-
ditions at almost similar characteristics of ductility
and impact toughness. Steels can be supplied with a
guaranteed values of reduction in area in axis Z and
discontinuity (class 0). Tn the present investigations
the steel of strength class C 440, 40 mm thickness
was used, oy 2 440 MPA of discontinuity class 0.

Steel of 09G2SYuch grade can be supplied accord-
ing to TSU 322-16-127-97 in shects of 840 mm thick-
ness. In this case the different level of rolled metal
properties can be provided depending on thickness
and methods of heat treatment: o, = 325-450 MPa,
o = 480-570 MPa, 0219 %, KCU 2 29 and KCV =
> 29 J/cm? at temperature —40 — =70 °C. Steel of
09G2SYuch of 18 mm thickness and o, = 450 MPa
was basic for investigations. ‘

Carbon equivalent Ceq, whose calculated formula
was suggested by the International Institute of Weld-
ing (ITW) serves as an approximate index of weld-
ability of steels. Among steels, given in Table 1, steel
16G2AF has the highest value of Ceq. By this reason,
the welding of the above steel is connected with cer-
tain difficulties. Experience of fabrication of struc-
tures from this steel confirms completely the data of
[6, 7]. Therefore, steel of 10KhSND (Ceq = 0.35—
= 0.52 %), recommended for use in fabrication of
widely-spread heavy-loaded structures, was used as a
basic steel in our investigations for comparison.
Among the steels investigated, steel 06G2B of
strength classes C 440 and C 490 had the lowest values
of carbon equivalent (Ceq = 0.33-0.43 %). Index Ceq
of steel 09G2SYuch is somewhat higher (0.41-
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Table 1. Composition and properties of steels of increased and high strength

Elements, wt. %

Steel grade

C Si Mn Cr Ni Mo Cu Al Ti Nb
06G2B 0.04-0.08 0.15-0.35 1.3-1.6 - - 0.05-0.08 0.15-0.30  0.02—0.05 <0.02 0.03-0.05
09G2SYuch  0.08-0.11 0.3-0.6 1.9-2.2 - - - 0.3-0.6  0.035-0.065 - -
10KhSND <0.12 0.8-1.1 0.5-0.8 0.6-0.9 0.5-0.8 - 0.40-0.65 - - -
16G2AF 0.14-0.20  0.3-0.6 1.3-1.7 <04 <0.3 - 0.15-0.30 - - -
Table 1 (cont.)

Steel grade Elements, wt. % Cur % o, o, 5 . KCU_;y KCV_y

% Ce N, Ky P MPa J/cm?
06G2B - - <0.012 < 0.010 <0.02 0.33-0.43 440 540 22 - 39
09G2SYuch - 0.002-0.005 - < 0.015 < 0.02 0.41-0.51 450 570 19 29 29
10KhSND - - - <0.035 <0.035 0.35-0.52 390 530660 19 29 -
16G2AF 0.08-0.14 - 0.015-0.025 <0.035 <0.035 0.40-0.62 440 590 20 29 -

0.51 %) and coincides completely by its level with
that of steel 10KhSND.

Chemical composition and mechanical properties
of the basic steel and steels investigated are given in
Tables 2 and 3. Significant increase in standardized
indices of ductility s, Y and impact toughness KCV
in the steels investigated is noticeable. This is typical
of the modern microalloyed steels due to a high grain
refining and reduction in content of harmful impuri-
ties (sulphur, phosphorus).

Both these steels possess a good adaptability to
fabrication of metal structures (they allow use of all
the types of mechanical treatment and technological
operations, associated with a plastic deformation,
such as bending, rolling, stamping and so on).

Effect of welding thermal cycles on HAZ metal
properties. In the HAZ of sparsely-alloyed steels a for-
mation of bainitic-martensitic structures containing a
high amount of a ferritic component is possible at de-
layed rates of cooling (wg,5 < 3-5 °C/s) 14, 5, 8.
Unfavorable ratios of these components of microstruc-
ture can lead to the reduction in strength and ductility
of both HAZ and the welded joint metal, as a whole.

Therefore, it seemed rational to carry out special
investigations for the selection of optimum conditions
of cooling HAZ metal of the steels investigated. For
this, specimens-simulators of 13 x 13 x 150 mm size,
which were subjected to treatment in MSR-75 unit
|9] according to different thermal cycles of welding

Table 2. Chemical composition of steels investigated

(TCW), were used. Standard specimens for tensile
and impact bend tests were manufactured from these
simulators.

During investigations the conditions of treatment
were selected for simulators so that to simulate the
conditions of metal formation in HAZ of welded
joints, namely heating to 1300—1350 °C temperatures
and subsequent cooling at different rates wg 5= 2.5~
25 °C /s (in 600—500 °C temperature range).

Results of carried out investigations provided fea-
sibility to establish the optimum conditions for dif-
ferent methods of welding and conditions of conduc-
tance of works. Minimum rates of cooling were de-
termined for all the steels investigated, at which there
were no significant reduction in level of cold resis-
tance, yield strength and HAZ metal ductility. Tt was
outlined that the degree of TCW effect on cach of
steels investigated is different.

The yield strength of HAZ metal in Nb-containing
06G2B and low-alloy 10KhSND stecls at delayed rates
of cooling can reduce to 810 % as compared with
similar characteristics of the parent metal. In steel
09G2SYuch in this case the reduction in oy is much
higher (to 26-28 %). At delayed rates of cooling the
tendency to deterioration of ductility (reduction in
arca) of HAZ metal was observed in steels 09G2SYuch
and 10KhSND. In this case the TCW does not almost
influence the ultimate resistance o, of the above-men-
tioned materials. In general, the investigations could

Elements, wt. %

Steel grade

C Si Mn Cr Ni Mo Cu
06G2B 0.080 0.27 1.5 - - 0.19 0.23
09G2SYuch 0.097 0.36 1.9 - - - 0.39
10KhSND 0.091 0.98 0.7 0.77 0.8 - 0.37
Table 2 (cont.)
Elements, wt. %
Steel grade ements, wt. %
Al Ti Nb N, Ce S P
06G2B 0.04 0.013 0.047 0.008 - 0.006 0.011
09G2SYuch 0.06 - - N/D 0.004 0.010 0.015
10KhSND - - - Same - 0.018 0.012
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Table 3. Mechanical properties of steels investigated

o, o, 35 v KCV, J/cm?, at Ty, °C
Steel grade :
M Pa % +20 —40 =70
06G2B 458 582 34 84 > 300 > 300 > 300
09G2SYuch 468 593 31 79 210—-260 170-216 146—179
234 196 160
10KhSND 408 580 26 75 30-43 18-23 10-16
39 21 13

N ote. Numerator gives ranges, while dominator gives mean value.

establish the optimum range of cooling rates, at which
the values of strength and ductility of HAZ metal
remain stable in steels investigated.

As a rule, a significant deterioration of cold resis-
tance of HAZ metal of the sparsely-alloyed steels as
compared with similar characteristics of the parent
metal is occurred under the effect of TCW [10].

It should be noted that steels of grades 09G2SYuch
and 06G2B arc differed negligibly as to the level of
cold resistance of HAZ metal (KCV_;y = 27 and
> 35 J/cm?).

Steel 10KhSND is inferior by the characteristics
of HAZ metal cold resistance to both sparsely-alloyed
steels investigated (KCV_4 = 15 J /cm?). It should
be outlined that this steel has low values of impact
toughness at negative temperatures and in initial state
(Table 3).

More complete idea about the cold resistance of
welded joints from sparsely-alloyed steels investi-
gated can be obtained from the results of investiga-
tions of large-sized specimens, made in accordance
with recommended technologies and criteria of frac-
ture mechanics.

Resistance of steels investigated to a delayed frac-
ture. The delayed fracture of welded joints is usually a
hazardous defect of structures made from steels of in-
creased or high strength. Their formation is caused by
the following factors: martensitic and bainitic compo-
nents in microstructure of HAZ metal; diffusion hydro-
gen; residual welding stresses of the T kind.

The most complete idea about the role of the first
two factors and third partially at the a delayed frac-
ture of structural steel welded joints can be obtained
using the implant test, the use of which was recom-
mended by TTW [11].

Specimens-implants of 6 mm diameter and 200 x
x 300 mm plates were prepared from steels 06G2B,
09G2SYuch and 10KhSND. The UONI-13 /55 grade
electrodes of 4 mm diameter were used as basic elec-
trodes. The control of conditions of their storage and
baking allowed us to reproduce such limits of content
of diffusive hydrogen in the deposited metal which
arc most often obscrved in welding structures in real
conditions: [H]gir = 5-16 ml /100 g (at analysis of
its content by a chromatographic method). Welding
conditions of specimens were also varied, with the
help of which the rate of cooling HAZ metal of implant
samples was adjusted within the wide enough ranges
(wg,5 = 8-26 °C/s). Critical tensile stress o, of a
definite technological variant, at which the HAZ me-
tal is resisted against cold crack formation, was taken
as an index of crack resistance. In cach case a maxi-
mum tensile stress Og max from external load P was
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also served as a criterion, at which the cracks in im-
plant samples were not initiated during 20 h. Opti-
mum conditions of welding of a definite technological
variant were selected according to the condition at
which Gcp max > (0.75-0.80)0¢ » of the parent metal.

Investigations showed that steel of 06G2B grade
is characterized by a high enough resistance to a de-
layed fracture. Even at unfavourable conditions of
tests (wg, 5 = 26 °C/s, [Hlgg = 16 ml /100 g) the
implant samples from this steel were not fractured
during 20 h at g, = 360 MPa, that is = 0.770 ».

Resistance to a delayed fracture of other two steels
depends on the diffusive hydrogen content in the de-
posited metal. If the concentration of |H g was li-
mited by 5-7 ml /100 g, the implant samples of
09G2SYuch and 10KhSND steels were not fractured
at loads o., > 0.7 of yield strength of appropriate
steels. With increase in hydrogen concentration above
this level the values o, in both steels are decreased.
This refers greatly to steel 10KhSND that proves its
high susceptibility to a delayed fracture as compared
with steel 09G2SYuch.

Results of tests of implant samples from these
stecels at most intensive cooling of HAZ metal (wg 5 =
= 25-25 °C/s) are given in Figure 1.

The generalized results about the effect of rate of
cooling HAZ metal of 09G2SYuch and 10KhSND
steels at different concentration of diffusive hydrogen
in the deposited metal on g, of implant samples are
given in Figure 2. Results of investigations indicate
that as to a delayed fracture the sparsely-alloyed high-
strength steels of 06G2B and 09G2SYuch grades at
comparable conditions of fabrication of structures are
superior to a well-known steel of increased strength
of 10KhSND grade. Here, the conditions of their use
should be, probably, selected in such a way that con-
tent of diffusive hydrogen did not exceed 8-
9 ml /100 g, and the rate of cooling of HAZ mctal
was < 30 °C/s.

Resistance of steels to lamellar fracture. Anisot-
ropy of ductility and toughness is typical of sheet rolled
metal of structural stecls. It is expressed in a noticcable
deterioration of these propertics in the transition from
longitudinal dircction to transverse and in an abrupt
their deterioration in the direction of thickness (direc-
tion Z) that is usually associated with the presence of
non-metallic inclusions in steel, elongated thin sulphides
in particular. Low values of ductility and toughness in
combination with occurring forces in the direction Z in
welded connections of metal structures, mainly with T-,
fillet and overlap joints, are the main cause of formation
of lamellar cracks.
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Figure 1. Effect of weld metal saturation with hydrogen at intensive
rate of cooling on susceptibility to a delayed fracture of implant
samples from steels 09G2SYuch (7, 3) and 10KhSND (2, 4): 1,
2 — [Hlyg=10; 3, 4 — 16 ml /100 g

However, the new generation of steels in the process
of production are more often subjected to different
types of refining treatment and contain, as a rule, a
large amount of sulphur. Therefore, their role in a la-
mellar fracture can be decreased. Probably, when ana-
lyzing lamellar fractures of these steels it is rational to
make allowance for a possible role of nitride needle-
shaped inclusions in this process. Structural steels of
the new generation contain often nitrogen and nitride-
forming elements (aluminium, vanadium, niobium, ti-
tanium, ctc.). Specifics of their ])l“()duttl()n process can
also (:ontributc to the formation of nitride inclusions.
The required complex of properties in them is formed
in cooling or heat treatment of metals [12, 13]. There-
fore, it is desirable to provide obligatory the technical
specifications on production of the mentioned steels,
and also certificates of quality with information about
the reduction in area, that was included into TSU 14-
16-150-99 and TSU 322-16-127-97.

During conductance of the present investigations
special butt joints were made from all three steels in
accordance with GOST 28870-90 and then cylindrical
specimens were cut from them for tensile tests. Results
of investigations showed that steel 10KhSND has un-
satisfactory resistance to the formation of lamellar
cracks, as its reduction in area is very low (Y, = 9—
10 %). The sparsely-alloyed steels 06G2B and
09G2SYuch are characterized by the high resistance
to formation of lamellar cracks (@, = 27-37 %). By
this characteristic they are much superior to steel of
10KhSND grade.

Thus, the results of carried out investigations showed
that the sparsely-alloyed steels of 06G2B and
09G2SYuch grades (o, = 440-450 MPa) provide high
values of cold resistance at temperatures down to —70 °C
on Charpy V-notched samples and by some charac-
teristics of weldability (effect of TCW on properties
of HAZ metal, resistance to delayed and lamellar frac-
ture) are much superior to structural steel of
10KhSND grade (oy = 390 MPa).

CONCLUSIONS

1. As to their service properties the sparsely-alloyed
steels of 06G2B and 09G2SYuch grades meet com-
pletely the requirements specified to steels of the level
of strength o, 2 440 MPa and European standards.
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Figure 2. Effect of cooling rate on o, of implant samples from
steels 09G2SYuch (7, 3, 5) and 10KhSND (2, 4, 6) at different
content of diffusion hydrogen: 7, 2 — [H]y; = 5-7; 3, 4 — 9-10;
5,6 — 15-16 ml /100 g

In addition, their high cold resistance at temperatures
=40 — =70 °C on Charpy V-notched samples (KCV =
=150-300 J /cm?) should be noted.

2. In optimum range of rates of cooling the HAZ
metal of steels investigated provides the required
strength properties and cold resistance (KCV = 27
and = 35 J /cm? at temperatures down to —40 °C for
steels 09G2SYuch and 06G2B, respectively). It is as-
sumed that these investigations will be added in future
with tests of welded joints of a full thickness using
approaches and criteria of fracture mechanics.

3. To decrease the probability of a delayed fracture
of joints of 06G2B and 09G2SYuch stecels it is neces-
sary to limit the content of diffusive hydrogen in the
deposited metal and rate of HAZ metal cooling.

4. The investigated batches of steels 06G2B and
09G2SYuch provide rather high values of reduction
in area in the direction of thickness (g, = 27-37 %),
that creates premises for their high resistance to a
lamellar fracture.
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PRODUCING WELDED JOINTS EQUIVALENT
IN STRENGTH ON QUENCHING STEELS
WITHOUT PREHEATING AND HEAT TREATMENT

A.T. NAZARCHUK, V.V. SNISAR and E.L. DEMCHENKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The paper deals with the possibility of producing equivalent joints on high-strength quenching steels by arc welding
without preheating and heat treatment. Good prospects for application of austenitic-martensitic consumables in welding
of high-strength steels without preheating and heat treatment with the level of weld metal strength of 1150—-1200 MPa.

Keywords: welding, quenching steels, high-strength steels,
multilayer welds, high-strength welds, welded joints, delayed
fracture, process strength, cold cracks

It is known [1-5] that the high level of mechanical
properties of high-strength steels, as well as their
quenching susceptibility lead to a number of specific
difficulties arising in welding. These difficulties and
methods to overcome them have been studied for many
years. However, they remain to be urgent problems even
now. This primarily is prevention of initiation of cold
cracks in the HAZ and weld metal, as well as solidifi-
cation cracks in weld metal and hot cracks in the HAZ,
and the need to produce the metal of the weld, HAZ
and joint as a whole with mechanical propertics, equiva-
lent or close to those of base metal | 1-3].

Particular difficultics arisc in thosc cascs, when
heat treatment of welded joints in high-strength steels
is impossible (for instance, welded joints in hulls,
vessels, large constructions), as well as when just
anncaling is to be used instead of the required quench-
ing with subscquent anncaling [2, 3].

Of all the above difficulties, arising in welding of
high-strength steels, the most serious and specific arce
those, related to the problem of provision of the re-
quired technological strength of welded joints, in par-
ticular their cold cracking resistance | 1-5], and pro-
ducing joints, cquivalent in strength to base metal.

Over many years considerable scope of data has
been accumulated on integrated evaluation of tech-
nological strength of joints in quenching steels with
application of qualitative (technological sample) and
quantitative (instrumental) testing methods [1-6].
At some time special attention was given to the
quenching hypothesis of cold crack formation. The
adverse influence of hydrogen (hydrogen hypothesis)
on resistance of welded joints to cracking was taken
into account.

Various aspects of the influence of quenching phe-
nomena [7-10, 11], as well as hydrogen content [12—
14] on cold cracking resistance of welded joints in
quenching steels are considered.

Proceeding from the current concepts, the main
technological methods to prevent cold cracking in
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welded joints of high-strength quenching steels | 13|
are as follows: rational selection of steels for welded
structures; regulation of the thermal cycle of welding
and its control; different kinds of preheating in weld-
ing; regulation of time stresses in welding; application
of austenitic welding consumables; reduction of hy-
drogen content in the base metal and weld metal.
Prior cladding of the edges, peening of welded joints
cte. are used much more scldom. The considered me-
thods of prevention of cold cracks are mostly used
simultancously.

Application of the main technological methods of
prevention of cold cracks in joints of quenching steels
is possible in two areas: welding with consumables,
matching the base metal, and with high-alloyed
austenitic consumables. This work is devoted to analy-
sis of these directions and possibility to produce
welded joints cquivalent in strength.

It is known |2, 3, 15| that performance of multi-
layer welds, where the metal is similar to base metal,
runs into great difficultics in prevention of transverse
cold cracks, both in the HAZ and base metal.

On the whole, the technological features of making
multilayer welds with the metal, similar to the base
mctal, in joining high-strength stecls, depend on the
required level of mechanical properties of these joints
and their technological strength.

An integrated approach to evaluation of cracking
susceptibility of such joints was used, based on analy-
sis of welded joints with multilayer welds |16, 17].
Quenching phenomena and extremely high impor-
tance of hydrogen influence on the technological
strength of the joints was taken into account.

This approach is based on the following state-
ments. Testing results should provide an objective
idea of the joint resistance to both longitudinal and
transverse cold cracks. During testing performance it
is necessary to take into account the influence of the
change of stresses in welding, arising from a change
of metal volume due to thermal impact and phase
transformations.

The possibility is established of using the proce-
dure [16, 17| of composite samples not only for evalu-
ation of weld metal, but also of the welded joint as
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Table 1. Mechanical properties of some alloyed quenching steels at room temperature”

Steel grade o, MPa o,, MPa [ 74 w, % KCU, J/cm?
14KhN4MDA 960-1020 850—880 15-16 5260 165185
15Kh2N4MDA 950-980 800-820 25-30 35-60 210-220
30Kh2N2M 1100—-1120 950-1010 10—12 40—-45 100-125

"Material in as-welded and as-quenched condition.

a whole. This procedure allows evaluation of the mu-
tual influence of weld metal on HAZ metal, and vice
versa. Obtained results are in good agreement with
the results of large-sized technological samples | 17].

For similar welded joints it is important to control
the quenching phenomena in the welding zone by
sclection and purposc-oriented implementation of an
optimal thermal cycle of welding in the HAZ. Issues
of self-heating and self-heat treatment of the metal
in the welding zone in performance of multilayer
welds, including optimization of grove filling in nar-
row-gap welding [18] also become important.

An effective method of improvement of the tech-
nological strength and mechanical characteristics of
welded joints is control of weld metal solidification
and thermodcformational welding cycle, duce to peri-
odical heat input, portion formation of weld metal
and its solidification |19, 20]. Main regularities of
solving these problems are as follows: refinement of
primary crystallites in weld metal solidification;
change of orientation of the front of weld metal crys-
tallites meeting and their disorientation; elimination
of «wcakness» in the weld middle; change of the
nature of growth of weld metal crystallites; intermit-
tent nature of their growth from layer to layer; re-
finement of sccondary structure both in weld metal
and in the HAZ of welded joints; additional control
of the thermal cycle of welding. Work [20] shows the
ability to control the rate of metal cooling in the
welding zone in the lower subcritical temperature
range due to an optimal combination of the duration
of arcing and duration of the pause between the ad-
jacent periods of arcing. These parameters, as well as
the welding current and weld formation rate [20]
have a decisive influence on the resistance of welded
joints both to cold and hot cracks in portioned for-
mation of the welds.

In view of the above concepts, producing joints
of  high-strength  steels of  14KhN4AMDA,
15Kh2N4AMDA, 30Kh2N2M type (Table 1) by fusion
arc welding without preheating and heat treatment,
making the welds to have metal close in its composi-
tion to the base metal, is limited by the following
conditions: metal thickness of not more than 80—
100 mm; thermal cycle of welding should ensure in
the HAZ metal decomposition of overcooled austenite
with formation of structures, which are characterized
by sufficient cold cracking resistance; if development
of structures, promoting formation of cold cracks can-
not be prevented, it is necessary to envisage self-heat
treatment of the welded joint directly from the heat
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of welding; for additional control of the thermal cycle
of welding it is rational to perform sclf-preheating,
portion formation of welds or use their combined ac-
tion; diffusible hydrogen concentration in the molten
metal should not exceed 1.0-1.5 cm? per 100 g of
metal.

Methods of self-preheating and self-heat treatment
are based on optimizing the impact of heat, consumed
in deposition of the previous and subsequent layers
of a multilayer weld. In the case of mechanized wel-
ding large-sized products, it appears that it is possible
to use only two such processes, namely welding with
reciprocal motion of the arc and two-arc welding into
separate pools with a strictly specified arc spacing.

In the case of welding bodies of revolution (per-
formance of circumferential welds) of 400 to 500 mm
diamcter, sclf-prcheating and sclf-heat treatment do
not create any difficulties, as the process proper fea-
tures a periodic impact of heat, evolved in deposition
of subsequent layers. With decrease of the items dia-
mcter, it is sometimes necessary to take measures to
limit the self-heating temperature.

Welding with reciprocal motion of the are yiclds
good results. Unfortunately, however, the issues, re-
lating to the technology of conducting the process
and its automation, arc yct unsolved. Eventually, in
arc welding of high-strength steels with welds with
the metal, matching the base metal, without preheat-
ing and heat treatment the set of measures and me-
thods to prevent cracking is greatly limited.

Right now in arc welding of large-sized structures
of high-strength steels, resulting in performance of
welds with the metal, similar to the base metal in its
composition, the following technological solutions
can be recommended:

* narrow-gap consumable-electrode arc welding
with optimization of the thermal cycle of welding by
a rational selection of the gap width and use of trans-
verse oscillations of the electrode;

» consumable-electrode arc welding with portion
formation of welds to control metal solidification and
thermal cycle of welding [19, 20];

» twin-arc welding with the specified arc spacing
to provide self-heating and self-heat treatment of
welded joints |21];

* combination of portion formation of welds with
self-heating in one- and two-arc welding |20];

 optimization of the process of arc welding by a
rational filling of the groove (process is characterized
by a periodical deposition of multiple layers directly
in the groove in down- or uphill welding [18], which
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Table 2. Mechanical properties of weld metal, produced in welding 15Kh2N4MDA steel

Welding consumable Welding process Gy MPa o6, MPa 5 % W % KCUyy, J/cn  KCV_g, J/cni®
ANVP-60 Manual 600—700 10001100 1518 40-50 105-110 60-80
ANVP-80 Same 780-850 1050—-1150 1518 40-50 100-110 60-80
ANVP-100 > 950—1050 1150—-1200 12-16 25-35 70-90 50-70
PPANVP-80 Mechanized CO, welding 750-900 1000—-1200 14—16 30—40 6070 45-30
EK-17VI SAW 840-910 1150—-1190 18-22 45-50 65-75 50-55
PPANVP-80 Same 750-800 900—1000 18-25 35-40 65-75 50-55

can be effectively implemented in narrow-gap weld-
ing);

* twin-arc welding with an optimal distance be-
tween the arcs, using high-strength wires of different
compositions.

The above solutions separately or with their com-
bined action, as a rule, allow ensuring the required
technological strength of joints in high-strength steel
in their welding without preheating and producing
weld metal, close in its composition to the base metal.
However, making such welds and joints, as a whole,
in welding of high-strength steels without a complete
postweld heat treatment may create difficulties in
terms of provision of equivalent strength. In welding
of steels, for instance, 14KhNAMDA and 30Kh2N2M
the weld metal strength was equal to 750-850 MPa
at base metal strength of up to 900—-1050 MPa.

In terms of improvement of the strength of weld
metal, close to the base metal in its composition,
welding with two-arcs, using high-strength wires of
various compositions, is of interest. Particularly fa-
vourablc is the process, in which the first arc runs in
a shielding gas, and the second under a layer of flux.
Such a decision allows using wires for the sccond arce
of a composition, similar to that of the base mctal.

This opens up the possibilities for making multilayer
composite welds, where the metal in cach layer has
different properties.

Results of studying the influence of the proportion
of layers with different properties on the mechanical
characteristics of a two-layer metal, arc given in [22].
Strength characteristics of two-layer samples, for in-
stance, with 30 % of the hard (high-strength) and
70 % of the soft (less strong) component, arc on the
level of strength of base metal (30Kh2N2M steel). In
this case, ductility and impact toughness are higher
than similar characteristics of a stronger structural
component [22]. Integrated assessment shows that
such a composite metal of a weld, consisting of layers
with different properties, has higher mechanical cha-
racteristics than its individual components.

The second area of producing welded joints on
high-strength steels with a high resistance to cracking,
is arc welding of high-strength steels without pre-
heating and postweld heat treatment with application
of welding consumables, providing an austenitic weld
metal. However, in view of the low level of strength
of the austenitic weld metal, the welds should be
made to have a large reinforcement, in order to provide
an equivalent strength of welded joints. This signifi-

Figure 1. Characteristic view of longitudinal (@, b) and transverse (¢, d) macrosections, cut out of rigid technological samples of
welded joints in steel 15Kh2N4MDA. Welding was performed without preheating and heat treatment with ANVP-80 electrodes
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Figure 2. Delayed cracking resistance of welded joints in
30Kh2N2M steel, made without preheating and heat treatment
with electrodes L.O-1 (7), UONI 13 /45 (2) and ANVP-80 (3)
(0, — critical stress at delayed fracture)

cantly increases the scope of welding operations and
consumption of expensive welding consumables. More
over, excess reinforcement of the weld induces a stress
concentration, which in a number of cases impairs the
welded joint performance.

PWI proposed a new process for welding high-
strength quenching steels | 23], which consists in ap-
plication of welding consumables, providing forma-
tion in the weld metal of a structure with austenite
decomposition at temperature below 200 °C and of
decomposition products, promoting production of
weld metal with high strength characteristics at a
good level of ductility and toughness. This welding
process is based on a positive influence of austenitic
weld metal on the kinetics of phase transformations
in the HAZ of high-strength steel and change of the
nature of distribution of stresses in a welded joint.
Its application allows conducting welding of high-
strength quenching steels without preheating and
postweld heat treatment of items (as in the case of
making an austenitic weld), while producing welded
joints, cquivalent to the base metal in strength. One
of the variants of practical implementation of the
proposcd process is application of high-strength weld-
ing consumables, providing weld metal with the com-

Figure 3. Appearance of samples of a welded joint in 15Kh2N4MDA
steel, made with ANVP-80 electrodes, after testing by static tension
at the temperature of 20 °C

position and structure of low-carbon martensite or
austentic-martensitic steel.

PWI developed technologies and consumables for
manual and mechanized welding [24—27]. Technology
of manual electron beam welding envisages use of
advanced, developed in PWI clectrodes of grades
ANVP-60, ANVP-80 and ANVP-100, which provide
weld metal with the yield point of 600, 800 and
1000 MPa, respectively. Flux-cored wire PPANVP-
80 was developed for mechanized welding in CO; or
a mixture of Ar + CO,. In SAW it is recommended
to use ceramic flux, solid wire EK-17VI and flux-cored
wire PPANVP-80. In welding of high-strength steel,
for instance 15Kh2N4AM DA, these consumables ensure
producing an austenitic-martensitic weld metal with
the hardness on the level of HV 3000 MPa. Mechani-
cal properties of weld metal, produced in welding of
the above steel, are shown in Table 2. Manufacture
of new welding consumables has been mastered by
PWI Pilot Production (wire according to TU PWI
77-90 specification; electrodes according to TU PWI
721-89 specification).

It should be noted that steels and welds with the
above level of mechanical properties may be suscep-
tible to delayed fracture and cold cracking, particu-
larly at increased concentration of hydrogen. The
higher the Tevel of strength properties of the metal,
the more pronounced is the adverse influence of hy-
drogen.

In this connection in development of the above
welding consumables, particular attention was given
to provision of minimum concentration of hydrogen

Table 3. Generalized technological recommendations on welding some high-strength alloyed steels without preheating

Steel grade Metal gauge Welding consumables

Welding process, main technological recommendations

14KhN4AMDA 40 mm thick sheet Similar to base metal

15Kh2N4AMDA Same High-alloyed austenitic-
martensitic

30Kh2N2M 80 mm thick sheet  Similar to base metal

35KhN3M + St.3  Forging + sheet Same

Gas-shielded consumable electrode two-arc welding; arc
spacing of 250—275 mm; heat input of each arc of 24.5—
25.5 kJ/cm

Manual electric-arc welding; mechanized welding in CO, or
mixtures; welding using ceramic flux; modes, similar to those
used in welding with austenitic consumables

Two-arc welding; single-arc welding with reciprocal
displacements of the electrode with the sequence of 3 layers
per pass [18]; arc spacing or length of self-preheating section
of 265-285 mm; heat input of 26.0-28.5 kJ /cm

Two-arc welding; arc spacing of 275-325 mm; heat input of
about 40 kJ /cm
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Figure 4. Hardness distribution in the fusion zone of an austeni-
tic-martensitic weld on 15Kh2N4MDA steel in welding without
preheating and heat treatment with ANVP-80 electrodes (CFL. —
conditional fusion line, / — distance from CFL)

in weld metal. An optimum combination of compo-
nents, included into the composition of the ceramic
flux, electrode coatings and core of the flux-cored
wire, their optimum proportion in combination with
a number of technological measures [ 28] allowed sol-
ving the above problem. In welding at DCRP new
consumables provide a low concentration of hydrogen
in the weld metal: diffusible (determined by chroma-
tography) — on the level of 1.3-2.0 cm® /100 g, re-
sidual (determined by the method of reduction melt-
ing in a jet of gas carrier) — 0.3-1.0 cm®/100 g,
total — not more than 3.0 ecm® /100 g. Such a con-
centration of hydrogen does not have an essential
influence on the welded joint resistance to cold crack-
ing.

Evaluation of the resistance of welded joints, made
by new technologies to cracking was conducted on
sheets of steel 15Kh2NAMDA (see Table 1) of 40 mm
thickness, using the known Central R&D Institute
for Shipbuilding Technology (TsNIITS) technological
samples and «round welded-in patchs [4], as well as
delayed cracking tests by the Implant method |29].
Conducted evaluation showed that new consumables
allow producing in welding of high-strength steels
without preheating and heat treatment the sound
welded joints with sufficient cold cracking and de-
layed fracture resistance, close to the variant of the
austenitic weld. In confirmation of this statement,
Figure 1 gives a characteristic appearance of longitu-
dinal and transverse macroscctions from TsNIITS
technological samples and a «round welded-in patch»,
and Figure 2 shows the curves of delayed fracture (by
the Tmplant method) of welded joints, made with
austenitic LO-1, pearlitic UONI-13 /45 and austeni-
tic-martensitic ANVP-80 clectrodes.

Mechanical properties of welded joints of high-
strength 15Kh2N4AMDA steel, produced without pre-
heating and subsequent heat treatment, using ANVP-
80 clectrodes, are characterized by the following in-
dices: cylindrical samples are cut out of the joint
across the weld, and at testing for static tension at
the temperature of 20 °C fail in the base metal outside
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Figure 5. Microstructure of HAZ metal of a welded joint on
15Kh2N4MDA steel, made without preheating and heat treatment
with ANVP-80 electrode (x500)
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the HAZ (Figure 3) with the yield point of 840—
930 MPa, impact toughness in testing of Mesnager
samples with a semicircular notch along the fusion
line is equal to 130—200 J/em?, that of samples with
a notch in the HAZ metal at 1 mm distance from the
fusion line is 150—160 J /cm?. Hardness of HAZ metal
does not exceed HV 3250 MPa (Figure 4), and its
structure is characterized as upper bainite (Figure 5).

Generalized technological recommendations on
welding some alloyed steels without preheating are
given in Table 3.

Welding of high-strength steels by composite
welds, made with austenitic and austenitic-martensi-
tic consumables, appears to be a highly promising
approach. As is shown in [22], mechanical propertics
of composite two-layer samples can largely be con-
trolled by varying the proportion of hard and soft
layers. Varying the number of layers in a multilayer
weld, made with austentic and austentic-martensitic
consumables, it is possible to produce welds with the
most optimum proportion of strength and ductility,
determined proceeding from the mechanical propertices
of a specific steel being welded.

CONCLUSIONS

1. Fulfillment of the above recommendations on weld-
ing of high-strength quenching steels without pre-
heating and heat treatment, when making welds
matching the base metal, ensures the required resis-
tance of the joints to cold cracking with weld metal
strength of up to 850 MPa.

2. Developed austenitic-martensitic consumables
allow achieving the level of weld metal strength of
up to 1200 MPa in quenching steel welding without
preheating and heat treatment, while providing the
required technological strength.

3. For further improvement of strength of weld
metal in welded joints on high-strength steels, pro-
duced without preheating and heat treatment, we may
recommend making composite welds, consisting of
individual layers of different strength.
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MANUFACTURE OF SIDE WALLS OF CAR BODIES
WITH STAINLESS STEEL PANELS

G.G. BASOV and A.N. TKACHENKO
Holding Company «Luganskteplovozs, Lugansk, Ukraine

A modular design of side walls of diesel and electric train cars is proposed, as well as specialized fixtures for manufacture
of parts and welded components, improving the efficiency and labour conditions. Technological features of welding the

module are described.

Keywords: welding, welded components, unit, semi-auto-
matic facility, parts, base and auxiliary materials, welding
modes, deformations, stresses

Blanking-welding production, in particular, in fabri-
cation of cars of diesel and electric trains, continu-
ously faces the task of producing higher quality parts
and welded components with minimum labour con-
sumption, as well as improving the productivity and
labour conditions.

Semi-beaded sheets of Cr—Mn steel of
10Kh13G18DU grade of 953 x 10000 x 1.5 mm size,
supplied by Company «Zaporozhstals are used in fab-

© G.G. BASOV and ANN. TKACHENKO, 2003
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rication of the head, trailer and motor cars of diesel
and electric trains EPL-2T and EPL-9T for manufac-
turing the lower row of pancls of side wall modules
of car bodies (Figure 1). This corrosion-resistant steel
is austenitic sparsely-alloyed. Its composition is as
follows, wt.%: 0.08-0.12 C; 0.7 Si; 17.0-18.5 Mn;
13.0-14.0 Cr; 0.3-0.6 Cu; < 2.0 Ni; < 0.3 S;
< 0.0035 P.

By now the steel has passed a series of tests, which
allowed recommending its application for cars of dic-
sel and electric passenger trains. Use of this steel
improves their fatigue life, decrcases the weight duc
to smaller thickness of parts, which lowers the load
on the axles, while increasing the overall dimensions
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Figure 1. Schematic of a side wall module: 7 — post; 2 — beam; 3 — upper beam; 4 — upper row of panels; 5 — window row of

panels; 6 — lower row of panels
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Figure 2. Schematic of a specialized unit for hole piercing: 7 — hydraulic plant; 2 — electric cabinet; 3 — high pressure hose; 4 —
rotary cantilever; 5 — press-head; 6 — spring suspension; 7 — panel sheet; 8 — roller conveyor

of cars and number of passengers carried, respectively.
The steel is characterized by quite high energy pro-
perties (0, = 680 MPa; 0y, = 350 MPa) at satisfactory
ductility (6> 45 %).

In order to weld the panels by plug lap joints to
the elements of the frame of side wall modules, as
well as directly to the binding elements of the main
frame of the car body, it was necessary to drill 1396
holes of 8 mm diameter in the sheets for one car.
Drilling of such a number of holes increases the labour
consumption of sheet fabrication and leads to a longer
cycle of fabrication and assembly of the item as a
whole.

In order to lower the labour consumption and in-
crease the accuracy of fabrication of this kind of parts,
the Works developed the design and technological
documentation, as well as manufactured and put into
production a specialized unit for piercing holes of
8 mm diamcter in the sheets of semi-beaded and win-
dow panels. Basic components of the specialized unit

Pancl sheet 7 after forming of the beaded ends in
special dies, is placed on roller conveyor 8, using
electric bridge crane. The liquid is fed by hydraulic
plant 2 along high-pressure hoses 3 into press-head 5.
Hole picrcing force is calculated by the following
formula:

Pmnx = LSTshky (1)

where L is the perimeter of part piercing contour,
mm; .S is the material thickness, mm; Ty, is the ultimate
shear strength of the material, Pa; & is the safety
factor (k= 1.1-1.3).

Assuming that L = 25.12 mm, S = 1.5 mm, k =
= 1.25 and 14, = 550 Pa, we obtain piercing force
Ppax = 26.10° N. Pressure, induced in the cylinder by
the hydraulic plant, is found from the following for-
mula:

P,.
for hole picrcing are shown in Figure 2. = 9
p 8 8 p (Trd2 /N (&)
10000 + 5 R
X
+ +
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Figure 3. Schematic of location of the press-head in hole piercing: 1 — rest; 2 — handle; 3 — press-head; 4 — hinge-type console;
5 — hydraulic distribution system
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Figure 4. Schematic of a facility for assembly and welding of side wall modules (for designations see the text)

Modes of arc welding of sheet steel 10Kh13G18DU and 12Kh18N10T

Joint type Wire diameter, mm I, A U,V oy, m/h Wire extension, mm Gas [low rate, 1/min
Square butt 1.0-1.2 80—-90 17-18 3540 6-8 10—12
Overlap 1.0-1.2 80-90 17-18 3540 6-8 10—12
Tee 1.0-1.2 70-90 19-20 35-40 6-8 10—12

where D is the cylinder diameter, mm (approximately
equal to 8 mm); n is the efficiency of the motor, equal
to 0.8.

When the hydraulic plant operates on the cylinder
of the press-head (Figure 3), the die, fastened on the
press-head, pierces the first hole in the panel sheets.
Piercing of subsequent holes with a spacing of 70 mm
is performed in a similar way after mounting the press-
head into the earlier pierced hole.

Hinge type cantilever 4 allows the operator to
perform piercing of all the holes on the sheet boards
without any rcadjustment or rotation of the sheet,
laid on the roller conveyor. After that the panel sheets
and framc clements are fed to the work place for
assembly and welding of side wall modules for cars
of dicsel and clectric trains into an assembly-welding
facility, specially developed for this purposce (Fi-
gure 4). The latter consists of cast iron plates 2 of
1250 x 3500 x 200 mm size, which along their entire
length have dressed slots for laying the beaded panels,
basc rests 3 for fastening the sheets and frame cle-
ments, as well as special clamps 7, 5, 6. The tacility,
in the arca of welding the pancl girths, is fitted with
special copper elements 4, which allow ensuring the
heat sink in performance of welding operations and
reducing welding stresses and strains, respectively.

As different steels are used in the structure of the
side wall module (frame clements are made of carbon
low-alloyed steels 09G2S (GOST 17066—80), the
panel sheets are made of Cr—Mn (stainless) steels
10Kh13G18DU (DI-61U) (TUU 14-15-315-93) and
12Kh18N10T), in the technological process optimal
welding modes were selected and applied, both for
similar steels (welding of frame elements and panel
sheets separately), and for dissimilar materials (weld-
ing of frame elements to panel sheets).

Welding of panel elements, as well as its welding
to frame elements is performed with a semi-automatic
welding machine A-547 in argon at DCRP, using
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welding wire of 1.0-1.2 mm diameter of Sv-
08Kh20N9G7T grade. Modes of arc welding of
10Kh13G18DU and 12Kh18N10T steel (1.5 mm
thick) are given in the Table.

In assembly and welding of side wall modules of
diesel and clectric train cars, it is not possible to
completely avoid development of residual welding de-
formations. In a number of cases they go beyond the
admissible limits, envisaged by design documenta-
tion, and in some places reach more than 2 mm per
1 m of the item.

The following technological measures were used
to lower the level of welding deformations in the item:
increasing the rigidity of the sheets of window row
of the pancls; replacement of steel 10Kh13G18DU by
steel 12Kh18N10T in the extreme sheets of window
panels of the module, which allowed a considerable
lowering of internal stress accumulation in the parts
after stamping. Elimination of buckling, formed dur-
ing welding operations performance, was achicved by
applying dummy weld beads on the surface of the
pancls with their subscquent cleaning and appropriate
straightening of the sheets and the item as a whole.

Thus, the following has been developed for the
first time and introduced in the enterprise:

* modular structure of side walls, designed for
bodics of cars for various purposcs with application
of sheet panels of Cr—Mn steels and frame elements
of carbon steel;

* technology and fixture for assembly of side wall
modules of the above steels and their welding.

Gained experience of application of the combined
joints in fabrication of cars may be recommended for
wide introduction in car-making factories, which will
allow lowering the loads on side walls, reducing by
5—6 times the labour-consumption in fabrication of
sheet parts from them, improving their quality, and
shortening the cycle of assembly of the side wall mo-
dules.
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FILLER WIRE FOR NARROW-GAP WELDING
OF TITANIUM ALLOY VT23

V.Yu. BELOUS, V.N. ZAMKOYV, I.K. PETRICHENKO and V.F. TOPOLSKY
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Experience of practical application of narrow-gap welding of titanium and titanium alloy structures has been analyzed,
and advantages of this new technology are demonstrated. Good prospects for application of magnetic processes of welding

arc control is noted.

Keywords: argon-arc welding, narrow-gap welding, tita-
nium alloys, narrow-gap edge preparation, magnetically im-
pelled arc, mechanical properties

Effectiveness of application of (a + B)-titanium alloys
in welded structures depends primarily on how close
are the indices of mechanical and service properties
of welded joints and base metal. Since most of welding
operations in fabrication of titanium structures are
performed by tungsten electrode argon-arc welding,
joining elements more than 3 mm thick is performed
with edge preparation | 1|, which requires application
of filler wire. The latter is used in argon-arc welding
to resolve two problems [2]: technological (groove
filling and producing a full-sized weld) and metal-
lurgical (adjustment of chemical and phasc composi-
tion of weld metal).

Propertics of welded joint metal largely depend
on correct selection of filler wire, which is particularly
important in welding thick mectal, when the weld
consists predominantly of filler wire material.

This paper considers the influence of filler wire
composition on the mechanical propertics of welded
joints in alloy VT23, produced by tungsten electrode
narrow-gap wcelding in argon by a magnctically im-
pelled arc [3].

According to the data of [4], it is recommended
to use wire of grade SP15 |5] for welding plate alloy
VT23. Later rescarch, however, demonstrated [2] that
optimal results in welding of this alloy are obtained
with application of wire of grade VT203 (Table 1).
Strength of welded joints made with this wire (after
annealing at 750 °C for 30 min) and strength of the
alloy proper arc practically the same at a satisfactory
impact toughness KCU of weld metal (o, = 1100—

Table 1. Composition of filler wires

Wire Fraction of elements, wt. % Moy,

grade Al Mo v Nb 7r wt.%
VT203  4.5-5.8 0.8-1.5 1.3-3.2 1.7-2.5 2.2-3.5 3.5
SP15 3.5-5.5 2.0-3.5 2.0-3.5 2.5-4.5 1.0-2.0 5.0
Notes. 1. In both wires the base is titanium. 2. VT203 wire con-

tains 1-2 % Sn.

1200 MPa, a, = 30-35 J/cm?), and fatigue life of
welded joints to fracture (at maximum cycle stress
of 570 MPa) is equal to (5-6)0* cycles.

In [2] it is emphasized that these results were
obtained in welding of plates 20 mm thick, weight
fractions being 70 % of base metal and 30 % of filler
wire metal in the weld metal. Unfortunately, neither
the groove shape, nor the welding process are men-
tioned. On the other hand, it should noted that such
a proportion of the amount of base and filler metal
in the weld is a particular case, and may only be
obtained with a quite definite groove shape, welding
method and mode. Therefore, recommendations of | 2|
arc not the common ones for alloy VT23 and should
be determined more precisely.

The task was to comparce the propertices of welded
joints made (at other conditions being equal), using
filler wircs VT203 and SP15, and sclect the wire,
which will provide higher indices of welded joint
propertics. Samples of alloy VT23 8 and 20 mm thick
were welded in order to evaluate the quality of welds
with different weight fractions of filler and base me-
tals in them.

Samples 8 mm thick were square butt welded in
onc pass by a tungsten clectrode in argon with a
through penetration [1]. Samples 20 mm thick were
made by tungsten clectrode narrow-gap magnetically-
impelled arc welding in four passes (Table 2).

The Figure shows the macrostructure and sche-
matics of welded joints. Amount of filler wire in weld
metal, made with through penetration, can be calcu-
lated proceeding from the ratio of the area of rein-
forcement to the total weld area, which is equal to

Table 2. Modes of sample welding

Metal

thickness, Welding Arc voyl[a{/e, W’elding/ Wire /‘eeﬁd
current, A v speed, m/h rate, m/h
mm
8 390 12.5 15.0 15.0
20 420 11.0 8.0 85.0

Notes. 1. Filler wire diameter is 2.5 mm. 2. Magnetic induction
in the welding zone in welding of samples 20 mm thick is equal to
9 mT.
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Microstructure of welded joint of alloy VT23 with metal thickness of 8 () and 20 (b) mm

Table 3. Composition of weld metal

INDUSTRIAL l

Metal Fraction of alloying elements, wt. %
thick- Wire grade
ness, mim Al Mo Vv Nb Zr Sn Cr Fe
8 VT203 5.11 1.89 4.28 0.31 0.43 0.24 0.91 0.37
SP15 5.02 2.03 4.26 0.67 0.22 - 0.94 0.41
20 VT203 5.07 1.20 2.67 1.88 2.55 1.41 0.09 0.06
SP15 4.43 215 2.56 4.07 1.36 - 0.12 0.10
Note. Titanium is the base.
Table 4. Mechanical properties of welded joints
Metal thick- Wire grade Heat treatment 6, MPa KCV, J/en? Location o[ sample [racture
ness, mm in tension
8 VT203 Annealing 1080—-1130 17-20 In weld metal and HAZ
1105 19
Annealing and ageing 1135-1145 14—18 In weld metal
1138 15
SP15 Annealing 1090—1124 21-24 In weld metal and HAZ
1109 22
Annealing and ageing 1137-1142 19-22 Same
1140 20
20 VT203 Annealing 952-987 21-25 In weld metal
974 22
Annealing and ageing 993-1029 19-23 Same
1007 20
SP15 Annealing 996—-1030 28-32 >
1020 30
Annealing and ageing 1070—1100 24-30 In weld metal and HAZ
1090 27

Note. The numerator gives the scatter of values, and the denaminator — the average value.
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= 15 %. In narrow-gap welding in the above modes,
the gap walls (along their entire length) are melted
to the depth of 0.45 mm, and the ratio of the filler
and base metal in the weld is practically independent
on thickness of the metal being welded. In our ex-
periments the amount of filler metal in the weld
should be not less than 90 %. Results of chemical
analysis of weld metal confirmed these rough esti-
mates (Table 3).

After welding one part of the joints were annealed
at the temperature of 780 °C for 1 h, then cooled in
air, and the other part after welding and annealing
was subjected to strengthening by two-step ageing
|6]. After that their mechanical properties were de-
termined (Table 4).

According to the produced results, strength cha-
racteristics of welded joints on 8 mm metal do not
depend on the grade of filler wire. Impact toughness
of the metal of welds, made with filler wires SP15
and VT203, is also approximately the same. This is
related to the fact that in square butt welding with
through penctration the proportion of filler metal in
the weld metal is small, and the composition of welds,
made with different fillers wires, differs only slightly.
Level of properties of welded joints in this casce is
determined by base metal composition and heat treat-
ment mode. Thus, if welding of alloy VT23 is per-
formed in one pass without edge preparation, than in
order to produce a full-sized weld wires SP15 and
VT203 can be recommended as the filler metal, and
proceeding from the findings of [4] — also wire SP15.

As was noted above, in narrow-gap welded joints
the weld consists of filler metal by 90 %. Therefore,
the properties of welded joints are here determined
by wire composition. In the condition after annealing
and strengthening heat treatment the strength of
welded joints and impact toughness of welds were
significantly higher in the case, when welding was
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performed with filler wire SP15. Obtained results
(Table 4) confirm the conclusions of [4] as regards
the effectiveness of applying wire SP15 to make welds
with edge preparation on alloy VT23.

Evaluation of fatigue life at repeated-static load-
ing was conducted only for welded joints, produced
on metal 20 mm thick. Round samples with the gauge
diameter of 8.5 mm were used. Maximum cycle stress
was 570 MPa. Testing showed that the welded joints,
made with filler wire VT203 (irrespective of the heat
treatment mode), stood (44-53)00° cycles to frac-
ture, and those made with filler wire SP15 — (26—
35)00% cycles. These results are indicative of the fact
that welds, made with filler wire SP15, are charac-
terized by a high level of mechanical properties and
better performance at repeated-static loads.

Thus, narrow-gap tungsten electrode welding of
alloy VT23 in argon by a magnetically-impelled arc
should be conducted with filler wire of grade SP15.
Its application provides the strength of welded joints
on the level of not less than 90 % of the alloy proper,
both after anncaling and after strengthening heat
treatment, as well as fatigue life to fracture of more
than 2000° cycles.

1. Gurevich, S.M., Zamkov, V.N., Blashchuk, V.E. et al.
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THERMAL-PRESSURE JOINING OF TUBES
TO TUBE SHEETS OF HIGH-ALLOY STEELS
BY THE ELECTRO-HYDROPULSE WELDING METHOD

L.Yu. DEMIDENKO, N.A. ONATSKAYA and E.S. YURCHENKO
Institute of Pulse Research and Engineering, NASU, Mykolaiv, Ukraine

The quality of joints between tubes and tube sheets made by the thermal-pressure electro-hydropulse process has been
estimated from the results of strength tests and metallographic examinations. It is shown that in compact heat exchangers
of high-alloy steels a metal bond is formed on an area of more than 50 % of the entire mating surfaces.

Keywords: thermal-pressure electro-hydropulse welding,
tube, tube sheet, electro-hydropulse pressing, strength tests,
metallography, metal bond, quality

The trend in development and upgrading of heat-ex-
changing equipment is to building high-intensity heat
exchangers, i.e. with densely packed tubes and thin
inter-tube webs. Decrease in mass and dimensions of
heat exchangers is achieved through decreasing thick-
ness of a tube sheet and diameter of tubes. Operational
reliability of such equipment can be provided owing
to advanced high-strength and corrosion-resistant ma-
terials utilised to manufacture them.

High-alloy steels of the martensitic and austenitic
grades find wide application in domestic power engi-
neering, as they ensure high performance of power
generation units [1]. However, propertics of these
materials, as high as they are, only partially solve the
problem of their reliability.

As proved by experience, the joints between tubes
and tubce shecets are the first to fail in operation of
heat exchangers under conditions of deep thermal cy-
cling |2]. Resistance of the joints to fracture under
these conditions can be increased by cnsuring pre-
dominance of the metal bond, i.e. welding over the
entire mating surface arca [3].

Thermal-pressure electro-hydropulse (TPEHP)
welding [4] is onc of the promising methods for join-
ing tubes to tube sheets, providing a joint with the
metal bond over almost the entire mating surface area
between the components joined. Main peculiarity of
this method lies in a certain combination of electro-
hydropulse (EHP) pressing [5] and heat treatment.
The unique feature of the new method for welding
tubes to tube sheets is that it enables realisation of
the process similar to diffusion bonding, although
with no application of external pressure and no shield-
ing from the environment. The latter, according to
the data of physical studies |6], is possible because
of the formation of a press joint, as compressive
stresses formed between a tube and a tube sheet pre-
vent penetration of air in between them during heat-
ing, i.e. this leads to the formation of conditions elimi-
nating oxidation of the mating surfaces, similar to
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those occurring in autovacuum welding |7]. Effi-
ciency of the method was verified on a number of the
tube-to-tube sheet joints in low-carbon, high-tem-
perature and heat-resistant steels [4, 8].

The purpose of this study was to investigate the
feasibility of producing a welded joint between a tube
and a tube sheet over a major part of the mating
surfaces in compact heat exchangers of high-alloy
steels. Experiments were conducted on 19 tube mock-
ups with full-scale tubes measuring (10x1) and
(8x0.8) mm, thickness of the tube sheets being 35
and 25 mm, respectively (holes in the tube sheet were
of a triangular shape and spaced at 13.0+ 0.1 and
10.6 £ 0.1 mm). The tubes were made from stecls
08Kh18N10T and 03Kh21N32M3B, and tube sheets
were  made  from  steels 12Kh18N10T  and
08Kh16N11M3.

TPEHP weclding of these mockups was performed
under conditions which had been preliminarily opti-
mised on corresponding onc-tube samples [9]. In par-
ticular, EHP pressing was carried out by the method
ensuring the maximum possible residual pressure in
the joint [5]. Heat treatment of the mockups was
conducted in a chamber-type electrical resistance fur-
nace at a temperature of 950 °C.

Quality of the resulting joints was evaluated from
the results of strength tests and data of metallographic
examinations of templates. The quality criteria were
specific shear load 14, the procedure of estimation of
which is described in |9], and density indicator Y
characterising (%) a relative length of the interface
in a cross section not more than 1 pm thick. The latter
was measured at 100 points located at an approxi-
mately equal distance from each other on the circum-
ference by using the X-ray microanalyser JCXA-133
at a x1000 magnification and a micron ruler with the
least division of 0.5 pm. All the 19 joints in a plane
normal to the longitudinal axis of a mockup in its
central (through thickness of the tube sheet) part
after appropriate machining of the mockups were sub-
jected to such examinations.

According to the results obtained, the density in-
dicator for the joints with a tube (8x0.8) mm was
Y = (56.7 £ 5.8) %, while the joints with a tube
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Microstructure of the tube-to-tube sheet joining zone: ¢ — mockup
with a tube (10x1) mm; b6 — mockup with a tube (8x0.8) mm
(x400)

(10x1) pm were characterised by a denser interface,
i.e. the length of the interface less than 1 pum wide
was (72.3 £ 12.4) %. However, insignificant regions
with a gap of 2—4 pm were also noted. The Figure
shows characteristic microstructures of welded joints
for the combinations of materials investigated. It can
be scen that common grains with a chain of defects
oriented along the initial contact line remaining in
the bulk are formed in the welded joint zone. Accord-
ing to [10], these defects can be eliminated to a sub-
stantial degree owing to activation of the diffusion
processes through increasing the temperature of heat
treatment to an optimal value.

Results of mechanical tests are given in the Table.
Analysis of these results showed that the metal bonds
were formed at the tube-to-tube sheet interface in all
the joints in both mockups, the average shear strength
for the joints with a tube (10x1) mm being Ty, =
= (144.8 £ 37.2) MPa, and that for the joints with a
tube (8x0.8) mm being Ty, = (97.9 = 19.5) MPa. Spe-
cific shear strength 1, is rather high (tg, = 100 MPa)
for the majority of the joints in their central part
(templates 2 and 3). The end zone (template 1) is
characterised by much lower values of shear stress
and a higher inconsistency of the data. This probably
is associated with a non-uniform expansion of the tube
along the length of the tube sheet, i.e. the tube ex-
pansion is lower in the peripheral regions due to ener-
gy losses at the tube ends, which leads to decrease in
residual pressure and, hence, to decrease in Tg.

Based on analysis of all the results obtained, it
could be noted that TPEHP welding provides the
tube-to-tube sheet joints in multi-tube mockups cha-
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Results of shear tests of welded joints in multi-tube mockups

Shear stress 1y, MPa

J ;’]’:t Mockup with tube (10x1) mm Mo;giloj gjiz}:tbe
Temp- Temp Temp Mean Temp- Temp Mean
late 1 late 2 late 3 value  late 1 late 2 oalue

1 56 90 130 92 80 110 95
2 115 195 125 145 112 132 122
3 72 170 175 139 78 96 87
4 87 221 241 183 88 100 94
5 77 135 15 106 69 93 81
6 33 100 71 68 47 91 69
7 100 133 205 146 119 121 120
8 109 189 248 182 108 130 119
9 85 174 209 156 95 133 114
10 144 246 209 200 96 124 110
11 54 100 190 115 31 87 69
12 186 202 206 198 69 129 99
13 70 90 143 101 50 94 72
14 194 210 230 211 81 133 107
15 35 151 148 78 53 105 79
16 167 225 198 197 97 135 116
17 142 194 204 180 120 134 127
18 75 183 133 147 45 55 50
19 70 116 135 107 128 134 131

Note. Templates 1-3 were 5 mm thick, they were cut from the
external end of the tube sheet at a distance of 5, 15 and 25 mm, re-
spectively.

racterised by predominance of the metal bond over
the area of not less than half the mating surface one.
Temperature and pressure, which are not high in this
case, cause no changes in properties of the elements
joined, which is particularly important for practical
application. The presence of the metal bond between
the tube and the tube sheet provides a high relaxation
strength of the joints during the entire service period,
decrease in heat resistance of the tube-to-tube sheet
hole transition, which in turn leads to a drastic de-
crease in the level of thermal stresses in plane of the
joint. This is indicative of a very high technological
potential of this type of welding of tubes to tube
sheets and, accordingly, of its promising character for
the fabrication of high-intensity compact heat ex-
changers used in shipbuilding.

Another important advantage of this new welding
method is that its commercial application requires no
extra workshops, as this process can be applied with
the available production lines intended for the fabri-
cation of heat exchangers.

Therefore, TPEHP welding makes it possible to
produce tube-to-tube sheet welded joints almost over
the entire mating surface arca in compact heat ex-
changers of high-alloy stecls. This provides a many
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times increase in reliability and live of the tube-to-
tube sheet joints and equipment as a whole.
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INFLUENCE OF HYDROSTATIC PRESSURE
IN UNDERWATER WET WELDING ON THE PROPERTIES
OF WELDED JOINTS

V.S. BUT and S.Yu. MAKSIMOV
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Influence of immersion depth and test temperature on impact toughness of welded joints of 17G18S steel is considered.

Keywords: wet arc welding, metal, impact toughness,
strength, brittleness, HAZ, hydrostatic pressure, flux-cored wire

Wet underwater welding is performed directly in the
water. In this case, the electrode, arc and item are
not protected from the impact of the environment,
which influences both the nature of running of the
metallurgical processes and formation of the structure
of welded joint metal.

One of the most important problems of wet arc
welding is the hardening ceffect of the water, leading
to embrittlement of weld metal and HAZ and, hence,
to a considerable lowering of metal ductility in the
above zones. Cooling rate in underwater welding is
on average 3 times higher than that in air [1]. In
addition, hydrostatic pressure and welding heat input
are the significant factors, having the strongest influ-
ence on the rate of welded joint cooling [2].

Data of |3] is indicative of difficulties encoun-
tered, when attempting to alloy the welds with the
purposc of a significant increasc of the indices of their
strength properties during welding directly in the
water, which is duc to a considerable loss of the al-
loying elements, increasing with the increase of im-
mersion depth.

At PWTit was possible to optimize the composition
of the slag- and gas-forming components of the flux-
cored wire, which allowed ensuring satisfactory weld-
ing-technological properties in welding at the depth
of 20100 m and reaching the level of base metal of
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17G1S type steel by the strength properties of weld
metal.

The influence of immersion depth in wet welding
on impact toughness of the metal in different sections
of welded joints was studied taking into account the
information about an insufficiently high level of im-
pact toughness of the metal in welded joints, made
under the water [3].

Investigations were conducted in a hyperbaric
chamber of GK-80 type at internal pressure of 0.2,
0.5 and 1.0 MPa, which corresponded to 20, 50 and
100 m depth of water environment. Welds were made
in U-shaped grooves 5 mm deep on plates of 17G1S
steel 14 mm thick with flux-cored wire of 1.6 mm
diameter, using charge of TiO;—SiOy—FeyO3—FeO—
MnQj system in the following modes: I, = 180—200 A,
U, =29-32 V, vy, = 18 cm/s. Welding heat input
was 32-33 kJ /cm.

The lines for making the notches were marked on
templates, cut out of the plates with deposits, after
grinding and appropriate etching of weld contours,
in such a way that the notch tip was located in the
studied zone, i.c. in the weld or coarse-grained section
of the HAZ (GOST 13585). Then, the templates were
used to make samples for impact bend testing of Mes-
nager type (GOST 6996, VIII type). To evaluate the
HAZ mectal resistance to brittle fracture 6-7 samples
were made at the same temperature taking into ac-
count the complexity of making the notch by the
mechanical method in the above zone. Procceding
from test results, the lowest values of HAZ metal
impact toughness at a specific temperature were cho-
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Figure 1. Influence of the immersion depth H in wet underwater
welding on indices of impact toughness of weld metal (a) and
coarse-grain section (b)

sen. The most brittle metal in the welded joint is
located in the coarse-grain section. Now, the nature
of sample fracture at impact loading is determined by
the properties of the metal, which is in the notch tip
[4].

Graphic interpretation of the obtained results, as
well as the zones of distribution of maximal hardness
in the studied sections of welded joints, determined
in Vickers instrument at 50 N load (GOST 2999), arc
shown in Figures 1 and 2.

It is obvious that the impact toughness of weld
metal changes only slightly depending on the depth,
at which welding is performed, and has quite good
values at room temperature testing of samples (similar
to wet underwater arc welding). However, at negative
temperature its indices do not meet the standard re-
quirements of guaranteed brittle fracture resistance
(below 30 J/cm?). For HAZ metal embrittlement,
depending on immersion depth is more pronounced,
particularly at testing samples at =20 °C. The fact of
embrittlement of the HAZ metal is confirmed by the
results of hardness measurement, which in this zone
may reach HV 430.
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Figure 2. Nature of variation of impact toughness depending on
testing temperature for weld metal (¢) and HAZ (b) in welding
at different depths: 7 — 100; 2 — 50; 3 — 20 m

Figure 2 shows the nature of variation of brittle
fracture resistance depending on the temperature of
testing both the weld metal and HAZ metal. It is seen
from the Figure that the required impact toughness
of the metal in the above sections of welded joints,
made by wet arc welding with flux-cored wire at the
depth of 20—100 m, is cnsured at operating tempera-
tures of structure service above —10 °C. This satisfies
the requirements of construction of underwater pipe-
lines and allows expansion of the area of application
of wet underwater repair technologics.
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Developed at PWI1

MULTIPURPOSE POWER SOURCE FOR CONSUMABLE
ELECTRODE ARC METHODS OF WELDING

The arc methods of welding and surfacing with con-
sumable electrodes in the machine-building branches
of industry are leading among all known methods
both in volume and cost of products and also in avai-
lable manpower and operating equipment. The wide
range of materials being welded, high requirements
to the quality of welding and surfacing jobs, cause
demands for application of different methods of arc
welding and surfacing.

The multipurpose power source, developed at the
E.O. Paton Electric Welding Institute, is suitable in
realization of all known methods of automatic, mecha-
nized, manual electric arc consumable electrode weld-
ing and surfacing of products made from different
materials, providing the high quality. The list of me-
thods of clectric arc welding and surfacing, for which
the multipurpose power source is designed, types of

materials welded and advantages as compared with
known power sources arc given in the Table.

Main technical characteristics
of the developed multipurpose power source

Voltage of three-phase mains, V ............................. 38012
Rectified open-circuit voltage, V ............cooooiiiinns 90 +5
Primary open-circuit current, A ..., <8

Ranges of smooth adjustment of welding
CUITENE, A oo 40-500
Ranges of smooth adjustment of operating

voltage, V. .. 16-60
Amplitude of current pulses, smoothly, A .. ... up to 800
Duration of current pulses, smoothly, s ...... (1*5)IZII073
Frequency of smooth following of current

pulses, Hz ... 30-300
Ranges of smooth adjustment of duration

of modulated current, s ............ccooiiii 0.01-1.00
Ranges of smooth adjustment of modulation

frequency, Hz ... 0.5-30.0

Method of arc welding

Materials welded

Advantages as compared with known sources

DC Mechanized and automatic CO, welding Steels
Mechanized and automatic CO, welding Same
with modulated current

Mechanized and automatic welding in gas >
mixtures Ar + CO,, Ar + CO, + O,, Ar +

O,, Ar + N, at direct and modulated current

Mechanized automatic flux-cored wire sur- >

facing without arc zone protection using di-
rect and modulated current

Pulsed-arc consumable electrode welding in ~ Alloys on base of
inert gases, mixtures of inert and active
gases

high-quality steels

Pulsed-arc consumable electrode welding
and surfacing with frequency-, width- and
pulse-amplitude modulation of parameters
of welding process condition

(bronze, brass),

steels
DC manual electric arc welding with rod Steels
coated electrodes of all diameters
Manual electric arc welding with modu- Same

lated current

aluminium, copper,
titanium, ordinary and

Alloys on base of copper

aluminium, titanium,
ordinary and high-quality

Reduction in losses for spattering of electrode metal by
40-50 %, decrease in spatter of products, increase in
productivity and decrease in cost of works due to
decrease in expenses for cleaning products from
spatters and consumption of welding wire

Control of sizes, shape and appearance of welds,
improvement of mechanical properties of weld metal,
HAZ and service characteristics of welded joints

Widening the range of welding currents with a stable
process without spattering of metal, decrease in
requirements to assembly precision, welding along
increased gaps and edge displacements, improvement of
appearance and service characteristics of welded joints

Providing feasibility of surfacing worn-out parts of
both large and small thickness, increase in hardness
and wear resistance of deposited metal

Providing high-quality welded joints on critical
products made from different materials in wide range
of thicknesses welded, welding in different spatial
positions

No analogues. Decrease in requirements for the quality
of preparation of edges welded; providing welding at
increased gaps; decrease in amount of defects in welds,
increase in values of their service properties;
improvement of appearance of welded joints

Widening of ranges of welding currents with a stable
quality process by 20-30 %, elimination of starting
porosity of welds

Making vertical welding easier; improvement of
mechanical properties of weld metal, HAZ and service
characteristics of joints
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- BRIEF INFORMATION

Operation condition (duty cycle) at 10-minute

cycle and rated welding current 500 A, % .........cc......... 60
Operation condition (duty cycle) at 10-minute
cycle and rated welding current 315 A, % .....covvvvnennnn. 100
Dimensions, mm:
length ... 650
WIAER Lo 620
height ... 1600
Mass, KE ..o 570

The use of one versatile multipurpose power source
in realizing many methods of arc welding and surfac-
ing allows attaining, except advantages indicated in
the Table, an abrupt decrease in expenses for purchase
of a gamma of power sources, saving in electric energy,
reduction in working time for wiring and resetting,
effective and cconomic use of working arcas that is

o4

especially important in the conditions of ship building
and repair.

As to the complex of welding-technological capa-
bilitics, paramcters and advantages (sce the Table),
there are no similar multipurpose power sources for
fulfillment of welding, surfacing, repair and restora-
tion works using different materials in Ukraine, CIS
and abroad.

For additional information, please, address:
Dr. P.P. Shejko, V.M. Pavshuk,

V.E. Puzanenko, A.M. Zhernosekov

Tel.: (380 44) 227-4478, 261-5231

Fax: (380 44) 268-0486

E-mail: officc@paton.kicv.ua
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